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A B S T R A C T

Tumor microenvironment has a high concentration of inorganic phosphate (Pi), which is actually a marker for
tumor progression. Regarding Pi another class of transporter has been recently studied, an H+-dependent Pi
transporter, that is stimulated at acidic pH in Caco2BBE human intestinal cells. In this study, we characterized
the H+-dependent Pi transport in breast cancer cell (MDA-MB-231) and around the cancer tissue. MDA-MB-231
cell line presented higher levels of H+-dependent Pi transport as compared to other breast cell lines, such as
MCF-10A, MCF-7 and T47-D. The Pi transport was linear as a function of time and exhibited a Michaelis-Menten
kinetic of Km=1.387 ± 0.1674mM Pi and Vmax= 198.6 ± 10.23 Pi × h−1 × mg protein−1 hence reflecting
a low affinity Pi transport. H+-dependent Pi uptake was higher at acidic pH. FCCP, Bafilomycin A1 and
SCH28080, which deregulate the intracellular levels of protons, inhibited the H+-dependent Pi transport. No
effect on pHi was observed in the absence of inorganic phosphate. PAA, an H+-dependent Pi transport inhibitor,
reduced the Pi transport activity, cell proliferation, adhesion, and migration. Arsenate, a structural analog of Pi,
inhibited the Pi transport. At high Pi conditions, the H+-dependent Pi transport was five-fold higher than the
Na+-dependent Pi transport, thus reflecting a low affinity Pi transport. The occurrence of an H+-dependent Pi
transporter in tumor cells may endow them with an alternative path for Pi uptake in situations in which Na+-
dependent Pi transport is saturated within the tumor microenvironment, thus regulating the energetically ex-
pensive tumor processes.

1. Introduction

In many, if not all living organisms inorganic phosphate (Pi) is
obtained from the diet in three anionic forms (H2PO4, HPO4 or H3PO4).
Pi is essential for several biochemical reactions such as the kinase/
phosphatase signaling, formation of ATP, biosynthesis of lipids, car-
bohydrates and nucleic acids [1,2].

In healthy mammals, the extracellular [Pi] is maintained at rela-
tively narrow range concentrations, between 0.7 and 1.55mM [3,4]. Pi
is absorbed by cells through Pi transporters. It has been established that
Pi is transported mainly via Na/Pi cotransporters, consisting of two
large carrier families: SLC20 (which includes PiT-1, encoded by

SLC20A1 gene, PiT-2, encoded by SLC20A2 gene), and SLC34 (which
includes NaPi-IIa, encoded by SLC34A1, NaPi-IIb, encoded by SLC34A2
and NaPi-IIc, encoded by SLC34A3) [5–9].

Although Na+-dependent Pi transporters have been investigated in
detail, studies on another class of H+-dependent Pi transporters sti-
mulated at acidic pH are emerging [10–14]. Shirazi-Beeche and co-
workers observed a Pi transport insensitive to phosphonoformic acid
(PFA,) a specific inhibitor of Na+-dependent Pi transport in oocytes
[10].

H+-dependent Pi transporter has been thoroughly investigated in
osteoclasts-like cells demonstrating that the intracellular pH decreased
with the addition of Pi and that H+-dependent Pi transport was
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regulated by a V-H+-ATPase, suggesting that it could be involved in the
removal of intracellular protons and acidification of the extracellular
milieu [12].

Studies on human intestinal cells (Caco2BBE) showed that the
phosphate transport is uniquely Na+-independent, displaying more
than one kinetic component, and at least one of them being an H+-
dependent process [13]. When these cells were incubated with high
levels of phosphate (4 mM), an independent uptake of Na+ was sti-
mulated [13].

Compared to normal cells it has been established that tumor cells
have a higher demand for phosphate due to their rapid growth rates.
This is in accordance with the Growth Rate Hypothesis (GRH) [15–17].
Indeed the intracellular levels of Pi in tumor cells have been shown to
range from 2 to 7mM [15,18,19].

For instance, the difference between Pi in the tumor micro-
environment 1.8 ± 0.2mM Pi, and that of normal mammary gland,
0.84 ± 0.07mM Pi was considered to be a marker for tumor breast
cancer cells lines. The markers are classified by expression patterns of
oncogenic receptors, such as MCF-7 and T47-D cells (Luminal A, ER+,
PR+ and HER-) or MDA-MB-231 (triple-negative overexpression: ER-,
PR- and HER-) [15,20–22]. Studies in vitro with breast cancer cells,
such as MCF-7, T47-D and MDA-MB-231, have demonstrated that MDA-
MB-231 exhibits an increased migratory capacity when compared to
MCF-7 and T47-D [23]. It has also been shown that the migration of
MDA-MB-231 cells was enhanced in the presence of high Pi con-
centrations (3 or 5mM), this being a hallmark of the metastatic process
[24]. SLC34A2 gene expression is significantly increased in breast
cancer compared to adjacent normal breast tissues. Overexpression of
SLC34A2 gene was similar to that of CA125, one of the well-known
cancer biomarkers. This observation suggests that SLC34A2 may be a
novel marker for diagnosis and potentially a target for the therapy of
breast cancer [25]. Recently, we measured the kinetic parameters of
sodium-dependent Pi transport in the aggressive human breast cancer
cell lines. The Pi transport level was found to be higher in cells with
greater metastatic potential such as MDA-MB-231. In addition, inhibi-
tion of Na+-dependent Pi transport in those cells reduced tumor cell
migration and adhesion [26] yet another indication that the metastatic
phenotype might be functionally associated to Pi transport.

As an extension of these previous observations in the present work
we aimed at determining the inorganic phosphate transport in the
presence of high levels of Pi (1 mM) in different human breast cell lines
including the non-tumorigenic MCF-10A and the malignant MCF-7,
T47-D and MDA-MB-231. We further characterize biochemically the
H+-dependent inorganic phosphate transport on MDA-MB-231 cells
seeking a possible association between the H+-dependent Pi transport
and cell adhesion and migration in this tumor cell line.

2. Materials and methods

2.1. Materials

Reagents were purchased from E. Merck (Darmstadt, Germany) and
Sigma Chemical Co. (St. Louis, MO, USA). All solutions were prepared
with Milli-Q water (Millipore Corp., Bedford, MA, USA). The inorganic
radioactive phosphate (32Pi) was supplied by the Nuclear and Energy
Research Institute (IPEN).

2.2. Cell culture

Human breast non-tumorigenic epithelial cell line, MCF-10A, were
grown at 37 °C in a humidified atmosphere of 5% CO2 in Dulbecco's
Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12), 10%
fetal bovine serum (FBS), 10 μg/mL insulin (Sigma–Aldrich, St. Louis,
MO), 20 ng/mL Epidermal Growth Factor (EGF) (Sigma–Aldrich, St.
Louis, MO), 0.5 μg/mL hydrocortisone, pH 7.4 (Sigma–Aldrich, St.
Louis, MO), 100 U/mL penicillin and streptomycin (Thermo Fisher,

Brazil). MCF-10A cells, genotyped yielding a profile that confirms their
identity by comparing it to data of ATCC, DSMZ, CLIMA and ICLAC,
was kindly supplied by Jerson Lima da Silva from the Instituto de
Bioquímica Médica Leopoldo De Meis, UFRJ, Rio de Janeiro, Brazil and.
Breast cancer cell lines (MDA-MB-231, T47D and MCF-7) were grown at
37 °C in a humidified atmosphere of 5% CO2 in Iscoves Modified
Dulbecco's Medium (IMDM-LCG Biotechnology, Brazil) supplemented
with sodium bicarbonate, 10% fetal bovine serum (FBS) (Cripion
Biotechnology, Brazil), 100 U/mL penicillin and streptomycin (Thermo
Fisher, Brazil). IMDM contains 1mM Pi and added NaH2PO4, pH was
adjusted to 7.4 with HCl (Sigma–Aldrich, St. Louis, MO).

Prior to the experiments, breast cancer cell lines were washed twice
with a free-phosphate buffer solution containing 116mM NaCl, 5.4 mM
KCl, 5.5mM glucose, 0.8 mM MgCl2 and 50mM HEPES (pH 7.2). Cells
used for experimental conditions indicated as H+-dependent (or Na+-
independent) were washed with buffer solution containing 116mM
choline chloride, 5.4mM KCl, 5.5 mM glucose, 0.8 mM MgCl2 and
50mM HEPES (pH 7.2). Adherent cells were dissociated after incuba-
tion at 37 °C, 5% CO2 with a trypsin solution (2.5 g/L, pH 7.2, 0.05mL/
cm2), and the number was estimated by counting in a Neubauer
chamber. Protein concentration was measured using the Bradford
method [27].

2.3. Pi transport assay

MCF-10A, MDA-MB-231, T-47D and MCF-7 (5×104 cells per well)
were incubated at 37 °C, 5% CO2 atmosphere, for 40min in a reaction
mixture (0.5 mL) containing 116mM NaCl or choline chloride, 5.4 mM
KCl, 5.5mM glucose, 50 mM HEPES (pH 7.2), 0.8 mM MgCl2, 1 mM
KH2PO4 and 2.5 μCi/nmol 32Pi. In parallel, the transport of Pi was
carried out at 4 °C as a control (blank values) [28]. Reactions were
stopped and cells was washed with 0.5mL of an ice-cold phosphate
buffer saline (PBS) (pH 7.2) and cells were lysed with 0.5 mL SDS 0.1%.
These internalized Pi released by cell lysis was transferred to a filter
paper which was then immersed in scintillation liquid [26,28].

To determine Pi H+-dependent (or Na+-independent) transport
values, NaCl was replaced by choline chloride. In order to determine Pi
Na+-dependent activity, transport values of Pi in the presence of NaCl
were subtracted from the values of transport of Pi in the presence of
choline chloride, thus deriving the NaCl stimulated fraction.

To measure substrate affinity (Km) and maximum rate (Vmax) of the
Pi transporter concentrations of Pi ranging from 0 to 5mM Pi were
used. Bafilomycin A1 (100 nM), the vacuolar ATPase inhibitor, vali-
nomycin (100 μM), the K+ ionophore, FCCP (10 nM), the H+ iono-
phore, and monensin (100 μM), the Na+ ionophore, were tested. The
H+, K+-ATPase inhibitor, SCH28080 (100 μM), 4,4′-Diisothiocyano-
2,2′-stilbenedisulfonic acid (DIDS), an anion exchange inhibitor and the
Pi transport inhibitors, phosphonoformic acid (PFA-5mM), phospho-
noacetic acid (PAA-1mM) and arsenate (1 mM) were also tested.
Vehicles were: 1% DMSO (bafilomycin A1, valinomycin, furosemide
and SCH28080), ethanol 1% (monensin), and water (DIDS, PFA, PAA,
arsenate) were used in control conditions. At 1% of these vehicles, the
values obtained for 32Pi uptake were the same as those obtained with
water. The viability of MDA-MB-231 was tested using the CellTiter 96®
AQueous One Solution Cell Proliferation Assay (MTS) (Promega, USA),
according to the manufacturer's instructions.

2.4. Real-time PCR analysis

Total RNA from MDA-MB-231 cells was purified from TRIzol
Reagent (Invitrogen, Thermo Fisher Scientific, Massachusetts, USA) as
described in the manufacturer's manual. After treatment of RNA with
DNase I, a firs-strand synthesis kit (Invitrogen) was used to generate the
full-length cDNA from 1 μg of total RNA. qPCR was performed on
StepONE Plus Real Time PCR System (Applied Biosystems,
Massachusetts, USA) using a FastStart Master SYBR Green I kit (from
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Roche, Mannheim, Germany). The expression data of the NaPi-IIb gene
(sense primer: 5′-CCCAGCTTATAGTGGAGAGCTTC-3′; antisense prime:
5′-GCACCAAATCTTGACAAGACTCTTG-3′) were normalized to an en-
dogenous reference (β-actin, sense primer: 5′-TGACGTGGACATCCGC
AAAG-3′; antisense primer: 5′-CTGGAAGGTGGACAGCGAGG-3′) as
previously described [29] and according to the manufacturer's in-
structions.

2.5. Proliferation assay

MDA-MB-231 cells (1× 104 cells per well) were seeded in 24-well
plates. After 12 h, 1mM of PAA was added, and cells were incubated for
different times at 37 °C in 5% CO2 atmosphere. After the respective
incubation time (0–60 h), cells were washed twice with PBS, trypsinized
and quantified using a Neubauer chamber.

2.6. Adhesion assay

96-Well culture plates were pre-coated with 32 μg/mL ECM gel (rat
sarcoma) diluted in PBS. Then 100 μL per well were added for 12 h at
4 °C. In order to block non-specific, background binding sites of the
wells, they were blocked with 1mg/ml BSA, diluted in PBS for 2 h at
room temperature. 100 μL of MDA-MB-231 cells suspended in serum-
free medium at 2.5×104 cells/well were added to each well coated
with ECM gel in the absence or presence of 1mM PAA and maintained
at 37 °C, 5% CO2, for 12 h. After incubation, non-adherent cells were
carefully removed by washing twice with PBS and fixed with 3% par-
aformaldehyde for 10min. Fixed cells were then washed with PBS
twice, stained with 100 μL of 0.5% crystal violet, for 5min and washed
further (2×) with PBS. The washed cells were lysed with 100 μL acetic
acid (1% in ethanol) and stained with crystal violet. Cell lysates were
read spectrophotometrically at 570 nm. Results were expressed as
control percentage [30].

2.7. Migration assay

24 well plates Corning© Transwell© were used for migration assays
through the permeable supports with 6.5 mm insert, and polycarbonate
membrane pore with 8.0 μm. MDA-MB-231 cells (5× 104 cells/well)
were suspended in serum-free medium and added to the upper chamber
in the absence or presence of 1mM PAA, maintained at 37 °C, 5% CO2,
for 24 h. After incubation, the non-adherent cells were removed after
two washes with PBS, and subsequently, cells were trypsinized and
quantified using Neubauer chamber.

2.8. Optical quantification of intracellular pH

To analyze changes in intracellular pH (pHi) after Pi influx, MDA-
MB-231 cells (1× 105 cells per well) were washed three times in buffer
solution containing 116mM NaCl, 5.4mM KCl, 5.5mM glucose,
0.8 mM MgCl2 and 50mM HEPES (pH 7.2) and incubated for 30min
with 6 μM BCECF-AM (Thermo Fisher). Cells were washed to remove
the excess extracellular BCECF-AM and plated in 96 well plates with
same buffer solution. Time 0 measurements were performed just before
the addition of 1mM KH2PO4. Intracellular pH changes were quantified
using a VICTOR multiplate reader with excitation and emission wave-
lengths of 500 and 550 nm, respectively, according to manufacturer's
instructions. pHi was measured at 2-minute intervals after addition of
1mM KH2PO4. The ratio of fluorescence to excitation emission was
converted to pH values using high-K nigericin method [31].

2.9. Immunofluorescence imaging

MDA-MB 231 cells were treated or not with 1mM PAA for 24 h.
Cells were then rinsed two times with PBS and fixed with 4% paraf-
ormaldehyde for 24 h, permeabilized with 0.1% Triton X-100 in PBS for

5min and unspecific sites were blocked in 5% PBS-BSA for 2 h. Samples
were then incubated at 4 °C overnight with mouse-anti-vimentin
(1:100; DAKO clone V9) or mouse-anti-E-cadherin (1:100; BD610182)
antibodies. After extensive wash, samples were stained with goat-anti-
mouse IgG (H+L) secondary antibody conjugated with Alexa Fluor®–
594 (1:500; Molecular Probes A11032) for 1 h at room temperature and
extensively washed. Slides were mounted using ProLong® Gold Antifade
Mountant with DAPI. Images were taken using confocal high-resolution
LSM 710 equipped with Elyra PS.1 system and sCMOS-pco camera
(ZEISS). Images were analyzed by ZEN lite blue edition software
(ZEISS). Fluorescence intensities were quantified by Image J software
as the pixel of red-staining intensity per cell (from 10 cells for each
experimental condition). Statistical significance of the quantification
was analyzed applying unpaired t-test.

2.10. Statistical analysis

In all cases, at least three independent experiments were performed
in triplicate. The values presented in all experiments represent the
mean ± SE. The kinetic parameters (apparent values of Km and Vmax)
were calculated using the non-linear regression analysis of data for
Michaelis-Menten equation. Linear regression analysis of Lineweaver-
Burk plots was also determined. Differences were considered significant
at p < 0.05 by One-Way analysis of variance (ANOVA), using Turkey's
multiple comparisons test, unless otherwise specified in the figure le-
gends. All statistical analyzes were performed with GraphPad Prism 6.0
software (GraphPad Software, San Diego, USA).

3. Results

3.1. Pi transport in different breast cancer cells lineages

One non-tumorigenic cell line (MCF-10A) and three breast cancer
cell lines were used to measure the level of H+-dependent (or Na+-
independent) Pi transport with 1mM Pi: MCF-7, T47D (both classified
as luminal A) and MDA-MB-231 (classified as triple negative) [21,22].
MCF-10 presented H+-dependent Pi transport (Fig. 1). It is important to
note that, in the presence of 1mM Pi, the Na+-dependent Pi transport is
saturated. Cell lines classified as luminal A (MCF-7 and T47-D) also
presented H+-dependent Pi transport levels without significant differ-
ences among them. However, MDA-MB-231 line displayed a higher
level of H+-dependent Pi transport as compared to MCF-10, MCF-7 and
T47-D (Fig. 1).

Fig. 1. Comparative rates of 32Pi influx in breast cell lines. Intact MCF-10A,
MCF-7, T47-D or MDA-MB-231 cells (5× 104 cells/well = 1.45 mg protein/
mL) were incubated at 37 °C in a reaction mixture containing 116mM choline
cloride, 5.5 mM Glucose, 5.4 KCl, 10mM HEPES, 0.8 mM MgCl2, 1mM KH2PO4

and 2.5 μCi/nmol 32Pi. The results are the means± SE of at least 3 experiments,
with different cell suspensions.
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3.2. H+-dependent Pi transport of MDA-MB-231 cells

Next we biochemically characterized the H+-dependent inorganic
phosphate transport in MDA-MB-231. H+-dependent Pi transport tests
were carried out at different times from 0 to 40min. We could observe
linearity of the transport as a function of time for up to 40min (Fig. 2A).
Because longer times could lead to saturation of Pi transport, we used
40min as the standard time for Pi capture in Pi transport assays

throughout the work.
H+-dependent inorganic phosphate transport assays were carried

out at different pH ranges (6.4 to 9.2). The result in Fig. 2B shows that
the higher Pi uptake occurred at more acidic pH. In all pH ranges
performed, cell viability in MDA-MB-231 was not affected (Fig. 2B
inset).

Assays in the presence of different Pi concentrations were carried
out in MDA-MB-231 cells. A Michaelis-Menten kinetic profile for the
H+-dependent transport of Pi was observed in the presence of in-
creasing concentrations of inorganic phosphate from 0 to 5mM until
saturation was reached (Fig. 2C). This yielded a value of
Km=1.387 ± 0.1674mM Pi and Vmax= 198.6 ± 10.23 Pi × h−1 ×
mg protein−1. A double reciprocal plot is shown in Fig. 2D. Compared
to the data presented previously for Na+-dependent Pi transport [26],
the carrier analyzed here exhibits low affinity for inorganic phosphate.

3.3. Influence of anions to H+-dependent Pi transport

Inorganic phosphate is a negatively charged compound, chemically
classified as an anion. Several studies have described a nonspecific
anion transporter in Caco2BBE cells [13]. To investigate whether the
H+-dependent inorganic phosphate transport would indeed be an anion
carrier, magnesium sulfate (10mM), magnesium chloride (10mM) and
magnesium bicarbonate (10mM) were tested in H+-dependent Pi
transport [13]. No effects of these anions were observed (Fig. 3). In
addition, the classical inhibitor of anion transporters (4,4′-Diisothio-
cyano-2,2′-stilbenedisulfonic acid – DIDS) [13] had no significant effect
on the H+-dependent Pi transport at 1mM concentration (Fig. 3).

Fig. 2. Kinetic parameters of H+-dependent 32Pi influx of MDA-MB-231 cells. Intact cells (5×104 cells/well = 1.45mg protein/mL) were incubated at 37 °C in a
reaction mixture as described in Fig. 1 at various times (A), pH ranging from 6.4 to 9.2 using 10mM HEPES, 15mM Tris, 15mM MES (B), increasing concentrations
of KH2PO4 (0–5mM) (C), Lineweaver-Burk plot for Pi concentrations between 0.5 and 5mM Pi (D). In these pH ranges, the cells remained viable throughout the
experiment according to CellTiter 96®AQueous One Solution Cell Proliferation Assay (MTS) (C inset). The results are the means± SE of at least 3 experiments, with
different cell suspensions.

Fig. 3. Effect of anions on H+-dependent 32Pi influx of MDA-MB-231 cells.
Intact cells (5×104 cells/well = 1.45mg protein/mL) were incubated for
40min at 37 °C in a reaction mixture as described in Fig. 1 and anions or in-
hibitor indicated in the horizontal axis: magnesium sulfate (10mM), magne-
sium chloride (10mM), magnesium bicarbonate (10mM) and DIDS (1mM). In
the presence of these inhibitors at their respective concentrations, cells re-
mained viable throughout the experiment. Results are the means± SE of at
least 3 experiments, with different cell suspensions.
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3.4. Influence of ion influx inhibitors on H+-dependent Pi transport

In order to verify the importance of the ion influx for the H+-de-
pendent Pi transport, assays were performed in the presence of different
ion transport modulators. Those were PFA (phosphonoformic acid), an
inhibitor of the Na+-dependent Pi transporter; Monensin, a Na+ io-
nophore; Valinomycin, a K+ ionophore, and FCCP, an H+ ionophore. In
addition, inhibitors of the vacuolar H+-ATPase, Bafilomycin A1, an
inhibitor of H+, K+-ATPase, SCH28080, a Pi transport inhibitor, PAA,
and arsenate, a structural analog of Pi, were also tested. Only FCCP,
Bafilomycin A1 and SCH28080, which deregulate the levels of in-
tracellular protons, as well as PAA and arsenate inhibited H+-depen-
dent Pi transport (Fig. 4A). In all conditions performed, MDA-MB-231
cell viability was not affected (Fig. 4B).

3.5. Proton participation in Na+-independent Pi transport

To verify the hypothesis that Na+-independent Pi transport is an
H+-dependent Pi transporter, optical quantification of intracellular pH
was initially carried out using permeabilized MDA-MB-231 cells at pH
values ranging from 5.5 to 8.5. The intracellular pH (pHi) of MDA-MB-
231 cells was measured at various times in the presence or absence of
inorganic phosphate (1 mM). The results in Fig. 5 show that addition of
inorganic phosphate lowered pHi. No effect on pHi was observed in the
absence of inorganic phosphate.

3.6. Effect of PAA on Pi transport, cell proliferation, adhesion and
migration phenotype

It has been reported that phosphonoacetic acid (PAA) is a potent
inhibitor of H+-dependent Pi transport [13]. In Fig. 6A we show the
effect of increasing concentrations of PAA on H+-dependent Pi trans-
port. Based on that, 1 mM of PAA was tested for several parameters
relevant to tumor cell behavior. MDA-MB-231 cell proliferation was
evaluated over 60 h. We found that proliferation was reduced by ap-
proximately 80% in the presence of PAA compared to controls (Fig. 6B).
PAA was also tested in adhesion and migration assays. The results in
Fig. 6C and D show that 1mM PAA reduced both parameters by ap-
proximately 40%. In addition, migrating cells displayed higher Pi
transport activity than non-migrating cells, as shows in Fig. 6E. In
contrast, there was no difference between these two conditions when Pi

transport activity was measured at 100 μM Pi, a suitable condition for
high-affinity Na+-Pi-transport (Fig. 6F).

We also analyzed the marker proteins associated with the Epithelial-
Mesenchymal Transition (EMT) (E-cadherin and vimentin) and migra-
tion capacity of MDA-MB-231 cells grown in the presence or absence of
PAA by immunofluorescence. While control cells presented low ex-
pression of E-cadherin (Fig. 7A) and high expression of vimentin
(Fig. 7F), cells grown in the presence of PAA for 24 h present induced
expression of E-cadherin (Fig. 7B), suggesting an inverted pattern of
markers expression. Quantification of the fluorescence intensity con-
firmed that PAA significantly increases E-cadherin expression (Fig. 7E).
These observations strongly suggest that, when Pi transport is inhibited,
MDA-MB-231 cells tend to revert from mesenchymal to epithelial fea-
tures.

Fig. 4. Effect of ion influx on H+-dependent 32Pi uptake of MDA-MB-231 cells. Intact cells (5× 104 cells/well = 1.45mg protein/mL) were incubated for 40min at
37 °C in a reaction mixture as described in Fig. 1 and the inhibitors indicated in the abscissa: PFA (5mM), monensin (100 μM), FCCP (10 μM), bafilomycin A1
(100 nM), SCH28080 (100 μM), valinomycin (100 μM), PAA (1mM), arsenate (1 mM) (A). In the presence of these inhibitors at their respective concentrations, cells
remained viable throughout the experiment according to CellTiter 96®AQueous One Solution Cell Proliferation Assay (MTS) (B). Results are the means± SE of at
least 3 experiments, with different cell suspensions.

Fig. 5. Influence of inorganic phosphate on intracellular pH as a function of
time in MDA-MB-231. A) Intact cells (5× 104 cells/well = 1.45mg protein/
mL) were washed with a reaction mixture containing 116mM choline chloride,
5.5 mM Glucose, 10mM HEPES, 0.8 mM MgCl2. 1 mM KH2 PO4 (closed circle)
or water (closed square) were added. The intracellular pH (pHi) was quantified
each 2min interval for 10min total time by optical quantification of the in-
tracellular pH. Results are the means± SE of at least 3 experiments, with dif-
ferent cell suspensions.
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3.7. Effect of high phosphate concentration and PFA in growth medium on
Pi transport

In mammary gland tumors of mice, a high concentration of Pi in the
tumor microenvironment (~2mM Pi), compared to that in the normal
mammary gland (approximately 1mM Pi) was identified [20]. MDA-
MB-231 cells were maintained at different Pi concentrations (1 or 2mM
Pi) and in the presence of PFA (5mM) in the growth medium for 24 h.
As shown in Fig. 8A, NaPi-IIb expression was significantly decreased at
2mM Pi as well at 5 mM PFA.

Parallel experiments with MDA-MB-231 cells in the same conditions
were carried out. Cells were washed in a Pi free solution and 100 μM Pi
was added thereafter to analyze the Pi transport. Na+-dependent Pi
transport was abolished at 5mM PFA and significantly decreased in the
presence of 2mM Pi (Fig. 8B). However, the H+-dependent Pi transport
at 2mM or 5mM Pi was 5 fold higher than the Na+-dependent Pi
transport (Fig. 8B).

4. Discussion

Recently, our group characterized the high-affinity Na+-dependent
Pi transporter in MDA-MB-231 cells [26]. Throughout that work, low Pi
concentrations (100 μM Pi) were used for the Pi transport assays. In the
present work, 1mM Pi was used in Pi transport assays in order to
characterize an H+-dependent Pi transporter that responds to high Pi
concentrations. Based on the results shown in Fig. 1, we suggest that the
enhanced H+-dependent Pi transport may contribute to greater mi-
gratory capacity [23]. In this situation the excess Pi transport would be

in keeping with a greater demand for Pi in connection with tumor cell
energy metabolism. We propose then that there is another kinetic
component responsive to high Pi concentrations in breast cancer cells,
which was analyzed in detail in the present work.

Our results showed that the influence of sodium and potassium
could be discarded based on experiments in which valinomycin, mon-
ensin and PFA were used (Fig. 4A). Furthermore, H+-dependent Pi
transport was linear for up to 40min (Fig. 2A) and exhibited a Mi-
chaelis-Menten kinetics displaying low affinity for inorganic phosphate
(Fig. 2C and D). This result is compatible with that of osteoclast-like
cells, in which the transport system has a Km to Pi of 7.5 mM (low af-
finity component) and 0.35mM (high affinity component) [12]. Pre-
sumably this low affinity Pi transport becomes operative when the le-
vels of Pi in tumor microenvironment rise to 2mM thus contributing to
scavenge the excess Pi when the Na+-dependent transporter is satu-
rated, with Km=0.08mM Pi and Vmax= 71.67 ± 3 nmol × h−1 ×
(mg protein)−1 [26].

Candeal and coworkers (2014) characterized an H+-dependent Pi
transport in human intestinal cells (Caco2BBE) [13] and observed that
the Pi transport was influenced by anions, suggesting that Pi could be
taken up along with others anions. In our study, no effect was observed
when anions and anion-carrier inhibitor (DIDS) were tested on H+-
dependent Pi transport of MDA-MB-231 (Fig. 3). These results sug-
gested that Pi uptake by breast cancer cells did not involve an anion
carrier.

Extracellular pH can be acidified by the secretion of lactate and H+

catalyzed by monocarboxylate transporter 4 (MCT) in cancer cells. This
may be relevant to our observations in the sense that a greater Pi

Fig. 6. Effect of PAA on 32Pi influx, proliferation, adhesion and cell migration phenotype in MDA-MB-231. Intact cells (5× 104 cells/well = 1.45mg protein/mL)
were incubated for 40min at 37 °C in a reaction mixture as described in Fig. 1 in the presence of increasing concentrations of PAA, where cells remained viable
throughout the experiment (A). MDA-MB-231 (1×104 cells/well) were maintained in 1mM PAA were quantified at an initial interval of 6 or 12 h up to 60 h using
Neubauer camera (B). Cell adhesion were done with MDA-MB-231 cells (5×104 cells/well) pretreated for 40min in the presence or absence of PAA (1mM) (C). Cell
migration were done with MDA-MB-231 cells (5× 104 cells/well) pretreated for 40min in the presence or absence of PAA (1mM) (D). Pi transport was measured, in
the same condition described previously, in non-migrated (control) or migrated cells in the presence of 1mM Pi (E) or 100 μM Pi (F). Results are the means± SE of at
least 3 experiments, with different cell suspensions.
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transport did occur in the acidic pH range, suggesting that the putative
transporter is either H+-dependent, or that it has greater affinity for Pi
in its protonated form (H3PO4). Similar results were found by Ito and
coworkers (2005) who studied an H+-dependent Pi transporter in-
volved in the uptake up Pi during bone reabsorption in osteoclast-like
cells [12]. In order to demonstrate the occurrence of a proton-depen-
dent Pi transporter, the intracellular pH was quantified in the presence
of phosphate. The results in Fig. 5 showed that indeed there was a

reduction in the intracellular pH after adding inorganic phosphate.
These results indicated that, upon addition of phosphate, protons pre-
sent in the extracellular environment might be transported together
with inorganic phosphate by an H+-dependent Pi co-transporter, thus
contributing to the acidification of the intracellular environment.

Bafilomycin A1, an inhibitor of a vacuolar H+-ATPase that may be
located on the plasma membrane (responsible for the H+-pumping to
the extracellular environment), or the vacuole membrane (H+ pumping

Fig. 7. Effect of PAA on E-cadherin and vimentin expression. MDA-MB-231 cells were plated onto microscope slides (5× 104 cells/well) and then maintained in the
presence or absence of 1mM PAA for 24 h. Cells were fixed, permeabilized and the expression of E-cadherin (A–D) and vimentin (FeI) was detected by immuno-
fluorescence. Nuclei were revealed with DAPI (blue). Bars= 20 μm. Fluorescence intensity of red-stained MDA-MB-231 cells were quantified for E-Cadherin (E) and
vimentin (J).* p < 0.0001 vs. untreated cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 8. Effect of high phosphate concentration and
PFA in growth medium on SLC34A2 expression or Pi
transport in MDA-MB-231. A) SLC34A2 expression
analysis was done after pre-treatment for 24 h with
1mM Pi (control), 2 mM Pi and 5mM PFA. Gene
expression data were normalized to an endogenous
reference β-actin (ACTB). B) Intact cells (5× 104

cells/well = 1.45mg protein/well) were incubated
for at 37 °C in a reaction mixture for H+-dependent
Pi transport (light gray) containing 116mM choline
or 116mM NaCl for Na+-dependent Pi transport
(dark gray), 5.5 mM Glucose, 5.4 KCl, 10mM HEPES,
0.8 mMMgCl2, 1mM KH2PO4 and 2.5 μCi/nmol 32Pi.
Results are the means± SE of at least 3 experiments,
with different cell suspensions. Statistical sig-
nificance was analyzed applying unpaired t-test.
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to the vacuolar lumen), was able to inhibit H+-dependent Pi transport
(Fig. 4A). In addition, H+-dependent Pi transport was inhibited by
FCCP (H+ ionophore) and SCH28080 (H+, K+-ATPase inhibitor)
(Fig. 4A). Collectively these results indicate a role for the a vacuolar
H+-ATPase and an H+, K+-ATPase in the regulation of Pi, H+ transport
mechanism (Fig. 9).

We have previously shown that PFA inhibits Na+-dependent Pi
transport [26]. In the H+-dependent Pi transport, we observed no effect
of PFA. However, when looking for another inhibitor of Pi transport
belonging to the same class of PFA (phosphoenolcarboxylic acids), we
showed that PAA was able to inhibit the H+-dependent Pi transport
(Fig. 6A). A possible mechanistic explanation for this result is that PFA
bound to phosphorus and its three sodium ions. This would increase its
affinity to the sodium-dependent Pi carrier bound to the three sodium
ions Pi [5]. Conversely, PAA is a compound which has phosphorus at-
tached to oxygen and a hydroxyl at its ends; in the absence of sodium
and, being structurally similar to inorganic phosphate, this molecule
might be able to competitively inhibit H+-dependent Pi transport.

Pi plays a critical role in several cell types, participating in the en-
ergy metabolism and in nucleic acid synthesis [15]. In tumor cells,
phosphate is required for their rapid growth rates, in keeping with the
Growth Rate Hypothesis (GRH) [15–17]. It has been shown that 3 and
5mM Pi were able to stimulate the migration of MDA-MB-231 cells
compared to normal cells grown 1mM Pi [15,24]. Although PAA has
been reported to affect DNA synthesis and cause arrest of cellular cycle,
besides having antiviral activity, it is also described as a specific in-
hibitor of Pi transporters [12,13,32,33]. Hence we thus tested PAA on
MDA-MB-231 cells, which has a higher migratory capacity than other
lineages [23]. PAA was able to promote a significant reduction in cell
proliferation (after 24 h), migration and adhesion (Fig. 6) in these cells
without affecting their viability, thus indicating that H+-dependent Pi
transporter may be a hallmark of cancer cells. In addition, as evidenced
with immunofluorescence results, MDA-MB-231 cells tend to revert
from mesenchymal to epithelial features when the H+-dependent Pi
transport is inhibited in the presence of PAA (Fig. 7), consistently
strengthening the observed reduction of migration capacity (Fig. 6).

Extracellular Pi in humans is maintained in a relatively narrow
range, between 0.7 and 1.55mM [3]. However, in the tumor micro-
environment of mammary gland mice was identified a high con-
centration of Pi (approximately 2mM) [20]. We have observed a de-
creased NaPi-IIb expression and Na+-dependent Pi transport in the
presence of 2mM Pi or 5mM PFA concomitant with an increase in H+-

dependent Pi transport (Fig. 8). This result suggested the occurrence of
a compensatory mechanism for Pi transport in situations where the
transport of Pi Na+-dependent was compromised.

Amidst the paucity of studies that seek to characterize H+-depen-
dent Pi transport and its detailed participation in cellular mechanisms,
this report described identified for the first time an H+-dependent Pi
transporter and how it could participate in several vital processes of
breast tumor progression. Further studies should be directed at the
structural characterization of the H+-dependent Pi carrier. However, an
added complication is the lack of information regarding the gene en-
coding the transporter since this has not yet been annotated. When
eventually this becomes available it may be possible to confirm our
hypothesis by carrying out work with the recombinant molecule which
would permit the systematic and precise analysis of the parameters
discussed here. Likewise, knowledge derived from the gene sequence
may also enable specific interference studies of the H+-dependent Pi
transport using for example, CRISPR or the short hairpin technology.

The functional and molecular nature of the H+-dependent Pi
transporter could represent a biological advantage for tumors in the
sense of endowing cells with the incorporation of extra Pi even in those
conditions when the sodium-dependent Pi transport is saturated by a
high extracellular Pi (approx. 2 mM). The excess Pi might be able to
compensate for the energetically expensive biochemical features of
tumor cells. We suggest that the dissociated tumor cells (metastatic) are
able to adjust their biochemical profile as a function of changes in the
microenvironment as indicated by the results shown in Fig. 6E and F. In
addition, the occurrence of an H+-dependent Pi transporter in tumor
cells might represent a positive selective adaptation to the low pH in
their vicinity due to lactate secretion, i.e., the transporter would favor
Pi uptake even in conditions of high acidity.
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