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Inhibition of tumor cell surface ATP synthesis by pigment
epithelium-derived factor: Implications for antitumor activity
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Abstract. Recently, we have shown that the antiangiogenic
pigment epithelium-derived factor (PEDF) can bind the cata-
lytic B-subunit of F1-ATP synthase and inhibit endothelial cell
surface ATP synthase activity. This factor can additionally
restrict tumor growth, invasion and metastasis, and can directly
induce death on several tumor cell types. Active cell surface
ATP synthase is also present in certain tumor cells and its
ATP product is considered a stimulus for tumor growth. The
present study aimed to elucidate the biological implications
of the interactions between the extracellular PEDF and tumor
cell surface ATP synthase. Incubation of T24 human urinary
bladder carcinoma cells in media containing human recom-
binant PEDF protein for 48-96 h dramatically decreased cell
viability in a concentration-dependent fashion as monitored
by real-time cell impedance with a microelectronic system,
microscopic imaging and biomarkers of live cells. Intact tumor
cells exhibited cell surface ATP synthesis activity, which was
inhibited by piceatannol, a specific inhibitor of F1/FO-ATP
synthase. Immunoblotting revealed that the B subunit of
F1-ATP synthase was present in plasma membrane fractions
of these cells. Interestingly, pre-incubation of tumor cells with
PEDF inhibited the activity of cell surface ATP synthase in a
concentration-dependent fashion. The PEDF-derived peptide
34-mer decreased tumor cell viability and inhibited extracel-
lular ATP synthesis to the same extent as full-length PEDF.
Moreover, ATP additions attenuated both the PEDF-mediated
decrease in tumor cell viability and the inhibition of endothelial
cell tube formation. The results lead to conclude that PEDF is a
novel inhibitor of tumor cell surface ATP synthase activity that
exhibits a cytotoxic effect on tumor cells, and that the structural
determinants for these properties are within the peptide region
34-mer of the PEDF polypeptide. The data strongly suggest a
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role for the interaction between the 34-mer region of PEDF
and tumor cell-surface ATP synthase in promoting tumor cell
death.

Introduction

Adenosine-5'-triphosphate (ATP), the main intracellular energy
transfer molecule, is also a ubiquitous extracellular signaling
molecule. It is present in the tumor interstitium in the hundreds
micromolar range, while its extracellular levels remain unde-
tectable in healthy tumor-free tissues (1). This implies that
extracellular ATP is crucial as a stimulus for tumor growth. The
presence of ATP synthase activity on the surface of endothelial
and tumor cells can contribute to extracellular accumulation of
the nucleotide. In this regard F1/F0 ATP synthase, traditionally
studied in the mitochondria where it generates most cellular
ATP, is detected on plasma membranes of several human
tumor cell types (2). It is an active enzyme present on the cell
surface not only of many tumor cell lines (3), but also normal
cells such as endothelial cells (4), adipocytes (5), keratinocytes
(6), and hepatic cells (7).

The ecto-F1-ATP synthase complex enzyme can serve as a
multi-ligand receptor to regulate surface ATP levels and related
to different biological effects, such as metastasis, proliferation
and differentiation in tumor and endothelial cells, as well as in
lipid metabolism and immune responses in other cells (8-10).
Moreover, small inhibitor molecules of the mitochondrial F1/
FO ATP synthase, such as piceatannol and resveratrol, inhibit
endothelial tube formation, migration, and proliferation of endo-
thelial cells, pointing towards a role for ecto-F1-ATP synthase
in these processes (11,12). Angiostatin, an antiangiogenic and
antitumorigenic protein, is a ligand that binds and inhibits tumor
and endothelial cell surface ATP synthase (3,12). There is also
evidence for antibodies directed against the catalytic § subunit
of F1-ATP synthase that inhibit the activity of the synthase (3)
and also bind the surface of tumor lung cells to prevent their
proliferation (13). Therefore, targeting of cell surface ATP
synthase in clinical cancer therapy is of interest (9).

Recently, we reported that pigment epithelium-derived
factor (PEDF), an extracellular protein of 50 kDa, binds puri-
fied recombinant yeast F1-ATP synthase and mammalian cell
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surface ATP synthase f subunit (14). We also showed that
PEDF inhibits endothelial cell surface ATP synthase activity.
It has been established that PEDF is an antiangiogenic and
neurotrophic factor, and has anti-inflammatory, and anti-
oxidative properties (15-18). Crawford et al (19) first reported
the role of PEDF as an anti-tumor factor. Since then it has been
studied in multiple malignancies such as lung, breast, prostate,
ovarian and pancreatic carcinomas, melanoma, glioma and
osteosarcoma (20). As an anti-tumor agent, PEDF works both
directly through pro-differentiation and anti-proliferation, and
indirectly through its antiangiogenic and anti-metastatic prop-
erties (21,22). Doll et al (23) identified PEDF as a key inhibitor
of stromal vasculature and epithelial tissue growth in mouse
prostate and pancreas, and showed that exogenous PEDF can
induce tumor epithelial apoptosis in vitro and limited in vivo
tumor xenograft growth, triggering endothelial apoptosis.

The multifunctional PEDF protein is secreted by most cell
types and is present in blood, the interphotoreceptor matrix,
vitreous humor, aqueous humor, and cerebrospinal fluid (15).
PEDF belongs to the serpin superfamily of proteins that share a
common protein conformation (24). Although most members of
the serpin superfamily display serine protease inhibition prop-
erties, PEDF, as other members (e.g., maspin, ovalbumin) does
not have a demonstrable inhibitory activity against proteases.
It exerts its diverse functions from the extracellular compart-
ment via interactions with cell surface receptors, some of which
have been identified. PEDF binds PEDF-R - a membrane-linked
protein with phospholipase activity - (25), laminin receptor (26),
cell surface ATP synthase (14), and LRP6 - a Wnt co-receptor -
(27). It also has affinity for several extracellular matrix
components such as heparin sulfate, collagen and hyaluronan
(28-30). Structure-function studies have demonstrated that
PEDF does not require the serpin-exposed loop region toward
its carboxy-end for antiangiogenic and antitumorigenic activi-
ties, and that a region toward its amino-end located at position
44-77 (human sequence) termed 34-mer is sufficient to confer
such activities (31-33). In contrast the 44-mer peptide (positions
78-121) lacks these properties but exhibits instead neurotrophic
ones (34,35).

The overall aim of this study was to explore the possible
association between PEDF and cell surface ATP synthase in
tumor cells for mechanistic and structure-function studies.
We used highly purified human recombinant PEDF protein
and synthetic PEDF-derived peptides to evaluate their effects
on bladder tumor (T24) cells. We performed enzymatic cell
surface ATP synthase activity and cell viability assays. We
also investigated the effects of exogenous extracellular ATP
additions on PEDF-mediated biological activities. Our results
link PEDF-mediated tumor cell death and cell surface ATP
synthase inhibition. We discuss PEDF as a novel inhibitor of
cell surface ATP synthase activity in tumorigenesis.

Materials and methods

Proteins and peptides. Human recombinant PEDF was
obtained as described by Stratikos et al (36). PEDF protein
was purified by cation exchange followed by anion exchange
column chromatography. Briefly, cation exchange column
chromatography was performed using a POROS S resin
connected to a BioCAD 700E perfusion chromatography
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system, with buffer S (20 mM Na phosphate, pH 6.5, 50 mM
NaCl) and elutions were with a linear gradient of 50-500 mM
NaCl in buffer S. PEDF-containing fractions were pooled,
dialyzed against buffer Q (50 mM Tris-HCI, pH 8.0) and
subjected to POROS Q column chromatography in buffer Q
and elutions were with a linear gradient of 100-300 mM NaCl
in buffer Q. The PEDF eluted from the anion exchange column
chromatography in two major peaks. PEDF protein from the
second peak (fractions with conductivity values of 21-22 mS)
was used in the present studies. Fractions were pooled, concen-
trated and the buffer exchanged to PBS using ultrafiltration
devices (Centricon-30 or Amicon Ultra-30, Millipore). Storage
of the final samples was at -80°C. PEDF-derived peptides
34-mer and 44-mer were chemically synthesized and purified
(BioSynthesis, Inc.) as described before (34).

Cell lines. Human bladder and prostate carcinoma cell lines
T24, DU145 and PC-3 were cultured in RPMI-1640, and
human breast cancer MDA-MB-231 cells and the mouse 4T1
mammary carcinoma cell line were cultured in DMEM. For
these cell lines, the media were supplemented with 10% fetal
bovine serum (FBS) and 1% antibiotics (penicillin/strepto-
mycin). Human microvascular endothelial cells immortalized
with telomerase (HMVECs) were a generous gift of R. Shao,
and were cultured as described previously (37). All cell lines
were maintained at 37°C in a humidified incubator with 5%
CO..

Real-time CES assay. Real-time electrical cell impedance, a
direct index of cell density, was monitored using the RT-CES™
system from ACEA Biosciences (San Diego, CA) (www.
aceabio.com). Cells were seeded in 16-well sensor plates at
6,000 cells per well and cultured in complete medium for 18 h
at 37°C in humidified incubator with 5% CO,. Cells were then
washed with PBS and continued to be incubated in serum-free
medium for 8 h. Then, PEDF was added to a final concentration
of 0, 1, 10 or 100 nM. Cell impedance was monitored every hour
for 96 h for each well via automatic calculation of cell index,
a measure of cell impedance. Real-time data were acquired by
the RT-CES software. Data from two replicates were averaged.
The IC,, was calculated using the ACEA software.

Cell viability assays. Cell viability was measured by deter-
mining the relative levels of two biomarkers for live cells:
intracellular ATP and mitochondrial dehydrogenase activity.
The first determination was performed in duplicates upon
completion of the real-time CES assay using a luciferase-
coupled ATP quantification assay kit (CellTiter-Glo, Promega,
Madison, WI) following manufacturer's instructions. After
30 min of incubation at room temperature, the incubation
solution in each well was transferred into a 96-well microtiter
plate. Luminescence intensity in each well was measured using
an Envision automated plate reader (Perkin Elmer, MA). The
second determination was performed in parallel experiments
using the Cell Counting kit-8 system (CCK-8, Dojindo, MD),
following the manufacturer's instructions. Cells were plated
in triplicate in 24-well plates and grown to 90% confluency
before they were treated with PEDF as above. Cells in each
well were incubated with 50 ul of CCK-8 solution diluted
1:25 and incubated for 4 h at 37°C. Absorbance of each well
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was measured at 450 nm using the Envision automated plate
reader. In all the cases, the absorbance reading for background
was subtracted from the readings of samples. Data from repli-
cates were averaged and statistical analysis was performed by
a t-test. A p-value of <0.05 was taken as significant.

Membrane protein extraction. Confluent cells (90%) were
harvested and separation of cytosolic and membrane fractions
was obtained by differential ultracentrifugation at 80,000 x g.
Membrane protein extraction was performed in phosphate
buffer containing detergent (0.5% CHAPS) as described
previously (14). Protein concentration was determined with
Protein BCA assay (Pierce).

Immunoblot. Protein samples were resolved using NuPAGE
4-12% polyacrylamide gel in Bis-Tris buffer with NuPAGE
MOPS-SDS as running buffer (Invitrogen). Pre-stained markers
were from Bio-Rad (cat. no. 161-0305). After electrophoresis,
proteins from the gel were transferred onto a nitrocellulose
membrane using the iBlot Gel Transfer system (Invitrogen).
Membranes were blocked with 1% BSA in Tris buffered saline
containing 0.1% Tween-20 (TBS-T) for 1 h at room temperature.
Primary antibodies were anti-F1-ATP synthase 3-subunit diluted
at 1:4,000 (Invitrogen, cat. no. A21351), anti-PEDF-R diluted at
1:500 (R&D Systems, cat. no. AF5365), or anti-Na*/K*ATPase
diluted at 1:10,000 (Upstate, cat. no. 05369) in 1% BSA/TBS-T.
Secondary antibodies were HRP-conjugated goat anti-mouse
IgG diluted at 1:100,000 (Invitrogen), donkey anti-sheep IgG
diluted at 1:20,000 (Sigma, St. Louis, MO) or goat anti-mouse
IgG diluted at 1:2000, respectively, in 1% BSA/TBS-T. Washes
between primary and secondary antibody incubations were
10 min each and 3 times with TBS-T. For immunodetection,
SuperSignal West Dura Extended Duration Substrate (Pierce)
was used following the manufacturer's protocol. The membrane
was then exposed to an X-ray film to visualize the chemilumi-
nescence signal and the film was subsequently scanned on a flat
base scanner to obtain digitalized images.

Cell surface ATP synthesis assay. The activity of cell surface
ATP synthase was assessed using a method modified from Chi
and Pizzo (3). Cells were seeded into 24-well plates and cultured
to 80-90% confluency for analysis. Cells were washed with PBS,
and incubated in 400 yul of fresh medium at room temperature
for about 30 min. Then they were pre-incubated in triplicate
with different concentrations of PEDF (0, 1, 10, 100 nM) for
various times up to 48 h, before the addition of 100 uM ADP
as substrate to start the reactions. Incubations were maintained
at room temperature for the indicated periods of time (5, 15,
30, 60, or 120 sec). The inorganic phosphate required as second
substrate for the ATP synthesis reaction was provided by the
medium, which served as reaction buffer. Control reactions
without inorganic phosphate were performed following the
methods described (11). Piceatannol (Sigma), a specific inhibitor
of F1/FO ATP synthase, was used as a control inhibitor. An
aliquot (100 ul) of the media was removed and subjected to
centrifugation to separate cells and debris. A total of 50 pl of
this solution was then assayed for the presence of ATP using the
CellTiterGlo luminescence assay (Promega) and the Envision
automated plate reader (Perkin Elmer). The intracellular pools
of ATP were also analyzed in a similar manner, and did not
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change with treatments. Each assay point was averaged from
triplicates. The ATP synthesized was calculated as percentage
relative to that of controls without PEDF.

Tube formation assay. Endothelial tube formation by HMVECs
was assessed using BD BioCoat™ Angiogenesis System-
Endothelial Cell Tube Formation in vitro assay system (BD
Biosciences, San Jose, CA, USA). Briefly, a 96-well plate coated
with 50 ul of Matrigel per well was thawed overnight at 4°C
and allowed to solidify at 37°C for 30 min. HMVECs (10° cells
per well) were seeded into the wells and treated with effectors
(ATP ranging between 5-500 nM) or inhibitors (PEDF ranging
between 0.1-100 nM, or 2 uM piceatannol) in serum-free
medium incubated at 37°C for 24 h. Endothelial tube forma-
tion in the wells was evaluated using an inverted microscope
(Nikon Eclipse 2000) in brightfield. Fields in wells were photo-
graphed using a 4X objective in high resolution, and composites
of different fields were made to include the whole wells using
Adobe Photoshop. The area or pixels of the tubes were quanti-
fied from the digitalized images using NIH image J program
(http://imagej.nih.gov/ij/) (38).

Results

PEDF decreases tumor cell viability. To examine the effects
of PEDF on tumor cells, T24 cell cultures were incubated with
serum-free medium containing increasing concentrations of
human recombinant PEDF protein, and monitored, in parallel,
in real-time for cell impedance using a microelectronic system
and under a microscope. Cells treated without PEDF increased
the electrical impedance represented as cell index value with
time up to 100 h. However, the cell index decreased in those
treated with PEDF in a concentration-dependent fashion with
an estimated half maximal inhibition of 5.3 nM PEDF (Fig. 1A).
These results suggested that PEDF treatment lowered the cell
number. Examination under the microscope showed a decline
in cell number with PEDF additions (Fig. 1B). Quantification
of relative cell numbers using two different biomarkers for live
cells, intracellular ATP content and mitochondrial dehydroge-
nase activity, corroborated the observation that PEDF decreased
the viability of T24 cells (Fig. 1C). Similar results were obtained
with human prostate cancer cell lines DU-145 and PC-3, and
breast cancer cell lines MDA-MB-231 (human) and 4T1 (mouse)
(data not shown). These results demonstrated a direct negative
effect of PEDF on tumor cell viability.

Tumor cell surface exhibits ATP synthase activity. Cell
surface ATP synthase activity assays of tumor cells showed a
dramatic increase in extracellular ATP production within the
first seconds after the reaction had started. Fig. 2A shows that
the activity of T24 cells rose and peaked by 5 sec and then
decreased slightly, but lasting for 60 sec. Similar observations
were obtained with PC-3, 4T1 and MDA-MB-231 cell lines.
Treatments of T24 cells with piceatannol, a specific inhibitor
of the F1/FO ATP synthase, decreased the cell surface ATP
synthesis activity in a dose-dependent fashion with an esti-
mated half-maximal inhibition concentration of ~0.02 uM
piceatannol (Fig. 2B). However, the intracellular ATP levels
remained constant throughout the preincubation and reaction
time (M.D., unpublished data). These observations suggested
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Figure 1. Effects of PEDF on viability of T24 cells in culture. T24 cells were
cultured in complete media to subconfluency and then media were replaced
with fresh media without serum containing indicated concentrations of
recombinant human PEDF protein. Two sets of cultures were performed in
parallel: one for cell impedance monitoring, and another for examining cells
under the microscope. At end point (120 h) cell viability was determined.
(A) Cell proliferation determination by real-time cell impedance moni-
toring of cells in media containing the indicated concentrations of PEDF.
Cell index was normalized relative to the cell numbers at the time of PEDF
addition. (B) Brightfield images of cells cultured in media without and with
100 nM PEDF at the 120-h end point. (C) Effect of PEDF on cell viability
at the treatment end point. Plot of relative cell numbers quantified based
on intracellular ATP content and mitochondrial dehydrogenase activity
as biomarkers of live cells. Cell viability was expressed as percentage of
luminescence values relative to untreated controls, and percentage of absor-
bance at 490 nm relative to untreated controls, respectively. Each point is the
average of triplicate assays. Error bars indicate average + SD.
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that a piceatannol-sensitive ATP synthase was present in
plasma membranes of these cells. Immunoblotting showed
that plasma membrane extracts from T24 cells contained the
B subunit of F1/FO ATP synthase (Fig. 2C). Similar results
were obtained with DU-145, PC-3, MDA-MB-231 and 4T1 cell
lines. These results provide evidence for the presence of the
[ subunit of ATP synthase and an active ATP synthase in the
surface of the tumor cells tested.

PEDF inhibited tumor cell surface ATP synthesis. To determine
the effects of PEDF on tumor cell surface ATP synthesis, T24
cells were preincubated with 100 nM PEDF for 5 min, 30 min,
1 h, 24 h or 48 h at 25°C to allow interactions with cell surface
ATP synthase. The reaction was started by addition of 100 M
ADP in serum-free medium in the presence of PEDF and incu-
bations were at 25°C for varying periods of time (5, 15, 30, 60
and 120 sec) before assaying for the ATP product. Preincubation
of tumor cells with PEDF as short as 5 min inhibited the activity
of cell surface ATP synthase. Fig. 3A shows a time curve of
inhibition of ATP synthase with 100 nM PEDF and 30 min of
preincubation. In another set of experiments, preincubations of
30 min and reactions in the presence of PEDF at 0.01, 0.1, 1, 10,
and 100 nM were performed (Fig. 3B). All treatment conditions
with PEDF led to a decrease in the extracellular ATP synthesis
in a concentration-dependent fashion with a half maximal inhi-
bition of ~1 nM PEDF. The intracellular ATP levels remained
constant in all the experiments (M.D., unpublished data). Similar
experiments performed with PC-3 and 4T1 cell lines led to the
same conclusions. In a third set of experiments, cells were treated
with combinations of PEDF and piceatannol. In the presence
of 2 uM piceatannol and increasing concentrations of PEDF
tumor cells surface ATP synthase decreased in a concentration-
dependent fashion (Fig. 3C). In the presence of 10 nM PEDF and
increasing concentrations of piceatannol, the inhibition was also
observed (Fig. 3D). Although even in the presence of the highest
concentration of PEDF and piceatannol tested the cell surface
ATP synthase activity was not abolished completely, the results
indicated that PEDF and piceatannol added together were more
potent than either of them added alone.

The antiangiogenic PEDF-derived peptide 34-mer decreases
tumor cell viability and cell surface ATP synthase activity. A
synthetic 34-mer peptide, derived from human PEDF amino
acids at positions Asp44-Asn77 has antiangiogenic activity
(31-33), whereas another synthetic 44-mer peptide (positions
Val78-Thrl21) exhibits neuronal differentiating and neuro-
protective activities of the full length PEDF (34,35), but is not
antiangiogenic. To explore the effect of these PEDF peptide
regions on tumor cells, viability assays were performed testing
varying concentrations of 34-mer and 44-mer peptides ranging
between 1-100 nM. Real-time cell impedance monitoring
showed that the 34-mer peptide decreased the cell index while
the 44-mer peptide did not, relative to control cells without
peptides (M.D., unpublished data). Viability assays performed
after 5 days of treatment showed that only the 34-mer peptide
significantly lowered tumor cell numbers (Fig. 4A). Similar
results were observed when experiments were performed with
MDA-MB-231 cell lines.

The effect of the 34-mer and 44-mer peptides on the activity
of tumor cell surface ATP synthase was also tested. Cells were
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Figure 2. Cell surface ATP synthase in bladder tumor cells. (A) Activity of cell surface ATP synthase was assessed in intact T24 cells by measuring the
extracellular ATP synthesized after addition of ADP substrate in the presence of inorganic phosphate. Cells were preincubated with piceatannol (20 xM) or
medium alone (none) for 30 min before starting the reactions. ATP production is shown as a function of reaction time. Each point is the average of triplicate
assays. Error bars indicate average + SD. (B) Cell surface ATP synthase activity in T24 cells treated with various concentrations of piceatannol was measured
20 sec after starting the reaction, and was plotted as percentage of extracellular ATP production relative to controls without piceatannol. Each point is the
average of triplicate assays. Error bars indicate average + SD. (C) Immunoblot of F1-ATP synthase 3 subunit in T24 cell extracts enriched in plasma membrane
proteins. A total of 6 ug of protein was loaded to the gel. Immunostaining with antibodies against the § subunit F1-ATP synthase, PEDF-R and Na/K ATPase
(a plasma membrane marker) probed sequentially on the same blot is shown.
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Figure 3. Effects of PEDF on extracellular ATP synthesis by intact T24 cells. (A) Activity of cell surface ATP synthase was assessed by measuring the amount
of extracellular ATP synthesized after the addition of ADP in the presence of inorganic phosphate. Cells were preincubated with PEDF (100 nM) or medium
alone (no PEDF) for 30 min before the addition of ADP to start the reaction. Extracellular ATP formation is shown as a function of time. (B) Concentration
curve for inhibition of cell surface ATP synthase activity by PEDF. Cells were pre-incubated for 1 h with increasing concentrations of PEDF (as indicated) and
then the reaction was started by addition of ADP to the medium followed by incubation at 25°C for 15 sec. Percentage of ATP production relative to controls
(no PEDF) are shown. (C) Effects of combinations of piceatannol (2 uM) and increasing concentrations of PEDF on cell surface ATP synthase activity of T24
cells. Preincubations of cells with the indicated inhibitors were for 60 min and the incubations of the reactions after additions of substrate were for 20 sec.
(D) Effects of combinations of PEDF (10 nM) and increasing concentrations of piceatannol on cell surface ATP synthase activity of T24 cells. Preincubations
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Figure 4. Effects of PEDF-derived 34-mer and 44-mer peptides on T24 cell number. (A) Cells were treated with peptides as indicated for 5 days and the
cell numbers were quantified using intracellular ATP as biomarker. Cell viability was expressed as percentage of luminescence values relative to untreated
controls. Each point is the average of triplicate assays. Error bars indicate average + SD. (B) Effects of PEDF, 34-mer and 44-mer peptides on extracellular
ATP synthesis by T24 cells. Assays were with 60 min preincubation and 15 sec of reaction incubation time. Percentage of ATP production relative to controls
are shown. Each point is the average of triplicate assays. Error bars indicate average + SD.

treated with increasing concentrations ranging between 0.1 and
100 nM of either peptide, and then extracellular ATP synthesis
assays were performed. Similar experiments were performed
using full-length PEDF protein as a control. Interestingly, the
34-mer was highly potent in attenuating the cell surface ATP
synthase activity similar to PEDF (Fig. 4B), and picetannol
(20 uM), whereas the 44-mer did not have a significant effect
(Fig. 4B). Similar results were obtained when experiments were
performed with PC-3, MDA-MB-231, and 4T1 cell lines. These
results demonstrated that the PEDF-derived peptide 34-mer
decreased cell viability and extracellular ATP synthesis in
intact tumor cells, in the same way as the full length PEDF
protein.

Exogenous ATP addition reverses the effects of PEDF on
tumor cells. The above results suggested that tumor cell death
by PEDF was associated with the inhibition of tumor cell
surface ATP synthesis, which in turn decreases extracellular
ATP levels. We proposed that exogenous additions of ATP
restoring the depleted product may reverse the biological
effects mediated by PEDF. The effects of exogenous ATP
addition were explored using two biological assays previously
used to study PEDF functions. A reversal effect of exogenous
additions of ATP was observed in PEDF-mediated tumor cell
death. Fig. 5A shows that 100 nM ATP additions reversed the
effects of PEDF on attenuating tumor cell viability. Endothelial
tube formation assays were also performed to test the role of
ATP supplementation on PEDF-induced antiangiogenesis
(Fig. 5B and C). Control cells showed a network of tubes after
24 h, and while the number of tubes in cells treated with 2 uM
piceatannol or 10 nM PEDF decreased, cells treated in the
same way but supplemented with exogenous ATP had higher
numbers of tube networks than their unsupplemented counter-
parts (Fig. 5B). Endothelial tube formation in cultures treated
with 0.1 nM PEDF increased in a dose-dependent fashion with
additions of ATP between 5-100 nM (Fig. 5C). These results
show that exogenous additions of ATP reversed the biological
effects of PEDF on tumor and endothelial cells.

Discussion

This study shows that PEDF is a novel inhibitor of tumor cell
surface ATP synthesis that exhibits a cytotoxic effect on tumor
cells. It also shows that a region (34-mer) within the PEDF poly-
peptide contains structural determinants for these properties.
These conclusions are based on the negative effect on tumor
cell viability and the inhibition of extracellular ATP synthase
by exogenous additions of human recombinant PEDF protein
and the 34-mer peptide. Furthermore, the PEDF-mediated
inhibition of endothelial tube formation and decreased tumor
cell viability are reversed by the addition of ATP, implying an
inverse association between PEDF and extracellular levels of
ATP. The fact that PEDF has affinity for the a and  subunits
of F1-ATP synthase (14) and that these subunits are found in
tumor cell surfaces, point to the role of PEDF as a ligand of
the ecto-ATP synthase. Given that PEDF binds to several cell
surface molecules, including heparan sulfate proteoglycans
(28), PEDF-R (25), laminin receptor (26), cell surface ATP
synthase (14), and LRP6 (27), the degree to which its effects on
tumor cells are due to binding ATP synthase has been unclear.
However, the present data provide evidence for a role for the
interaction between the 34-mer region of the PEDF protein
and tumor cell surface ATP synthase to regulate extracellular
levels of ATP and in promoting anti-tumorigenic activity.

The role of F1-ATP synthase activity in extracellular
ATP production was examined. When inorganic phosphate
was omitted in the reactions, extracellular ATP synthesis
was not observed with T24 cells (M.D., unpublished data)
or endothelial cells (14), discarding the possibility that the
ecto-adenylate kinase activity described before in endothelial
cells (39) may be responsible for the observed ATP formation.
The fact that piceatannol, a specific inhibitor of FIFO-ATP
synthase activity, inhibited the extracellular ATP synthesis in
intact tumor cells (Fig. 2) and in endothelial cells (14) points to
the enzyme as responsible for this activity. Thus, the F1-ATP
synthase activity could account for the observed extracellular
ATP synthesis in tumor cells.
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Figure 5. Effects of supplementation of ATP on PEDF-mediated biological activities. (A) T24 cells were treated with PEDF (0-100 nM) without and with
100 nM ATP. Cell numbers were determined by cell viability assays and expressed as percentage relative to untreated controls. Each point is the average of
duplicate assays. (B and C) Endothelial tube formation of HMVECs was followed in the presence of cell surface ATP synthase inhibitors PEDF or piceatannol,
with or without ATP supplementation. Representative brightfield images of endothelial tube formation and plots of tube formation quantification are shown.
Images and bars are aligned per treatment with corresponding additions of inhibitors and ATP indicated at the X-axis. Treatments were performed in triplicate.
In (B) HMVECsS tube formation was performed in the presence of 2 uM piceatannol (Pic.), 10 nM PEDF, and/or ATP (25-50 nM). Quantification was per-
formed from photographs of selected fields from each well and the average area of tubes formed per treatment is shown in arbitrary area units. In (C) HMVECs
tube formation was performed in the presence of 0.1 nM PEDF and increasing concentrations of exogenously added ATP (5-100 nM). Quantification of the
tube formation was performed from photographs of the entire well. Plot of average of triplicates + SD per treatment are shown.

We compared PEDF to agents that bind and inhibit
the ATP synthase and also are cytotoxic to tumor cells.
Several small inhibitors of ATP synthase have demonstrable
cytotoxic effects on tumor cells. For example, piceatannol,
resveratrol and efrapeptins reduce tumor and endothelial cell
proliferation rate (11,40,41), and inhibit surface ecto-ATP
synthase activity, without affecting the intracellular ATP levels
(11). Aurovertin B, an ATP synthase inhibitor that binds the
[ subunit of F1, inhibits strongly the proliferation of several
breast cancer cell lines, but has little influence on normal cell

lines (42.,43). Piceatannol, resveratrol and aurovertins bind to
a hydrophobic pocket between the vy subunit and the catalytic
[ subunit of F1 (44).

Another group of inhibitors are the a-helical basic peptide
inhibitors that bind to F1 and block ATP hydrolysis, e.g.,
bacterial/chloroplast € subunit, inhibitor F1 (IF1) and melittin
(44). These inhibitors include a-helical structures containing
basic residues, which appear to be crucial for their inhibitory
activities through interactions with an acidic region containing
the B-DELSEED motif in the catalytic p subunit of F1. In this
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regard, the 34-mer peptide contains the complete a-helix A of
the 3-D structure of the PEDF protein, and has a theoretical pl
of 9.7. This suggests that the 34-mer shares characteristics with
a-helical basic peptide inhibitors for binding the  subunit of
F1. Angiostatin and antibodies directed against the catalytic
[3-subunit of the F1 complex of ATP synthase induce endothe-
lial and tumor cell death, and they bind the (3 subunit of F1 and
inhibit cell surface ATP synthase (3,45). Of note, competition
between PEDF and angiostatin for binding isolated yeast
F1 revealed that the two antiangiogenic/antitumorigenic
factors share binding sites on F1 (14). These observations
lead us to conclude that blocking of the extracellular ATP
synthase activity in tumor cells is likely a result of direct
electrostatic interactions between the basic residues in the o
helix A of PEDF and the B-DELSEED motif of 3 subunit of
the ecto-F1-ATP synthase.

Our results have biological implications. The interactions
of extracellular PEDF ligands with cell surface F1IFO-ATP
synthase molecules regulate the levels of ATP, which in turn
may affect the behavior of tumor cells, e.g., PEDF may interfere
with ATP:P2X receptor-mediated signaling pathways by regu-
lating the availability of the ATP ligands. In this way, blocking
the ATP synthase activity by targeting the F1 catalytic domain
with PEDF can trigger signal transduction to mediate tumor
cell death, and inhibit endothelial tube formation necessary
for tumorigenesis and angiogenesis. In summary, the features
described here make cell surface ATP synthase an excellent
candidate for mediating the anti-tumorigenic activity of PEDF.
These findings imply that PEDF may act as a ligand of cell
surface F1FO-ATP synthase on the surface of tumor cells, and
that it behaves as an inhibitor of its extra-mitochondrial ATP
synthesis activity. The PEDF:ATP synthase interaction may
be a critical biochemical step for the anti-tumorigenic effects
exerted by PEDF on different tumor types.
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