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ABSTRACT: Multidrug resistance (MDR) driven by active efflux
of drugs from the cells is one of the major obstacles in chemothera-
pies. Understanding the nature of MDR and designing more
efficient chemotherapies requires the comparison of the efflux rate
between different subpopulations of cells. Here we propose a single-
cell-kinetics approach for such a comparison. In essence, the entire
cell population is loaded with a suitable fluorescent substrate for
MDR-associated membrane transporters. The kinetics of substrate
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efflux from individual cells is followed by time-lapse fluorescence microscopy and analyzed at the single-cell level. Microscopy is also
used to assign cells to different subpopulations based on differences in morphology or level of staining by molecular probes. The
kinetic parameters obtained for individual cells are then averaged for different cell subpopulations and the mean values of these
parameters are finally compared between subpopulations. To test our single-cell-kinetics approach, we studied MDR-related efflux
for two subpopulations of cultured breast cancer cells: cells in 2N and 4N phases of the cell cycle. The assignment of cells to 2N and
4N subpopulations was done by fluorescent DNA staining after the completion of efflux. By using the single-cell-kinetics approach,
we were able to prove for the first time that the rates of MDR-related efflux differ in 2N and 4N phases of the cell cycle. We foresee
that this approach will be an important tool in studies of MDR and in designing combination chemotherapies.

Multidrug resistance (MDR) due to active drug efflux from
cells is arguably the major cause for failing chemothera-
peutic treatments of cancer.’ The MDR-associated drug efflux is
driven by a superfamily of ATP-binding cassette (ABC) plasma
membrane transporters.2 Heterogeneous tissues may contain
subpopulations of cells with different rates of efflux; the sub-
populations with higher rates may survive chemotherapy and
establish a chemotherapy-resistant tumor.> Understanding the
nature of MDR and designing more efficient chemotherapies
thus requires the comparison of the efflux rate between different
subpopulations of cells. Such comparative studies have been
hampered by the limitations in the technological approaches
used for kinetic analyses of MDR-associated efflux. Up until now,
efflux kinetics have only been studied using a population
approach, in which a single kinetic trace is measured for the
entire cell population and the kinetic parameters are obtained
from this trace.* The population-based kinetic approach has,
however, been shown to produce significant errors in the kinetic
parameters.’ To solve this problem and facilitate the comparison
of efflux kinetics between subpopulations, we propose a single-
cell-kinetics approach based, in its proof-of-principle realization,
on time-lapse fluorescence microscopy (Figure 1). Conceptually,
microscopy is first used to assign cells to specific subpopulations
based on either their morphological properties or on levels of
staining with specific molecular probes. The cells are then loaded
with a fluorescent substrate suitable for the ABC transporters
expressed in the studied cell type. The efflux of the substrate is

initiated by replacing the substrate-containing media with a
substrate-free media and is monitored using time-lapse fluor-
escence microscopy. Fluorescence intensity from single cells is
measured as a function of time and kinetic traces of “fluores-
cence vs time” are plotted for individual cells. Kinetic para-
meters characterizing the rate of efflux are determined for
individual cells. The kinetic parameters are averaged for cells
of the same subpopulation and the mean parameter values and
distributions are compared between the subpopulations. Note
that the assignment of the cells to a subpopulation can be
performed after measuring the efflux kinetics, as was done in
this work.

To test the single-cell-kinetics approach, we compared MDR-
associated membrane transport in the 2N and 4N subpopula-
tions of breast cancer cells (MCF 7 cell line). A cell normally has
two sets of chromosomes (2N) but when it progresses through
the cell cycle it replicates its DNA and before dividing into two
daughter cells it has 4 sets of chromosomes (4N). It has
previously been reported that 4N cells have a greater level of
ABC transporter expression than the 2N cells,’ but the MDR-
associated membrane transport rates have never been measured
for 2N and 4N cell subpopulations. Measuring such rates was our

goal.
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Figure 1. Schematic illustration of single-cell-kinetics approach for
comparing MDR-associated membrane transport in subpopulations of
cells. See text for details.
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Figure 2. Results of the combined analysis of fluorescein efflux (A) and
cell-cycle position determination (B). Fluorescein efflux is shown for 3
representative cells out of a total of 539 cells analyzed for kinetics. The
DNA-content histogram is shown for cells (146) on a single plate.

The first task was to choose a suitable fluorescent substrate for
monitoring the MDR-associated efflux. MCF-7 cells and other
breast cancer cells have been reported to have ABC transporters
of the multidrug-resistance related protein (MRP) family.” MRP
transporters can pump out fluorescein and this transport can be
inhibited by glyburide.® On the other hand, these transporters do
not pump out rthodamine and mithoxantrone in an inhibitor-
dependent fashion. We tested three different fluorescent sub-
strate/inhibitor pairs, which are specific for three families of ABC
transporters: fluorescein/glyburide, rhodamine 123/cyclospor-
ine, and mithoxantrone/cyclosporine A.” A flow-cytometry study
showed that only fluorescein was accumulated by cells in an
inhibitor-dependent fashion (Figure S1 in the Supporting In-
formation). We thus confirmed that our cell line had a MRP
family of transporters'® and that fluorescein was the right
substrate for these cells.

The next task was to adapt our general approach for the
individual cell, depicted in Figure 1, toward the comparative
analysis of efflux kinetics in 2N and 4N cell subpopulations. 2N
and 4N cells were distinguished by fluorescently staining geno-
mic DNA with propidium iodide (PI), a DNA-intercalating dye
(PI fluorescence of 4N cells is approximately 2 times brighter
than that of 2N cells). DNA staining with PI required membrane
permeabilization which would make the efflux experiments
impossible afterward. Therefore, staining of cells with PI and
assignment of cells to 2N and 4N subpopulations were per-
formed after measuring the efflux kinetics. Cells with an inter-
mediate amount of DNA (the cells in the S phase of the cell
cycle) were disregarded. In addition, we tested the cells for
apoptosis and apoptotic cells were also not taken into considera-
tion. Fluorescein efflux measurements and the following cell
assignment to 2N and 4N subpopulations were performed with

the cell plate situated on the microscope stage. The manipula-
tions were carried out with care to ensure that cell positions did
not change and that single cells can be tracked throughout the
entire experiment.

Below we describe the result of our experiments that com-
bined measurements of efflux kinetics with determination of cell-
cycle position. Cell images were recorded in a time-lapse mode at
the wavelength of fluorescein fluorescence (520 nm) at an
interval of S min during a 1.5—2.5 h period (Figure S2A in the
Supporting Information). The cells were then stained with PI
and a cell image was recorded at the fluorescence emission
wavelength of PI (620 nm) (Figure S2B in the Supporting
Information). The images were then processed, and fluorescence
intensities originating from the intracellular volume of 757
individual cells grown on $ plates were quantified. The intensities
of fluorescein fluorescence were determined for every time point,
and kinetic traces of fluorescein efflux were constructed for
individual cells. Figure 2A shows representative traces for several
individual cells with a visible difference in the efflux rates. The
intensity of PI fluorescence was then determined for the same 757
cells. The cell cycle histograms had a typical bimodal shape with
the majority of cells being in the 2N phase and a smaller number
in the 4N phase of the cell cycle (see example in Figure 2B). After
this we could analyze the kinetics of fluorescein efflux for 2N and
4N cells. A smaller number of cells were in the intermediate
position, corresponding to the S phase of the cell cycle. These
cells were not analyzed due to their relatively small abundance
and difficulties in the unambiguous assignment to the S phase."'

The analysis of kinetic traces for individual cells revealed that
fluorescein efflux followed Michaelis—Menten kinetics typical
for enzymatic reactions. This result was not surprising. Mem-
brane transporters can function in a way similar to enzymes by
converting a substrate (intracellular fluorescein) into a product
(extracellular fluorescein) through the formation of an inter-
mediate transporter—substrate complex. In particular, Michae-
lis—Menten behavior of ABC transporters was previously
observed in cell population experiments.'> The efflux kinetics
of single cells could thus be characterized by two Michae-
lis—Menten parameters, the maximum enzyme velocity, V.
and the Michaelis—Menten constant, Ky These parameters
were determined for all 438 2N cells and 101 4N cells. Repre-
sentative results for cells on a single plate are shown in Figure 3 as
frequency histograms. The 4N cells had greater values of both
Vimax 2nd the Vi, to Ky ratio (Vie/Kar)- These results together
suggest that 4N cells have a greater activity (V,,,,) and efficiency
(Vimax/Kn) of MDR-associated fluorescein efflux than 2N cells.
Both improved catalytic properties and increased expression of
MDR transporters could contribute to the observed elevated rate
of efflux in 4N cells. The correlation between MDR activity and
cell cycle position has not been previously reported likely due to
limitations in the population approach used for such studies.

To test whether or not the correlation between the MDR
activity and the cell cycle position could be revealed with a
population-kinetics approach, we applied the population-kinetics
approach and processed the same data set of efflux kinetics. In
essence, the fluorescent signal was averaged for every cell
subpopulation (2N and 4N) for every time point and average
kinetic traces for 2N and 4N cells were built. The values of V.,
and V,,,./Ky were calculated for these two kinetic traces and
compared with the V... and V,,../Ky values obtained with the
single-cell-kinetics approach (Figure 4). The population-kinetics
approach also shows a greater rate of fluorescein efflux from 4N
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Figure 3. Distributions of V,,,.x and V,,.,/Ky for cells in 2N and 4N
subpopulations on a single plate (total of 159 2N cells and 70 4N cells).
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Figure 4. Kinetic parameters of MDR transport in 2N and 4N
subpopulations of cells obtained from the single-cell-kinetics and
population-kinetics approaches. In both cases, 438 2N calls and 101
4N cells were analyzed.

cells but the difference was below the statistically significant
level. These results prove that the single-cell-kinetics approach
is more sensitive for revealing the difference in MDR-asso-
ciated transporter activity compared to the population-kinetics
approach.

To conclude, we introduced a single-cell-kinetics approach to
compare MDR-associated membrane transport in cell subpopu-
lations. By using this approach, we were able to undoubtedly
demonstrate that the rate of MDR-associated transport in cancer
cells (MCF-7 breast cancer cell line) changes with cell progres-
sion through the cell cycle. This finding is important as cell-cycle
arresting agents are often used in combination chemotherapies
and understanding MDR dependence on the cell cycle can help
in choosing the most suitable cell-cycle arresting and/or cyto-
toxic agent. Therefore, our single-cell approach will be an
important tool in studies of MDR and in designing combination
chemotherapies. Moreover, our finding suggests that the single-
cell approach should be given preference over population-based
approaches when studying kinetics. In our view, cell handling in
microfluidic devices, which proved to be very reliable,"* can
significantly improve single-cell-kinetics measurements.
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1.2.

1.3.

1.4.

Supporting Materials and Methods

Chemicals and materials. The human breast cancer cell line MCF-7 was obtained from the
American Type Culture Collection (ATCC, Manassas, VA; ATCC # HTB-22). The cells were
maintained in the supplier-recommended media and supplements at 37°C in a humidified 5%
CO; environment and used within culturing period of shorter than 6 months. Fluorescent dyes
rhodamine 123, fluorescein, mithoxantrone, and propidium iodide (PI) were purchased from
Sigma-Aldrich (St. Louis, MO). All other reagents were from Sigma-Aldrich, Fluka AG (Buchs,
Switzerland), and BDH Chemicals Ltd. (Poole, England).

Measurement of accumulation of fluorescent MDR probes in cell populations by flow
cytometry. Cellular content of fluorescent MDR probes was measured by flow cytometry using a
BD FACSCanto Il flow cytometer (BD Biosciences, Franklin Lakes, NJ). Cell suspensions at
approximately 10° cells/mL were loaded with a probe (1-5 uM, 30-45 min, 37°C) in KRB buffer
containing 140 mM NaCl, 3 mM KCI, 10 mM Na;HPO4, 2 mM KH,PO,4 2 mM CaCl,, 1 mM
MgCl,, and 10 mM glucose. After being loaded with the probe, cells were gently spun down,
washed, re-suspended in fresh medium (containing 5 uM PI) and examined by flow cytometry
for probe accumulation using a standard argon-ion laser for excitation at 488-nm with a 530/30
nm band pass filter for the emission of rhodamine 123, calcein, and fluorescein and a 585/42
band pass filter for the emission of PI. To evaluate the accumulation of mitoxantrone, samples
were excited with a 635-nm red diode laser, and a 680/32 band pass filter was used to measure its

emission.

Measurement of accumulation and efflux of fluorescent MDR probe in single cells by
fluorescent imaging. Cell monolayers of approximately 50% confluence were loaded with 5 uM
fluorescein for 30 min at 37°C in the presence of 10 uM glyburide, washed free of extracellular
probe and MDR inhibitor, and placed in KRB buffer. The kinetics of fluorescein efflux were
monitored using a laser scanning confocal fluorescence microscope (Fluoview FV300, Olympus,
Japan), with argon-ion laser excitation at 488 nm and Omega filter set XF75 (Omega Optical,

Inc. Brattleboro, VVT) following an approach described elsewhere.*

Determination of cell viability and cell cycle phase. After completing the kinetic
measurements, cells were loaded with PI (10 uM, 10 min) to discriminate apoptotic cells from
live cells. Afterwards, treatment with the plasma membrane-specific surfactant, saponin (80
png/mL) and RNAase A (0.02 mg/mL) provided PI access to all nuclei and allowed for the

removal of cellular RNA. The fluorescent signal from Pl-stained cells was imaged with a green
S2



1.5.

1)

2)

3)

4)

5)

6)

Kr laser and Omega filter set XF35 (Omega Optical, Inc. Brattleboro, VT), quantified, and used
for the determination of (the) specific cell cycle phase. Cells intermediary to the 2N and 4N states
(S fraction) were excluded from consideration which is customary in imaging investigations of
cell cycle due to difficulties in their identification and innumerous populations.?® 2N and 4N
cells were analytically discriminated from the intermediate fraction using the half-maximum

height criterion.

Kinetic fitting and simulation methods. Experimental progress curves of fluorescein efflux
were fit, and the transport Kinetics were simulated using the integrated Michaelis-Menten

equation for a single-substrate irreversible reaction:
Vinaxt = ([S]y = [S]) + Ky In([S], / ([S], - [S])

where [S]o and [S] are the initial and current substrate concentrations, respectively.”®
Calculations were performed using KaleidaGraph (Synergy Software, Reading, PA) and Origin

(Microcal Software, Northampton, MA) software.
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3. Supporting Figures
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Figure S1. Selection of appropriate fluorescent substrate for studying MDR kinetics in MCF-7
cells. Cells were loaded with substrates specific for different families of ABC transporters in the
absence and presence of appropriate transport inhibitors: (i) rhodamine 123 with or without
cyclosporine A (-/+ inh) for the MDR family of transporters, (ii) fluorescein with or without glyburide
for the MRP family of transporters, (iii) mithoxantrone with or without cyclosporine A for BCRP

family of transporters.
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Figure S2. Representative images of fluorescein-loaded (A) and Pl-stained (B) cells. Images in
Panel A were taken with a 10-min interval, image in panel B was taken for the same cells after their

final treatment with PI.
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