Cellular & Molecular Biology

Cell. Mol. Biol. 2014; 60 (1): 19-25

Published online March 5, 2014 (http://www.cellmolbiol.com)
Received on January 27, 2014, Accepted on February 17, 2014. Q/(‘q
doi : 10.14715/cmb/2013.60.1.4

\%
R = e
4
ND moppcuLA™

V-ATPase regulates communication between microvascular endothelial cells and
metastatic cells

S. R. Sennoune', A. Arutunyan?, C. del Rosario!, R. Castro-Marin', F. Hussain'?® and R. Martinez-Zaguilan'*<

' Department of Cell Physiology & Molecular Biophysics, Texas Tech University Health Sciences Center, Lubbock, TX
2Department of Pharmacology & Physiology, George Washington University Medical Center, Washington, DC
3 Department of Mechanical Engineering, Texas Tech University, Lubbock, TX

Corresponding author: R. Martinez-Zaguilan, Department of Cell Physiology & Molecular Biophysics, Texas Tech University Health Sciences
Center, 3601 4% street, Lubbock, TX 79430-6551. Tel : +1-806-743-2562, Fax : +1-806-743-1512, E-mail: Raul.MartinezZaguilan@ttuhsc.edu

Abstract

To metastasize distant organs, tumor cells and endothelial cells lining the blood vessels must crosstalk. The nature of this communication that allows metastatic cells
to intravasate and travel through the circulation and to extravasate to colonize different organs is poorly understood. In this study, we evaluated one of the first steps
in this process - the proximity and physical interaction of endothelial and metastatic cells. To do this, we developed a cell separator chamber that allows endothelial
and metastatic cells to grow side by side. We have shown in our previous studies that V-ATPases at the cell surface (pmV-ATPase) are involved in angiogenesis and
metastasis. Therefore, we hypothesized that the physical proximity/interaction between endothelial and metastatic cells expressing pmV-ATPase will increase its
activity in both cell types, and such activity in turn will increase pmV-ATPase expression on the membranes of both cell types. To determine pmV-ATPase activity we
measured the proton fluxes (J,,,) across the cell membrane. Our data indicated that interaction between endothelial and metastatic cells elicited a significant increase
of J,,, via pmV-ATPase in both cell types. Bafilomycin, a V-ATPase inhibitor, significantly decrease J, . In contrast, J,,, of the non-metastatic cells were not affected
by the endothelial cells and vice-versa. Altogether, our data reveal that one of the early consequences of endothelial and metastatic cell interaction is an increase in

pmV-ATPase that helps to acidify the extracellular medium and favors protease activity. These data emphasize the significance of the acidic tumor microenvironment

enhancing a metastatic and invasive phenotype.
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Introduction

A fundamental question in cancer biology has been
what makes tumor cells establish in certain tissues and
what environment allows/promotes subsequent coloni-
zation to distant organs, i.e., metastasis. The complex-
ity and dynamics of biological systems has impaired
answering this fundamental question in vivo. Metasta-
sis is a complex process that requires tumor growth and
escape into circulation via intravasation and extravasa-
tion (1, 2), involving tumor cell migration and invasion
through extracellular matrix (3, 4). However, the pro-
cess of tumor angiogenesis suggests that there is also
active growth and invasion of the extracellular medium
by endothelial cells (5) - enabling increased nutrient de-
livery to the tumor and a pathway for their escape into
circulation. Our understanding of endothelial and tumor
cell interactions and the molecules involved in this ear-
lier event in metastasis are incomplete.

We have shown that highly metastatic human cancer
cells express V-ATPase at the cell surface (6-9) which
is important for cell invasion - a hallmark of metastasis.
Most tumors exhibit an acidic extracellular pH of ca.
6.5 that is not permissive for growth and survival; yet,
surprisingly, tumors and endothelial cells survive this
acidic environment (10, 11). We hypothesize that the ac-
tivity of pmV-ATPase allows cells to extrude acid, and
maintain an alkaline intracellular pH even in an acidic
environment. In addition, we have shown that growth
of human breast cancer cells at acidic extracellular pH
(pH**) induces overexpression of pmV-ATPase (7).
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We have shown that microvascular - not macrovas-
cular - endothelial cells, express pmV-ATPase (12, 13).
Microvascular endothelial cells are angiogenic, whereas
macrovascular ones are much less so. We hypothesize
that pmV-ATPase provides an acidic extracellular envi-
ronment optimum for protease activity that could help
degrade extracellular matrix and promote angiogenesis.
Coronary microvascular endothelial cells in diabetic
mice models do not exhibit pmV-ATPase and are poorly
angiogenic (13). Diabetic patients have poor circulation
that leads to amputation and have poor recovery of col-
lateral blood formation and circulation following a heart
attack. Clearly, pmV-ATPase has significance in angio-
genesis (8).

Tumor angiogenesis involves a complex interplay
between endothelial cells of blood vessels that supply
blood to the tumor, and tumor cells that use the vessels
to escape into circulation and metastasize to different or-
gans. However, the mechanisms involved in the earlier
stages of tumor metastasis are unclear. We hypothesize
that interactions between endothelial and tumor cells
exhibiting pmV-ATPase will induce promiscuous over-
expression of pmV-ATPase in both cell types because
of their dynamic acid extrusion that provides a unique
extracellular environment. To test this hypothesis we
developed a chamber to grow cells in close proximity
with each other. Then, proton fluxes via pmV-ATPase
were evaluated by ratio ion fluorescence microscopy in
tumor and endothelial cells in the border region.

Our data showed that all human prostate metastatic
cancer cells (CL1, PC3 and DU145) respond to the pres-
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ence of microvascular endothelial cells with a signifi-
cant increase in proton fluxes (J,,,) via pmV-ATPase. In
all of these cases, bafilomycin, an inhibitor of V-ATPase
decreased J,,,. In contrast, microvascular endothelial
cells did not induce significant increases in J,,, in non-

metastatic cells (LNCaP) or vice-versa.
Materials and methods

Cells

The prostate cancer tumor cell lines LNCaP, CL1
DU145 and PC3 were used in this study. LNCaP cells
are androgen-sensitive and poorly tumorigenic. All oth-
er cell types are highly tumorigenic, and exhibit inva-
sive and metastatic phenotypes. CL1 was derived from
LNCaP by growing the cells depleted from androgen
in the medium (30). Androgen deprivation treatment
of LNCaP cells was carried out by replacing FBS by
charcoal-stripped serum. CL1 has been continually
maintained in androgen-depleted medium. LNCaP cells
were grown in RPMI 1640 media (Cellgro, Mediatech
Inc., VA) supplemented with 10% FBS and antibiot-
ics. DU145 and PC3 cells were also grown in RPMI
1640 media, as LNCaP. The CL1 cells were grown in
the same medium as their parental cells except that CL1
medium is supplemented with 5% charcoal-treated se-
rum. The microvascular endothelial cells were grown
with RMPI 1640 media supplemented with 10% FBS.
These cells were maintained at 5% CO, at 37°C.

Cell growth in cell separator chamber

The bottom part of a disposable petri dish (35 mm
diameter), was used for plating cells (Figure 1). The top
part of a 35 mm petri dish was used to assemble the
cell separator. A 25 mm diameter hole was cut on the
top part of the petri dish. 2 posts (15 mm x 10 mm x 2
mm) were attached and glued to each side of the hole as
shown in bottom of Figure 1. The cell separator cham-
ber made of a rectangular acetate plastic sheet (25 mm
x 10 mm x 0.3 mm) touches the bottom part of the pe-
tri dish containing a 25 mm diameter coverslip #1 and
is covered on both sides using parafilm (folded around
the cell separator chamber). The edges on the parafilm
on the top are attached to each other by gentle pressure
using a surgical straight Kelly forcep (hemostat). The
complete assembly is sterilized by UV exposure under
the sterile hood overnight. Then, cells (1 x 10° from
each cell type, i.e., endothelial cells (EC) on one side
and tumor cells (TC) (either DU145, PC3, CL1 or LN-
CaP) on the opposite side are seeded from the top of the
petri dish (hole) using a pipetman (10-200 pl) from each
side of the cell separator. To maintain the liquid in each
chamber of the separator, a stainless steel rod (30 mm
diameter x 10 mm width with a 25 mm hole) weight-
ing 50 grams is placed on the top of the petri dish. The
weight is needed to allow the parafilm surrounding the
separator chamber to attach to the coverslip and effec-
tively separate the media and cells. The complete as-
sembly, containing cells, is placed in the CO, incubator
and cells are allowed to grow until they spread on each
side of the assembly (typically 48 hrs). Then, the top
part of the petri dish is carefully lifted and the two cell
types are clearly separated by 300 um gap. Cells move
to close the gap and interact with each other after 12-18
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hrs, depending on the cell type.

Cytosolic pH measurements

Coverslips with EC and TC were loaded with
SNARF-1 (5-[and-6] carboxy-SNARF-1) (Life Sci-
ence Molecular Probes, Eugene, OR) to measure cy-
tosolic pH and determine H* fluxes (J,,,) as described
previously (7, 31). Loading of fluoroprobe with the
membrane permeant acetoxy methyl (AM) ester form
of SNARF-1 was performed by incubating cells with 7
uM SNARF-1-AM for 30 min at 37°C in Cell Superfu-
sion Buffer (CSB). The CSB contained the following:
1.3 mM CaCl,, I mM MgSO,, 5.4 mM KClI, 0.44 mM
KH,PO,, 110 mM NaCl, 0.35 mM NaH,PO,, 5 mM glu-
cose, 2 mM glutamine, and 20 mM HEPES at pH* 7.4.
Cells were washed and incubated with CSB for addi-
tional 30 min at 37°C to wash out non-hydrolyzed dye.
Cover slips with cells were placed into a thermostated
chamber (PDMI-2, Medical Systems Corp. Greenvale,
N.Y), and then fastened onto the stage of a fluorescence
inverted microscope (Olympus 1X-70). Fluorescence
was monitored using a cell imaging system consisting
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Figure 1. Cell separator chamber device schematic representa-
tion. The bottom part of a disposable petri dish (35 mm diameter),
was used for plating the cells. The top part of a 35 mm petri dish was
used to assemble the cell separator. A 25 mm diameter hole was cut
on the top part of the petri dish. 2 posts (15 mm x 10mm x 2 mm)
were attached and glued to each side of the hole as shown in Top
view Figure. The cell separator was made of a rectangular acetate
plastic sheet (25 mm x 10 mm x 0.3 mm). When assembled, the
cell separator touches the bottom part of the petri dish containing a
25 mm diameter coverslip #1. The cell separator is covered on both
sides using parafilm (folded around the cell separator). The edges on
the parafilm on the top are attached to each other by gentle pressure
using a straight hemostat tweezer. The complete assemble is steri-
lized by UV exposure under the sterile hood overnight. Then, cells
(10° from each cell type, i.e., endothelial cells in one side and tumor
cells in the opposite side) are seeded from the top of the petri dish
(hole) using a pipetman (10-200 pl) from each side of the cell sepa-
rator chamber. To maintain the liquid in each chamber of the cell
separator, a stainless steel rod (30 mm diameter x 10 mm width with
a 25 mm hole) weighting 50 grams is placed on the top of the petri
dish. The weight is needed to allow the parafilm surrounding the cell
separator to attach to the coverslip and effectively separate media.
The complete assembly, containing cells, is placed in the CO2 incu-
bator and cells are allowed to grow until all attached and spread on
each side of the assembly (typically 48 hrs). Then, the top part of the
petri dish is carefully lifted and the two cell types are clearly sepa-
rated by 300 um gap. Cells move to close the gap and interact with
each other after 12-18 hrs, depending on the cell type.
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of a high speed filter changer (Lambda DG4; Sutter
Instruments Co, Novato, CA) to rapidly change excita-
tion filters (484 nm and 534 nm); and a liquid guided
optic fiber to deliver the light. The excitation light was
reflected using a dichroic mirror (600 DRLPXR). The
emission fluorescence of SNARF-1 at 644 nm was ob-
tained by ratio excitation of 488 nm and 534 nm. The
fluorescence signal was collected using a frame transfer
charged coupled device (CCD) camera coupled to an
intensifier (Princeton Instruments Intensifier Pentamax,
ADC 5 MHZ). Cells were imaged with an inverted mi-
croscope (Olympus [X-70) using a 60x immersion oil
objective (1.4 N.A.). In this imaging system, the excita-
tion filters can be changed as fast as 1.5 msec. For these
experiments, we used 100 msec exposure. Images were
collected and analyzed using Meta Imaging Systems
software (Version 4.5; Universal Imaging Corporation,
West Chester, PA). Cells were continuously perfused at
3.0 ml/min at 37°C with CSB. After steady-state was
reached (5 min), the perfusate was replaced by one con-
taining 50 mM K*Acetate in a Na*-free buffer, where
Na* was substituted with 60 mM N-methylglucamine.
The conversion of ratio values to pH®* was performed
as described previously (7, 12). The proton fluxes (J,,,)
were estimated within the first 3 min of the cytosolic
acidification.

Statistical Analysis

All results are expressed as mean + SEM. Signifi-
cant differences were determined by using a t-test or an
ANOVA with Holm-Sidak test for multiple compari-
sons of normal distributions. The Mann-Whitney test or
the Kruskal-Wallis one way ANOVA on ranks test for
multiple comparisons was used for nonparametric dis-
tributions (SigmaStat v.3.5; Statistical Software, Jandel
Scientific). All statistical tests were considered signifi-
cant at p < 0.05.

Results

Endothelial and tumor cell interactions in the cell sep-
arator chamber

The efficacy of the cell separator chamber to grow
cells in close proximity is shown in Figure 2. Cells were
imaged using an inverted microscope (Olympus 1X70)
under phase contrast (60x oil objective, 1.4 N.A). No-
tice that after removal of the cell separator (c.f., Fig 1)
there is an apparent cell gap of ~300 pm. The endothe-
lial cells (EC) can be easily distinguished by their bire-
fringence that is higher in the thicker tumor cells (TC)
than in the thinner endothelial cells. Notice that at ca.18
hrs, endothelial cells adopt their typical cobblestone
morphology. These types of cell cultures were used for
pH measurements from individual cells adjacent to the
border region, where EC meet with TC. In all the cases,
the ECs were clearly differentiated from the TC.

Interaction between TC and EC expressing pmV-
ATPase enhances proton fluxes in both cell types

To test the hypothesis that cell-cell interaction in-
creases proton fluxes (J,,) via pmV-ATPases in endo-
thelial and metastatic cells that already expressed pmV-
ATPases, we grew cells in a cell separator device and
evaluated their ability to extrude acid in response to acid
loads. Most cells use the ubiquitous Na’/H* exchanger
and HCO,-based H'-transport mechanisms. To elimi-
nate these transporters, we performed acid loading in
the absence of Na® and HCO,". Under these conditions,
only cells that exhibit an alternative cytosolic pH (pHCyt)
regulatory mechanism, e.g., pmV-ATPases, will recover
from this acidification (7, 12). Figure 3 shows that mi-
crovascular endothelial cells (EC) and metastatic pros-
tate cancer cells (CL1) when grown alone, recover from
this acid load. In these experiments, cells were intracel-
lularly loaded with SNARF-1, a pH fluorescent indica-

Figure 2. Endothelial and tumor cell interactions in the cell separator chamber. Endothelial (10%) and tumor (10%) cells were plated onto a 25
mm glass coverslip, in the cell separator devise, as described in Figure 1. After 48 hrs in culture, the top part of the cell separator was removed
leaving a ca. 300 um gap (Fig 2A). Cells close the gap within 12-18 hrs (Fig 2B). These cells were then intracellularly loaded with SNARF-1, a
ratiometric pH fluorescent indicator, by incubating for 30 min at 37°C with the acetoxymethyl ester form of the probe (permeant). Cellular este-
reases cleave the diester bond and leave the charged form inside of the cell. Then, cells were washed and further incubated for 30 min to remove
fluoroprobe that has leaked out of the cell or uncleaved fluoroprobe. The coverslips were then transferred to a cell chamber (25 mm) that was
maintained at 37°C using a thermostated apparatus. Cells were imaged using an inverted microscope (Olympus 1X70) under phase contrast (60x
oil objective, 1.4 N.A.). Notice that endothelial cells (EC) have a cobblestone structure and are thinner than the tumor cells (TC) that at confluence
exhibited higher bi-refrigency and makes it easier to identify them. The interaction (border) between cells is conspicuously shown in B.
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Figure 3. Interaction between tumor cells and endothelial cells increases the rate of recovery (J,,) from an acid load. Cells were intracel-
lularly loaded with SNARF-1, a pH fluorescent indicator. The ion sensitive excitation wavelengths, of SNARF-1, 488 and 534 nm were collected
using an emission wavelength of 644 nm (the bandpass of all of these filters is 20 nm). To change filters at millisecond resolution we used the
Lambda-DG4 illuminator. We used a liquid guided optical fiber to excite the fluoroprobes on the microscope stage (Olympus [X70, 60x objective
oil N.A. 1.4). We used a Cooled Charge-coupled Device (CCD; Pentamax with image intensifier) to collect the fluorescence signal derived from
cells loaded with SNARF-1 (100 msec exposure; 3 seconds interval). Cells were superfused at 37°C with buffer during 5 min to obtain steady-state,
then the perfusate was exchanged for one containing potassium acetate (50 mM) that elicits a rapid acidification. In these experiments, the buffer
does not contain Na* or HCO;" to eliminate the contribution of the ubiquitous Na’/H" exchanger and HCO,™ -based H'- transporting mechanisms.
Thus, only cells that exhibit vacuolar type H*-ATPases at their plasma membrane (pm-V-ATPases) should recover from this acidosis. For purposes
of data presentation, only one trace per cell corresponding to either endothelial cell alone (EC), tumor cell alone (CL1); or CL1 interacting with EC
on the border region (CL1-EC) and EC interacting with CL1 (CL1-EC) are shown. Data are representative of 3-9 experiments. In each experiment
we obtained pH%'recoveries from 30-50 cells from EC and TC. Notice that the recovery from acid load is faster in tumor cells (CL1) interacting
with endothelial cells (EC) than in controls (tumor cells not interacting with endothelial cells). Similarly, pH®" recoveries are faster in EC cells
interacting with CL1 than in control (EC not interacting with tumor cells, top panel). The bottom panels show that bafilomycin decreases the pH®*
recoveries.

tor. After steady state was reached (typically 5-10 min- rate of pH®' recovery were faster (CL1-EC or EC-CLI;
utes), the superfusate was exchanged for one containing Fig 3, middle panel) than when cells were grown alone
potassium acetate that elicits a rapid cytosolic acidifi- (Fig 3, top panel). Treatment or cells with bafilomycin,
cation. Notice that both microvascular endothelial cells a V-ATPase inhibitor), decreased the rate of pH' recov-
(EC) and metastatic prostate cancer cells (CL1) recover ery (CL1-EC+BAF or EC-CL1+BAF).

from this acid load by extruding acid leading to pH®" The summary of all pH®" recoveries is shown in fi-
recovery towards baseline. Similar data resulted from gure 4. We obtained the derivative of pH®' recoveries
other metastatic cells used in this study. Only one rep- as a function of time (dpH/dt) following the nadir of
resentative trace of EC and CL1 are presented. Because the acidification during 3 minutes. Then, the buffering
we evaluated the pH®' recoveries of individual cells lo- capacity determined from the magnitude of the acidifi-
cated at the border region, we quantified the pH®' recov- cation was used to determine J,,. Notice that there was
eries of all the EC and TC in the border region (typically a significant increase in.J,, when highly metastatic cells
30-50 of each cell type/experiment). We then grew EC expressing pmV-ATPases were grown in the presence of
and TC in the cell separator device and noticed that the endothelial cells that also express pmV-ATPases. Simi-
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Figure 4. Interaction between tumor and endothelial cells exhib-
iting pmV-ATPase exacerbates proton fluxes in both cell types.
Cells were loaded with SNARF-1 to monitor pH in single cells, as
described in Figures 1-3. The rates of proton fluxes (J,,,) were esti-
mated during the first 3 minutes following acidification. Notice that
highly metastatic human prostate cancer cells DU145, PC3 and CL1
exhibit greater J,, than non-metastatic cells (LNCaP). Interaction
with endothelial cells (EC) increases the JH" in all cell types, ex-
cept in non-metastatic LNCaP cells. Bafilomycin, an inhibitor of V-
ATPase, decreases the J, , in all cell types. The endothelial cells also
exhibit pmV-ATPases and recover from acid loads in the absence of
Na' and HCO,. Importantly, their interaction with highly metastatic
tumor cells (TC) increases the J,,. Notice that endothelial cells do
not increase .J,,, when interacting with non-metastatic LNCaP cells.
Bafilomycin decreases the J, , in all the EC studies. Data are repre-
sentative of 3-9 experiments. In each experiment we evaluated J,
from 30-50 cells from EC and TC. Data represents the mean and
SEM.

larly, the J,,, was also faster in endothelial cells grown
in the presence of highly metastatic cells expressing
pmV-ATPases. In all the cases, J,, was significantly
decreased by bafilomycin, a V-ATPase inhibitor. In
contrast, the non-metastatic (LNCaP) cells (that express
significantly less pmV-ATPase than highly metasta-
tic cells) did not respond with an increase in J,, when
grown in the presence of microvascular endothelial cells
expressing pmV-ATPase. Likewise, the J,, in endothe-
lial cells expressing pmV-ATPases was not affected by
the presence of non-metastatic cells. Bafilomycin also
decreased J,,, in endothelial cells. Altogether, our data
indicate that cells expressing pmV-ATPase can exacer-
bate J, , of adjacent cells provided that they also express

Copyright © 2014. All rights reserved.

Endothelial Cells

Tumor Cells

Figure 5. Tumor-endothelial cell interaction induces promis-
cuous overexpression of VATPases at the plasma membrane
(pmV-ATPases). Top, illustrates that when tumor and endothelial
cells already expressing pmV-ATPases are distant they maintain
their respective levels of pmV-ATPases. When tumor and endothe-
lial cells expressing pmV-ATPase reach close proximity, the local
extracellular acid production via pmV-ATPase increases. This trig-
gers increase of pmV-ATPases in both tumor and endothelial cells.
When tumor cells exhibit little pmV-ATPase, they do not affect en-
dothelial cells pmV-ATPase.

pmV-ATPase, i.e., promiscuous exacerbation of pmV-
ATPase activity.

Discussion

An earlier hypothesis of cancer metastasis indicated
that the tumor escapes and travels through circulation to
colonize other tissues and organs (1-4). A more recent
one, hypothesizes that the tumor induces angiogenesis
(5). Further, it has also been suggested that the tumor
per se may create a blood vessel like structure to com-
municate with the blood supply (14, 15). A common
denominator in these hypotheses and other variants is
the need of either the tumor or the endothelial cells to
degrade extracellular matrix; and then migrate and in-
vade through it. There is also a requirement of either
mechanical or chemical interaction between endothe-
lial cells lining blood vessels and the tumor. The nature
of the signal molecule(s) that leads to the ability of the
cell to invade extracellular matrix is unknown. We pro-
posed that acid extrusion via pmV-ATPases is one of the
essential signals that prepare the endothelial and meta-
static cells to enhance their invasive phenotype.

In this study we have developed a simplified 2D sys-
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tem to study cell-cell interaction and the consequences
of such interaction, by monitoring cytosolic pH and acid
extrusion via pmV-ATPases. We selected well charac-
terized human prostate metastatic cells and microvascu-
lar endothelial cells, both exhibiting pmV-ATPase. Our
earlier results showed that growth of metastatic cells at
acidic extracellular pH enhances their metastatic poten-
tial, as seen by increased cell migration and cell invasion
through extracellular matrix (7, 10, 16). It is known that
the tumor environment is acidic and hypoxic, conditions
that are not favorable for cell growth and survival; yet
tumor and microvascular endothelial cells thrive in this
environment (8, 11, 17, 18). Our data support the hy-
pothesis that pmV-ATPase activity and acidification of
the extracellular microenvironment prepare these cells
to survive in this environment and enhance their inva-
sive phenotype.

We show that, in agreement with prior studies, all
metastatic cells included in this study exhibit pmV-
ATPase. This was corroborated using bafilomycin, an
inhibitor of V-ATPases. Bafilomycin decreases J, , in
highly metastatic and in endothelial cells. Importantly,
interaction of endothelial and metastatic cells increased
J,,. via pmV-ATPase in both cell types. These data sug-
gest that acid extrusion via pmV-ATPase promotes
overexpression of pmV-ATPase. Because both endothe-
lial and metastatic cells already exhibit pmV-ATPases,
they exacerbate each other’s J, The non-metastatic
cells that exhibit little pmV-ATPase did not affect J,,
in endothelial cells. This suggests the acid environment
created by pmV-ATPase and not the direct cell-cell in-
teraction responsible for increased overexpression of
pmV-ATPase. The lack of response of non-metastatic
cells to acid exposure is unclear. We know, however,
that pmV-ATPase expression could be due to enhanced
exocytosis of vesicles containing V-ATPase and their
fusion with the plasma membrane (19, 20). Indeed we
have shown that highly metastatic cells exhibit great-
er calcium oscillations than non-metastatic cells. De-
creased calcium dynamics in non-metastatic cells could
result in decreased fusiogenic and exocytotic events.
There is also the possibility that the non-metastatic
cells have less a3 and a4 subunit isoforms that direct
V-ATPase to the cell surface. There are four subunit “a”
isoforms in V-ATPase (al, a2, a3, and a4) (16, 21-23).
It is known that al and a2 isoforms direct V-ATPase to
intracellular organelles and vesicles, whereas a3 and
a4 isoforms, direct vesicles to the plasma membrane
in distinct cell types, including breast cancer cells with
enhanced metastatic potential (16). Our unpublished
data support the hypothesis that the levels of a3 and
a4 isoforms expression, in human non-metastatic pros-
tate cancer cells are lower than in metastatic cells. It is
then possible that longer exposure to acidic pH may be
needed to change the genotype on those cells lacking
the proper “a” subunit isoform(s) that targets V-ATPase
to the plasma membrane. This could explain the lack
of response of the non-metastatic cells to the presence
of endothelial cells. In contrast, metastatic cells that al-
ready have pmV-ATPase in the presence of endothelial
cells may need only to enhance targeting and recycling
of vesicles to the plasma membrane. Further studies to
address these issues are needed.

We have shown that V-ATPase preferentially locates
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to the leading and migratory edge in both endothelial
and highly metastatic tumors (7, 12, 13). Here we show
that J,, is exacerbated by the acid extrusion in neigh-
boring cells at the border region. We interpret these data
to suggest that H" work as chemo-attractants and play
an important role in cell polarity. Recently, the Wnt/PCP
signaling transduction pathway has been shown to be
important in cell-cell polarization in stem cell develop-
ment (24, 25). In these experiments, the cells in close
proximity to Wnt ligand exhibit greater responses, as
determined by P-catenin activation, than cells distal to
Wnt ligand. This creates a morphogenetic ligand that
allows for maintenance of pluripotency in regions ad-
jacent to Wnt and a more stable phenotype at distant
sites from Wnt. There are recent studies suggesting a
role for the V-ATPase, via its subunits, in Wnt signal-
ing pathway (26, 27). One of the accessory proteins of
V-ATPase (ATP6ap2) appears to interact with the Wnt
pathway (9, 28). In metastatic prostate cancer cells,
ATP6ap2 expression is increased (data not shown).
ATP6ap2 appears to be not only a chaperone protein
needed for V-ATPase assembly, but also works as a pro-
ton sensor (29). Altogether, these data indicate that acid
extrusion via pmV-ATPase at the leading edge is one of
the earlier events leading to cell polarization and orga-
nization of a signalosome complex that has significance
for tumor angiogenesis and determines a more invasive
and metastatic phenotype.

To conclude, we have shown that endothelial and
metastatic cells that exhibit pmV-ATPases enhance their
pmV-ATPase activity and exacerbate J,, in a positive
feedback mechanism, where acid extrusion by endo-
thelial cells enhances acid extrusion by the metastatic
cells and vice-versa. This helps us to understand the
significance of a tumor acidic environment in the acqui-
sition of a more metastatic and angiogenic phenotype
that could be used to develop rational therapies to halt
metastasis.
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