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pH and Drug Resistance. I. Functional Expression of

Plasmalemmal V-type H"-ATPase in Drug-Resistant
Human Breast Carcinoma Cell Lines
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ABSTRACT. A major obstacle for the effective treatment of cancer is the phenomenon of multidrug resistance
(MDR) exhibited by many tumor cells. Many, but not all, MDR cells exhibit membrane-associated P-
glycoprotein (P-gp), a drug efflux pump. However, most mechanisms of MDR are complex, employing P-gp in
combination with other, ill-defined activities. Altered cytosolic pH (pH,) has been implicated to play a role in
drug resistance. In the current study, we investigated mechanisms of pH, regulation in drug-sensitive (MCF-7/S)
and drug-resistant human breast cancer cells. Of the drug-resistant lines, one contained P-gp (MCF-7/DOX; also
referred to as MCF-7/D40) and one did not (MCF-7/MITOX). The resting steady-state pH; was similar in the
three cell lines. In addition, in all the cell lines, HCO; ™ slightly acidified pH; and increased the rates of pH;
recovery after an acid load, indicating the presence of anion exchanger (AE) activity. These data indicate that
neither Na™/H™" exchange nor AE is differentially expressed in these cell lines. The presence of plasma
membrane vacuolar-type H*-ATPase (pmV-ATPase) activity in these cell lines was then investigated. In the
absence of Na* and HCO;~, MCF-7/S cells did not recover from acid loads, whereas MCF-7/MITOX and
MCE-7/DOX cells did. Furthermore, recovery of pH; was inhibited by bafilomycin A; and NBD-CI, potent
V-ATPase inhibitors. Attempts to localize V-ATPase immunocytochemically at the plasma membranes of these
cells were unsuccessful, indicating that V-ATPase is not statically resident at the plasma membrane. Consistent
with this was the observation that release of endosomally trapped dextran was more rapid in the drug-resistant,
compared with the drug-sensitive cells. Furthermore, the drug-resistant cells entrapped doxorubicin into
intracellular vesicles whereas the drug-sensitive cells did not. Hence, it is hypothesized that the measured
pmV-ATPase activity in the drug-resistant cells is a consequence of rapid endomembrane turnover. The
potential impact of this behavior on drug resistance is examined in a companion manuscript. BIOCHEM
PHARMACOL 57;9:1037-1046, 1999. © 1999 Elsevier Science Inc.
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A major barrier for the effective treatment of cancer is the
phenomenon of MDR§ exhibited by tumor cells [1, 2].
While some mechanisms of resistance allow cells to survive
exposure to a single agent, the phenomenon of MDR
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confers upon cells the ability to withstand exposure to
lethal doses of many structurally unrelated antineoplastic
agents. Drugs commonly involved in MDR are generally
natural products or their derivatives, e.g. anthracyclines,
Vinca alkaloids, epipodophyllotoxins, and actinomycin D
(reviewed in Ref. 3). Many of these are weak bases, such as
the anthracycline derivatives MITOX and DOX, and their
distribution thus would be affected by pH gradients (see
Ref. 4). A common feature of MDR cells is a net decrease
in the intracellular accumulation of drugs. MDR has been
strongly linked to the overexpression of membrane-associ-
ated drug efflux pumps, P-gp or multidrug resistance-
associated proteins (MRP) [5].

Alterations in pH; homeostasis also have been impli-
cated in drug resistance. MDR cells are sometimes observed
with a more alkaline pH; than their drug-sensitive coun-
terparts, yet this observation is inconsistent, indicating that
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other processes must be involved [6-12]. The pH; of
mammalian cells is mainly regulated by the collaboration
between Na®/H™ exchange and HCO; -based transport
mechanisms (reviewed in Refs. 13 and 14). In some
specialized cells such as kidney cells, gastric cells, hepato-
cytes, macrophages, and osteoclasts, vacuolar (V)-type
H*-ATPase activity has been demonstrated at the plasma
membrane (pmV-ATPase) [15, 16]. Additionally, some
human tumor cells also exhibit pmV-ATPase activity [17],
and this pump is overexpressed in some MDR cells [18, 19].
A functional role for pmV-ATPase activity in tumor cells is
not yet known.

In this study, we investigated the mechanisms of pH
regulation in drug-sensitive and drug-resistant human
breast cancer cell lines. The MCEF-7 line was used as the
experimental model because a number of clones derived
from the parental cell line are available with various
degrees and different mechanisms of drug resistance [20].
The parental drug-sensitive MCF-7 cell line (MCEF-7/S)
was used along with P-gp-negative mitoxantrone-resistant
(MCE-7/MITOX) cells or P-gp-positive doxorubicin-resis-
tant (MCF-7/DOX; also referred to as MCF-7/D40) cells.
Although these cell lines were independently derived via
stepwise increases in the concentration of each drug,
respectively, each cell line exhibits a significant amount of
cross-resistance [20].

The current experiments involved measurements of pH;
using the fluorescence of SNARF-1 [21, 22]. Additionally,
pH regulation of these same cell lines has been examined in
tumors in vivo [23]. Consistent with other tumors, the pH,
of all three cell lines decreased as a function of increased
tumor size. The pH; of the drug-sensitive tumors decreased
concomitant with the decrease in pH,, such that the pH
gradient (ApH) remained constant. In contrast, the pH, of
the drug-resistant tumors remained constant, leading to an
increase in the ApH with increasing tumor size. Thus, there
are differences in the regulation of pH, in vivo between the
current drug-resistant and drug-sensitive tumor cell lines.

MATERIALS AND METHODS
Buffers and Chemicals

CPB contained the following: 0.35 mM Na,HPO,, 110 mM
NaCl, 0.44 mM KH,PO,, 5.4 mM KCI, 1 mM MgSO,, 1.3
mM CaCl,, 25 mM HEPES, 5 mM glucose, and 2 mM
L-glutamine at a pH of 7.15 at 37°. When required, CPB
was supplemented with NaHCOj. Organic components
were added the day of experimentation in order to avoid
bacterial contamination. The fluorescence ion indicators
SNARF-1 and coumarin-dextran were purchased from
Molecular Probes. DOX was obtained from Adria Labora-
tories; MITOX was from Lederle/Cyanamid. All other
chemicals were obtained from the Sigma Chemical Co.,
unless otherwise noted.
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Cell Culture

The MCEF-7 parental cell line was obtained from the
American Type Culture Collection, and were cultured as
described previously [20]. Cells were grown in T-75 culture
flasks and passed bi-weekly at an inoculation density of 2 X
10° cells/75-cm? flask. The cells were cultured in RPMI
1640 medium, supplemented with 10% Nu-serum (Collab-
orative Research), 10 mM HEPES (Organic Chemicals), 24
mM NaHCO;s, 0.1% (v/v) penicillin, 0.1% streptomycin,
and 0.1% L-glutamine (GIBCO), pH 7.4, at 37°. These
cells were maintained in a 5% CO, atmosphere at 37°.
Selection of MITOX- or DOX-resistant cell lines was
achieved as described previously [20]. Briefly, the parental
MCEF-7 cell line was exposed to either DOX or MITOX at
initial concentrations of 1 X 10~% M. Fresh drug was added
three times per week. As allowed by cell growth, the
concentration of each drug was slowly increased in a
multiple-step procedure, over a period of several months
(ca. 30 months to reach a maximum concentration of 4 X
1077 M, representing a 40-fold increase and full develop-
ment of the DOX-resistant variant). The MITOX-resistant
cell line was selected in a similar fashion by increasing the
MITOX concentration from 1 X 1075 M to 8 X 1078 M,
over a period of 6 months. These cell lines have been fully
characterized for growth characteristics, P-gp, chromosome
analysis, and drug influx/efflux [20]. These cells are chron-
ically cultured in media containing the highest indicated
concentration of their respective drug.

Fluorometric pH; Measurements

pH, was determined by the fluorescence of SNARF-1, as
described previously [22]. Briefly, cells were inoculated into
60-mm Petri dishes containing 9 X 22-mm cover slips at a
density of 2 X 10° cells/60-mm dish in their growing
medium, in the 5% CO, incubator for 48 hr. Two cover
slips (with attached cells) were then transferred to a 60-mm
Petri dish containing 7 WM SNARF-1(AM) in CPB, pH
7.15, and incubated for 30 min at 37°. The AM form of
SNARE-1 is lipophilic and cell-permeant. Cytosolic ester-
ases hydrolyze SNARF-1(AM), trapping the impermeant
free acid form of the dye in the cytosol. Following this
incubation, the cover slips were transferred to a 60-mm
Petri dish containing CPB without dyes and incubated in a
5% CQO, atmosphere for 30 min, to allow for complete ester
hydrolysis of the dyes. The two cover slips were then placed
back-to-back in a holder and put in a quartz cuvette in the
spectrofluorometer, which is equipped with a flow-through
device for sample perfusion. The cover slips were perfused
continuously at 3 mL/min. Sample temperature was main-
tained by keeping both the water jacket and the perfusion
medium at 37° using a circulating water bath (Lauda model
RM 20, Brinkmann Instruments).

All fluorescence measurements were performed in an
SLM8000C fluorometer (SLM) using 4-nm bandpass slits
and an external rhodamine standard as a reference. Data
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TABLE 1. In vitro and in situ calibration parameters for fluorescent dyes

pKa min Rmax sz/SbZ

SNARF

In vitro 7.61 = 0.08 0.46 = 0.01 3.63 = 0.35 0.82 = 0.06

MCE-7/S 7.83 £0.10 0.45 = 0.01 2.50 = 0.27 0.82 = 0.06

MCEF-7/DOX 7.60 + 0.08 0.49 = 0.01 2.08 =0.17 0.89 = 0.05

MCE-7/MITOX 7.68 = 0.16 0.44 = 0.01 2.13 £0.16 0.92 = 0.05
Coumarin-dextran

In vitro 6.70 = 0.02 0.010 = 0.002 6.05 = 0.02

Valure are means * SD from calibrations performed using at least 15 different pH values.

were collected in a continuous acquisition mode in which
the excitation and emission modes were alternated as
follows: excitation at 534 nm with acquisitions of the
emissions at 584, 600, and 644 nm (SNARF-1 conditions).
The duration of this cycle was 0.109 min, and it was
repeated as often as necessary. Fluorescence data were
translated to ASCII format for manipulation and analysis.
Ratio values obtained were converted to pH; by the
following equation:

pH = pK, + 1og(Sp/Sy) + log[ (R = Ryyio)/(Ryas = R)] 0

where R, ;, and R, represent the 644/584 ratios of the
fully protonated and fully deprotonated SNARF-1, respec-
tively. Sy, and S, are the fluorescence values at 584 nm for
the deprotonated and protonated forms of the dye, respec-
tively. These are used to correct for the ion sensitivity of
the denominator wavelength [22].

Measurement of Endosomal/Lysosomal and Cytosolic pH
by Fluorescence

Endosomal/lysosomal and cytosolic pH were measured si-
multaneously using the fluorescence of 7-hydroxycoumarin
conjugated to 70-kDa dextran (coumarin-dextran) and
SNAREF-1, respectively. Cultures on coverslips were incu-
bated with 0.05 mg/mL of coumarin-dextran for 2-3 hr,
which loads both the endosomal and lysosomal compart-
ments to steady state. Then cells were loaded with 0.007
mM SNARF-1(AM) (wvide supra) for 30 min, followed by 30
min in dye-free buffer to complete ester hydrolysis at 37°.
Under these loading conditions, the coumarin-dextran is
localized to the endosomes and lysosomes (the E-L com-
partment) and the de-esterified SNARF-1 is localized to
the cytosol [17].

Fluorescence measurements were carried out as above,
except that data were collected by sequential acquisition at
excitation wavelengths of 352, 370, and 402 nm at an
emission wavelength of 448 nm (coumarin-dextran condi-
tions), followed by excitation at 534 nm, collected at
emissions of 584, 600, and 644 nm (SNARF-1 conditions).
Cycles were repeated every 13.3 sec. For coumarin-dextran,
the ratio of fluorescence at excitations of 352 and 402 nm

is pH-sensitive, whereas fluorescence at 370 nm is not
(isoexcitation point). For SNARF-1, fluorescence at emis-
sions of 584 and 644 nm is pH-sensitive, whereas fluores-
cence at 600 nm is not (isoemissive point). The ratio values
were converted to pH values using standard calibration
curves. These conditions were also used to monitor the
release of dye (see below). pH recovery rates following an
ammonium prepulse were measured as the slope (dpH/dt)
between 5 and 8 min following the switch to NH,Cl-free
buffer. This time was chosen to represent the initial phase
of pH recovery at a time after all ammonium has left the
system. pH, values during this recovery measurement period
were consistently between 6.8 and 7.0.

In Situ Calibration of Ion Indicators

We have shown previously that the in situ calibration
parameters of pH indicators may vary from cell type to cell
type, and therefore accurate calibrations are needed to
assign pH wvalues in situ [22, 24]. The calibration of
SNARF-1 was performed as described previously [17].
Briefly, attached (SNARF-1 loaded) cells were perfused
with their corresponding high K™ buffer plus a 6.8 uM
concentration of the K¥/H™ ionophore nigericin and 2 M
valinomycin, which elicits equilibration of cytosolic and
extracellular pH, i.e. pH, of the cells is equal to pH.. For
these experiments, pH, was varied from pH 6.0 to 8.0.
From these in situ calibration curves one can obtain R
values at each pH,, studied. Equation (1) was then solved
iteratively using nonlinear least-squares analysis
(MINSQ, MicroMath Scientific Software), yielding val-
ues of R, .., Ry and pK, for the dye. In vitro and in situ
calibration curves yielded the parameters shown in Table 1.
pH, was estimated from in witro calibration curves and not
from in situ calibration parameters due to the uncertainty
of equilibration of extracellular K* with the lysosomal/
endosomal compartments. In witro pH values used for
calibration were obtained with a Beckman model 71 pH
meter, using a Corning glass combination electrode. The
electrode was calibrated at two known temperature-con-

trolled pH values, using commercially prepared standards
from VWR Scientific.
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Measurement of Endosomal Turnover Rates
by Dye Release

To estimate endosomal turnover rates, cells on coverslips
were incubated with coumarin-dextran as above for 2 hr at
37°. Following this incubation, two coverslips were placed
back-to-back in the cuvette, and data were acquired at an
emission wavelength of 448 nm and excitation wavelengths
of 352, 370, and 402 nm. Then perfusion was begun with
CPB. The fluorescence at 370-nm excitation was taken to
represent dye concentration, since it is pH-insensitive. The
decline in 370-nm fluorescence followed a double exponen-
tial curve, with the initial decay from washing adventitial
dye off the surface of the cells, and the second component
representing release of dye from recycling endosomes. The
first component was complete within 5 min of perfusion.
Hence, the time-dependent decrease in fluorescence was fit
to a single exponential curve beginning 5 min after the start
of perfusion. These data were obtained from all three cell
lines, as well as from two negative controls: MCF-7/
MITOX cells at 4° and MCF-7/MITOX cells in the
presence of 0.05 mM Colcemid.

Immunocytochemistry

Cells were fixed in 4% filtered paraformaldehyde, and
unreacted fixative was quenched with 25 mM glycine.
Then the cells were permeabilized with 0.05% saponin for
15 min. Next the cells were incubated with a 1:10,000
dilution of Mab FI3.2, which recognizes subunit B of the
human V-type H*-ATPase [25]. This antibody was a gift
from M. Forgac, Tufts University. After staining with
primary antibody for 45 min, cells were washed, and then
incubated with fluorescein-conjugated anti-mouse antibody
for an additional 45 min. After washing, the coverslips were
mounted on microscope slides with p-phenylenediamine
dissolved in glycerol, and sealed. Images were obtained on
an Olympus IMT-2 epifluorescence microscope equipped
with achromatic lenses and a liquid-cooled Photometrics
CCD camera with a Tektronics (TEK-512) 512 X 512
pixel chip. Images were captured using Photometrics PMIS
imaging software running on a 80486 computer with 32 Mb
RAM. Image processing was performed using a Silicon
Graphics Personal IRIS for image and graphics analysis and
Silicon Graphics IRIS INDIGO 3000xs for computation.
To image in three dimensions, the cell image was aligned in
the camera field, and the image was viewed through
emission filters selected for the fluorophores of interest. A
computer controlled the microscope focus and the shutter
of a camera. A magnetic eddy current position sensor
provided precise information to the computer regarding the
relative position of the objective from the sample. A series
of images were collected at planes of focus minimally spaced
0.25 pm apart. Images from different focal planes through
the cell were deconvolved in three dimensions using a
point-spread function to provide information regarding
each object in all planes of focus [26].
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FIG. 1. Steady-state pH; in MCF-7/S, MCF-7/MITOX, and
MCEF-7/DOX cell lines, in the presence and absence of HCO; ™.
Cells were grown onto cover slips for 72 hr before experiments.
Thereafter, two cover slips containing cells (at subconfluence)
were loaded with SNARF-1 and prepared for fluorescence
experiments as described in Materials and Methods. Subse-
quently, two cover slips were placed (back-to-back) into a
holder/perfusion device as described previously [22]. Cells were
perfused continuously with CPB at a rate of 3 mL/min, and
steady-state pH, was measured. Data represent the means = SD
of nine independent measurements.

DOX Localization by Confocal Microscopy

MCE-7 cells exposed to DOX were visualized using a Zeiss
model 210 confocal microscope equipped with a HeNe
laser. Cells were seeded onto sterile glass coverslips at a
density of 1 X 10° cells/coverslip and allowed to attach
overnight prior to drug exposure. The coverslips were then
placed into a modified Dvorak-Stotler controlled-environ-
ment culture chamber (Nicholson Precision Instruments,
Inc.) maintained at 37° and exposed to 1 wM doxorubicin
for 30 min.

RESULTS
Steady-State pH;, Bicarbonate Transport, and Sodium-
Proton Exchange

The pH, values of drug-sensitive (MCF-7/S) and drug-
resistant (MCF-7/MITOX, MCF-7/DOX) human breast
carcinoma cell lines were determined under conditions
where the HCO; -based transporting mechanisms are
either inactive (absence of HCO; ™) or active (presence of
HCO; 7). Cells were perfused in the cuvette at a rate of 3
mL/min with CPB in the presence or absence of HCO; ™ at
a pH, of 7.15. This pH, was used because it best approxi-
mates the pH, experienced in vivo [23]. As shown in Fig. 1,
the steady-state pH; of all three cell lines was higher in the
absence of HCO; ™. Furthermore, the differences in steady-
state pH; between the three cell lines were not significant,
either in the presence or absence of HCO; . Therefore,



Plasmalemmal V-H"-ATPases in MDR Cells

7.6 - +HCO,

o

A B
6.8 —

5 min

+HCO,

1041

+HCO;,

FIG. 2. Effect of HCO;™ on pH, in MCF-7/S (A), MCF-7/MITOX (B), and MCF-7/DOX (C) cell lines. Cells were handled as
described for Fig. 1. Perfusion was begun with HCO; ~-free CPB. At the time indicated (arrow), the perfusate was exchanged for CPB
containing HCO; ™. Data are representative of five independent experiments for each cell line.

differences in steady-state pH; cannot explain the differ-
ences in drug-sensitivity exhibited by these cell lines.
Although HCO;™ did not affect the pH; significantly, it is
still possible that HCO; ™ -based H™ transporting mecha-
nisms participate in pH; regulation in these cell types [27,
28].

The activity of HCO;™ transporting mechanisms vis-
a-vis the MDR phenotype was then examined. Figure 2
shows that addition of HCO;~ to HCO; ™ -depleted cells
uniformly resulted in a rapid decrease in pH, of ca. 0.2 pH
units in all cell types. The magnitude of this decrease was
not different among the three cell lines (cf. Fig. 2, A, B, and
C). These data indicate that all three of these cell lines
express comparable levels of a HCO; /Cl™ exchanger of
the AE family that works to acidify the cytosol. This was
confirmed by monitoring the rate of pH, recovery from an
NH,Cl-induced acid load in the presence and absence of
HCO;™ [13]. As shown in Fig. 3, the rate of pH, recovery
after an acid load was similar in all three cell lines, whether
or not HCO;~ was present (solid lines) or absent (dotted
lines). In the absence of HCO; ™, the predominant pH-
regulatory mechanism was presumed to be Na*/H" ex-
change (NHE-1). As shown in these figures, the rate of
recovery in the presence of HCO;™ was much greater,
compared with its absence, indicating that AE is much
more active in these cell lines, compared with NHE-1.
Results from a number of similar experiments are presented
in Table 2, and indicate that neither NHE activity nor AE
activity was associated with the MDR phenotype.

Vacuolar (V)-type HT-ATPase Activity at the Plasma
Membrane of Drug-Resistant Cell Lines

Neither Na*/H™ exchange nor HCO; ™ -based transporting
mechanisms are related to MDR in this system. A third type
of pH-regulatory activity has been observed in some tumor
cells, viz. plasmalemmal vacuolar-type H*-ATPase (pmV-
ATPase) activity. To measure pmV-ATPase activity, acid
loading experiments were performed in the absence of both
HCO;™ and Na™ to inactivate both AE and NHE. Acid
loads were given at a pH, of 8.0 in order to prevent the

nadir of pH; following NH,Cl washout from going below
6.8, where pmV-ATPase activities are reduced [17]. As
shown in Fig. 4A, under these conditions MCF-7/S cells did

8.0
76
-
S 72
6.8 ~: C
—
5 min

FIG. 3. Effect of NH,Cl on pH; in the absence and presence of
HCO,~. MCF-7/S (A), MCF-7/MITOX (B), and MCF-7/DOX
(C) cells were handled as described in the legend to Fig. 1. Cells
were perfused with CPB in the absence (dotted lines) or
presence (solid lines) of HCO;~. After 3 min, perfusate was
exchanged for one containing NH,Cl in normal or HCO; " -free
CPB, respectively. Five minutes later, perfusate was exchanged
back to the original CPB (NH,Cl-free). Data are representative
of six independent experiments for each cell line.
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TABLE 2. Summary of results: Rates of pH; recovery

dpH/dt (1072 pH unit/min)

Condition MCEF-7/S MCE-7/DOX MCE-7/MITOX
HCOj -free + Na* 6.65 = 2.1 (6) 8.6 = 2.9 (6) 10.7 = 4.8 (6)
HCO3 + Na* 25.1 = 7.3 (6) 26.5 = 5.1 (6) 28.5 = 6.8 (6)
HCO3 & Na*-free 2.45 + 3.3 (9) 274 +9.4(9) 24.1 = 7.8(9)
+ Bafilomycin A, 1 uM NA —-28*14(3) —53*3.6(4)
+ NBD-CI 50 pM NA 7.7+ 25(6) —10.3 = 4.5 (6)

Values are means = SEM of the number of experiments indicated in parentheses. dpH/dt was obtained from a plot of dpH versus

time between 5 and 8 min following removal of 10 mM NH,CI.

NA = not applicable

not recover from NH,Cl-induced acid loads, whereas the
drug-resistant cell lines MCF-7/MITOX and MCEF-7/DOX
did. As explained in Materials and Methods, pH, recovery
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FIG. 4. (A) pH, recovery in the absence of Na* and HCO; ™.
MCEF-7/S, MCF-7/MITOX, and MCF-7/DOX cells were han-
dled as described in the legend of Fig. 1. Cells were perfused for
3 min with HCO; -free CPB at pH, = 8.0. Thereafter,
perfusate was exchanged for CPB supplemented with 10 mM
NH,CI, and continuously perfused for 5 min. At the end of this
period of time, perfusate was exchanged for HCO;™- and
Na*-free CPB. (B) Effect of bafilomycin A, on pH, recovery.
Cells were handled as described in (A), except that the buffers
contained 1 pM bafilomycin A, from beginning to end of the
experiment. (C) Effect of NBD-CI on pH; recovery. Cells were
handled as described in (B), except that 50 pM NBD-CI was
used instead of bafilomycin A,.

rates in experiments such as the ones shown in Fig. 4A were
measured as the slope (dpH/dt) between 5 and 8 minutes
following the switch to NH,Cl-free buffer. From a number
of experiments similar to those shown in Fig. 4A, we have
estimated that the rates of pH, recovery are slightly faster in
MCE-7/DOX than in MCE-7/MITOX cells, yet these dif-
ferences were not significant (Table 2). The pH, recovery
was mediated via V-H"-ATPase, since it was inhibited by
bafilomycin A; and NBD-CI (panels B and C of Fig. 4,
Table 2). These observations indicate that pmV-ATPase
activity is functionally expressed in both P-gp-positive and
P-gp-negative drug-resistant cell lines, and not in the
drug-sensitive cell line.

Steady-State pH, in Drug-Sensitive and Drug-Resistant
Cell Lines

The presence of plasmalemmal V-H*-ATPase at the
plasma membranes in MDR cells, but not in sensitive cells,
might be due to overexpression of V-H"-ATPases and/or
mistargeting. Previous studies by Ma and Center [19] have
shown that the C-subunit of V-H"-ATPase is overex-
pressed in human leukemia cells expressing the MDR
phenotype. If V-ATPase were overexpressed, it might alter
the steady-state pH of the endosomes or lysosomes (pH.,).
Fig. 5B shows that the steady-state pH, was not different
between sensitive and resistant cell lines. Moreover, Fig.
5A shows that addition of NH,Cl did not affect the
endosomal/lysosomal compartment, suggesting that the
H* -buffering capacities in these entities are extremely
high. Previous studies have shown that the “active” H™-
buffering capacity in endosomes/lysosomes is cell-type de-
pendent and can be as high as 2.75 M H*/pH unit [17].
These data suggest that neither the pH, nor the H'-
buffering capacity of the endosomal/lysosomal compart-
ments can explain the MDR phenotype.
Immunocytochemistry using monoclonal or polyclonal
antibodies against the “B” subunit of V-ATPase has failed
to show localization of V-ATPase at the plasma membrane,
although numerous intracellular structures are labeled (e.g.
Fig. 6). These data were obtained regardless of how the cells
were prepared on coverslips (i.e. with fibronectin, with
serum, at low or high density). These data are also consis-
tent with those obtained from metastatic C8161 melanoma
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FIG. 5. (A) Effect of NH,ClI on endosomal/lysosomal pH (pH,)
and cytosolic pH (pH,) in MCF-7/S cells. Cells were co-loaded
with SNARF-1 and coumarin-dextran, as described in Materials
and Methods. Coverslips containing cells were transferred to the
fluorometer cuvette, and perfusion was begun with HCO; ™ -free
CPB, at a pH, of 7.15. At the time indicated, perfusate was
exchanged for one containing 10 mM NH,CI. Data are repre-
sentative of six experiments. (B) Steady-state pH,. MCF-7/S,
MCF-7MITOX, and MCF-7/DOX cells were co-loaded with
SNAREF-1 and coumarin-dextran, and their pH; and pH, were
monitored as in (A). Steady-state pH, was measured during the
first 6 min of the experiment. Data represent the means * SD of
six independent experiments.

cells (unpublished observations), and they indicate that
V-ATPase is not statically resident at the plasma mem-
brane. Thus, the measured V-ATPase activity (i.e. H*
extrusion in the absence of Na™ and HCO; ™) might result
from the dynamic exocytosis of acidic vesicles and not the
static residence of V-ATPase pumps at the cell surface.

Endosomal Turnover in Drug-Sensitive and Drug-
Resistant Cells

Endosomal turnover was investigated by monitoring the
release of endosomally trapped coumarin-dextran. Couma-
rin-dextran has an acidic pK,, two pH-sensitive wave-
lengths (352 and 402 nm), and a pH-insensitive isoexcita-
tion wavelength (370 nm). In these experiments, cells on
coverslips were allowed to endocytose coumarin-dextran for
2-3 hr, after which they were placed in the cuvette and
perfused with CPB while monitoring fluorescence at pH-
sensitive and -insensitive wavelengths. Figure 7A illustrates
the fluorescence at all three wavelengths prior to and
during perfusion of MCF-7 cells loaded with coumarin-
dextran. As shown in this figure, there was a dramatic drop
in fluorescence in all three wavelengths within 1 min of the
beginning of perfusions (arrow). Following this initial drop,
the fluorescence at the isoemissive wavelength (370 nm)
declined slowly, whereas the fluorescence intensities of the
other wavelengths changed more rapidly, indicating that
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FIG. 6. Immunocytochemistry of MCF-7/DOX cells labeled
with V-ATPase antibody. MCF-7/DOX cells were grown on
coverslips, fixed and stained with monoclonal antibody F13.2,
which recognizes the “B” subunit of V-ATPase. This figure is
representative of dozens of experiments under a variety of
conditions, varying serum, growth status, fibronectin, and pH.
MCEF-7/MITOX and MCF-7/S cells showed similar staining

patterns.

the pH of the environment of the dye was changing with
kinetics distinct from the drop in dye concentration. The
rate of decline in isoemissive fluorescence at 370 nm 10
min after the start of perfusion was taken to represent the
rate at which dye is exocytosed from the endosomal/
lysosomal store. This interpretation is supported by the
observation that dye release was inhibited by low temper-
ature (4°) and by 0.05 to 0.1 uM Colcemid (T and C,
respectively, in Fig. 7C). Dye was released more rapidly
from the drug-resistant cells. This is shown in Fig. 7B,
which plots the fluorescence as a function of time in
MITOX-resistant and -sensitive cells. The compiled data
are shown in Fig. 7C, which shows a significantly (P <
0.005) higher rate of dye leakage from MITOX- (M) and
DOX- (D) resistant cells compared with the parental
drug-sensitive (S) cells.

DOX Sequestration in Vesicles in Drug-Resistant Cells

DOX is endogenously fluorescent. When this drug was
incubated with MCF-7/DOX or MCF-7/MITOX cells, it
was excluded from the nucleus and sequestered in cytoplas-
mic vesicles (e.g. Fig. 8). This pattern persisted for approx-
imately 1 hr, after which time, drug was expelled com-
pletely from the cells. This is in contrast to the pattern
observed in MCF-7/S cells, which stained uniformly
throughout the cytoplasm and the nucleus (data not
shown). In toto, these observations prompt the hypothesis
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that weakly basic chemotherapeutic drugs are sequestered
in a recycling acidic vesicle compartment and thus are
removed rapidly from the cytosol. The implications of this
are investigated in the companion manuscript [4].

DISCUSSION
Steady-State pH; in MDR and Sensitive Cells

It has been suggested that reduced intracellular accumula-
tion of drugs could be due to alkaline-inside pH gradients.

R. Martinez-Zaguilan et al.

FIG. 7. (A) Fluorescence of coumarin-dextran during fluoro-
phore-free perfusion. MCF-7/DOX cells were loaded for 2 hr
with coumarin-dextran as described in Materials and Methods,
after which time they were placed in a fluorometer cuvette, and
fluorescence was monitored sequentially at excitation wave-
lengths of 352, 370, and 402 nm. Perfusion with fluorophore-
free CPB was begun at 90 sec (arrow). Note that data are plotted
semi-logarithmically and that fluorescence values at all three
wavelengths decreased to different degrees. (B) Exocytosis in
MCEF-7/S and MCF-7/MITOX cells. Data were obtained as in
(A) from MCF-7/S and MCF-7/MITOX cells. Time = O was set
to 10 min after the beginning of perfusion, and all subsequent
fluorescence values (F) were normalized to the value at this time
(Fy). Dots indicate raw data, and lines represent the fitted
first-order exponential slopes. (C) Leak rate. Data were obtained
as in (A) from MCF-7/sec(S), MCF-7/MITOX (M), and MCF-
7/DOX (D) cells, as well as from MCF-7/MITOX cells perfused
with CPB at 4° (T) or in the presence of 50 pM Colcemid (C).
Data (means = SD) were from a minimum of three (T, C) and
a maximum of 18 (S, M, D) independent measurements per
condition. Leak rate is expressed as percent per minute, deter-
mined from time constants of first-order exponential fits to data
as in (B). For S, P < 0.005 relative to all others (*). For M and
D, P < 0.001 relative to negative controls (T, C), and P <
0.005 relative to S (**).

For example, the pH; of Chinese hamster ovary (CHO)
cells resistant to colchicine (CHRCS cells) and that of
Chinese hamster lung (CHL) cells resistant to actinomycin

FIG. 8. DOX localization by confocal microscopy. Intracellular
distribution of DOX in MCF-7/DOX cells incubated in the
presence of 1 pM DOX for 30 min at 37° (see text for details).
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D (DC3F-ADX) is approximately 0.15 pH units higher
than their parental (i.e. drug-sensitive) cell lines [9]. A
trend of higher pH; with increasing degrees of MDR also
has been shown in a series of human lung tumor cell lines
[10] and breast cancer cells [29]. Moreover, Roepe [30] has
also shown that increased steady-state levels of chemother-
apeutic drug efflux from MDR myeloma cells were corre-
lated with intracellular alkalinization. In the same cell lines
as in the current study, we have observed that the pH
gradient in vivo is larger for the drug-resistant lines com-
pared with the drug-sensitive lines, only at large tumor
volumes [23]. Consistent with this, data from the current
study indicate that, at a pH, of 7.15, there were no
significant differences in steady-state pH, between drug-
sensitive (MCF-7/S) and drug-resistant (MCF-7/DOX or
MCE-7/MITOX) cell lines, regardless of the presence or
absence of HCO; ™ (Fig. 1). Similarly, a lack of correlation
between MDR and pH; has been shown in MCF-7/S and
Adriamycin-resistant MCF-7 cell lines [6] and in a series of
sensitive and MDR human lung carcinoma cells [7]. More-
over, neither human HeLa-Pur® cells resistant to puromy-
cin nor KB-CI human cells resistant to colchicine exhibit a
higher pH; when compared with their sensitive parental
cell lines [9]. Furthermore, Altenberg et al. [8] have shown
that acute changes in intra- or extracellular pH do not
affect P-gp-dependent drug efflux in MDR cell lines.
Therefore, MDR can occur in cells with low, normal, or
high pH,. The reasons for these apparent discrepancies are
unclear. It is unlikely that the lack or presence of correla-
tion of MDR with pH; is due to different experimental
conditions but rather to the existence of multiple mecha-
nisms of MDR. For example, Soto et al. [11] have found
that P-gp-overexpressing murine leukemia cell lines do not
have elevated pH;, whereas P-gp negative drug-resistant
cells have elevated pH; compared with the parental drug-
sensitive L1210 cell line. These data suggest that both
elevated pH; and P-gp can contribute to drug resistance in
these cell lines. In the present study, we found no differ-
ences in steady-state pH; between cells that express P-gp
(MCF-7/DOX) and cells that do not (MCF-7/MITOX and
MCE-7/S). This is in contrast to Roepe et al. [12], who
observed a decrease in AE activity (and elevated pH;) with
increased P-gp transfection copy number. Differences in the
activity of NHE or AE are unlikely to be related to drug
resistance in the current system. Differences in NHE
activity are unlikely to be involved in the MDR phenotype
since, in the presence of Na* and in the absence of
HCO;™, both the steady-state pH; and the rates of pH;
recovery from acid loads were similar between drug-resis-
tant (MCF-7/DOX and MCF-7/MITOX) and drug-sensi-
tive (MCEF-7/S) cell lines (Figs. 2 and 3). Previous studies
have suggested that the differences in steady-state pH,
observed in some MDR cells could be explained by differ-
ences in the activity of NHE, since pH; recovery was
suppressed by amiloride [9]. However, those experiments
were performed using the pH indicator BCECF, whose
fluorescence is quenched by amiloride [27]. Thus, it is
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possible that the suppression of the pH; recovery upon
amiloride treatment was artifactual. This suggestion is
further supported by the observation that amiloride does
not reverse MDR [9]. Furthermore, the magnitude of the
pH, decrease induced by amiloride does not correlate with
the degree of reversal of the MDR phenotype in a series of
colon carcinoma cells with various degrees of MDR but low
P-gp expression [31]. Although the mRNA encoding hu-
man NHE is overexpressed in MDR cells, the level of
overexpression does not correlate with the relative drug
resistance or steady-state pH; [12].

V-type H"-ATPase Activity in Drug-Resistant Cells

Two of the main pH; regulatory mechanisms (Na*/H™"
exchange and HCO; -based H™-transporting mecha-
nisms) are not different among the MCF-7/S, MCF-7/
MITOX, and MCF-7/DOX cell lines. However, the drug-
resistant cells express V-H*-ATPase activity in their
plasma membranes, whereas the sensitive cells do not.
Previous studies have shown that the subunit C of the
V-ATPase is overexpressed in HL60 cells resistant to DOX
or vincristine [19]. Similar to the current system, one of the
resistant lines (HL60/Vinc) exhibits high levels of P-gp,
whereas the other (HL60/Adr) does not [18].

MDR and Intracellular Compartments

The current study showed a lack of staining for V-ATPase
at the plasma membrane in all cell lines (Fig. 6, for
example) and a higher rate of exocytosis in the cell lines
exhibiting pmV-ATPase activity (Fig. 7, panels A-C).
These observations suggest a role for rapid endomembrane
recycling in drug-resistance. This is addressed theoretically
in the companion manuscript [4]. Additionally, there is
much evidence in the literature to suggest a role of
intracellular compartments in resistance to chemothera-
peutic drugs. Many anticancer drugs are weak bases or
molecules whose binding to cellular structures is pH depen-
dent (e.g. MITOX and DOX have pK,, values of 7.5 and 8.3,
respectively). Accumulation of these drugs within cells thus
will be affected by transmembrane pH gradients. Thus, if
the endosomal/lysosomal pH (pH,) were more acidic (e.g.
by overexpression of V-H"-ATPases), it would tend to
enhance the accumulation of drugs in any of these com-
partments and reduce drug accumulation in the cytosol or
nucleus. This does not seem to be the case in the present
system, since the pH, was not different between drug-
sensitive and drug resistant cell lines (Fig. 5). Nevertheless,
DOX and daunomycin rapidly accumulate within acidic
compartments, and accumulation can be stimulated by
raising pH; [32]. Thus, the current data suggest that acidic
vesicles accumulate drugs and are recycled rapidly, resulting
in extrusion of drugs and H" from the cells. Hence, the
apparent activity of V-ATPase at the plasma membrane is
an epiphenomenon of rapid endomembrane recycling.
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