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Background: The V-ATPase has been suggested to function in tumor cell invasion.
Results: Invasion by MCF10CA1a cells is inhibited by knockdown of the a3 isoform, whereas a3 overexpression increases
invasion and plasma membrane localization of V-ATPases in MCF10a cells.
Conclusion: Invasion and plasma membrane V-ATPase localization can be controlled by expression of a3.
Significance: a3 is a possible therapeutic target to limit metastasis.

The vacuolar H� ATPases (V-ATPases) are ATP-driven pro-
ton pumps that transport protons across both intracellular
and plasma membranes. Previous studies have implicated
V-ATPases in the invasiveness of various cancer cell lines. In
this study, we evaluated the role of V-ATPases in the invasive-
ness of two closely matched human breast cancer lines.
MCF10a cells are a non-invasive, immortalized breast epithe-
lial cell line, and MCF10CA1a cells are a highly invasive,
H-Ras-transformed derivative of MCF10a cells selected for
their metastatic potential. Using an in vitro Matrigel assay,
MCF10CA1a cells showed a much higher invasion than the
parentalMCF10a cells.Moreover, this increased invasion was
completely sensitive to the specific V-ATPase inhibitor con-
canamycin. MCF10CA1a cells expressed much higher levels
of both a1 and a3 subunit isoforms relative to the parental
line. Isoforms of subunit a are responsible for subcellular
localization of V-ATPases, with a3 and a4 targeting V-
ATPases to theplasmamembraneof specializedcells.Knockdown
of either a3 alone or a3 and a4 together using isoform-specific
siRNAs inhibited invasion by MCF10CA1a cells. Importantly,
overexpression of a3 but not the other a subunit isoforms greatly
increased the invasiveness of the parental MCF10a cells. Simi-
larly, overexpression of a3 significantly increased expression of
V-ATPases at the plasmamembrane. These studies suggest that
breast tumor cells employ particular a subunit isoforms to target
V-ATPases to the plasma membrane, where they function in
tumor cell invasion.

The metastatic dissemination of tumor cells is responsible
for themajority of cancermortalities (1, 2).Metastasis is a com-
plex, multistep process that includes intravasation of tumor
cells out of a primary tumor site and extravasation of cells into

a secondary site within the body (1). Both intravasation and
extravasation require that cells develop an invasive phenotype,
which includes the ability to degrade basement membrane and
extracellular matrices (3). Typical cellular pH gradients are dis-
rupted in metastatic cancer cells so that the intracellular pH is
more alkaline and the extracellular pH is more acidic in cancer
cells when compared with normal cells. Multiple reports have
demonstrated that an acidic extracellular pH enhances tumor
cell invasiveness (4, 5). Determining the mechanisms by which
pH is regulated inmetastatic cancer cellsmay result in the iden-
tification of novel therapeutic targets to inhibit metastasis.
The V-ATPase2 is a multisubunit proton pump expressed in

lysosomes, endosomes, secretory vesicles, clathrin-coated ves-
icles, and on the plasma membranes of some specialized cells
(6–8). The V-ATPase is composed of two domains. In mam-
mals, the peripheral V1 domain is composed of eight subunits
(A-H) and is responsible for ATP hydrolysis, whereas themem-
brane-embedded V0 domain is composed of five subunits (a, c,
c��, d, and e) and is responsible for proton translocation (6). The
100-kDa a subunit is composed of a 50-kDamembrane-embed-
ded C-terminal domain involved in proton transport and a
50-kDa hydrophilic N-terminal domain located on the cyto-
plasmic side of the membrane (9). Targeting information is
located in the N-terminal domain of subunit a (10).
In mammalian cells, subunit a is expressed as four isoforms

(a1-a4) (11). V-ATPases containing the a1 and a2 isoforms
appear to localize primarily to intracellular compartments. a1
localizes to synaptic vesicles (12), whereas a2 is present in endo-
somal compartments and theGolgi (13, 14). a3 localizes to lyso-
somes in pre-osteoclasts (13) and insulin-containing secretory
vesicles in pancreatic � cells (15). Both a3 and a4 target V-
ATPases to the plasma membranes of specialized cell types.
a3 targets to the plasma membrane of osteoclasts, where V-
ATPase activity plays a critical role in bone resorption (13,
16–18). a4 targets to the apical membrane of renal intercalated
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the urine (8, 19–21). a4 also localizes to the apicalmembrane of
epididymal clear cells, where acid secretion facilitates sperm
maturation (22).
A number of studies have suggested thatV-ATPase activity is

important for cancer cell invasion. Highly invasive MDA-
MB231 human breast cancer cells expressmuch higher levels of
V-ATPase at the plasmamembrane than poorly invasiveMCF7
cells (23). Moreover, in vitro invasion byMB231 but not MCF7
cells is inhibited by the specific V-ATPase inhibitors bafilomy-
cin and concanamycin (23). More recent studies from our lab-
oratory have shown that MB231 cells express much higher lev-
els of the a3 and a4 isoforms relative to MCF7 cells and that
siRNA knockdown of both a3 and a4 inhibits invasion by
MB231 cells (24). Knockdown of a4 in these cells appears to
significantly reduce plasma membrane localization of V-
ATPases. However, a limitation of these studies is that MB231
and MCF7 cells are independently derived cell lines that differ
in many phenotypic and genetic properties (25, 26).
The involvement of V-ATPases in invasiveness is not limited

to breast cancer cells. In human pancreatic ductal adenocarci-
noma, high V-ATPase expression correlates with increasing
cancer grade, and V-ATPases localize to the plasmamembrane
of the invasive Panc-1 pancreatic cancer cell line (27). Further-
more, blocking V-ATPase activity inhibits pancreatic cancer
cell invasion and reduces matrix metalloproteinase 9 activity
(27). The highly metastatic mouse melanoma cell line B16-F10
expresses more a3 than the less metastatic B16 cell line (28).
B16-F10 cells also localize V-ATPases to the plasma mem-
brane, and knockdown of a3 suppresses invasion. Importantly,
administration of a V-ATPase inhibitor blocks bone metastasis
of B16-F10 (28). A recent report has demonstrated that inhibi-
tion of V-ATPases blocks invasion of prostate cancer cell lines
as well (29).
It is currently unknown which a subunit isoforms are

expressed at the plasma membrane in breast cancer cells and
whether plasma membrane V-ATPase expression is directly
involved in the invasive phenotype. To better examine whether
expression of particular a subunit isoforms is critical to inva-
siveness of breast tumor cells, two closely related breast cancer
cell lines have been examined.MCF10a cells are a non-invasive,
immortalized human cell line, and MCF10CA1a cells are a
highly invasive, H-Ras-transformed derivative of MCF10a cells
selected for their ability to formmetastases inmice (30, 31).We
compared the invasiveness of these lines and their dependence
on V-ATPases for invasion using V-ATPase inhibitors and
knockdown of specific a subunit isoforms.We also investigated
the effect of overexpression of particular a subunit isoforms on
invasiveness and plasmamembrane localization of V-ATPases.
The results suggest a role for the a3 isoform in both plasma
membrane localization and invasiveness of human breast can-
cer cells.

EXPERIMENTAL PROCEDURES

Cell Culture—MCF10a cells were purchased from the
ATCC. MCF10CA1a cells were provided by Dr. Yibin Kang
(Princeton University). MCF10a and MCF10CA1a cells were
cultured as described previously (32) in DMEM/F12 medium
(Invitrogen) containing 5% horse serum (Invitrogen), 20 ng/ml

epidermal growth factor (Peprotech), 0.5 �g/ml hydrocorti-
sone (Sigma), 100 ng/ml cholera toxin (Sigma), 10 �g/ml insu-
lin (Sigma), 60 �g/ml penicillin, and 125 �g/ml streptomycin
(Invitrogen). Cells were grown in a 95% air, 5% CO2 humidified
environment at 37 °C.
Real-time Reverse Transcription PCR—Quantitative real-

time reverse transcription PCR was conducted as described
previously (24). Cells were harvested and lysed, and RNA was
isolated using an RNeasy� mini kit (Qiagen). After RNA isola-
tion, mRNA was isolated with the MicroPoly(A) PuristTM kit
from Ambion. Total RNA or mRNA concentration was quan-
tified using Quant-iT RiboGreen RNA reagent (Molecular
Probes). One-step quantitative RT-PCR was performed in a
96-well format on a StratageneMX-3000P QPCR system using
Brilliant SYBR Green QRT-PCR master mix kit (Stratagene).
The PCR cycling sequence consisted of 30min at 50 °C to allow
for reverse transcription and then a heat inactivation and dena-
turation step for 10min at 95 °C. This was followed by 40 cycles
of 30 s at 95 °C, 1 min at 55 °C, and 30 s at 72 °C to allow for
denaturation, annealing, and extension, respectively. To quan-
titate the results, cDNA clones were obtained from the ATCC
(a1 and a2 isoforms), Open Biosystems (a3 and a4 isoforms),
and Thermo Scientific (A). The cDNA sequences were verified
by sequencing. Plasmid DNA for each isoform isolated from
Escherichia coli was quantitated by measuring the absorbance
at 260 nm. Serial dilutions were made, and these DNA stand-
ards were used to facilitate quantification of the initial mRNA
levels for each experimental sample by use of a standard curve.
RNA Interference—siRNA pools specific for the a1, a2, a3, or

a4 isoform were purchased from Dharmacon. Each pool con-
tained four siRNAs specific for the appropriate a subunit iso-
form. MCF10CA1a cells were plated in 60-mm dishes at 4 �
105 cells/dish in themedia described above, without antibiotics,
and incubated overnight. Cells were transfected with 20 nM
siRNA directed against a1 or a2, 100 nM siRNA directed against
a3, or 10 nM siRNA directed against a4 according to the direc-
tions of the manufacturer. Briefly, the siRNA was mixed 1:1
with Opti-MEMTM (Invitrogen), allowed to incubate for 5min,
and thenmixed with Dharmafect 1 transfection reagent (Dhar-
macon). The siRNA/transfection reagent mixture was incu-
bated for 20 min at room temperature and then added to the
appropriate volume of DMEM/F12 � serum, and 4 ml was
added to each dish. After incubation of cells with siRNA for
24 h, the media were changed to siRNA-free media, and cells
were incubated for an additional length of time (depending
upon the assay) prior to harvesting. For all experiments, data
were collected 96 h post-transfection. To quantitate reduction
in the a subunit isoform mRNA levels, quantitative RT-PCR
was performed as described above using RNA isolated from
cells after siRNA treatment. To confirm the specificity of
knockdown, we used primers specific for each isoform tested.
The effect of siRNA treatment on cell viability was assessed by
trypan blue exclusion. Insignificant staining with trypan blue
was observed with all siRNA treatments, indicating that siRNA
knockdown of a isoforms did not reduce cell viability.
PlasmidTransfection—cDNAs for each human a subunit iso-

form were cloned separately into the pTracerTM-CMV/Bsd
plasmid (Invitrogen). In all cases, insertion was verified by
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sequencing. 15 �g of the resultant plasmids, as well as the
empty vector, was transfected separately into MCF10a cells
using Lipofectamine 2000 (Invitrogen) in accordance with the
recommendations of themanufacturer. Stable transfection was
achieved by treatment of cells with 7.5 �g/ml blasticidin S
(Invitrogen) for 21 days, beginning 3 days post-transfection.
After selection for stable transfection, overexpression of the
appropriate a subunit isoform was verified using quantitative
RT-PCR as described above.
Invasion Assay—Assays for in vitro invasion were performed

using FluoroBlok inserts (BD Biosciences) with an 8-�m pore
size membrane and coated with MatrigelTM (BD Biosciences)
(33). A chemoattractant (FBS) was added to the trans-side of
themembrane to induce invasive cells to digest the coating and
invade through the pores to the trans-side. MatrigelTM was
diluted in PBS to a final concentration of 0.3 �g/�l, and a total
of 18�gwas coated onto themembrane in eachwell. Themem-
brane was allowed to dry overnight under a vacuum at room
temperature. The MatrigelTM-coated membrane was rehy-
drated with 60 �l of DMEM � 4.5 g/liter D-glucose without
phenol red, L-glutamine, or sodium pyruvate (Invitrogen)
(termed media) for at least 2 h. 500 �l of the media containing
5% FBS were added to wells in a 24-well plate to act as a che-
moattractant. Cells were harvested by trypsinization and were
brought to a concentration of 2 � 105 cells/ml in media. For
experiments testing the effects of concanamycin on invasion,
cells were resuspended in media containing either dimethyl
sulfoxide or 100 nm concanamycin A in dimethyl sulfoxide and
allowed to incubate for 15 min at 37 °C. 2.5 � 104 cells were
seeded onto the rehydrated membrane, which was then placed
onto the wells containing chemoattractant. After 15 h, mem-
branes were placed onto wells containing 4 �g/ml calcein AM
in Hanks’ balanced salt solution (Invitrogen) and incubated for
30min at 37 °C in 5%CO2. Cells that hadmigrated to the trans-
side of the membrane were quantitated using a Zeiss Axiovert
10 fluorescence microscope. The number of invading cells was
averaged over three wells (15 images/well). Invasion for treated
cells wasmeasured relative to control cells. For concanamycin- or
dimethyl sulfoxide-treated samples, cell viability was assessed by
trypan blue exclusion 24 h after treatment was initiated. Less than
1% of harvested cells stained with trypan blue in either treatment
group, indicating minimal cell death.
Immunocytochemistry—Amonoclonal antibody raised against

the V-ATPase subunit A (Sigma, clone 4F5) was used to deter-
mine the in situ localization of V-ATPases. Cells were plated
onto 24 � 24 mm coverslips. Approximately 24 h later, cells
were washed, fixed with 4% paraformaldehyde, and permeabi-
lized with 0.1% Triton X-100. Nonspecific binding was blocked
by incubationwith 1% bovine serum albumin in PBS for 1 h and
then incubated with the anti-A subunit antibody at a 1:1000
dilution overnight. The cells were next rinsed with PBS and
then incubated with Alexa Fluor� 488-conjugated goat anti-
rabbit secondary antibody (1:500 dilution) and Alexa Fluor�
594 phalloidin (to stain F-actin, 1:250 dilution) (Invitrogen) in
1% bovine serum albumin/PBS. After 2 h of incubation at room
temperature, the cells were rinsed with PBS. The cells were
prepared for viewing using ProLong� Gold (Invitrogen)
mounting medium and allowed to cure at room temperature

for 24 h. The stained cells were imaged on a Leica TCS SP2
confocal microscope. To quantify plasma membrane staining,
60 cells from three separate batches of immunostained images
were counted, and the percentage of cells showing plasma
membrane V-ATPase localization was determined.
Cell Lysis andWestern Blotting—Cells were harvested, resus-

pended in lysis bufferwith protease inhibitors (PBS-EDTAcon-
taining 137 mM NaCl, 1.2 mM KH2PO4, 15.3 mM Na2HPO4, 2.7
mM KCl, 2 mM EDTA (pH 7.2), 2 �g/ml aprotinin, 5 �g/ml
leupeptin, 0.7 �g/ml pepstatin, and 1 mM PMSF) and lysed by
sonication. Cell lysates were centrifuged for 10 min at 4 °C at
15,000 � g to remove cellular debris. Protein concentrations
were determined using the Lowry method. SDS sample buffer
was added to the lysates and aliquots containing 20 �g of pro-
tein were separated by SDS-PAGE on 4–15% gradient acryl-
amide gels. The presence of subunit A or �-tubulin was
detected by Western blotting using monoclonal antibodies
from Sigma or GenScript, respectively, followed by a horserad-
ish peroxidase-conjugated secondary antibody (Bio-Rad). Blots
were developed using theAmershamBiosciences ECLWestern
blotting analysis system from GE Healthcare.
Statistical Analysis—All results are expressed as means.

Error bars represent S.D. Significance was determined by anal-
ysis of variance for each experiment, followed by pairwise Stu-
dent’s t test to compare individual treatments to the appropri-
ate controls.

RESULTS

The Effect of V-ATPase Inhibition on in Vitro Invasion of
MCF10a and MCF10CA1a Cells—To determine the role of
V-ATPases in breast tumor cell invasion, we compared V-
ATPase involvement in two closely related human breast can-

FIGURE 1. In vitro invasion of MCF10a and MCF10CA1a cells after con-
canamycin treatment. In vitro invasion was assayed using MatrigelTM-
coated FluoroBlokTM inserts as described under “Experimental Proce-
dures.” Cells were treated with or without 100 nM concanamycin, allowed
to invade toward a chemoattractant, and stained with calcein-AM. An
equal amount of solvent (dimethyl sulfoxide) was added to untreated
cells. Cells that had migrated to the trans-side were counted, with three
wells analyzed per sample and 15 images analyzed per well. Values are the
mean � S.D. of three independent experiments. *, p � 0.01 compared with
the untreated control.
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cer cell lines. MCF10a cells are spontaneously immortalized
breast epithelial cells derived from a patient with fibrocystic
disease that are unable to form tumors in immunocompro-
mised mice (28). MCF10CA1a cells are a highly invasive cell line
derived fromH-Ras-transformedMCF10a cells (MCF10AT) after
selection for the ability to forms tumors in mice (29, 32, 34). The
effect of treatment of MCF10a and MCF10CA1a cells with the
specific V-ATPase inhibitor concanamycin (100 nM) on invasion
was determined using an in vitro Matrigel invasion assay (33).
MCF10CA1a cells are significantly more invasive than the paren-
talMCF10a cell line (Fig. 1).Moreover, treatment with concana-
mycin dramatically reduced invasion by MCF10CA1a cells but
did not affect invasion by MCF10a cells. Measurement of cell
viability using trypan blue exclusion revealed that treatment

with 100 nM concanamycin for 24 h (a period longer than the 15 h
employed in the cell invasion assay) did not induce cell death in
eitherMCF10a orMCF10CA1a cells (data not shown), indicating
that inhibition of invasion by concanamycin is not a consequence
of decreased cell viability. These data show thatV-ATPase activity
is important for in vitro invasion by MCF10CA1a cells but not
MCF10a cells.
mRNA Levels of a Subunit Isoforms in MCF10a and

MCF10CA1a cells—We next compared the expression levels of
isoforms of subunit a in MCF10a and MCF10CA1a cells using
quantitativeRT-PCR.Wedemonstratedpreviously that thehighly
invasiveMDA-MB231 cells expressed higher levels of both the a3
and a4 isoforms of subunit a as comparedwith the poorly invasive
MCF7 cells (24). The significance of these results was limited,

FIGURE 2. mRNA levels of a subunit isoforms in MCF10a and MCF10CA1a cells. mRNA levels were determined using quantitative RT-PCR for each a subunit
isoform on mRNA isolated from each cell line as described under “Experimental Procedures.” Plasmids expressing the cDNA of each a subunit isoform were
used to establish a standard curve. Values were normalized to the total mRNA loaded and are the mean of four separate experiments. Error bars show standard
deviation. A, a subunit isoform levels in MCF10a cells reported as the ratio of a subunit isoform mRNA to the total mRNA. B, ratio of a subunit isoform mRNA
levels in MCF10CA1a cells versus MCF10a cells. *, p � 0.01 compared with the MCF10a mRNA level.
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however, by the fact that MB231 and MCF7 cells are independ-
ently derived lines and, thus, likely differ in many functional and
genetic properties.TheparentalMCF10a cells expressed thehigh-
est levels of mRNA encoding the a2 and a3 isoforms (Fig. 2A).
Relative to MCF10a cells, MCF10CA1a cells expressed 8- and
3-fold higher levels of the a1 and a3mRNA, respectively (Fig. 2B).
We are not able, at present, to confirm the relative protein expres-
sionof a subunit isoformsbecauseof the lackof antibodies that are
specific for particular a subunit isoforms.

The Effect of Knockdown of a Subunit Isoforms Using Isoform-
specific siRNAs on Invasion of MCF10CA1a Cells—To deter-
mine the role of various a subunit isoforms in invasion by
MCF10CA1a cells, cells were transfected with pools of siRNAs
specific for each a subunit isoform for 81 h prior to measuring
in vitro invasion as described above. The effect of siRNA treat-
ment on mRNA levels for each isoform was assessed by quan-
titative RT-PCR. siRNAs targeting a1, a2, or a3 resulted in a 50%
or greater reduction inmRNA levels for the corresponding iso-

FIGURE 3. In vitro invasion of MCF10CA1a cells after siRNA treatment. A, mRNA levels of a subunit isoforms in MCF10CA1a cells after siRNA treatment. Cells
were exposed to a subunit isoform-specific siRNA pools for 96 h prior to measuring mRNA levels, as described under “Experimental Procedures.” Quantitative
RT-PCR was conducted as described in the legend for Fig. 2. Knockdown is reported as the ratio of a subunit isoform mRNA in cells treated with siRNA versus a
subunit isoform mRNA in untreated cells. Values are the mean of three separate experiments. Error bars indicate S.D. B, Cells were exposed to a subunit
isoform-specific siRNAs for 81 h prior to measuring invasion through MatrigelTM-coated FluoroBlokTM wells. Invasion is reported as the percentage of invasion
observed for siRNA-treated cells relative to untreated cells (Mock). Three wells were counted per sample, with 15 images analyzed per well. Values are the
mean � S.D. of two or three independent experiments. *, p � 0.005.
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forms without significantly affecting expression levels of the
other a subunit isoforms (Fig. 3A). Treatment of cells with
siRNAs targeting a4 decreased a4 subunit mRNA levels to 20%
of untreated cells. However, this treatment also resulted in
measurable decreases in a1 and a2mRNA levels and a compen-
satory increase in a3 mRNA levels. With respect to invasion,

knockdown of a3, but not a1, a2, or a4, significantly inhibited
invasion by�30% (Fig. 3B). To determine whether the increase
in a3 levels observed upon treatment with a4 siRNAs might be
relevant for invasion, MCF10CA1a cells were simultaneously
transfected with siRNAs targeting a3 and a4. Cotransfection of
a3 and a4 siRNAs led to a decrease in expression of both a3 and

FIGURE 4. In vitro invasion assay of MCF10a cells selectively overexpressing each a subunit isoform. Each a subunit isoform was separately cloned into an
overexpression vector, and the vectors were individually stably transfected into MCF10a cells. A, mRNA levels of a subunit isoforms in MCF10a cells expressing
a subunit isoform overexpression vectors. mRNA levels were determined using quantitative RT-PCR for each a subunit isoform with mRNA isolated from each
stable cell line. Plasmids expressing the cDNA of each a subunit isoform were used to establish a standard curve. The values reported are the ratio of
isoform-specific mRNA to total mRNA. Values represent the mean � S.D. of two or three experiments. B, in vitro invasion of MCF10a cells selectively overex-
pressing each a subunit isoform through MatrigelTM-coated FluoroBlokTM wells. Invasion is reported as the percentage of invasion observed for cells overex-
pressing particular a subunit isoforms relative to cells expressing empty vector. Three wells were counted per sample, with 15 images analyzed per well. Values
are the mean � S.D. of three independent experiments. pTracer, MCF10a cells transfected with an empty pTracer vector; a1, MCF10a cells overexpressing a1;
a2, MCF10a cells overexpressing a2; a3, MCF10a cells overexpressing a3; a4, MCF10a cells overexpressing a4. *, p � 0.01 compared with pTracer.
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a4 without affecting a1 and a2 levels (Fig. 3A). Concurrent
knockdown of a3 and a4 inhibited invasion to a much greater
extent than knockdown of a3 alone (Fig. 3B). These results
support an important role for a3 expression in invasion by
MCF10CA1a cells.
The Effect of a Subunit Isoform Overexpression on the Inva-

siveness ofMCF10aCells—Toassay the effect of overexpression
of each a subunit isoform on invasion by the parental MCF10a
cells, MCF10a cells were stably transfected with plasmids
encoding each a subunit isoform. As a control, cells were stably
transfected with the empty vector. Stable transfection of cells
resulted in significant increases of the corresponding a subunit
mRNA levels relative to vector-transfected cells (Fig. 4A). In the
case of a4-transfected cells, there was also a measurable
decrease in the levels of a1 mRNA. Overexpression of the a3
isoform, but not a1, a2, or a4, significantly increased invasion of
MCF10a cells (Fig. 4B). To determine whether high expression
of a3 led to increased overall V-ATPase expression, A subunit
expression levels were determined using RT-PCR. No signifi-
cant difference in subunit A expression was observed in a sub-
unit isoform overexpressing MCF10a cells when compared
with vector-transfected controls (data not shown). To confirm
this result, Western blotting was performed on whole cell
lysates of cells expressing the vector alone or the various a sub-
unit isoforms. As seen in Fig. 5, no significant difference in
subunit A protein levels was observed between these cell lines.
These data suggest that up-regulation of a3 is sufficient to sig-
nificantly increase the invasiveness of the parentalMCF10a cell
line and highlight the importance of a subunit isoform expres-
sion in breast cancer cell invasion.
The Effect of a Subunit Expression on Cellular Distribution

of V-ATPases Using Immunocytochemistry—Previous studies
have correlated plasmamembrane V-ATPase distribution with
invasive potential in breast cancer cell lines (23, 24) and migra-
tion of microvascular endothelial cells (35). To determine
whether this correlation applies to the cell lines employed in
this study, immunocytochemistry was performed using anti-
bodies directed against the A subunit of the V-ATPase. This
subunit is part of the V1 domain and is common to all V-
ATPases in the cell (6). V-ATPases were observed at the cell
periphery in MCF10CA1a cells but only rarely in the parental
MCF10a cells (Fig. 6A). Phalloidin staining of F-actin was used
to outline cells. V-ATPase staining observed at the periphery of
the cell was interpreted as plasma membrane localization.
Quantitation revealed an approximately 3-fold increase in the

abundance of plasma membrane V-ATPases in MCF10CA1a
cells relative to the parental line (Fig. 6B).
We next compared V-ATPase distribution in the MCF10a

cells stably transfected with each of the a subunit isoforms (Fig.
7A). MCF10a cells transfected with the empty vector or over-
expressing a4 showed a primarily diffuse pattern of staining,
whereas cells overexpressing a1 or a2 showed both punctate
and diffuse patterns of staining. By contrast, MCF10a cells
overexpressing a3 showed not only diffuse and punctate
intracellular staining but also staining at the cell periphery
that we interpret as plasma membrane localization. Quanti-
tation revealed a 2.5- to 4-fold increase in the fraction of cells
displaying plasma membrane V-ATPase localization relative
to cells transfected with the empty vector or overexpressing
a1, a2, or a4 (Fig. 7B). These results suggest that a3 likely
targets V-ATPase to the plasmamembrane in a3-transfected
MCF10a cells and that it is plasma membrane V-ATPases
that likely contribute to the increased invasiveness of these
cells.

DISCUSSION

Targeting of V-ATPases to distinct cellular destinations is
regulated by isoforms of subunit a (11). The role of different
populations of V-ATPases containing particular isoforms of
subunit a has begun to be probed in a number of cancers types,
including breast cancer, melanoma, and pancreatic cancer. In
the cases ofmelanoma and pancreatic cancer cells, high expres-
sion of the a3 isoform was found to be critical for invasion of
highly metastatic cancer cells (27, 28). In the case of breast
cancer cells, comparison of two unrelated cell lines (MCF-7 and
MDA-MB231) showed that the more invasive MDA-MB231
cells express much higher levels of both a3 and a4 compared
with the less invasive MCF-7 cell line (24). Because MDA-
MB231 andMCF-7 cells were derived independently and differ
in numerous characteristics (25, 26), a comparison of the
expression of a subunit isoforms in more closely related cell
lines was necessary. Furthermore, the effect of increasing
expression of particular a subunit isoforms on tumor cell inva-
sion has not been investigated previously. The goal of this study
was to further probe the role of a subunit isoforms in the inva-
sive potential of more closely related breast cancer cell lines.
This study focused on the MCF10a and the related

MCF10CA1a cell lines (28, 29). MCF10a cells are a non-inva-
sive, immortalized human cell line, andMCF10CA1a cells are a
highly invasive, H-Ras-transformed derivative of MCF10a cells
selected for their ability to formmetastases in mice (29). These
cell lines have been used to study genetic alterations linked to
tumorigenesis. Here we demonstrated that V-ATPase activity
is critical for the in vitro invasion of highly metastatic
MCF10CA1a cells but not the parentalMCF10a cells (Fig. 1). In
addition, MCF10CA1a cells have increased expression of both
the a1 and a3 isoforms relative to MCF10a cells (Fig. 2). Inter-
estingly, siRNA knockdown of a3 (but not a1, a2, or a4) led to a
significant decrease in invasion by MCF10CA1a cells (Fig. 3).
These results suggest that a3 participates in invasion by
MCF10CA1a cells. Because knockdown of other isoforms did
not affect invasion, higher a1 expression in MCF10CA1a cells
does not appear to be required for the invasive phenotype. It is

FIGURE 5. Protein levels of subunit A in MCF10a cells overexpressing var-
ious a subunit isoforms. The Western blot analysis shows protein levels of
subunit A in MCF10a cells overexpressing various subunit a isoforms. pT,
MCF10a cells transfected with the empty pTracer vector; a1, MCF10a cells
overexpressing a1; a2, MCF10a cells overexpressing a2; a3, MCF10a cells over-
expressing a3; a4, MCF10a cells overexpressing a4. The Western blot dis-
played is representative of data obtained from two separate experiments.
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possible that elevated expression of a1 in MCF10CA1a cells
may confer some other advantage not tested in our invasion
experiments. For example, elevated expression of a1 may be
required for enhanced Golgi function associated with elevated
expression of cell surface glycoproteins. Further work will be
required to elucidate the function of a1 in tumor cells.

It is interesting to note that although knockdown of the a4
isoform alone did not reduce invasion, it did result in an
increase in the levels of a3 mRNA (Fig. 3). The a4 isoform is
expressed at low levels inMCF10a andMCF10CA1a cells com-
pared with a3 (Fig. 3). Thus, it is surprising that knockdown of
a4 inMCF10CA1a cells results in a 2-fold increase in a3 expres-

FIGURE 6. Immunostaining of MCF10a and MCF10CA1a cells using an antibody against V-ATPase. MCF10a and MCF10CA1a cells were grown as a
monolayer on coverslips in 6-well plates. Cells were immunostained using an antibody against subunit A of V-ATPase (part of the V1 domain, which stains all
V-ATPases in the cell) as well as phalloidin to stain actin. Images were taken with identical exposure times and antibody concentrations. A, MCF10a (top row) and
MCF10CA1a (bottom row) cells showing fluorescence staining of actin (left column), V-ATPase (center column), and the merge (left column). B, quantification of
plasma membrane staining in cells from immunostained images. 60 cells from each of three separate batches of immunostained images were counted, and the
number of cells showing plasma membrane V-ATPase localization (arrows in A) was determined. The values represent the mean percentage � S.D. of cells
displaying plasma membrane staining. *, p � 0.01.
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sion. It is possible that a reduction in invasion caused by the loss
of a4 may have been masked by this up-regulation in a3 levels.
To address this possibility, knockdown of a3 and a4 was per-
formed concurrently. Under these conditions, although the
level of a3 mRNA observed was comparable with that obtained
with knockdown of a3 alone, the inhibition of invasion
observed was much larger. However, it should be noted that
overexpression of a4 did not significantly increase invasion or
plasma membrane localization of V-ATPases in MCF10a cells
(Figs. 4 and 7). Understanding the molecular basis of these
results will require additional studies of the functional interac-
tion between the a3 and a4 isoforms in breast tumor cells.

To complement our analysis of the effect of a subunit knock-
down on invasion by MCF10CA1a cells, we also tested the
effect of overexpression of a subunit isoforms on the invasive
potential of the parental MCF10a cell line. Importantly, over-
expression of a3 but not the other a subunit isoforms dramati-
cally increased invasion byMCF10a cells (Fig. 4). To the best of
our knowledge, these are the first data demonstrating that ele-
vated expression of a particular V-ATPase isoform can increase
the invasion by tumor cells. Because a3 is known to localize
V-ATPases to the plasmamembrane of osteoclasts (13, 16–18),
we expected that overexpression of a3 was increasing localiza-
tion of V-ATPases to the plasma membrane of MCF10a cells.

FIGURE 7. Immunostaining of MCF10a cells overexpressing subunit a isoforms using an antibody against V-ATPase. MCF10a cells were grown as a
monolayer on coverslips in 6-well plates. Cells were immunostained using an antibody against subunit A of V-ATPase. Images were taken with identical
exposure times and antibody concentrations. A, MCF10a cells expressing the empty pTracer vector or overexpressing the subunit a isoform indicated. B,
quantification of plasma membrane staining in cells from immunostained images. 60 cells from each of two or three separate batches of immunostained
images were counted, and the number of cells showing plasma membrane V-ATPase localization was determined. The values represent the mean percent-
age � S.D. of cells displaying plasma membrane staining. a1, MCF10a cells overexpressing a1; a2, MCF10a cells overexpressing a2; a3, MCF10a cells overex-
pressing a3; a4, MCF10a cells overexpressing a4.
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Immunocytochemical localization confirmed increased plasma
membrane staining of V-ATPases in cells overexpressing a3
(Fig. 7). Consistent with this idea, MCF10CA1a cells express
significantly higher levels of plasma membrane V-ATPase rel-
ative to parental cells (Fig. 6). These results suggest that ele-
vated a3 expression may be responsible for elevated V-ATPase
localization to the plasma membrane and that plasma mem-
brane V-ATPase contributes to enhanced invasion by breast
tumor cells.
Comparison of the images in Fig. 7 reveals that only overex-

pression of a3 leads to increased plasmamembrane staining. By
contrast, overexpression of a1 and a2 shows increased intracel-
lular staining, whereas overexpression of a4 looks similar to
cells expressing the empty vector. It should be noted that the
staining observed in MCF10a cells in Fig. 6 appears somewhat
more punctate than in the empty vector-transfected cells in Fig.
7, which appears more diffuse. This may be due to the use of
different secondary antibodies in the experiments employed in
Figs. 6 and 7, whichmay result in a different sensitivity of detec-
tion.Nevertheless, a comparison of the images in Fig. 7 employ-
ing the same conditions and antibodies supports the conclusion
that overexpression of a3 leads to increased peripheral localiza-
tion of V-ATPase.
There are severalmechanisms bywhich overexpression of a3

and up-regulation of plasmamembraneV-ATPasesmay lead to
enhanced invasion by tumor cells.Onepossibility is that high a3
expression leads to an increase in total V-ATPase expression
within MCF10a cells. Although somewhat brighter staining
was observed for cells overexpressing a3 (Fig. 7A), no increase
in A subunit protein levels was detected in these cells (Fig. 5).
All panels in Fig. 7 were obtained under identical experimental
conditions with identical exposure times. It is possible that
overexpression of a3 may result in more assembled complexes
that appear more finely punctate (and thus brighter) than the
more diffuse pattern of the vector-transfected cells.
For successful metastasis, tumor cells must degrade the

extracellular matrix and migrate out of the primary tumor as
well as escape the circulation or lymphatic system to colonize
new sites. For some tumor cells, this process of invasion relies
on secretion of a class of pH-dependent proteases known as
cathepsins (36). These proteases normally reside in lysosomes
and, therefore, require a low pH for activity. It has been postu-
lated that plasmamembrane V-ATPases create an acidic extra-
cellular environment that allows the activation of secreted
cathepsins (24). Secreted cathepsins, once activated, may also
function in the proteolytic activation of other proteases that
participate in invasion, such as matrix metalloproteinases (36,
37). Neutralization of the acidic extracellular pH of tumors has
been shown to prevent the formation of metastases in mouse
models (38). Moreover, pharmacologic or genetic disruption of
V-ATPase activity has been shown to reduce matrix metallo-
proteinase activity in pancreatic cancer cells (27). The data pre-
sented in this study are consistent with this hypothesis but do
not rule out other possible roles for V-ATPases in invasion.
Another possibility by which V-ATPases may participate in

invasion is though TGF-� signaling. TGF-�1 can induce epi-
thelial-to-mesenchymal transition in renal epithelial cells as
well as increased expression of a number ofV-ATPase subunits,

including B2, E, and c (39). TGF-�1 treatment also stimulates
V-ATPase activity and plasma membrane localization in these
cells, and inhibition of V-ATPase activity blocks the TGF-�1
induced epithelial-to-mesenchymal transition (39). Although
the effect of TGF-� stimulation on a3 expression has not been
evaluated, one possibility is that a3 overexpression promotes
invasion in MCF10a cells by a similar mechanism as TGF-�
stimulation.
Several recent studies have suggested that V-ATPases regu-

late trafficking of proteins involved in invasion. Treatment of
metastatic cells with the V-ATPase inhibitor archazolid limited
leading edge localization of the epidermal growth factor recep-
tor and blocked endocytic activation of Rac1, a member of the
Rho family of small GTPases with known functions in cell
migration (40). Inhibition of V-ATPases with bafilomycin or
through siRNA silencing prevented peripheral localization of
Rab27 secretory vesicles and blocked heat shock protein 90�
secretion (41). Inhibiting V-ATPases may prevent peripheral
localization of molecules indirectly because low extracellular
pH induces a redistribution of lysosomes toward the cell
periphery (42).
In summary, the results of this work, in conjunction with

other studies, indicate that V-ATPases participate in the inva-
sion of metastatic cancer cells. Importantly, expression of the
a3 isoform appears to promote both plasma membrane local-
ization of V-ATPases and invasion in closely related breast can-
cer cell lines. This suggests that the V-ATPase, and the a3 iso-
form in particular, may be effective therapeutic targets in
limiting the metastatic spread of breast cancer cells.
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