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Abstract
Human breast cancer cells (MDA-MB-435s) secrete a nucleoside diphosphate kinase (NDPK-B) as
a phosphoprotein capable of converting diphosphate nucleosides to triphosphate nucleotides for one
round in the absence of a phosphoryl donor. Incubation of the partially purified NDPK-B (Nm23-
H2 by Western blot) from [γ32P]Pi-labeled cells with non-radioactive ADP results in the formation
of [γ32P]ATP (Proc. West. Pharmacol. Soc. 44: 61–63, 2001). The presence of a secreted protein
that can maintain ATP levels in the vicinity of capillary and lymph vessels may support cancer
metastasis in several ways based on the known actions of ATP at P2Y receptors: facilitate
intravasation of breast cancer cells that migrate from a solid tumor, support their extravasation at a
distal site, and stimulate angiogenesis. The putative role of angiostatin (AS) as an ATP-synthase
inhibitor led us to test the notion that AS blocks NDPK-B activity. Addition of commercial AS
(kringles 1–4) did not alter enzyme activity. However, AS produced by us and never lyophilized,
blocked NDPK activity in a dose-dependent fashion consistent with the notion that extracellular ATP
generation by tumor cells may be important to the development of metastases. The ability of 0.5 mg/
ml angiostatin to block NDPK-B activity to ~75% of control activity compared poorly with the
polyphenol inhibitors of. The catechin gallates, theaflavins and ellagic acid inhibited NDPK-B
completely with the rank order of potency: EA>theaflavins>EGCG>ECG>PAPS. Our results
suggest that the biological activity of angiostatin as a putative metastasis inhibitor may be in part the
result of nm23 inhibition and that the production, lyophilization, packaging or storage of commercial
angiostatin leads to the alteration of its biological activity against NDPK-B. Ellagic acid is a potent
(IC50 = 10.5 µM) NDPK-B inhibitor that may prove useful in elucidating the role of cancer-cell
secreted NDPK-B in tumor development.

INTRODUCTION
Despite decades of research and significant advances in the detection and treatment of primary
breast carcinoma, patients that succumb to the disease do so because of the formation of
metastatic tumors [1]. Metastasis is a complex cascade of events involving tumor cell motility,
proteolysis, intravasation and extravasation, angiogenesis, and tumor growth [2]. The so-called
metastasis sup-pressor gene, nm23, may be an integral mediator of some of these events.
Expression of the human isoforms, nm23-H1 and nm23-H2, is thought to be inversely
associated with the metastatic potential of a variety of cancers [3–5]. While nm23-H1 is
strongly associated with metastasis mechanisms in many tumors, nm23-H2 is not [6–8]. The
products of these two genes, NDPK-A and NDPK-B, were named for their function as
nucleoside diphosphate (NDP) kinases. These enzymes, in the presence of divalent cations,
covalently transfer the terminal γ-phosphate of a nucleoside triphosphate to a nucleoside
diphosphate via a high energy phosphohistidine intermediate in a ping-pong fashion. NDPK-
B is elaborated into the extracellular environment by the breast carcinoma cell line MDA-
MB-435s as well as other cells derived from solid tumors such as colon, lung and prostate
[9]. The presence of NDP kinase activity on the surface and external environment of cancer
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cells that exist in the milieu of apoptosis and necrosis provides an effective mechanism for re-
generating extracellular purines. The Nucleotide Axis Hypothesis suggests that extracellular
ATP plays a central role in the signaling and responsiveness of vascular endothelium by
preserving and amplifying the vasodilatory effects of P2Y dependent stimulation [10].
Localized production of extracellular ATP by tumor-derived NDPK-B may facilitate the
process of metastasis as it may support tumor cell transit and intravasation [11]. Based on this
hypothesis, inhibitors of secreted NDPK-B may potentiate the suppression of metastasis and
thus may be useful agents to use in conjunction with traditional chemotherapy or angiogenesis
inhibitors such as bevacizumab (Avastin ®).

Angiostatin, a proteolytic fragment consisting of the first four kringle domains of plasminogen,
is produced by human tumors [12,13] and suppresses metastatic growth and neovascularization
[14,15]. Presumably this is accomplished, in part, by angiostatin binding the α/β-subunits of
ATP synthase which are said to be located on the external surface of endothelial cells [16,
17]. However, the downstream effects of angiostatin binding to the synthase have not yet been
fully demonstrated [18,19]. Furthermore, the potential that other ATP-production targets for
angiostatin might exist in the extracellular environment, and thus defeat the inhibition of the
ATP-synthase, has not been investigated. Since both angiostatin and NDPK-B are present in
the extracellular milieu, and both compounds have potential effects on metastatic processes,
we hypothesized that angiostatin inhibits the transphosphorylation activity of NDPK-B
secreted by breast carcinoma cells to the effect of reducing extracellular ATP concentration.

The notion that NDPK-B is secreted from breast cancer cells and acts to produce purine
nucleotide extracellularly (eg., ATP), together with our interest in these compounds as
vasodilators, angiogenic stimulators and diapedesis enhancers, leads us to wonder if the notion
that nm23 gene expression as strictly correlated with low metastasis potential is correct. Indeed,
the fact that a number of compounds that are touted as angiogenesis inhibitors (e.g., angiostatin)
may interfere with NDPK activity could further implicate extracellular nucleotides in the
metastatic process. We have examined a list of compounds implicated in angiogenesis
inhibition and find some to be effective NDPK-B inhibitors.

METHODS
Production of NDPK-B

MDA-MB-435s breast ductal carcinoma cells were grown to confluence in Dulbecco’s
modified Eagle medium (DMEM) with 10% heat-inactivated fetal bovine serum (FBS) and
antibiotics. Media was replaced with Krebs buffer (25 mM Hepes, pH 7.4) and incubated at
37°C with gentle rocking for 3.5 hr. The supernatant was removed and concentrated using spin
filters with a molecular weight cutoff of 8–10,000. NDPK activity of the retentate was assayed
and stored at −20°C. The elaboration of NDPK-B activity into the incubation buffer over time
is linear. Cells can be returned to growth conditions and re-harvested as secretion is not
associated with changes in cell survival.

Production of Angiostatin
Angiostatin was generated by the method of Gately et al. [12]. Briefly, PC-3 prostate
adenocarcinoma cells were grown to a confluent monolayer in DMEM with 10% heat-
inactivated FBS and antibiotics. Serum-free conditioned media was obtained by incubating the
cells for 19–24 hr with DMEM containing antibiotics. The supernatant was removed and briefly
centrifuged to remove insoluble debris. Fifty percent of the conditioned media was reserved
as a control (PC3-CON). The remainder (PC3-HPg) was incubated for 24 hr with 20 µg/ml
human plasminogen at 37° C. After incubation, both fractions of the media were concentrated
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using spin columns. Bovine serum albumin was added to the retentate (1 mg/ml) which was
then stored at 4°C.

Secreted NDPK-B Exhibits Transphosphorylation Activity
Partially purified NDPK-B was incubated for 2 min with GTP (300µM) as a phosphoryl donor
and ADP (0–60µM) as substrate. An equal volume of luciferin-luciferase ATP detection buffer
(Sigma, St. Louis, MO) was added and a single measurement of luminescence was recorded
10 sec later on a Luminoskan® luminometer. Relative luminescence units (RLU) were
corrected from background and converted to ATP by comparison to a standard curve which
was linear for three order of magnitude concentration.

Inhibition of NDPK-B activity by PC-3 generated angiostatin
Partially purified NDPK-B was incubated with ADP and GTP in the presence of either
commercial angiostatin (Angiogenesis Research, Inc.) or PC-3 derived angiostatin and the
resultant ATP measured by luminescence assay.

Western Blot
Immuno blot of PC-3 conditioned media were developed with a polyclonal antibody (Ab-1)
against purified human angiostatin protein. Immunopositive bands at 40–45 kDa were present
in the conditioned media incubated with plasminogen (PC3-HPg) but absent in control media
(PC3-CON), human plasminogen (HPg), and bovine serum albumin (BSA). These bands were
identical to those present in commercial angiostatin (AS).

Inhibition Studies
Polyphenols and the nucleoside analog PAPS (adenosine 3’-phosphate 5’-phosphosulfate)
were pepared as stocks in in 50:50 aq. EtOH, diluted in nutral buffer and examined for their
ability to inhibit NDPK-B activity secreted from MDA-MB-435S cells grown in culture. The
addition of each compound with the exception of epigallocatechin (EGC) resulted in a
significant reduction in Vmax (p < 0.05) but no change in substrate affinity (KM) which
suggests that these compounds act as non-competitive inhibitors. The decreased inhibition by
EGC suggests the presence of an additional gallate moiety or its structural equivalent is required
for high-affinity interaction with NDPK-B by this series of compounds.

RESULTS
The activity of cancer cell secreted ADP-kinase was determined after concentration of
conditioned media as described. Aliquots of conditioned media con-centrate supported ATP
production in the presence of GTP as phosphoryl donor and ADP as substrate. The observed
affinity was 12.5 µM (Fig. 2).

Addition of PC-3 generated angiostatin resulted in a significant reduction in VMAX (p < 0.05)
but no change in affinity (Km) which suggests that angiostatin acts as a non-competitive
inhibitor (Fig. 3). Neither freeze-thaw nor different lot preparation (we used 3 different lots)
of commercial angiostatin could explain the absence of activity. Lyophilization of the PC-3
angiostatin did not deplete activity (not shown).

Western blot of PC-3 conditioned media with a polyclonal antibody (Ab-1) against purified
human angiostatin protein. Immunopositive bands at 40–45 kDa were present in the
conditioned media incubated with plasminogen (PC3-HPg) but absent in control media (PC3-
CON), human plasminogen (HPg), and bovine serum albumin (BSA). These bands were
identical to those present in (AS) commercial angiostatin (Fig 3 inset).
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Partially purified NDPK-B was incubated with ADP and GTP in the presence of varying
concentrations of NDPK-inhibitors or putative angiogenesis inhibitors and the resulting ATP
measured by luminescence assay. The nucleoside analogs PAPS and 8-ClcAMP (not shown
~IC50 = 1 mM) inhibited NDP kinase activity by depressing the Vmax of the enzyme. The
polyphenolic tea compounds (theaflavins, EGCG, ECG and ellagic acid) also suppressed ATP
production but at higher potency than the nucleoside derivatives (Fig. 5,Fig.6).

Breast cancer cells translate nm23H2 as both an ecto- and exoenzyme NDPK-B. The enzyme
is secreted as a phosphoprotein and is capable of trasphosphorylation activity in the absence
of a phosphoryl donor. This activity may be a mechanism for producing elevated extracellular
ATP, particularly in the setting of apoptosis and tumor cell invasion and growth.

Angiostatin, generated from prostate carcinoma cells, inhibits NDPK-B transphosphorylation
activity while commercial angiostatin fails to inhibit the enzyme. Nucleoside analogs 8-
ClcAMP and PAPS inhibit NDPK-B transphosphorylation activity but with relatively low
potency making them unsuitable for tumor inhibition studies. NDPK-B activity is inhibited by
the polyphenolic constituents of tea (EGCG, ECG, and theaflavins). These compounds are
known to suppress cancer cell proliferation, inhibit invasion into Matrigel®, and inhibit
angiogenesis [11,20,21]. The anti-NDP kinase property reported here suggests a novel
mechanism by which these compounds may be anti-tumorigenic. Taken together, these
findings suggest the hypothesis that inhibition of NDPK-B activity is mechanistically
associated with inhibition of metastasis by breast cancer cells.
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Figure 1.
Elaboration of NDPK-B into the incubation buffer over time. Aliquots of MDA-MB-435s cell
conditioned media concentrate from the indicated times were assayed for ATP production in
the presence of VMAX conditions [GTP (300 µM) and ADP (100 µM); 30°C] for 2 min. Data
are mean +/− SEM, n = 4.
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Figure 2.
Secreted NDPK-B exhibits transphosphorylation activity. Partially purified NDPK-B was
incubated for 2 min with GTP (300µM) and ADP (0–60µM). An equal volume of luciferin-
luciferase ATP detection buffer (Sigma, St. Louis, MO) was added and, following a 10 s delay,
a single measurement of luminescence was recorded by luminometer. Relative luminescence
units (RLU) were corrected from background and converted to ATP by comparison to a
standard curve. Data are presented as mean ± SEM, n=3.
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Figure 3.
Inhibition of NDPK-B activity by PC-3 generated angiostatin but not by commercial
angiostatin. Partially purified NDPK-B was incubated with ADP and GTP in the presence of
either commercial angiostatin (Angiogenesis Research, Inc.) or PC-3 derived angiostatin and
the resultant ATP measured by luminescence assay. Addition of PC-3 angiostatin resulted in
a significant reduction in Vmax (p < 0.05) but no change in substrate affinity (Km) which
suggests that angiostatin acts as a non-competitive inhibitor. Neither freeze-thaw nor different
lot preparation of commercial angiostatin could explain the absence of activity. Data are
presented as mean ± SEM, n=3. Inset: Western blot of PC-3 conditioned media with a
polyclonal antibody (Ab-1) against purified human angiostatin protein. Immunopositive bands
at 40–45 kDa were present in the conditioned media incubated with plasminogen (PC3-HPg)
but absent in control media (PC3-CON), human plasminogen (HPg), and bovine serum albumin
(BSA). These bands were identical to those present in commercial angiostatin (AS).
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Figure 4.
Compounds tested as NDPK-B inhibitors. Compound 1 = PAPS (adenosine 3’-phosphate 5’-
phosphosulfate); 2 = theaflavin; 3 = theaflavin gallate; 4 = EGCG (epigallocatechin gallate; 5
= EGC (epigallocatechin; 6 = ECG (epicatichingallate); 7 = ellagic acid. Compounds numbered
in blue (3–6) contain a gallate group as delimited by the red box. For all the polyphenols tested,
the presence of the gallate group correlates with inhibition of NDPK. Compounds 1, 2 and 7
are not gallates. Ellagic acid (compound 7) is not a gallate but has a related structure and a
symmetry that may improve binding to the enzyme.

Buxton Page 9

Proc West Pharmacol Soc. Author manuscript; available in PMC 2009 June 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Comparative effect of the green tea polyphenols on NDPK-B activity. NDPK-B was incubated
for 4 min with ADP and GTP in the presence of polyphenols and the resultant ATP measured
by luminescence assay. Data are presented as mean ± SEM, n=3.
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Figure 6.
Inhibition of NDPK-B activity by black tea theaflavins, green tea EGCG, and PAPS. Partially
purified NDPK-B was incubated for 4 min with ADP and GTP in the presence of green or
black tea polyphenols or PAPS and the resultant ATP measured by luminescence assay. The
addition of each compound resulted in a significant reduction in Vmax (p < 0.05) but no change
in substrate affinity (Km) which suggests that these compounds act as non-competitive
inhibitors. Data are presented as mean ± SEM, n=5.
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