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Abstract. A primary reason for chemotherapy failure is chemo‑
resistance, which is driven by various mechanisms. Multi‑drug 
resistance (MDR) is one such mechanism that is responsible 
for drug extrusion from the intracellular space. MDR can be 
intrinsic and thus, may pre‑exist the first application of chemo‑
therapy. However, MDR may also be acquired during tumor 
exposure to chemotherapeutic agents. To understand whether 
cell clustering can influence intrinsic and acquired MDR, 
the present study assessed cultured monolayers (representing 
individual cells) and spheroids (representing clusters) formed 
by cisplatin‑naïve (intrinsic MDR) and cisplatin‑exposed 
(acquired MDR) lines of ovarian cancer A2780 cells by deter‑
mining the cytometry of reaction rate constant (CRRC). MDR 
efflux was characterized using accurate and robust cell number 
vs. MDR efflux rate constant (kMDR) histograms. Both cispl‑
atin‑naïve and cisplatin‑exposed monolayer cells presented 
unimodal histograms; the histogram of cisplatin‑exposed cells 
was shifted towards a higher kMDR value suggesting greater 
MDR activity. Spheroids of cisplatin‑naïve cells presented a 
bimodal histogram indicating the presence of two subpopula‑
tions with different MDR activity. In contrast, spheroids of 

cisplatin‑exposed cells presented a unimodal histogram quali‑
tatively similar to that of the monolayers of cisplatin‑exposed 
cells but with a moderate shift towards greater MDR activity. 
A flow‑cytometry assessment of multidrug resistance‑associ‑
ated protein 1 transporter levels in monolayers and dissociated 
spheroids revealed distributions similar to those of kMDR, thus, 
suggesting a plausible molecular mechanism for the observed 
differences in MDR activity. The observed greater effect of 
cell clustering on intrinsic rather than in acquired MDR can 
help guide the development of new therapeutic strategies 
targeting clusters of circulating tumor cells.

Introduction

Chemoresistance (intrinsic and acquired) is the main reason 
for cancer chemotherapy failure and patients' death in the 
Western world (1). There are several cellular processes that 
contribute to both intrinsic and acquired chemoresistance (2). 
One of such processes is active extrusion of drugs from cells 
by ATP‑binding cassette transporters (ABC transporters), 
which are membrane proteins (3). This process has low drug 
specificity and is termed multi‑drug resistance (MDR). Here, 
we use the term MDR solely to describe the catalytic process 
of drug transport across the membrane (from inside to outside 
of the cell). Activity of MDR in tumor cells has been shown to 
correlate with clinical chemoresistance, and MDR is its likely 
driver (4).

A promising approach in cancer research is studying 
circulating tumor cells (CTCs). CTCs exist as individual cells 
or multicellular clusters that detach from the primary tumor, 
circulate in the bloodstream, and give rise to systemic metas‑
tases and tumor relapse (5). CTC clusters are reported to be 
more chemoresistant than individual CTCs (6), and the density 
of CTC clusters in blood was found to correlate with clinical 
features of cancer (7).

The presumed roles of MDR transport and CTC clusters 
in the development of chemoresistance logically lead to a 
question: Can cell clustering influence intrinsic and acquired 
MDR differently? To the best of our knowledge, this question 
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has never been addressed. Addressing this question requires a 
cytometry technique capable of accurately measuring MDR 
activity and applicable to both single cells and intact clusters. 
Classical cytometry techniques cannot be used for accurate 
measurements of MDR activity, making the above‑posed 
question difficult to approach experimentally. In contrast, 
cytometry of reaction rate constant (CRRC) can be used for 
this purpose. CRRC utilizes time‑lapse fluorescence micros‑
copy to measure a rate constant of a catalytic reaction in 
individual cells, thus, facilitating accurate frequency determi‑
nation for subpopulations of cells with distinct activities of this 
reaction (8). Time‑lapse fluorescence images are used to build 
kinetic traces of substrate conversion into a product. A reac‑
tion rate constant is then found for every cell using a known 
mechanism of the reaction. Finally, a CRRC histogram, which 
plots the number of cells versus the rate constant value, is used 
to accurately measure frequencies of cell subpopulations with 
distinct reaction activities (8).

When applied to MDR transport, CRRC is used to record 
kinetics of fluorescent substrate extrusion from cells (Fig. 1). 
The extrusion process is governed by the Michalis‑Menten 
mechanism, which is characterized by two parameters: The 
maximum velocity, Vmax, and the Michaelis constant, KM. A 
ratio between these parameters is a first order rate constant 
of MDR transport, kMDR=Vmax/KM, which can be easily deter‑
mined from time dependence of intracellular fluorescence 
intensity of an MDR substrate. CRRC histograms that plot the 
number of cells vs. kMDR ranges are robust towards variations 
in substrate concentration and observation time (8); therefore, 
such histograms facilitate accurate determining the sizes of 
cell subpopulations with different MDR activities (8).

The most straightforward application of CRRC is in 
2D  models, such as cells cultured as monolayers or cells 
obtained by disintegration of cell clusters (e.g. spheroids or 
tissue samples) and allowed to settle on a surface (9). However, 
if CRRC is based on confocal microscopy, it can also be 
applied to 3D models, i.e., intact cell clusters and spheroids 
in particular  (9). Specific features of CRRC‑based MDR 
studies in spheroids are described in detail elsewhere (9). Two 
important remarks should be made at this point. First, due to 
its transmembrane nature, the MDR process should be studied 
in small spheroids of ~100 µm in diameter. Small spheroids 
facilitate free MDR efflux from approximately 70%  of 
spheroid cells and also minimize intraspheroidal gradients 
of oxygen, pH, etc. (9,10). Second, since the first order rate 
constant is defined by the dynamics rather than the absolute 
values of fluorescence signal, the CRRC method is robust to 
variations in substrate level or signal attenuation potentially 
associated with cell clustering or uneven illumination.

Thus, CRRC is uniquely capable of accurately measuring 
MDR activity in both 2 and 3D models, making it suitable 
for addressing our question of how MDR activity of single 
cells differs from that of aggregated cells in i) drug‑naïve 
and ii) drug‑exposed tumor cells. In this study, drug‑naïve 
and drug‑exposed tumor cells were modeled by the parental 
and cisplatin‑resistant variants of the A2780 ovarian cancer 
(OC) cell line (A2780S and A2780CP, respectively) (11,12). 
Analytical advantages of A2780 cells include their inducible 
MDR capacity  (13), ability to form small compact spher‑
oids (14), and extensive use in the development of CRRC (8,9). 

From the clinical point of view, OC is especially prone 
to chemoresistance  (15), and these cells are viewed as an 
appropriate general model of OC, though not for its common 
high‑grade serous form (16). In addition, A2780 cells were 
previously used to mimic ovarian CTCs (17).

The A2780S cell subline is derived from a patient who was 
not exposed to chemotherapy, and, thus, this cisplatin‑naïve cell 
line represents intrinsic chemoresistance (18). The A2780CP 
cell subline is derived from the A2780S subline and has been 
cultured in the presence of cisplatin to develop resistance to this 
drug. Therefore, A2780CP cells represent OC cells that have 
developed acquired chemoresistance in response to cisplatin, 
a standard chemotherapeutic agent for first‑line OC treatment. 
Importantly, both cell lines can be grown as monolayers or as 
multicellular spheroids (14). Therefore, we can view cultured 
monolayers of A2780S and A2780CP cells as models of 
circulating single cells, while their cultured spheroids can be 
considered as models of CTC clusters. Comparison of CRRC 
histograms of a cell monolayer with that of cultured spheroids 
can then answer our question. It is important to emphasize that 
our study is limited to one cell line and one drug; answering 
our question for other cell lines (and drugs) will require further 
investigation.

Materials and methods

CRRC experimental techniques. Detailed description of 
experimental techniques of CRRC for cell monolayers and 
cells in intact spheroids, as well as cell source, can be found 
elsewhere (9); these techniques were followed exactly with no 
modification of the procedures.

Cell cultures. A2780S and A2780CP cell lines are per se 
sublines of A2780 cells which can be cultured in the same 
way. Briefly, the cells were cultured as monolayers at 37˚C 
in a humidified atmosphere of 5% CO2, in Dulbecco's modi‑
fied Eagle's medium (DMEM, containing 4.5 g/l glucose, 
1.5  g/l sodium bicarbonate, 1  mM sodium pyruvate, and 
4  mM L‑glutamine) and supplemented with fetal bovine 
serum [10% (vol/vol)], penicillin (100 IU) and streptomycin 
(100 µg/ml). Medium was produced by the American Type 
Culture Collection (ATCC, ATCC30‑2002) and was obtained 
from Cedarlane. The medium was replaced by fresh medium 
every 2 days. The culturing of small multicellular spheroids 
was based on the liquid overlay approach (19) adapted for 
ovarian cells (20). Briefly, 96‑well plates were treated with 
100 µl of 10% agarose per well to create a concave non‑adhe‑
sive surface. After the solidification of agarose, the wells were 
filled with 100 µl of cell suspension (5x103 cells/ml) in DMEM, 
and spheroids were allowed to form for 2‑3 days before their 
collection. For time‑lapse imaging, spheroids were placed onto 
coverslips and allowed to settle and attach to the surface for 
5 h (21).

Imaging. The imaging of MDR efflux was performed with a 
FV300 confocal cell imager (Olympus) in the time‑lapse mode 
for 120 min with single and multiple optical sections taken 
for monolayers and spheroids, respectively. Cells were loaded 
with a fluorescent MDR substrate (fluorescein) and allowed to 
extrude it. The kinetics of substrate extrusion was monitored 
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by measuring intracellular fluorescence intensity over time to 
determine kMDR for individual cells. To avoid the underestima‑
tion of MDR efflux due the MDR probe accumulation in the 
intercellular space, only outer spheroidal cells were taken into 
consideration. The small diameter of the spheroids used in 
this study (~100 µm) ensured that the outer cells constituted 
~70% of the spheroid cell population. This minimized the 
intra‑spheroid oxygen gradient and, thus, hypoxia with its 
potential effect on MDR. It was shown previously that the outer 
cells in such spheroids well represented the entire spheroidal 
cell population (9).

CRRC histograms. Kinetic cytometry histograms were plotted 
and peak maximum positions in these histograms were 
determined for the comparison of MDR activity (kMDR) in the 
monolayers and spheroids of A2780S and A2780CP cell lines.

Multidrug resistance‑associated protein 1 (MRP1) expres‑
sion assay. Expression levels of the MRP1 transporter in 
monolayers and dissociated spheroid cells were estimated 
using flow cytometry with FITC‑labeled mouse anti‑human 
MRP1 antibody QCRL‑3 and an isotype control (FITC Mouse 
IgG2a) (BD Biosciences, cat. no. 557593 and 555573, respec‑
tively) according to the previously published procedure (22). 
Briefly, monolayers and spheroids were trypsinized with 
0.25% trypsin/0.02% EDTA to form single cell suspensions, 
permeabilized with 80 µg/ml saponin, treated with the anti‑
bodies, and analyzed with a BD FACSCanto II flow cytometer.

Statistical analysis. Differences between cells in regards to 
basal transporter activity and expression (A2780S mono‑
layer cells) and other cell types were analyzed for statistical 
significance using one‑way ANOVA followed by the Dunnett 
test, using Origin software (version 9.4, OriginLab). Data 
are presented as mean ± SE, n=3, P<0.05 was determined to 
indicate a statistically significant difference.

Results

Time‑lapse imaging. We grew cultured A2780S and A2780CP 
cells as monolayers and spheroids, loaded them with fluorescein 
(a fluorescent substrate of ABC transporters) and imaged fluo‑
rescein extrusion from the cells with confocal laser‑scanning 

microscopy as described in Materials and Methods. A stan‑
dard end‑point analysis, which is commonly used in MDR 
studies, compares fluorescence of cells at two time points: 
Immediately after loading them with the fluorescent substrate 
and 2 h later (8,23,24). Representative images in the top and 
bottom in Fig. 2 show a similar ability of all cell types for 
nearly complete extrusion of MDR probe after 2 h. However, 
images taken in the middle of this 2‑h period (Fig. 2, middle 
row) suggest that A2780S monolayer cells may extrude the 
substrate more slowly than A2780S spheroid cells, as well as 
both types of A2780CP cells.

Kinetic analysis. The end‑point analysis of the images does 
not allow one to make any further conclusion; therefore, MDR 
activity was elicited from the CRRC kinetic analysis. We 
processed images from 347 cells in each of the four categories 
(cisplatin‑naïve single cells, cisplatin‑naïve spheroidal cells, 
cisplatin‑exposed single cells, and cisplatin‑exposed sphe‑
roidal cells) to determine kMDR for each cell and plot CRRC 
histograms (Fig. 3).

CRRC histograms of the cisplatin‑naïve A2780S cell line 
are shown in Fig. 3A and summarized in Table I; they have 
been adopted from our recently published paper  (9). The 
monolayer histogram (grey line) was found to be unimodal, 
suggesting a single population of cells. The spheroid histo‑
gram (black line) revealed a bimodal distribution, suggesting 
two cell subpopulations: The first one is larger and has the 
same peak kMDR value as the monolayer cells, while the second 
one is smaller and has a peak kMDR value which is almost 
3 times greater. This latter subpopulation has a greater MDR 
capacity, and its appearance is caused by cell‑cell interactions 
in the 3D spheroids (25). The presence of a cisplatin‑resistant 
subpopulation (presumably containing tumor initiating 
cells) in the spheroids is consistent with the notion that CTC 
clusters have a greater drug‑resistance capacity than single 
CTCs. The unimodal right‑skewed histogram of monolayer 
A2780S cells is similar to that reported earlier (8). Its shape 
is consistent with the often reported asymmetric expression 
of MDR transporters, when the majority of cells with a basal 
(low) level of transporter expression form the main peak and 
a much smaller subpopulation of cells with elevated trans‑
porter expression forms the distribution tail towards higher 
kMDR values (26).

Figure 1. Conceptual representation of application of CRRC to MDR in six consecutive steps. In step 1, the cells were loaded with a fluorescent substrate of ABC 
transporters which was then removed from the cell media to initiate substrate extrusion. In step 2, the kinetics of decreasing fluorescence intensity was measured 
microscopically. Sequential images of the individual cells were taken at various times over a period of time exceeding the characteristic time of the extrusion 
reaction. In step 3, kinetic traces of fluorescence intensity for every cell were constructed. In step 4, values of the reaction rate constant, kMDR, were determined 
for each cell. In step 5, these values were used to build a CRRC histogram with the number of cells vs. kMDR. In step 6, the heterogeneity of cell population with 
respect to MDR activity was characterized accurately using the histogram: Cell subpopulations with different MDR activities were identified and quantified. 
CRRC, cytometry of reaction rate constant; MDR, multi‑drug resistance; pop, subpopulation; t, time; m, cell number in a cell population (1, 2, m).
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When A2780S cells are cultured as spheroids, the tail 
becomes a distinct peak, which corresponds to a distinct 
subpopulation of cells with its own elevated peak kMDR value: 
The histogram becomes bimodal. This bimodality is not 

associated with cell position in the 3D spheroids as only the 
outer spheroidal cells were analyzed. It is remarkable that 
the activation of MDR transport in spheroidal A2780S cells 
is not distributed equally across all spheroidal cells. Instead, 
the activation proceeds through increasing the size of the 
subpopulation of cells with a greater MDR‑transport activity. 
This characteristic of MDR modulation agrees well with the 
notion that the size and activity of the drug‑resistant subpopu‑
lation determine the overall resistance of a heterogeneous cell 
population (27).

CRRC histograms of the cisplatin‑exposed (drug‑resis‑
tant) A2780CP cell line are depicted in Fig.  3B and 
summarized in Table I. Monolayer cells (grey line) showed 
a unimodal distribution with the median (peak) kMRD value 
exceeding that of monolayer A2780S cells (grey line in 
Fig. 3A) approximately by a factor of 2. When cultured 
as spheroids, A2780CP cells also showed a unimodal 
distribution (black line), and the histogram of the sphe‑
roidal A2780CP cells was moderately shifted to the right 
with respect to that of the monolayer A2780CP cells. In 
addition, the peak maximum of the spheroidal A2780CP 
cells was at the same kMDR position as the peak maximum 
of the drug‑resistant subpopulation in the spheroidal 
A2780S cells (right‑hand‑side peak in the black line in 
Fig. 3A). Thus, the drug‑resistant subpopulation dominates 
even in monolayers formed by these cells and predict‑
ably dominates in spheroids resulting in a unimodal kMDR 
distribution in the spheroid culture. The peak maximum 
value in the spheroid culture slightly exceeds that in the 
monolayer (by a factor of 1.2). Lower kurtosis (indicator of 
distribution peakedness/flatness, ‑0.95 vs. 1.87) indicates 
that MDR distribution in A2780CP spheroids is more 
heterogeneous than in monolayers. Greater heterogeneity 
can be associated with the larger fraction of cells with 
elevated kMDR able to survive chemotherapy and initiate 
tumor relapse.

Figure 3. Cytometry of reaction rate constant histograms of cell subpopulation 
frequencies determined using MDR transport first order rate constant (kMDR, 
measured in s‑1) in monolayer‑grown (grey lines) and spheroid‑grown (black 
lines) (A) cisplatin‑naïve A2780S cells and (B) derivative cisplatin‑exposed 
A2780CP cells. Traces in panel (A) have been reproduced from Fig. 4 in 
reference (9) with permission from the American Chemical Society. MDR, 
multi‑drug resistance.

Figure 2. Representative images of monolayer‑grown cells and spheroid‑grown cells for the cisplatin‑naïve A2780S cell line and its derivative cisplatin‑exposed 
A2780CP cell line. The top, middle and bottom images were obtained at 0, 1 and 2 h after the beginning of fluorescein extrusion (scale bar, 30 µm).
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Flow‑cytometry study of transporter expression. It is 
interesting to learn what drives the observed differences in 
kMDR values in the 2 and 3D cell cultures between the A2780S 
and A2780CP cells. The MDR transport reaction, character‑
ized by kMDR, translocates the intracellular substrates  (Sin) 
across the membrane adding it to the pool of the substrate 
outside the cell  (Sout). The reaction proceeds through the 
formation of an intermediate complex (TS) between the trans‑
porter (T) and substrate (S):

(1)

where k1 is a bimolecular rate constant of TS formation while 
k‑1 and kcat are monomolecular rate constants of complex disso‑
ciation backwards to Sin and forward to Sout, respectively. The 
values of k1, k‑1, and kcat depend on the transporter's microen‑
vironment within the membrane. The pseudo‑first order rate 
constant kMDR used in our study is defined as:

(2)

where [T] is the transporter concentration, and KM=(kcat + k‑1)/k1 
is the Michaelis constant, which, accordingly, depends on 
transporter's microenvironment and is indicative of complex 
stability. It is clear from equation 2 that kMDR can be influ‑
enced either by the expression level of the transporter [(T)] or 
by transporter microenvironment (kcat/KM). So, the observed 
differences in kMDR values in the 2  and 3D  cell cultures 
between A2780S and A2780CP cells can be driven either by 
different levels of transporter expression or by changes in the 
transporter's microenvironment. MDR efflux in A2780 cells 
is typically driven by the MRP1 transporter (13,18), which is 
in line with significant fluorescein‑extruding capacity of these 
cells observed in this and previous studies (8,9). Therefore, we 
decided to assess MRP1 expression levels in 2 and 3D cultures 
to examine if the differences in MRP1 expression levels are a 
cause for the observed differences in the MDR efflux kinetics. 
There are multiple ways of studying expression of the MRP1 
gene, but for our purpose, the most direct and conclusive way 
is immunostaining of the MRP1 transporter with fluores‑
cently‑labeled antibody interrogated by flow cytometry. The 
results of flow cytometry are frequency histograms concep‑
tually similar to those of CRRC histograms. Therefore, the 
cell‑population heterogeneity revealed from flow cytometry 

histograms can be directly compared to the heterogeneity 
obtained from the CRRC histograms to conclude whether or 
not the differences in kMDR of the 2 and 3D cultures between 
A2780S and A2780CP cells are caused by the difference in 
MRP1 expression levels. Thus, we conducted flow‑cytometry 
experiments to study the population heterogeneity of MRP1 
levels. The results for the heterogeneity of MRP1 levels in 
the populations of A2780S and A2780CP cells grown in 
monolayers and spheroids are shown in Fig. 4 and Table II. 
These results clearly indicate that cell clustering causes the 
formation of a subpopulation with increased expression of 
the MRP1 transporter in A2780S cells, while this transporter 
is overexpressed in both the monolayer and spheroids in 
A2780CP cells. Thus, the differences in kMDR between the 
2 and 3D cultures A2780S and A2780CP cells are caused by 
the difference in MRP1 levels.

Figure 4. Characteristic profiles of the multidrug resistance‑associated 
protein  1 transporter level in monolayer‑grown (gray lines) and 
spheroid‑grown (black lines) (A)  cisplatin‑naïve A2780S cells and 
(B) derivative cisplatin‑exposed A2780CP cells. MDR, multi‑drug resistance.

Table I. Peak positions cytometry of reaction rate constant histograms of cisplatin‑naïve and cisplatin‑exposed monolayer and 
spheroid cells.

	 A2780S cells	 A2780CP cells
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Parameter	 Monolayer	 Spheroid	 Monolayer	 Spheroid

Positions of peak maximum (s‑1)	 0.00058±0.00008	 Left‑hand‑side peak, 	 0.00125±0.00015a	 0.00164±0.00021a

		  0.00057±0.00009;	
		  Right‑hand‑side peak,
		  0.00166±0.00019a

aStatistical significance (at P<0.05) of the deviation of each peak maximum position from the basal level of A2780S peak (n=3).
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Discussion

Our aim in this study was to determine if cell clustering 
influences intrinsic and acquired MDR differently. To address 
this question, we studied cultured monolayers (representing 
individual cells) and cultured spheroids (representing 
clusters) formed by cisplatin‑naïve (intrinsic MDR) and 
cisplatin‑exposed (acquired MDR) lines of ovarian cancer 
A2780  cells by  CRRC. MDR efflux was characterized 
by accurate and robust ‘cell number vs. MDR efflux rate 
constant (kMDR)’ histograms. We observed a greater influence 
of cell clustering on kMDR distribution in the intrinsic than in 
the acquired MDR model. The increase of kMDR in the clus‑
tered cells can be caused by the increased expression of MDR 
transporters under 3D conditions. The results of the current 
study demonstrate agreement, both qualitative and quantita‑
tive, between the data for kMDR and MRP1 transporter level. 
Qualitatively, the bimodal distribution of kMDR in spheroids 
formed by drug‑naïve cells agrees with the bimodal profile 
of the MRP1 transporter level in these spheroids. Also, the 
unimodal distributions of kMDR in other cases agree with the 
unimodal MRP1 level profiles. Quantitatively, both kMDR 
values and MRP1 levels in the drug‑exposed cells exceed 
those in the drug‑naïve cells. The observed overexpression of 
the MRP1 transporter in spheroids formed by A2780S cells is 
in line with similar observations made in other cell types (28). 
In A2780CP cells, the MRP1 level is intrinsically high in the 
monolayer state and, thus, it responds to cell clustering by only 
a slight increase. The mechanism of MRP1 overexpression 
(gene amplification, transcriptional and post‑transcriptional 
regulation) will be addressed in the extended OC spheroid 
study using RNA‑seq and qPCR.

The potential clinical implications of our findings are 
dual. First, considering the role of clustering of OC cells in 
intrinsic and acquired chemoresistance, our results provide a 
new possible explanation for the benefit of debulking surgery 
that has not yet been theorized; by reducing spheroids and 
thereby decreasing intrinsic resistance we should improve 
outcomes. Second, activation of MDR transport within 
spheroids was ascribed to activation of the HIF pathway 
caused either by hypoxia inside the spheroids or by cytotoxic 
agents (29). However, we found MDR‑transport activation 
not only inside the spheroids but also on their surface; 
moreover, this activation is observed in both drug‑naïve 
(intrinsic MDR) and drug‑exposed (acquired MDR) cells. 
These observations strongly suggest that there are other 

mechanisms of MDR‑transport activation in addition to the 
HIF‑hypoxia pathway. It should be noted that both mono‑
layers and spheroids were in identical cell media during 
the CRRC analysis, which univocally assigns the observed 
differences between the monolayers and spheroids to cell 
culture dimensionality rather than media‑caused differences 
in metabolic processes.

We would like to elaborate on the potential effect of cell 
migration on our comparative CRRC study of cell monolayers 
and spheroids. CRRC of MDR transport requires tracking indi‑
vidual cells through a 2‑h time‑lapse measurement. This can 
be achieved only by using a time interval between the frames 
in the minute scale, which is much shorter than the character‑
istic time of cell's moving a distance equal to its diameter of 
approximately 15‑20 µm (note, that cell rotation without its 
translational movement does not affect CRRC measurements). 
In our case, the time interval between the frames was 3 min 
while, according to the available data (30), it would take days 
for the cells used here to move a distance of 15‑20 µm in both 
monolayers and spheroids. A2780 cells belong to a class of 
slow‑migrating OC cells (30); their migration is noticeable 
only in a time‑scale of several days (30). It should be noted that 
cell mobility within the cell culture can vary greatly (31), and 
for some cell types, cells in a 2D culture have greater mobility 
than cells within a 3D culture (32,33).

To conclude, this work demonstrates unique capabilities 
of CRRC in studying heterogeneity of cell population with 
respect to MDR activity. This study answers the question of 
whether cell clustering can influence (in principle) intrinsic 
and acquired MDR differently; the answer is ‘yes’. This 
study is, of course, limited to one cell line; answering this 
question for other cell lines will require further investiga‑
tion. It is important to emphasize that this study did not aim 
to answer any other question. In particular, consequences of 
spheroidal MDR activation for cell proliferation and survival 
were beyond the scope of this work for two reasons. First, 
they are well documented, for example, in the studies related 
to cell‑adhesion‑mediated drug resistance (34). Second, these 
consequences are commonly studied in the cell‑population 
format, and conclusions that can be obtained from such studies 
cannot contribute significantly to conclusions made from the 
CRRC study performed in the single‑cell format. Further, our 
data show that the extent of MDR‑transport activation in OC 
cell clusters strongly depends on the previous chemothera‑
peutic history of spheroid‑forming A2780 cells. This fact, if 
confirmed in primary ovarian tumor cells, will help clinicians 

Table II. Peak positions in flow‑cytometry profiles of the expression of multidrug resistance‑associated protein 1 in cisplatin‑naïve 
and cisplatin‑exposed monolayer and spheroid cells.

	 A2780S cells	 A2780CP cells
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Parameter	 Monolayer	 Spheroid	 Monolayer	 Spheroid

Positions of peak maximum (RFU)	 311±29	 Left‑hand‑side peak, 362±42; 	 1,171±164a	 1,403±139a

		  Right‑hand‑side peak, 1,298±151a	

aStatistical significance (at P<0.05) of the deviation of each peak maximum position from the basal level of A2780S peak (n=3).
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to optimize OC treatment, since therapeutic approaches might 
have different outcomes for drug‑naïve and drug‑exposed 
tumors. If the observed phenomena are found in other types 
of cancer cells, the last conclusion can be extended to those 
types of cancer.
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