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Adenosine appears to play an important role in tumor growth
and metastasis. Synthesized 11C-adenosine 59-monophosphate
(AMP) has recently been reported as a potential tumor-imaging
radiotracer. Methods: A variety of human tumor cell lines
(SKOV-3, SCC-15, U251, U87, Raji, and Daudi) were incubated
with 3.7 kBq (0.1 mCi) of [2-3H]AMP (3H-AMP), [5,6-3H]FDG
(3H-FDG), or [2-3H]adenosine (3H-adenosine) in low-physiologic-
glucose serum-free medium. Selected cells were exposed to caf-
feine, dipyridamole, adenosine 59-(a,b-methylene)diphosphate
(APCP), or unlabeled adenosine before exposure to the radio-
tracer. R-phycoerythrin–conjugated mouse antihuman monoclo-
nal antibody to human CD73 was used for immunophenotyping.
High-performance liquid chromatography was used to charac-
terize the intracellular metabolites of 3H-AMP after intracellular
uptake. Results: Intracellular uptake of 3H-AMP was significant—
10 to 100 times the uptake of 3H-FDG, depending on the particular
tumor cell line. Preexposure of SKOV-3 cells to caffeine, a compet-
itive inhibitor of adenosine receptors, did not affect cellular uptake of
3H-AMP. However, preexposure of SKOV-3 cells to dipyridamole,
an equilibrative nucleoside transporter inhibitor; APCP, a CD73
(ecto-59-nucleotidase) inhibitor;orcoldadenosinesignificantly inhib-
ited cellular uptake of 3H-AMP. SKOV-3 uptake of 3H-adenosine
was inhibited by dipyridamole but not APCP. U251 uptake of 3H-
AMP was significantly inhibited by dipyridamole and APCP. U87
uptake of 3H-AMP was only partially inhibited by dipyridamole and
APCP. However, Raji and Daudi cells had significantly lower up-
take of 3H-AMP than of 3H-FDG but had significantly increased up-
take of 3H-adenosine, which was inhibited by dipyridamole. Raji and
Daudi cells were negative, but the SKOV-3 cells positive, for CD73
cell-surfaceexpression. 3H-Adenosinemetaboliteswerepersistently
retained after influx into the cell, predominantly as 3H-adenosine tri-
phosphate and 3H-adenosine diphosphate. Conclusion: Cancer
cell lines evaluated in vitro had significantly elevated uptake of radio-
labeled AMP, on the order of 10- to100-fold, in comparison to radio-
labeled FDG. The mechanism of intracellular uptake depends
predominantly on equilibrative nucleoside transporters after conver-
sion of AMP to adenosine by CD73 in SKOV-3, SCC-15, and U251
cells. Intracellular retention is due to phosphorylation to adenosine
triphosphate and adenosine diphosphate. Raji and Daudi cells
have low uptake of radiolabeled AMP because of a lack of CD73 ex-

pression. This in vitro evaluation using 3H-AMP with tumor cell lines
supports thepotential of 11C-AMPforuse in targeting thenucleoside
transport pathway in PET imaging of tumors.
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Nucleoside and nucleoside analogs are a pharmacolog-
ically diverse family of molecules that have been synthesized
and used for cytotoxic, antiviral, and immunosuppressive
therapies (1,2). Adenosine, a purine nucleoside, is increas-
ingly being found to play an important role in tumor growth
and metastasis (3). Adenosine is reported to be present at high
concentrations in solid tumors, with accumulation in the
intracellular and extracellular tumor microenvironments, at
sites of local tissue injury, and under conditions of hypoxia,
and is reported to stimulate tumor growth and angiogenesis
and to have immunosuppressive effects (3,4).

Local areas of hypoxia and high metabolic rates of prolif-
erating tumor cells, with increased rates of glucose use and
lactate release, characterize the microenvironment of solid
tumors. These aberrant conditions can lead to increased
levels of extracellular or intracellular adenosine. Increased
extracellular adenosine levels can be a consequence of in-
creased adenosine production and release due to cell death
and nucleotide degradation, ischemia and adenosine triphos-
phate (ATP) breakdown, ATP/adenosine diphosphate (ADP)
release and subsequent dephosphorylation, adenosine 59-
monophosphate (AMP) release, and S-adenosylhomocysteine
hydrolysis (3,5).

Under specific physiologic or pathologic conditions, in-
tracellular adenosine accumulation is thought to coordinate
changes in the patterns of expression of adenosine-metabolizing
enzymes to maintain low or high intracellular adenosine con-
centrations. The differentiation of the promyelocytic cell line
HL-60 along the macrophage lineage by a differentiating agent,
phorbol 12-myristate 13-acetate, changed the pattern of ex-
pression of 3 adenosine-metabolizing enzymes and caused a
2.5-fold increase in intracellular adenosine uptake and
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retention in phorbol 12-myristate 13-acetate–stimulated
cells (3,6 ). Spychala et al. (3,7 ) theorized that most malig-
nant cells of epithelial origin, macrophages, and ischemic
myocardium may have an adenosine-accumulating phenotype
whereas thymocytes and lymphoid cells may have adenosine-
removing phenotypes and decreased intracellular adenosine
accumulation. In another study (8), C6 cells were shown to
take up and accumulate adenosine under ATP-depleting con-
ditions. This was shown to result from ATP metabolism via an
inosine 59-monophosphate pathway, which does not include
adenosine, resulting in formation and release of hypoxanthine
rather than adenosine.

Nucleoside transporters play a key role in the physiologic
control of adenosine by regulating the extracellular adeno-
sine available to cell-surface receptors and the intracellular
concentration of adenosine and adenylates. Nucleoside trans-
port is an important determinant of the pharmacokinetics,
plasma and tissue concentrations, disposition, and in vivo
biologic activity of adenosine and of nucleoside analogs used
for antiviral and anticancer therapies (2,9).

The 2 major classes of nucleoside transporters consist
of the equilibrative nucleoside transporters (ENTs) and the
concentrative nucleoside transporters (CNTs). In humans,
the ENTs mediate the transport of nucleosides across the
cell membrane by a concentration gradient. Human ENTs
(hENTs) exhibit broad substrate specificity for pyrimidine
and purine nucleosides and are subdivided on the basis of
their sensitivity to inhibition by 6-[(4-nitrobenzyl)thio]-9-
b-D-ribofuranosylpurine (NBMPR) (2,10). hENT1 is sensi-
tive to NBMPR inhibition at low nanomolar concentrations
and has broad tissue distribution. hENT2 is resistant to
NBMPR inhibition at micromolar concentrations and is
expressed predominantly in the skeletal muscle and brain.
Dipyridamole inhibits both hENT subtypes, although
hENT1s are more susceptible than hENT2s (2,11). CNTs
use the electrochemical gradient of either a sodium or
hydrogen ion to drive the transport of nucleosides against a
concentration gradient. They have a more limited tissue
distribution, are typically insensitive to NBMPR inhibition,
and are subdivided on the basis of their substrate selectivity.

Knowledge of the relative abundance of different trans-
porters, and of their differing abilities to transport nucleo-
side analogs, may provide clues to the origin of the selectivity
and efficacy of individual nucleoside drugs. Nucleoside
transporters may play a role in resistance to nucleoside
chemotherapeutic agents (12–14). Absence of hENT1 was
found to be associated with reduced survival in patients with
pancreatic cancer treated with gemcitabine (15). Reduction
or loss of hCNT1 was found to correlate with a poor prognosis
for various histologic types of gynecologic tumors (16).
hENT2 protein expression was found to correlate with in
vitro sensitivity to fludarabine in chronic lymphocytic leu-
kemia cells (17), and ENT expression was found to correlate
with the in vitro sensitivity of acute leukemia cells (18).

Prior attempts to study adenosine metabolism and bio-
distribution with phosphorus- or technetium-labeled ade-

nylates have been hampered by rapid hydrolysis with loss
of the radioactive label. 18F-labeled adenosine analogs have
been reported, but metabolic defluorination was a problem
and high bone uptake of 18F-fluoride was seen (19,20). The
synthesis and biodistribution of 11C-AMP have recently
been published; AMP was intrinsically labeled at the C-8
position with 11C (21). Ex vivo biodistribution in normal
mice showed the highest uptake of 11C-AMP in the lungs,
heart, and blood, and clearance was predominantly through
the urinary system. As an important mediator and reporter
of cellular damage, hypoxia, and inflammation, a positron-
emitting radiolabeled adenylate may be a useful radiotracer
for studying adenosine metabolism in normal physiologic
and altered pathologic conditions. Here, we report an in
vitro study of the intracellular accumulation of [2-3H]AMP,
ammonium salt (3H-AMP), in various human tumor cell
lines to evaluate the potential of 11C-AMP for use as a
positron-emitting radiotracer for oncologic PET.

MATERIALS AND METHODS

Radiochemicals
3H-AMP and [2-3H]adenosine, ammonium salt (3H-adenosine),

were purchased from Amersham Biosciences. 3H-AMP was pro-
vided in an ethanol:water (1:1) solution at 37 MBq/mL (1 mCi/mL)
and a specific activity of 0.37–1.1 TBq/mmol (10–30 Ci/mmol).
3H-Adenosine was provided in a sterile aqueous solution containing
0.1% ethanol at 37 MBq/mL (1 mCi/mL) and a specific activity of
740–925 GBq/mmol (20–25 Ci/mmol). [5,6-3H]FDG (3H-FDG)
was purchased from American Radiolabeled Chemicals, Inc., and
was provided in a sterile saline solution at 37 MBq/mL (1 mCi/mL)
and a specific activity of 0.74–2.22 TBq/mmol (20–60 Ci/mmol).

Cell Lines and Media
SKOV-3 (ovarian adenocarcinoma), Raji (B-cell lymphoma),

Daudi (B-cell lymphoma), SCC-15 (tongue squamous cell carci-
noma), and U87 (anaplastic astrocytoma) cell lines were pur-
chased from American Type Culture Collection and cultured in
medium under conditions specified by the supplier. The U251
cells (human glioblastoma multiforme) (gift of the laboratory of
Howard A. Fine at the National Cancer Institute and National
Institute of Neurological Disorders and Stroke, National Institutes
of Health) were maintained in RPMI 1640 medium containing 5%
fetal bovine serum. Medium was purchased from American Type
Culture Collection or Gibco BRL.

Chemicals
Dipyridamole was purchased from Bedford Laboratories at

10 mg/2 mL and stored at room temperature. Caffeine citrate
(CAFCIT) was purchased from Boehringer Ingelheim Pharmaceu-
ticals, Inc., at 60 mL/3 mL and stored at room temperature.
Adenosine 59-(a,b-methylene)diphosphate (APCP), adenosine,
N-methyl-D-glucamine (NMG), and NBMPR were purchased
from Sigma-Aldrich. APCP was reconstituted with sterile water to a
stock solution of 50 mg/mL and stored at 220�C. Adenosine was
reconstituted with sterile water to a 1 mol/L stock solution and
stored at 4�C.

In Vitro Uptake
Cell lines at log phase were incubated for 1 h with 0.5 mL of

RPMI 1640 plus glucose (0.8 g/L) in the individual wells of a

838 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 47 • No. 5 • May 2006



24-well plate. Low-physiologic-glucose medium was used for the
in vitro experiments to simulate a fasting human serum glucose
level, as is standard for FDG imaging. For conditions requiring
dipyridamole, caffeine, APCP, or adenosine, varying concentra-
tions of these reagents were added to the RPMI 1640 plus glucose
for the 1-h initial incubation. After the initial incubation, 3.7 kBq
(0.1 mCi) of radiotracer (3H-AMP, 3H-FDG, or 3H-adenosine) at
3.7 kBq/10 mL (0.1 mCi/10 mL) were added to each well and
reincubated for a fixed time (15, 45, or 75 min; 75 min for fixed-
time-point experiments).

Adherent cells and suspension cells were harvested differently.
Adherent cells were washed carefully twice with 0.9 mL of ice-
cold phosphate-buffered saline (PBS), followed by the addition of
0.5 mL of trypsin (0.25%) and ethylenediaminetetraacetic acid
(1 mmol/L) (Gibco/Invitrogen) and incubation for 15 min at 37�C
to detach cells. The cells were collected in a scintillation vial,
the well was washed with PBS, and the wash was collected in a
scintillation vial to recover additional cells. Suspension cells were
transferred to a microcentrifuge tube (Microfuge; Beckman Coulter,
Inc.), and the well was washed with ice-cold PBS and collected in a
scintillation vial to recover additional cells. The cells were centri-
fuged at ;500 relative centrifugal force in a microcentrifuge, the
medium was removed, and the cells were resuspended in ice-cold
PBS. The cells were recentrifuged and washed with ice-cold PBS
one more time. The cells were then lysed with 0.5 mL of NaOH (0.3
mol/L) plus sodium dodecylsulfate (0.1%) and incubated at room
temperature for more than 1 h. The lysates were transferred to a
scintillation vial, the microcentrifuge tube was washed with 0.9 mL
of PBS, and the wash was added to the scintillation vial. All ex-
periments were performed in triplicate (3 wells per experimental
condition).

Cell uptake retention was studied with an initial uptake period
of 1 h. Afterward, medium containing 3H-AMP was removed, and
the cells were washed twice with RPMI 1640 plus glucose
medium (0.8 g/L), followed by incubation with the same glucose
medium for 30 min, 1 h, or 2 h. The cells were then washed and
harvested as already described.

Fluorescence Immunophenotyping
Flow cytometry of SKOV-3, Raji, and Daudi cells was per-

formed to determine their cell-surface expression of CD73 (ecto-
59-nucleotidase). R-phycoerythrin–conjugated mouse antihuman
monoclonal antibody to CD73 was purchased from BD PharMingen.
In 100 mL of PBS plus 2% fetal bovine serum, 2 · 106 cells were
resuspended, incubated with 10 mL of anti-CD73 antibody/106

cells for 15 min at 4�C, centrifuged for 8 min at 1,500 rpm, and
resuspended in 400 mL of RPMI. Flow cytometry was performed
on the FACSCalibur machine (Becton-Dickinson).

Nucleoside Uptake Assays
SKOV-3 and U87 cells were washed twice in physiologic buffer

(NaCl [118 mmol/L], N-2-hydroxyethylpiperazine-N-2-ethanesul-
fonic acid [25 mmol/L], KCl [4.9 mmol/L], K2HPO4 [1.4 mmol/L],
MgCl2 [1.2 mmol/L], CaCl2 [1 mmol/L], and glucose [11 mmol/L]
brought to pH 7.4 with NaOH) or buffer in which NaCl had been
replaced with NMG. The cells were incubated with 3.7 kBq (0.1
mCi) of 3H-adenosine at 3.7 kBq/10 mL (0.1mCi/10mL) in sodium-
free NMG physiologic buffer with varying concentrations of
NBMPR (0.1–10,000 nmol/L) for 15 min and were harvested as
described in the cell uptake methods. The cells were also incubated
with 3.7 kBq (0.1 mCi) of 3H-adenosine at 3.7 kBq/10 mL (0.1 mCi/

10 mL) in either sodium-free NMG physiologic buffer or NaCl
containing physiologic buffer for 5, 10, or 20 min and harvested as
described in the cell uptake methods.

High-Performance Liquid Chromatography
Acid extracts of cells exposed to 3H-AMP were chromato-

graphed using a reversed-phase gradient elution method described
by Glenn et al. (22). Briefly, 0.5N perchloric acid extracts neu-
tralized with potassium hydroxide were chromatographed on a
Synergi Hydro-RP column (4.6 · 250 mm; Phenomenex) with
potassium phosphate buffer (0.1 mol/L; pH 6.0) at a flow rate of
0.7 mL/min. After elution for 9 min, a 4-min gradient to 15%
methanol in buffer (0.1 mol/L) was started, and this solvent was
continued for an additional 22 min before returning to buffer
(0.1 mol/L) for 1 min. During the chromatography, the eluate was
collected as eighty 0.45-min fractions. Radioactivity was deter-
mined by scintillation counting. Labeled nucleotides and inosine
were identified by cochromatography with standards.

Statistical Analysis
The Student t test was applied for all statistical analyses, using

a P value of less than 0.05 to evaluate for statistical significance.

RESULTS

Intratumoral Uptake of 3H-AMP

SKOV-3 and SCC-15 tumor cell lines were exposed
to 3.7 kBq (0.1 mCi) of 3H-AMP and 3H-FDG in vitro for
75 min at 37�C after preincubation in a serum-free medium
designed to simulate human physiologic fasting levels of
serum glucose (0.8 g/L). The uptake of 3H-AMP by SKOV-3
and SCC-15 cells was much higher than the uptake of 3H-
FDG. In SKOV-3 cells, intracellular uptake was 1.43 · 106

disintegrations per minute (DPM)/106 cells for 3H-AMP,
compared with 2.37 · 104 DPM/106 cells for 3H-FDG (P ,

0.05 [P5 9.7 · 1028]). In SCC-15 cells, intracellular uptake
was 8.76 · 105 DPM/106 cells for 3H-AMP, compared with
4.42 · 104 DPM/106 cells for 3H-FDG (P, 0.05 [P5 8.5 ·
1025]). Incubation of SKOV-3 and SCC-15 cells for 15, 45,
and 75 min of exposure to 3H-AMP and 3H-FDG indicated a
trend toward increasing uptake with increasing incubation
time for both radiotracers (data not shown). Other cell lines,
including breast adenocarcinoma (MN-1) (data not shown),
U87, and U251, tested at 75 min of exposure also showed
significantly greater uptake of 3H-AMP than of 3H-FDG.

Nucleoside Transport–Mediated Uptake of 3H-AMP

To assess whether 3H-AMP accumulation in tumor cells
was mediated by a nucleoside transporter or by binding to
an extracellular adenosine receptor, we pretreated SKOV-3
cells with varying concentrations of caffeine, a competitive
inhibitor of the adenosine receptors (A1, A2, and A3), and
dipyridamole, an inhibitor of hENT (Fig. 1). Dipyridamole
at nanomolar to micromolar concentrations significantly
inhibited 3H-AMP uptake. Micromolar concentrations of
caffeine did not significantly inhibit 3H-AMP uptake. SCC-
15 uptake of 3H-AMP was also significantly inhibited by
dipyridamole but not by caffeine (data not shown). These
findings indicate that 3H-AMP is accumulated in SKOV-3
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and SCC-15 cells via ENT rather than by an adenosine
receptor–binding mechanism.

Need for 3H-AMP Metabolism to 3H-Adenosine Before
Cellular Uptake

a,b-Methylene adenosine-59-diphosphate (APCP) is an
inhibitor of CD73, an ecto-59-nucleotidase that dephosphor-
ylates adenosine monophosphate to adenosine nucleoside.
Pretreatment of SKOV-3 cells with APCP at micromolar
concentrations decreased uptake of 3H-AMP significantly
and in a dose-dependent manner (Fig. 2A). Combination of
dipyridamole with APCP further inhibited 3H-AMP uptake.
Pretreatment of SKOV-3 cells with APCP did not signifi-
cantly affect 3H-FDG uptake. Pretreatment of SCC-15 cells
with APCP significantly inhibited uptake of 3H-AMP but did
not affect uptake of 3H-FDG (data not shown). These findings
indicate that dephosphorylation of 3H-AMP via CD73 is
necessary for tracer accumulation in SKOV-3 and SCC-15
tumor cells.

Increasing concentrations of cold adenosine inhibited
3H-AMP uptake by SKOV-3 cells in a dose-dependent
manner (Fig. 2B). This effect was strongest at higher milli-
molar levels, indicating that adenosine competitively inhibits
uptake of 3H-AMP after dephosphorylation to 3H-adenosine.
Pretreatment of SKOV-3 cells with APCP did not inhibit
uptake of 3H-adenosine but significantly inhibited uptake
of 3H-AMP. However, pretreatment of SKOV-3 cells with

dipyridamole significantly inhibited uptake of both
3H-adenosine and 3H-AMP (data not shown). Uptake of
3H-adenosine was competitively inhibited by increasing mi-
cromolar concentrations of unlabeled adenosine (data not
shown). These data provide further evidence that 3H-AMP is
metabolized near the cell surface by CD73 to 3H-adenosine
before intracellular uptake via the ENT.

U251 and U87 Glioma Cell Uptake of 3H-AMP

Human glioma cell lines U251 and U87 were evaluated
for uptake of 3H-AMP (Fig. 3). U251 cells take up 3H-AMP
significantly more than they do 3H-FDG (P , 1.4 · 1025).
3H-AMP uptake is significantly inhibited by dipyridamole,
APCP, and increasing concentrations of cold adenosine
(Fig. 3A). This finding provides evidence that the mecha-
nism of uptake of 3H-AMP in U251 cells involves dephos-
phorylation by CD73 and uptake of 3H-adenosine by hENT.
U87 cells also take up 3H-AMP significantly more than
they do 3H-FDG (P , 6.2 · 1026) (Fig. 3B). Intracellular
uptake of 3H-AMP in U87 cells is significantly inhibited by
increasing concentrations of adenosine; however, pretreat-
ment with dipyridamole and APCP only partially inhibits
3H-AMP uptake in U87 cells. This finding suggests that,
before uptake, 3H-AMP is converted to 3H-adenosine pre-
dominantly by a mechanism other than via CD73 and ENT,

FIGURE 1. 3H-AMP is accumulated in SKOV-3 cells via
nucleoside transporter and not by adenosine receptor binding.
Uptake in SKOV-3 cells after exposure to 3H-AMP is not inhib-
ited by caffeine (A), an adenosine receptor antagonist, but is
inhibited by dipyridamole (B), an ENT inhibitor, in dose-dependent
manner.

FIGURE 2. 3H-AMP is converted to 3H-adenosine before tu-
mor cell uptake via nucleoside transporter. (A) Inhibition of CD73
(ecto-59-nucleotidase) with APCP (a,b-methylene adenosine-
59-diphosphate) blocks uptake of 3H-AMP (black bars), but not
same dose of 3H-FDG (white bars), in dose-dependent man-
ner. (B) 3H-AMP uptake in SKOV-3 cells is competitively inhib-
ited by exposure to increasing concentrations of extracellular
unlabeled adenosine.
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probably through other phosphorylases or nucleoside trans-
porters.

Lack of Significant 3H-AMP Uptake Because of Lack
of CD73 Expression in Raji and Daudi Cells

The literature contains evidence that cells of adenosine-
generating or adenosine-removing phenotypes, and most
malignant cells of epithelial origin, may fall into the
adenosine-removing phenotype with increased uptake and
accumulation of extracellular adenosine (3). To determine
whether nonepithelial malignant cells would take up aden-
osine, we evaluated the B-cell lymphoma cell lines, Raji
and Daudi cells, for their uptake of 3H-AMP. Raji cells had
very low 3H-AMP uptake that was not significantly
inhibited by dipyridamole and APCP (Fig. 4A). However,
uptake of 3H-adenosine in Raji cells was significantly
increased and was uninhibited by APCP, partially inhibited
by dipyridamole, and inhibited by increasing concentra-
tions of nonradiolabeled adenosine. This finding suggests
that Raji cells accumulate 3H-adenosine by ENT and other
nucleoside transporters but lack the ability to dephosphor-
ylate 3H-AMP to 3H-adenosine for subsequent uptake by

these transporters. We obtained similar results for Daudi
cells (data not shown).

Flow cytometry of Raji or Daudi cells stained with
fluorescent R-phycoerythrin–conjugated monoclonal
mouse antihuman CD73 antibody were negative for cell-
surface expression of CD73 (Fig. 4B). However, SKOV-3
cells, in which 3H-AMP tracer uptake was inhibited by
APCP, were significantly positive for CD73 cell-surface
expression. This finding strongly suggests that dephosphor-
ylation of adenosine monophosphate by CD73 expression is
an important step in the intracellular uptake of 3H-AMP by
tumor cells in vitro.

Nucleoside Transporter Characterization of SKOV-3
and U87 Cells

To identify the nucleoside transporter subtypes present
in SKOV-3 and U87 cells, we functionally characterized
the intracellular uptake of 3H-adenosine using 2 different
experiments. First, we evaluated the inhibition of sodium-
independent uptake of 3H-adenosine by ENTs with varying
concentrations of NBMPR in physiologic buffer that was
sodium-free (with NMG replacing NaCl). ENT1 is in-
hibited by low nanomolar concentrations of NBMPR, and
ENT2 is unaffected by less than 1 mmol/L concentrations of
NBMPR. Second, we evaluated the uptake of 3H-adenosine
in physiologic and sodium-free physiologic buffers to deter-
mine whether nucleoside transport was Na1-dependent. In
SKOV-3 cells, 3H-adenosine uptake was inhibited by low
nanomolar concentrations of NBMPR (Fig. 5A) and there
was no evidence of a Na1-dependent nucleoside transport
(Fig. 5B), indicating a predominant ENT1 uptake mechanism.
In U87 cells, 3H-adenosine uptake was not significantly in-
hibited by either nanomolar or micromolar concentrations
(up to 10 mmol/L) of NBMPR (Fig. 6A), and about half the
nucleoside uptake was by Na1-dependent nucleoside trans-
port (Fig. 6B). This finding indicates the presence of both
ENTs and CNTs in U87 cells. The subtype of ENT is un-
clear and may be due to a non-ENT1 or a non-ENT2 or a
mutation of ENT1 or ENT2 resulting in resistance to
NBMPR.

Intracellular Retention of 3H-AMP

SKOV-3 cells were exposed to 3H-AMP to determine the
1-h uptake after removal of the radiotracer medium and
exposure to a 3H-free medium. The purpose of this was to
stop further influx of 3H-AMP and allow for efflux of
intracellular 3H-AMP. Intracellular retention of 3H was
significant—comparable to the initial uptake even after
30 min to 2 h of ‘‘washout’’ (Table 1). Intracellular acid
extracts of cells exposed to 3H-AMP were analyzed by
high-performance liquid chromatography, which demon-
strated that most of the intracellular 3H pool consisted of
ATP and ADP, low levels of inosine, and minimal AMP
species (Table 2). 3H-Adenosine was not found in the
intracellular 3H pool.

FIGURE 3. (A) Significantly more 3H-AMP than 3H-FDG
accumulates in U251 human glioblastoma cells (P , 0.05).
3H-AMP is dephosphorylated by CD73, and 3H-adenosine is
taken up by ENT nucleoside transporter in U251 cells. Cells
were exposed to 3.7 kBq (0.1 mCi) of radiotracer in vitro. (B)
Significantly more 3H-AMP than 3H-FDG accumulates in U87
human anaplastic astrocytoma cells (P, 0.05). Dephosphoryla-
tion to 3H-adenosine is required, but transport is predominantly
via non–dipyridamole-inhibited ENT route. Cells were exposed
to 3.7 kBq of radiotracer in vitro. Dipyr 5 dipyridamole.
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DISCUSSION

Adenosine is a ubiquitous intra- and extracellular com-
pound involved in various physiologic and pathologic
processes. Recent studies have implicated adenosine and
adenylates as important mediators of tumor biology, and these
compounds are involved in tumor metabolism and tumor
immunosuppressive effects. Adenosine receptors are possi-
ble antitumor targets. We evaluated the potential utility of
11C-AMP for PET tumor imaging by using 3H-AMP to

study the capacity and mechanisms of in vitro AMP uptake

in various human tumor cell lines.
We found that various tumor cell lines (SKOV-3, U251,

U87, SCC-15, and MN-1), when exposed to 3H-AMP in

vitro, have a marked increase in intracellular uptake com-

pared with that after exposure to 3H-FDG, a tritiated analog

of 18F-FDG, which is currently the radiotracer usually used

for imaging tumor metabolism. The level of intracellular

uptake of 3H-AMP was more than 10–100 times the uptake

FIGURE 4. Low uptake of 3H-AMP by Raji cells because of lack of CD73 expression. (A) In Raji cells, uptake of 3H-AMP (*) is very
low and uptake of 3H-adenosine is high (P , 0.05). 3H-Adenosine uptake is only partially inhibited by dipyridamole and is
competitively inhibited by unlabeled adenosine. CD73 inhibition by APCP does not affect 3H-adenosine uptake. Cells were
exposed to 3.7 kBq of radiotracer in vitro. (Daudi cells also showed similarly low uptake of 3H-AMP and high uptake of 3H-
adenosine—data not shown.) (B) Extracellular CD73 is expressed on SKOV-3 cells but not on Raji cells. Viable cells were selected
by physical parameters, size, and internal complexity (upper left graphs). Immunophenotyping of these viable cells was compared
using cells labeled with phycoerythrin-conjugated CD73 antibody and control cells without antibody labeling. Cell fluorescence
intensity is graphed on y-axis and cell physical parameter on x-axis for control cells (lower left graphs) and CD73-labeled cells
(lower right graphs). These graphs are also represented as number of cells on y-axis versus fluorescence intensity on x-axis (upper
right graphs). Consistent with CD73 expression, intensity of fluorescence is greater on SKOV-3 cells labeled with CD73 than on
control cells. However, Raji cells did not show difference in fluorescence intensity between cells labeled with CD73 and control
cells. (Daudi cells were also negative for CD73—data not shown.)
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of 3H-FDG in corresponding cells in vitro, depending on
the particular tumor cell line—a highly incremental uptake
over 3H-FDG. This high uptake, if it translates into in vivo
results, may allow for very sensitive PET tumor imaging
using 11C-AMP.

In order to study the mechanism of adenosine accumu-
lation in tumor cells with high uptake of 3H-AMP, chemical
inhibitors were used to evaluate specific pathways in
cellular adenosine metabolism. Caffeine, a competitive
inhibitor of adenosine receptor (A1, A2, and A3) binding,
was used to show that competitive inhibition of the aden-
osine receptor did not affect the uptake of 3H-AMP in
SKOV-3 cells. Adenosine receptor binding therefore does
not appear to be an important mechanism of total cellular
3H-AMP uptake. However, pretreatment of the cells with
dipyridamole, an inhibitor of ENTs, dramatically decreased
3H-AMP uptake in a dose-dependent fashion in SKOV-3,
SCC-15, and U251 cells. This finding indicates that ENTs
were responsible for most of the intracellular uptake of
3H-AMP in these particular cells. Interestingly, U87 cells
did not show an appreciable inhibition of 3H-AMP uptake
with dipyridamole, possibly because of an altered ENT phe-
notype. Expression of ENTs and CNTs in normal and neo-
plastic cells can be of various patterns, and these patterns
may predict the effectiveness of tumor treatment (12–14).

CD73, an ecto-59-nucleotidase, is inhibited by APCP. We
were able to use APCP to demonstrate that in most of our
cell lines, CD73 was necessary to dephosphorylate 3H-

AMP to 3H-adenosine before intracellular uptake by a
nucleoside transporter. CD73 was important for cell uptake
in SKOV-3, SCC-15, and U251 cells, in which uptake of
3H-AMP was dramatically and significantly inhibited when
CD73 was inhibited. However, in U87 cells, APCP only
partially inhibited uptake of 3H-AMP, indicating the ex-
pression of other enzymes able to dephosphorylate 3H-
AMP. CD73 has been reported to be associated with various
physiologic processes, including coagulation and endothe-
lial function, and a recent report indicated that CD73 may
be involved in tumor metastases and aggressiveness.

The B-cell lymphoma cell lines (Raji and Daudi) did not
take up significant 3H-AMP in our in vitro experiments.
Although intracellular uptake of 3H-AMP was very low in
these lymphoma cell lines, uptake of 3H-adenosine was
significantly increased and was inhibited by dipyridamole
and high levels of adenosine. This finding is consistent with
the expression of ENTs. As would be expected, uptake of
3H-adenosine was unaffected by APCP inhibition of CD73.
We were able to further demonstrate by flow cytometry
using a fluorescently labeled anti-CD73 antibody that these
cells had no appreciable CD73 protein expression. SKOV-3,
as expected, showed significant expression of CD73 by
flow cytometry. These experiments demonstrated that a
lack of CD73 activity was responsible for the low 3H-AMP
intracellular uptake in the Raji and Daudi cells.

FIGURE 5. Nucleoside transporter characterization reveals
that SKOV-3 cells possess primarily hENT1s. (A) 3H-Adenosine
uptake is inhibited by low nanomolar concentrations of NBMPR
in Na1-free physiologic solution. (B) No evidence is seen of
concentrative Na1-dependent 3H-adenosine transport in
SKOV-3 cells in physiologic or Na1-free physiologic buffer.

FIGURE 6. Nucleoside transporter characterization of U87
cells. U87 cells possess both ENTs and CNTs. ENT appears to
be NBMPR resistant. (A) 3H-Adenosine uptake is not inhibited
by nanomolar or micromolar concentrations of NBMPR in Na1-
free physiologic solution. (B) Evidence is seen of concentrative
Na1-dependent 3H-adenosine transport in SKOV-3 cells in
physiologic or Na1-free physiologic buffer.
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Functional characterization of nucleoside transporters
using 3H-adenosine indicates primarily ENT1s in SKOV-3
cells and a relative absence of Na1-dependent concentra-
tive transporter expression in this cell type. In U87 cells,
inhibition of 3H-adenosine uptake at low nanomolar and
micromolar concentrations of NBMPR was minimal, indi-
cating the presence of an ENT- and sodium-dependent
uptake. This indication is consistent with the presence of a
CNT. However, partial inhibition of 3H-adenosine uptake
in U87 cells occurred at a 10 mmol/L concentration of
dipyridamole. This finding may indicate expression of a
non-ENT1 and an ENT2 subtype sensitive to dipyridamole
but resistant to 0.1 nmol/L to 10 mmol/L concentrations of
NBMPR inhibition because of mutation of ENT1 or ENT2
or possibly expression of another ENT subtype. These
experiments further demonstrate that ENTs and CNTs can
have varying patterns of expression in different tumors and
that both types of transporters are involved in intracellular
uptake of 3H-adenosine.

It is theorized that under specific physiologic circum-
stances, a coordinate regulation of enzymes may be re-
sponsible for adenosine metabolism or production resulting
in an adenosine-generating or adenosine-removing cellular
phenotype, with resultant high or low adenosine concen-
trations (3,6,7). Interestingly, B-cell lymphomas and mye-
loid leukemias were thought to be adenosine metabolizing
whereas epithelial neoplasms were thought to be adenosine
producing. Our 3H-AMP cellular uptake experiments
support this hypothesis. Although adenosine-removing
or -producing cancer cell phenotypes are intriguing, their
significance has yet to be fully validated. We were able to
show persistent intracellular uptake and retention of 3H-
adenosine after it had been metabolized to predominantly
3H-ATP and 3H-ADP in our SKOV-3 cell lines. Our in vitro

uptake experiments appeared to show that cancer cells may
exhibit intracellular uptake and retention of 3H-adenosine
metabolites.

These preliminary in vitro results show that in addition
to the glucose analog, FDG, other molecules involved
in cellular metabolism may be used as a marker of tumor
metabolism. FDG is thought to be especially powerful
because it is a downstream and later marker of tumor cell
adaptation to hypoxia and of cellular transformation to a
more aggressive phenotype. Nucleoside and nucleotide
metabolic pathways have been studied extensively during
the past 20–30 y, primarily because of their importance in
tumor biology and because of their role in the development
of nucleoside analogs as chemotherapeutic drugs in oncol-
ogy. Nucleosides and nucleotides may prove to be a fertile
area in which to develop new radiotracers for metabolic
tumor imaging.

CONCLUSION

In this study, several human cancer cell lines (SKOV-3,
SCC-15, U251, and U87) were evaluated in vitro and
demonstrated marked and significantly greater uptake of
3H-AMP than of 3H-FDG. Radiolabeled adenosine showed
that the mechanism of intracellular uptake involved de-
phosphorylation of AMP by ENTs or CNTs. 3H-AMP
uptake was dependent predominantly on ENTs after con-
version of AMP to adenosine by CD73 in SKOV-3, SCC-
15, and U251 cells and specifically on ENT1 in SKOV-3

TABLE 1
3H-AMP Retention in SKOV3 Cells After 1 Hour of Uptake Followed by Washout with 3H-AMP–Free Medium

Washout

Parameter Uptake (1 h) 30 min 1 h 2 h

Average DPM/106 cells 6 SD 734,745 6 13,559 701,518 6 26,336 584,989 6 33,927 588,245 6 10,249

TABLE 2
High-Performance Liquid Chromatography Determination

of Intracellular Adenylate and Inosine Species in
SKOV-3 Cells

Species Total intracellular 3H-labeled nucleosides (%)

ATP 34.5–38.5
ADP 45.9–52.1

AMP 1.3–1.5

Inosine 6.0–11.7

Data are result of 2 experiments.

FIGURE 7. Schematic diagram of proposed mechanism of
intracellular uptake of 3H-AMP based on the in vitro experi-
ments performed in this project.
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cells (Fig. 7). In U87 cells, uptake of radiolabeled AMP
appeared to be via both an equilibrative and a Na1-dependent
CNT mechanism. Raji and Daudi B-cell lymphoma cell lines,
however, showed low uptake of 3H-AMP because of a lack of
CD73 expression, with the resulting inability to dephosphor-
ylate AMP to adenosine, but these cells had high intracellular
uptake of 3H-adenosine. Uptake experiments demonstrated
persistent retention of 3H-adenosine metabolites after influx
into the cell. High-performance liquid chromatography of
the intracellular 3H pool showed conversion to 3H-ATP and
3H-ADP. Our in vitro work demonstrates the potential of 11C-
AMP for use in metabolic tumor imaging with PET. Studies
are currently under way to further investigate the in vivo
applicability of 11C-AMP.
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