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surface of paraganglioma cells

Stephanie MJ Fliedner?2, Chunzhang Yang?, Eli Thompson?, Mones Abu-Asab? Chang-Mei Hsu®, Gary
Lampert®, Lee Eiden®, Arthur S Tischler’, Robert Wesley®, Zhengping Zhuang?®, Hendrik Lehnert?, Karel
Pacak?!

1Program on Reproductive and Adult Endocrinology, Eunice Kennedy Shriver National Institute of Child Health
and Human Development, National Institutes of Health, Bethesda, MD 20892, USA; 21 Department of Medicine,
University Medical Center Schleswig-Holstein, Campus Lubeck, Ratzeburger Allee 160, 23538 Liibeck, Germany;
3Surgical Neurology Branch, National Institute of Neurological Disorders and Stroke, National Institutes of Health,
Bethesda, MD 20892, USA; “Section of Inmunopathology, National Eye Institute, NIH, National Institutes of
Health, Bethesda, MD 20892, USA; °Section on Molecular Neuroscience, National Institute of Mental Health,
National Institutes of Health, Bethesda, Maryland 20892, USA; ®No affiliation; “Department of Pathology and
Laboratory Medicine, Tufts Medical Center, Boston, MA 02111, USA; 8Department of Health and Human Services,
Clinical Center, National Institutes of Health, Bethesda, MD 20892, USA

Received January 14, 2015; Accepted March 15, 2015; Epub March 15, 2015; Published April 1, 2015

Abstract: F1FOATP synthase (ATP synthase) is a ubiquitous enzyme complex in eukaryotes. In general it is localized
to the mitochondrial inner membrane and serves as the last step in the mitochondrial oxidative phosphorylation
of ADP to ATP, utilizing a proton gradient across the inner mitochondrial membrane built by the complexes of the
electron transfer chain. However some cell types, including tumors, carry ATP synthase on the cell surface. It was
suggested that cell surface ATP synthase helps tumor cells thriving on glycolysis to survive their high acid genera-
tion. Angiostatin, aurovertin, resveratrol, and antibodies against the a and 3 subunits of ATP synthase were shown
to bind and selectively inhibit cell surface ATP synthase, promoting tumor cell death. Here we show that ATP syn-
thase B (ATP5B) is present on the cell surface of mouse pheochromocytoma cells as well as tumor cells of human
SDHB-derived paragangliomas (PGLs), while being virtually absent on chromaffin primary cells from bovine adrenal
medulla by confocal microscopy. The cell surface location of ATP5B was verified in the tissue of an SDHB-derived
PGL by immunoelectron microscopy. Treatment of mouse pheochromocytoma cells with resveratrol as well as ATP5B
antibody led to statistically significant proliferation inhibition. Our data suggest that PGLs carry ATP synthase on their
surface that promotes cell survival or proliferation. Thus, cell surface ATP synthase may present a novel therapeutic
target in treating metastatic or inoperable PGLs.

Keywords: Cell surface ATP synthase, paraganglioma, pheochromocytoma, resveratrol, mouse pheochromocy-
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Introduction and was suggested as a therapeutic target, par-

ticularly when expressed on the cell surface
F1Fo-ATP synthase (ATP synthase) is a ubiqui- [4-6].
tous enzyme complex in eukaryotes. In general

it is localized to the mitochondrial inner mem-
brane. There it utilizes the proton gradient
across the inner mitochondrial membrane,
which is built by the complexes of the electron
transfer chain, to catalyze the final step in the
mitochondrial oxidative phosphorylation of ADP
to ATP. Within the past decade, ATP synthase
has been shown to play a role in cancer [1-3]

Initially cell surface ATP synthase was discov-
ered on endothelial cells as a target of angio-
statin [7]. Angiostatin was shown to inhibit
tumor angiogenesis and thus was evaluated as
a promising therapeutic agent. However, initial
clinical trials were not as successful as hoped,
because angiostatin proved to be rapidly
degraded in the bloodstream and because it
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was used to target tumors nonspecifically.
Nevertheless the combination of angiostatin
with chemotherapy led to promising results
(39.1% of patients showed a partial response
and stable disease was observed in another
39.1% of patients) [8].

However, recently, cell surface ATP synthase
has been also discovered on certain other cell
types, including tumor cells, neurons, adipo-
cytes, liver [9], heart [10], and immune cells
[14, 12]. Inhibition of cell surface ATP synthase
with angiostatin, aurovertin, resveratrol, or anti-
bodies against the a and 3 subunits of ATP syn-
thase effectively and specifically inhibited pro-
liferation of various tumor cells, including colon
carcinoma [13], lung cancer [14-16], breast
cancer [17], hepatoma [18], osteosarcoma
[19], and glioma cells [20], especially under low
pH conditions [6]. Cell types on which surface
ATP synthase has been found, drugs that have
been effectively used to target it, and its pos-
sible functions have recently been reviewed [9].

Thus, although the role of cell surface ATP syn-
thase is still unclear, it has been suggested
that it benefits tumor cells thriving on aerobic
glycolysis by helping them survive their high
acid generation by shuttling protons out of the
cell to create both a physiological intracellular
pH and an acidic extra-cellular environment
[24]. An acidic micro-environment may trigger
local destabilization of the extracellular matrix,
facilitating tumor growth and tissue invasion
[21]. Due to the acidic micro-environment sur-
rounding many tumors, cell surface ATP-
synthase inhibition holds the potential to spe-
cifically kill tumor cells, either directly or by Kkill-
ing endothelial cells of the microvessels that
nourish the tumor.

As in most cancers, current treatment options
for metastatic pheochromocytomas (PHEOSs)
and paragangliomas (PGLs), i.e. catecholamine
producing tumors of the sympathetic nervous
system, are limited and rarely curative. Thus,
specific new therapeutic targets for the treat-
ment of inoperable and metastatic PHEOs/
PGLs need to be detected.

Like all cells in the body, PGL cells receive the
majority of their energy from ATP. Recently, the
energy metabolism in PHEOs/PGLs was much
considered [22]. It has been shown that certain
types of PHEOs/PGLs exhibit a glycolytic phe-
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notype. In particular PHEOs/PGLs derived due
to von Hippel-Lindau syndrome (VHL) or succi-
nate dehydrogenase subunit B, C, and D
(SDHB/C/D) mutations were shown to have an
increased glycolytic activity [23, 24], and thus,
are susceptible to a low extracellular pH.
Despite these similarities, the metastatic
potentials of these types of PHEOs/PGLs are
distinct: patients with VHL related PHEOs/PGLs
almost never develop metastatic disease, while
tumors due to SDHB mutations are at high risk
to develop metastases. Recently, we have
shown an increased expression of ATP5B in
SDHB- compared to VHL-derived primary
tumors [25]. Thus, we aimed to evaluate poten-
tial cell surface localization of ATP synthase
particularly in aggressive PHEOs/PGLs and its
potential as a therapeutic target.

Currently no human PHEO or PGL cell line
exists. Thus, we evaluated the location of ATP
synthase in mouse pheochromocytoma cells
(MPC) as well as the more aggressive filial
mouse tumor tissue (MTT) cells and cells from
two human primary SDHB-derived retroperito-
neal PGLs via immunocytochemistry. Bovine
primary chromaffin cells were used as negative
control tissue and HepG2 cells, which have
been reported to carry ATP synthase on their
surface, were included as positive controls [26-
29]. The results were validated in an additional
human SDHB-derived primary PGL by electron
microscopy. Targeting of cell surface ATP syn-
thase with resveratrol and an ATP5B antibody
was attempted.

Cell surface ATP synthase may present a spe-
cific therapeutic target for the treatment of
metastatic disease as well as in cases of inop-
erable PGLs.

Material and methods
Human PHEOQO/PGL tissue

PHEO/PGL tissue was collected with informed
patients consent at the National Institutes of
Health (NIH) and the Suburban Hospital in
Bethesda, MD, under a protocol approved by
the NICHD IRB. Genetic testing was performed,
following informed patient consent, using
established guidelines for testing [30] and con-
sideration of biochemical phenotypes. Tumor
tissue was routinely evaluated immunohisto-
chemically for expression of markers for neuro-
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endocrine tumors and characterized as PGL by
the Pathology Department of the NIH.

Cell culture

Mouse pheochromocytoma cells (MPC 4/30-
PRR) were developed and provided by Dr.
Tischler’s lab, Tufts Medical Center, Boston, MA
[31]. Their more aggressive filial MTT (mouse
tumor tissue-derived) cells were generated and
maintained as described by Martiniova et al.
[32]. Briefly, cells of liver tumors, established in
nude mice after tail vein injection of MPC, were
cultured and showed more aggressive behavior
when re-injected than their parental MPCs.
Catecholamine content was verified by HPLC
for a range of passage numbers of both cell
types, covering the ones used in this study.

MPC, MTT, and HepG2 cells were maintained
at 5% COQ, 37°C in DMEM (Gibco, Grand Is-
land, NY), supplemented with 10% heat-inacti-
vated horse serum (Hyclone, Logan, UT), 5%
fetal bovine serum (Gibco), HEPES (Gibco),
and penicillin (10,000 units/ml)/streptomycin
(100,000 pg/ml) (Gibco). Medium was changed
every other day and cells were passaged when
80-90% confluence was reached.

Human primary PGL cells

Tissue was collected from two retroperitoneal
PGLs - one from a 15-year-old male patient with
SDHB germline mutation (PGL1), and one from
a 41-year-old female without germline point
mutations or deletions in the SDHB, -C, and -D
genes (PGL2) - and placed in culture media.
There was no evidence for one of the PGL syn-
dromes in the latter patient. Central viable
parts of tumor specimens were used for prima-
ry culture. Dissected tissues were washed
three times in ice-cold PBS and minced into
1 mm? cubes. Tissue was then dissociated in
0.025% trypsin and DNase | at 37°C for 20 min.
The digested fluid was passed through a 40 um
cell strainer to obtain a single cell suspension.
Cells were seeded on collagen coated chamber
slides in a concentration of 5,000 cells/cm?.
Cells were grown in DMEM supplemented with
10% FBS for at least one week before conse-
quent experiments.

Bovine primary chromaffin cells

Bovine primary chromaffin cells were harvest-
ed and separated as previously described [33].
Cell identity was verified by immunocytochemi-
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cal staining for tyrosine hydroxylase as de-
scribed below.

Immunocytochemistry

Immunocytochemistry was performed in the
same way for mouse MPC, MTT, HepG2, bovine
primary chromaffin cells and human primary
PGL cells.

Lab-Tek™ Il chamber slide (Nalge Nunc In-
ternational, Rochester, NY, USA) surfaces were
evenly covered with 0.1 mg/ml rat tail collagen
type VIl (Sigma-Aldrich) in cell culture grade H,O
with 0.01% acetic acid. Chamber slides were
allowed to air dry in a fume hood. When dry,
0.5 mill cells/ml (MPC and MTT) or 0.25 mill
cells/ml (bovine primary chromaffin cells and
primary SDHB-derived cells) were seeded in
DMEM culture media supplemented as
described above. Mitochondria were labeled
during 15 min incubation with 500 nM
MitoTracker® Red CM-H2-XRos at 37°C
(Invitrogen, Molecular Probes, Eugene OR,
USA). After washing the cells in PBS, they were
fixed in 4% paraformaldehyde solution. Half of
the cells were permeabilized with methanol,
pre-cooled to -20°C for 3 minutes, while the
other half was not permeabilized. Cells were
blocked in 10% donkey serum (Jackson
ImmunoResearch Laboratories, Inc.,, West
Grove, PA, USA) for 1 h before incubation in a
1:1000 dilution of monoclonal anti ATP5B anti-
body (ab14730) from Abcam (Cambridge, MA,
USA) for 4 hours (except “no primary” control
wells). For HepG2, primary bovine chromaffin
cells, and PGL2 cells, the previously non-per-
meabilized cells were then permeabilized and
all wells, except the “no primary” control wells,
were incubated with anti-tyrosine hydroxylase
antibody for 4 hours (1:1000 ab93291, abcam).
The secondary antibodies were Alexa Fluor®
647 donkey anti-rabbit and Alexa Fluor® 488
donkey anti-mouse (Invitrogen, Molecular
Probes). The labeled cells were cover-slipped in
a 0.12 M tris solution, consisting of 30% glyc-
erol, 12% mowiol 4-88 (Calbiochem, EMD Che-
micals, Inc., Gibbstown, NJ, USA), 2.5% 1,4-
diazobicyclo-[2.2.2]-octane (DABCO) (Sigma-
Aldrich), pH 6.8. Images were taken with a Zeiss
510 inverted microscope.

Immunoelectron microscopy

Tissue from an SDHB-derived cardiac PGL of a
male 53-year-old patient with multiple tumors
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Figure 1. ATP synthase is present on the surface of mouse pheochromocytoma cells. Separate confocal microscopy
channels of MPC (left) and MTT (right) cells labeled with ATP5B antibody (green signal) and mitotracker (red signal)
and merged channels. The top row shows results for permeabilized cells, the center panel shows non-permeabilized
cells, and the bottom panel shows no primary antibody negative controls. Both MPC and MTT showed strong posi-
tive staining for ATP5B that greatly, but not entirely, overlapped with the mitochondria (top row). Signal for ATP5B
on non-permeabilized cells does not overlap with mitochondrial staining, indicating cell surface location of ATP5B
(second row). Application of secondary antibody only did not lead to any detectable signal (bottom row). Scale bar

indicates 10 ym.

was selected for immunoelectron microscopy.
A carotid body tumor invading the nasopharynx
was removed 2 month previously, but there
were no signs of metastatic disease. Tissue
was cut from a paraffin block and labeled as
previously described [34]. The same ATP5B
antibody was used as for immunocytochemis-
try (@b14730, abcam) at 1:500. Identity of the
examined tissue as PGL was confirmed by the
presence of secretory granules.

In vitro drug response

MPC and MTT cells were cultured at 1 mill cells/
ml in collagen | coated 96 well plates (Biocoat,
Becton Dickinson Labware, Bedford, MD) in
DMEM media, supplemented as described
above. After 24 h, media was exchanged to the
respective drug solutions in pH 6.5 and pH 7.0
supplemented DMEM. Drug solutions were
monoclonal anti-ATP5B antibody; (Novus Biolo-
gicals, Littleton, CO, USA) and non-immune IgG
(Novus Biologicals): 50, 25, 10 ug/ml; oligomy-
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cin (Cell Signaling Technology, Dauvers, MA,
USA): 10 pg/ml; and resveratrol (Sigma-Aldrich
Corp., St. Louis, MO, USA): 100, 50, 10, 5 uM.

Cell proliferation was measured with the
CellTitre-Flour cell viability assay (Promega,
Madison WI, USA) after 24 h for antibody, and
over 4 consecutive days (24, 48, 72, 96 h) for
resveratrol with the cell proliferation kit Il (XTT)
(Roche Diagnostics Corporation, Indianapolis,
IN USA) following manufacturer recommenda-
tions. Drug solutions were exchanged every
48 h.

Statistical tests were done in Prism 4 (GraphPad
Software Inc., Lalolla, CA, USA) with one-way
ANOVAs for comparing, in different cell types,
different antibody and IgG solutions (treat-
ments), followed when appropriate by Dunnett’'s
multiple comparison post-hoc test to compare
multiple treatments vs. a common vehicle. In
addition a Bonferroni multiple comparison
post-hoc test was employed to evaluate statisti-
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Figure 2. ATP synthase is absent from the surface of normal bovine chromaffin cells. Confocal images of primary bo-
vine chromaffin cells (A) and HepG2 cells (B) labeled with mouse anti-ATP5B (ATPsyn[3) or tyrosine hydroxylase (TH)
antibody and mitotracker (mitotr) in permeabilized cells (perm, top row), non-permeabilized cells (noperm, second
row), and no primary antibody negative controls (noprim, third row). Merged channels for ATP5B and mitotracker
show complete overlap in permeabilized cells (top row), while no signal for ATP5B was evident in non-permeabilized
cells (second row) or the negative control (third row) for primary bovine chromaffin cells (A). Positive staining for TH
confirms chromaffin cell origin. Non-permeabilized HepG2 cells showed punctate ATP5B signal. As expected, no
TH signal was detectable for HepG2 cells. In conclusion cell surface localization of ATP5B was non-detectable in

primary bovine chromaffin cells
ATPsynf3 mitotr

noprim noperm perm
noprim noperm perm

primary chromaffin cells while present on HepG2 cells. Scale bar indicates 10 um.

cal differences between respective antibody
and 1gG concentrations. Differences between
cell types were evaluated by one-way ANOVA
and differences between pH were evaluated
with unpaired T-test for each cell type. To esti-
mate significance of the effect of the different
resveratrol solutions on the subsequent days of
measurement, two-way ANOVA with Bonferonni
post-hoc test was used for each cell type and
pH separately comparing the ratio of each
treatment to vehicle and the ratio of media only
to vehicle.

Results

Fluorescent labeling for ATP5B led to a strong
signal in the mitochondria of both MPC and
MTT cells, as shown by overlapping red (mito-
tracker) and green (ATP5B antibody) which
appears as a yellow signal. In addition, a posi-
tive signal for ATP5B that was spatially unrelat-
ed to the mitochondria was detected (Figure 1).
In non-permeabilized cells there was no overlap
in staining of ATP5B and the mitochondria
(Figure 1). In the absence of primary antibody,
no signal was detected in the green channel
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(Figure 1). When examining bovine primary
chromaffin cells with the same methods, we
detected only minute amounts of ATP5B signal
that were not related to the mitochondria
(Figure 2A). To assure chromaffin cell origin,
cells were co-labeled with anti-tyrosine hydrox-
ylase antibody (Figure 2A). For comparison of
the ATP synthase staining pattern of PGL to
that of cells that have been previously reported
to carry ATP synthase on their surface, we also
carried out immunocytochemical staining of
HepG2 cells (Figure 2B). The labeling pattern of
MPC and MTT cells closely resembles that of
HepG2 cells.

In addition, primary cells of human retroperito-
neal PGLs were evaluated for cell surface local-
ization of ATP5B. The cell surface signal of
ATP5B in the non-permeabilized human prima-
ry PGL1 was not as pronounced as in the MPC
and MTT cells. However, primary cells from
human PGL2 showed similar signal intensity for
ATP synthase to that observed in MPC, MTT
and HepG2 (Figure 3A, 3B). For PGL1 co-stain-
ing with the TH antibody has not been per-
formed.

Am J Cancer Res 2015;5(4):1558-1570



Surface ATP synthase as new target in PGL

A human PGL 1

3 itotrackerjmerge
3 ()%
] A; £ o
@ A -
£ T .
5 s .
Q L&
B IGHERES METE
3 -1
@

 E

§5

cQa s bl |

itotrackergmerge

g
E
&
g — =

B  human PGL 2
mitotr

To support cell surface localization of ATP syn-
thase in human PGL tissue, immuno-gold label-
ing of another SDHB-derived PGL was per-
formed. As expected, transmission electron
microscopy revealed the presence of gold par-
ticles in the cytosol in the vicinity of mitochon-
dria. In addition, accumulation of gold particles
at the plasmalemmal membrane was observed
(Figure 3C).

non-permeabilized permeabilized

no primary

The effect of treating MPC and MTT cells with
an antibody against ATP5B in pH 7.0 and pH 6.5
media for 24 hours was determined fluoromet-
rically. Cell proliferation in MPC and MTT cells
was significantly decreased when treated with
50 pyg/ml antibody (MPC pH 6.5 and pH 7.0:
p<0.05, MTT pH 6.5 and pH 7.0: p<0.01) com-
pared to vehicle (Figure 4). Statistical evalua-
tion of differences between antibody and the
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Figure 3. Cell surface ATP synthase in human para-
gangliomas. Confocal images of SDHB-derived
primary paraganglioma cells (A: PGL1, B: PGL2) la-
beled with mouse anti-ATP5B antibody in permeabi-
lized cells (top row), non-permeabilized cells (second
row), and negative control (secondary antibody only,
third row). PGL2 was additionally labeled with anti-
tyrosine hydroxylase antibody. Merged channels for
ATP5B and mitotracker show overlap in permeabi-
lized cells. However, focal regions of ATP5B signal
do not correspond to mitochondria (top row). Focal
regions of positive ATP5B signal were also evident
in non-permeabilized cells, while no overlap with the
mitochondrial staining is evident (second row). Sig-
nals for the green and blue channels (were applica-
ble) were absent on the negative control (third row).
Scale bar indicates 10 um. (C) Electron microscopy
image of an SDHB-derived paraganglioma labeled
for ATP5B with immuno-gold. Arrows indicate loca-
tion of ATP5B labeled with gold particles within the
cytosol as well as on the cell membrane. Scale bar
indicates 500 nm. Abbreviations: ATPsynf3: ATP5B,
mitotr: mitotracker, TH: tyrosine hydroxylase.

respective IgG concentrations showed a signifi-
cant difference in proliferation between cells
treated with 50 pg/ml ATP5B antibody and non-
immune 1gG for MPC at pH 6.5, and for MTT at
both pH conditions tested (p<0.05). However,
no significance was reached for MPC treated at
pH 7.0. There was no difference in effect
between the different pH media or cell types.
Oligomycin was used as a positive control and
showed a slightly higher decrease in prolifera-
tion than the highest dose of ATP synthase
antibody.

Next we evaluated the response of MPC and
MTT cell proliferation to treatment with the ATP
synthase inhibitor resveratrol (5 uM, 10 uM,
50 uM, 100 uM) in pH 7.0 and pH 6.5 media
over 4 days. The relative proliferation compared
to vehicle (0.1% ethanol in media) decreased

Am J Cancer Res 2015;5(4):1558-1570



Surface ATP synthase as new target in PGL

1.25-
S 1.00- *
o
& 0.75-
°
o
o 0.504
2
o 4
® 0.25
0.00 -1 - - -
E E E E E E E
o o [=] o o (=2} [=)]
= =1 3 3 = =] 3
o o wn wn [=] o o
- -~ ™~ o~ w w -—
[11] m [i1] [=
T % 2 % 2 % 3
>
£
&
MPC pH 6.5 =
1.25-
*k *k
| =
S 1.00-
©
£ 0.75-
£
o 0.504
2
© 4
® 0.25
0.00-L .
E E E E E E E
[=2} (=2} (=2} (=2} o [=2] o
=] - = - - - =
o (=] wn wn (=] (=] o
— = ™~ o™ w w -
m © m@m o m O =t
< 2 « ®» « » @
=
MTT pH 6.5 2
S

relative proliferation

relative proliferation

1.25-
* Kk
1004 = [E] = = e
% .,E.
0.75+
0.50-
0.25-
0.00 H———
E E E E E E E
[=2] [=2] (=] (=] [=)] o o
= =5 = 3 = = =
o o wn wn (=] (=] o
- b (3] o™ w w -—
m m
2 %2 2 % 2 % £
3
MPC pH 7 )
G
1.25+
*k Fok
1.00- B £ = =
=5 -
==
0.75-
0.50-
0.25+
0.00 4 ——- L LIl L.l
E E E E E E E
[=2] [=2] [=2] (=] [=2] (=2} [o2]
3 3 3 = =] = =]
o o n wn (=1 (=3 o
- - (o] o™~ w w -
m U] (11] Q m Q £
<« ®» « ®» 4 ©® ©
E
MTT pH 7 )
G

Figure 4. Targeted treatment with ATP synthase B antibody. Proliferation of MPC (top) and MTT (bottom) cells, treat-
ed for 24 h with the indicated concentrations of ATP5B antibody (AB), non-immune IgG, and oligomycin relative to
vehicle in pH 7.0 (right) and pH 6.5 solution (left), detected with the Cell-titre fluor assay (Promega). Under all test
conditions, 50 pyg/ml AB inhibited proliferation with slightly less efficiency than oligomycin. *: p<0.05, **: p<0.01.

with increasing dose and treatment duration
(Figure 5). A concentration of 100 uM signifi-
cantly decreased proliferation compared to
media from day 2 on under all conditions (MPC:
day 2, day 3, and day 4, p<0.001 for both pH
conditions; MTT: day 2, day 3, and day 4,
p<0.001 for both pH conditions). Treatment
with 50 pM resveratrol led to significantly
decreased cell proliferation for all tested condi-
tions in MPC and MTT from day 3 on (p<0.001),
and for MPC at pH 6.5 even on day 2 (p<0.01).
A dose of 10 uM resveratrol led to a significant
difference from media for MPC at pH 7.0 and
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MTT at pH 6.5 on day 3, as well as for MPC at
pH 6.5 on day 4. Proliferation of cells treated
with 5 uM resveratrol led to a slightly but signifi-
cantly decreased value relative to media for
MPC pH 7.0 and MTT at pH 6.5 on day 3 and
MPC and MTT at pH 6.5 on day 4 (p<0.05). The
efficacy of resveratrol was independent of dif-
ferent pH conditions and cell type treated.

Discussion

Within the past 15 years more and more evi-
dence for an important role of ATP synthase
dysregulation in cancer has appeared. In sev-

Am J Cancer Res 2015;5(4):1558-1570
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eral cancers up- or down-regulation of specific
ATP synthase subunits has been shown [1,
35-38], but in addition, its localization on the
cell surface in tumor supporting endothelial
cells [7] as well as on tumor cells themselves
[13-15, 17-20] has been observed. However,
some other normal cells/tissues have been
reported to carry ATP synthase on their surface
(e.g. neurons/brain, adipocytes/fat, hepato-
cytes/liver) [9]. Nevertheless, targeting cell sur-
face ATP synthase on tumor supporting endo-
thelial cells and/or directly on tumor cells with
angiostatin, ATP synthase antibodies, resvera-
trol, aurovertin, sangivamycin, and other drugs
has been shown to be efficient in killing tumor
cells [5, 9].

Here we show that ATP5B is present on the cell
surface of PHEO/PGL cells: in vitro on MPC and
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MTT cells and on primary cells of two retroperi-
toneal human PGLs as well as tumor tissue of
an SDHB-derived cardiac PGL, while being vir-
tually absent from the surface of bovine prima-
ry chromaffin cells. Chromaffin cell origin was
assured by positive labeling of tyrosine hydroxy-
lase (Figure 2), showing strong positive staining
in bovine chromaffin cells, while the signal was
less pronounced in human primary PGL cells.
This could be due to a species-related differ-
ence in antibody affinity or relatively lower cat-
echolamine synthesis in the human paragan-
glioma. No differences in staining intensity for
the ATP5B antibody have been observed, sug-
gesting that its affinity is not influenced by the
species of tested cells. Cell surface signal for
ATP synthase was intense for MPC and MTT as
well as for the primary cells of human SDHB
PGL2, while appearing punctate in the primary

Am J Cancer Res 2015;5(4):1558-1570
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cells of human SDHB PGL1 as has been
observed in other human tumor cells [19].
Variability in the amount of ATP synthase on the
surface of PGLs will have to be evaluated in
additional tumors.

Assuming that the presence of ATP5B on the
surface of PHEOQ/PGL cells represents a func-
tional ATP synthase complex as has been
observed in other tumors and normal cells [29,
39, 40], we evaluated the effect of in vitro treat-
ment of the mouse PHEO cells with an ATP5B
antibody and resveratrol. ATP synthase anti-
body was effective in inhibiting proliferation at
the highest applied concentration of 50 ug/ml
by at least 10% within 24 h of treatment, which
was comparable to oligomycin, a well described
ATP synthase inhibitor and cytotoxic agent.
However, lower antibody concentrations and
non-immune IgG had no effect on proliferation.
It is unlikely that the applied antibody pene-
trates the cell membrane, so the effect is likely
due to inhibition of the cell surface ATP syn-
thase. While effective in mouse cells, potential
interspecies differences in antibody affinity
may be of concern when applying the ATP5B
antibody to human cells. Thus, special consid-
eration should be given to high affinity to human
ATP synthase when attempting the evaluation
of treatment of human PGLs.

Resveratrol dosed at 100 uM inhibited prolifer-
ation relative to media up to 44% (MPC) and up
to 27% (MTT) on the second day of treatment
and up to 73% (MPC) and 74% (MTT) on treat-
ment day 4 compared to vehicle. A dose of
50 uM inhibited proliferation by up to 28%
(MPC) and 38 % (MTT) on day 3 and 48% (MPC
and MTT) on day 4 (Figure 5).

Resveratrol has been shown to have a cytostat-
ic effect on cells carrying cell surface ATP syn-
thase [20]. In addition, resveratrol has been
shown to target a wide variety of molecular
pathways, exhibiting chemopreventive and che-
motherapeutic effects in a variety of cell and
animal models of cancer (for excellent recent
reviews see [41-43]). Clinical trials showed that
its cancer preventive effects are promising
while toxicity seems to be negligible [44-46].
Doses at or below 1 g/day were reported as
non-cytotoxic in short-term tests in humans.
However, long-term side effects remain to be
evaluated (reviewed in [47]). The bioavailability
of resveratrol is limited due to its hydrophobic
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capabilities as well as a rapid and complex
turnover (reviewed by Santos et al. [48]). After
oral administration of up to 5 mg of resveratrol,
peak plasma concentrations in the low micro-
molar range (~2.3 uM) can be reached (reviewed
in [47]). Currently, development of more effi-
cient ways for systemic and targeted adminis-
tration of resveratrol is underway [48]. Johnson
et al. have recently reported that co-adminis-
tration of piperine with resveratrol has led to a
1544% increased maximum serum concentra-
tion compared to resveratrol alone in mice [49].
Thus, the effective concentrations for in vitro
treatment of MPC and MTT cells described
here may not be reached by systemic adminis-
tration of resveratrol in humans, but the intratu-
moral administration or utilization of new deliv-
ery systems, including direct tumor perfusion,
have excellent and promising potential to reach
therapeutic concentrations of resveratrol in a
tumor.

In models of neurovegetative diseases using
PC12 or neuroblastoma cells, resveratrol was
shown to be neuroprotective in attenuating
damage by reactive oxygen species [50, 51].
However, neuroblastoma cell proliferation was
also effectively inhibited by resveratrol [52]. In
addition, resveratrol has been shown to be car-
dioprotective [53] and to improve longevity
[54]. Bauer and collaborators showed that at
least 127 different pathways may be affected
by resveratrol [55]. Most described resveratrol
targets are located inside the treated cells. For
example, resveratrol was shown to interact with
estrogen [56] and androgen [57] receptors and
affect their expression as well as that of their
target genes, suggesting a beneficial effect in
breast and prostate cancer. Amongst effects
on additional transcription factors, resveratrol
was shown to decrease hypoxia inducible fac-
tor o levels and metastatic potential in colon
carcinoma cells [58].

Interaction of resveratrol with ATP synthase has
been previously reported [59]. Gledhill and col-
leagues reported that resveratrol binds to o
and [ subunits of the complex, inhibiting
ATPase as well as ATP-synthase activity [60].
Treatment of human umbilical vein cells that
carry ATP synthase on the surface with resvera-
trol was shown to inhibit proliferation based on
inhibited cell surface ATP synthesis [61]. The
possibility of resveratrol penetrating into the
cells was rendered unlikely by the authors,
since intracellular ATP levels were barely affect-
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ed. Thus, the authors conclude that the efficacy
of the drug was related to its inhibition of cell
surface ATP synthase. Thus the detected ATP5B
subunit on the cell surface may represent a
functional ATP synthase complex that promotes
PHEO/PGL survival. However, additional cell
surface or intracellular targets for ATP synthase
antibody and resveratrol cannot be ruled out.

Previously, low extracellular pH, as expected for
glycolytic tumor cells, has been shown to
enhance toxicity of cell surface ATP synthase
inhibition with angiostatin and ATP synthase
antibodies [16]. Thus, we applied the treat-
ments in low pH media (pH 6.5) as well as neu-
tral media (pH 7.0). However, we did not observe
any pH-related difference in effect of the treat-
ment with neither ATP5B antibody nor resvera-
trol. Thus, survival of MPC and MTT in an acidic
environment may not depend on cell surface
ATP synthase. Future studies are necessary to
determine the functionality and role of ATP syn-
thase on the cell surface of PGLs.

In addition to resveratrol and ATP synthase anti-
bodies other drugs targeting cell surface ATP
synthase have been shown to effectively inhibit
proliferation of tumor cells. For example auro-
vertin has been shown to inhibit proliferation of
breast cancer cell lines while having little effect
on normal cells [17]. An expert review summa-
rizes reports on cell surface ATP synthase inhi-
bition in various cancers [6].

Despite the promising potential of ATP syn-
thase inhibitors for the treatment of cancers,
similar to any chemotherapeutic or other drug,
adverse effects cannot be excluded since ATP
synthase is located on the surface of other
cells including heart, liver, neurons, and T lym-
phocytes. Therefore, any future clinical studies
must be conducted carefully and organ func-
tion must be well monitored for any adverse
effects when ATP synthase inhibitors are used.
If these inhibitors are used for intratumoral
administration or perfusion, side effects on
other organs can be minimal.

In the present study, chromaffin cells or PGLs
of murine, bovine, and human origin have been
evaluated. While interspecies differences can-
not be excluded, a comparison of chromaffin
cells and PGLs from the same species is cur-
rently not possible. To date no cell line of human
PGLs or chromaffin cells exists. Collection of
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mouse primary chromaffin cells is difficult due
to the small size of the murine adrenal gland
and requires large numbers of animals to col-
lect sufficient cells for experiments. While the
amount of chromaffin cells that can be collect-
ed from a bovine adrenal gland is satisfactory,
bovine PGLs have not been reported.

The data presented here suggests that ATP
synthase is localized on the cell surface of
mouse and human PHEOQO/PGL cells, while it is
virtually absent from the surface of bovine pri-
mary chromaffin cells. Treatment of MPC and
MTT cells with ATP synthase antibody and res-
veratrol, which have been reported to target
cell surface ATP synthase, inhibited cell prolif-
eration of MPC and MTT cells. Thus, resveratrol
and ATP synthase inhibitors may represent a
promising new option for targeted treatment of
metastatic or inoperable human PGLs.
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