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Featured Application: Combination of digital holographic and fluorescence microscopy.

Abstract: A cell line derived from a tumor is a heterogeneous mixture of phenotypically different
cells. Such cancer cell lines are used extensively in the search for new anticancer drugs and for
investigating their mechanisms of action. Most studies today are population-based, implying that
small subpopulations of cells, reacting differently to the potential drug go undetected. This is a
problem specifically related to the most aggressive single cancer cells in a tumor as they appear to
be insensitive to the drugs used today. These cells are not detected in population-based studies
when developing new anticancer drugs. Thus, to get a deeper understanding of how all individual
cancer cells react to chemotherapeutic drugs, longitudinal tracking of individual cells is needed.
Here we have used digital holography for long time imaging and longitudinal tracking of individual
JIMT-1 breast cancer cells. To gain further knowledge about the tracked cells, we combined digital
holography with fluorescence microscopy. We grouped the JIMT-1 cells into different subpopulations
based on expression of CD24 and E-cadherin and analyzed cell proliferation and cell migration
for 72 h. We investigated how the cancer stem cell (CSC) targeting drug salinomycin affected the
different subpopulations. By uniquely combining digital holography with fluorescence microscopy
we show that salinomycin specifically targeted the CD24− subpopulation, i.e., the CSCs, by inhibiting
cell proliferation, which was evident already after 24 h of drug treatment. We further found that
after salinomycin treatment, the surviving cells were more epithelial-like due to the selection of the
CD24+ cells.

Keywords: digital holographic microscopy; fluorescence microscopy; single cell tracking; cancer
stem cells; salinomycin; JIMT-1 breast cancer cells

1. Introduction

The importance of cancer stem cells (CSCs) in the development and recurrence of cancer has
gained increased attention in cancer research during the last decade [1,2]. A tumor contains a mixture
of phenotypically heterogeneous cancer cells. Only a few cells in a tumor belong to the CSC population,
but it appears that for many tumors of different origin it is mainly the CSCs that can give rise to new
tumors with similar phenotypic composition as the original tumor [3]. Since the CSCs are drug resistant
and favor cancer metastasis there is an increased need for new drugs and therapeutic strategies that
reduce the CSCs specifically [4]. In breast cancer, a high expression of the cell surface marker CD44
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in combination with a low expression of the cell surface marker CD24 have been used to identify
CSCs [2,5,6].

The cationic ionophore salinomycin was found to target CSCs, in a high throughput screening
study aimed to find drugs that target this subpopulation in breast cancer [7]. Subsequently, salinomycin
has been found to target CSCs in many other human cancer types including leukemia [8], gastric
cancer [9], colorectal cancer [10], osteosarcoma [11], pancreatic cancer [12,13], prostate cancer [14,15],
head and neck squamous cell carcinoma [16], and lung cancer [17]. Many different mechanisms of action
have been ascribed to salinomycin, such as disruption of actin stress fibers [18], downregulation of
mRNAs and proteins related to stemness [19], impaired mitochondrial function, induction of autophagy,
decreased ATP levels and increased reactive oxygen species production [20–23], sequestration of iron in
lysosomes [24], and induction of reactive oxygen species [23], with outcomes like decreased cell viability,
proliferation, and migration, as well as stimulation of mesenchymal-to-epithelial-transition [25–29].
Salinomycin has also been shown to increase the expression of E-cadherin [30,31], a calcium-dependent
cell adhesion glycoprotein molecule [32] found on the surface of epithelial cells [33]. The expression
level of E-cadherin was inversely correlated with the tumorigenicity of different cell lines, where a high
expression of E-cadherin correlated to low tumorigenicity and vice versa [34]. However, for clinical
outcomes the role and correlation of E-cadherin is unclear [35] and the level of expression has been
found to vary between tumors of different classification [35,36].

We have previously found evidence for the molecular initiating event that explains most
down-stream effects observed after salinomycin treatment [37]. Salinomycin was shown to almost
immediately after addition to the cell culture medium localize to the endoplasmic reticulum (ER) of
breast cancer cells [37], leading to increased cytosolic Ca2+ levels followed by ER stress. This effect was
down-stream linked to inhibition of the Wnt signaling pathway, which has previously been reported
as an effect of salinomycin treatment [38]. These findings are deduced from population-based studies,
but to increase our understanding of CSCs as well as how they can be targeted, more studies of single
cell sensitivity are required.

Digital holography is a quantitative phase imaging technique, which can be used to generate large
amounts of information about individual cells based on the phase shift of light [39]. The method is
label free, thus eliminating possible chemical toxicity, and no phototoxicity has been found. Therefore,
the technique allows for long time imaging and when images are acquired with high time resolution
they can be used for longitudinal tracking of individual cells, which is a powerful tool to investigate
how individual cells in a population react to treatment over time. It can also be used to detect and
over time trace subpopulations that react differently than the bulk of cells to drugs, e.g., that are drug
insensitive and may therefore be the cause of metastasis [40,41]. Using digital holography, we have
previously shown that JIMT-1 breast cancer cells contain a subpopulation of cells with a decreased
response to salinomycin compared to the other subpopulations [41], an effect that was hidden among
the total population data.

Much work is ongoing trying to find holography-derived parameters, such as morphological for
cell behavior features, or combinations thereof that can be used to characterize subpopulations among
the bulk of cells [42]. It has been shown that a number of empirically-derived parameters obtained by
digital holographic microscopy, actually can be applied to computational machine learning to identify
effects of drug treatment on individual cells [42]. However, still more work is needed to elucidate if
digital holography alone can be used to truly identify different cell populations and subpopulations.

The aim of the present study is to use longitudinal tracking of cells in images acquired using
digital holographic microscopy in a unique combination with fluorescence microscopy to identify the
expression of CD24 and E-cadherin on the tracked cells. This was used to investigate differences in
cell cycle length and migratory behavior between subpopulations of JIMT-1 cells, as well as the effect
of salinomycin on those parameters in the different subpopulations. We have used the JIMT-1 breast
cancer cell line in studies of the effect of different compounds including salinomycin and salinomycin
analogues on CSCs as well in studies using digital holographic microscopy [30,37,41,43]. The cell line
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contains a high proportion of CSCs that are sensitive to different treatments. Here we deepen our
insight into dynamics of how the salinomycin treatment decreases the CSC subpopulation of JIMT-1
cells. Altogether the data show that the main difference between subpopulations of JIMT-1 cells is
related to cell proliferation and that the initial effect of salinomycin treatment was a decrease in the
proliferation of CD24− cells.

2. Materials and Methods

2.1. Cell Culturing

The human breast cancer cell line JIMT-1 (ACC-589) was purchased from the German Collection of
Microorganisms and Cell Cultures (Braunschweig, Germany). The cells were routinely cultured
in Dulbecco’s modified Eagle’s medium/Ham’s F-12 nutrient mixture (1:1) supplemented with
5% heat-inactivated donor horse serum (HI-DHS; Sigma-Aldrich AB, Stockholm, Sweden), 1 mM
non-essential amino acids (VWR, Lund, Sweden), 100 U/mL penicillin (VWR), 100 µg/mL streptomycin
(VWR), 2 mM L-glutamine (VWR) and 10 µg/mL insulin (Sigma-Aldrich), 1 mM sodium pyruvate
(VWR), 50µg/mL transferrin (Sigma-Aldrich), 0.5µg/mL hydrocortisone (Sigma-Aldrich), and 20 ng/mL
epidermal growth factor (Sigma-Aldrich). They were routinely subcultured twice a week. The cells
were kept in a humidified incubator with 5% CO2 at 37 ◦C.

2.2. Cell Seeding

JIMT-1 cells were seeded in µ-dishes (35 mm diameter, IBIDI, Martinsried, Germany) at a density
of 7300 cells/cm2 in 3 mL of regular growth medium. The cultures were incubated for 24 h to allow
attachment prior to the start of time-lapse imaging. Before seeding a small square of 2 mm × 2 mm
was marked on the outside of the bottom part of each µ-dish. The square was used for localization of
cells as described below.

2.3. Treatment

Cells were treated with 0.5 µM salinomycin giving a final DMSO concentration of 0.2%. Control
cells were exposed to 0.2% DMSO. The salinomycin stock solution was 10 mM in 100% DMSO.
The treatment started immediately before time lapse-imaging, i.e., 24 h after seeding. Salinomycin was
obtained from purification of technical grade (12%) material and used as its sodium salt as described
previously [30].

2.4. Digital Holographic Time-Lapse Imaging in Combination with Fluorescence and Tracking

For digital holographic microscopy (DHM), the HoloMonitor® M4 (Phase Holographic Imaging
AB (PHI), Lund, Sweden), with a motorized stage was used for time-lapse imaging. Images were
acquired using the software Hstudio™ (PHI). To increase image quality, the standard lid of the Petri
dish was replaced with HoloLid™ 71 110 (PHI) prior to the start of imaging.

The imaging was done using two different time setups. First, the method for combining digital
holographic microscopy with fluorescence was evaluated using 24 h-time-lapses as illustrated in the
upper part of Figure 1A. Cells were seeded in a number of Petri dishes, of which some were used in
time-lapse imaging 24–48 h after seeding (i.e., time-lapse/treatment time 0–24 h) and some in time-lapse
imaging 48–72 h after seeding (i.e., time-lapse/treatment time 24–48 h). Thus, a 48-h time-span was
divided into two consecutive 24-h time-lapses where parallel samples were imaged for the different
time-spans. For the other set-up, samples were imaged uninterrupted for 48 h, i.e., from 24–72 h after
seeding (i.e., time-lapse/treatment time 0–48), as illustrated in the lower part of Figure 1A.
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The time-lapse images were captured within the marked square using a stitching pattern as shown
in Figure 1A. Sixteen images were captured for each square to cover the entire area. Images were
captured every 15 min. Thus, for each square, 16 time-lapses were captured with images every 15 min.
The experiment was repeated three times with two time-lapses analyzed for each dish, i.e., each figure
includes six time-lapses per treatment and time interval.

At the end of the time-lapses, the cells were fixed in 4% formaldehyde and labeled as described
below to allow identification based on CD24, CD44, and E-cadherin expression.
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2.5. Fluorescence Labeling

The cells found in the last images of the digital holographic time-lapses were matched with cells
in the fluorescence images. In the evaluation of the method, using the 24-h time-lapses (Figure 1A,
Time-lapse 1 and 2), we used the two membrane receptors CD44 and CD24 to label cells for fluorescent
detection of CSCs. We proceeded by using E-cadherin in combination with CD24 for the uninterrupted
48-h time-lapses to also evaluate for both CSCs and epithelial expression of the cells.

Cells were fixed in 4% formaldehyde in phosphate-buffered saline (PBS) for 15 min at 4 ◦C and
rinsed three times with PBS. After fixation, the samples were incubated at room temperature (RT) with
a blocking buffer (0.5% (w/v) DHS in PBS) for 60 min.

After blocking, the samples were labeled for CD44 or CD24 as follows: they were incubated
with antibodies against CD44 conjugated to FITC (diluted 1:100 in blocking buffer; clone G44-26;
BD Biosciences, Franklin Lakes, New Jersey, USA) and antibodies against CD24 conjugated to PE
(diluted 1:50 in blocking buffer; clone ML5; BD Biosciences) for 120 min at RT. Alternatively, samples
were labeled for E-cadherin and CD24 as follows: after blocking, the samples were incubated with
primary antibodies against E-cadherin (diluted 1:100 in blocking buffer; ab1416; Abcam, Cambridge,
Great Britain) for 60 min. After washing, the secondary antibody Alexa Flour 488 goat anti mouse
(diluted 1:300 in blocking buffer; Invitrogen, Carlsbad, CA, USA) was added and incubated for 60 min
before washing. Then, the antibodies against CD24 were added as already described. The samples
were rinsed three times with PBS and then mounted in Mowiol (Sigma-Aldrich AB). The samples were
stored at 4 ◦C in the dark overnight before they were viewed in a fluorescence microscope (Olympus
AX70, Tokyo, Japan).

2.6. Fluorescence Quantification

For the CD24-PE fluorescence, cells were visually quantified as completely non-fluorescent (CD24)
or fluorescent (CD24+). For E-cadherin expression, the cells were visually quantified as E-cadherin
low (E-cadlow) with a weak expression over the surface, E-cadherin mid (E-cadmid) with a stronger
expression over the surface but weak edges, or E-cadherin high (E-cadhigh) with a strong expression on
the cell edges as well as expression over the entire surface (Supplementary Figure S3). The E-cadherin
expressions are represented as red (low), blue (mid), and green (high; Figure 2).

2.7. Longitudinal Tracking of Cells Using Time-Lapses and Matching with Fluorescence Images

Longitudinal tracking of cells in the time-lapses was performed in Hstudio™ (Figure 1B).
The program is semi-automatic, based on a frame-by-frame algorithm, where the user has to manually
correct for misinterpretations introduced by the program. Sometimes the program does not segment
cells correctly or tracked cells move out of the time-lapse frame before the entire time-lapse has ended.
The tracking must sometimes be abrupted due to cell clumping if the boarders of the individual cells
cannot be distinguished.

After tracking, the last image of the time-lapse was matched with the fluorescence image showing
the same field of view and the expressions of CD44, CD24, and E-cadherin of the tracked cells were
detected (Figure 1C).

2.8. Statistics

The computer language R was used for drawing figures and statistical analysis (R Core Team, 2015).
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Figure 2. Longitudinal tracking combined with fluorescence imaging of JIMT-1 cells cultured in the
absence or presence of 0.5 µM salinomycin. (A) Longitudinal tracking of digital holographic microscopy
(DHM) time-lapses displayed as representative cell family trees based on the original data in Figure
S2. The dashed lines in each panel separate the CD24+ and CD24− cell populations as well as the
unknown cells (UN, no label). The expression of E-cadherin is represented as colors of the end-circle in
the 0–48 h panels, red = low, blue = medium, and green = high. O: known expression of fluorescence,
X: unknown expression due to division before end of the time-lapse, clumping of cells or leaving the
frame before the end of the time-lapse. (B1–B4) Proportion of JIMT-1 cells designated into different
groups depending on their expression of fluorescence at 48 h. The data are compiled from all data
shown in Figure S2. They are derived from 3 independent experiments with 2 independent time-lapses
in each.

3. Results

3.1. Evaluating the Effect of Salinomycin on Proliferation Using a Combination of Longitudinal Tracking of
Time-Lapses Obtained with DHM and Fluorescence Microscopy

By using DHM, we have previously shown that salinomycin treatment affects cell migration
and cell proliferation of JIMT-1 cells [30,41]. Herein, we decided to combine DHM with fluorescence
microscopy to further increase our understanding of how salinomycin affects different subpopulations.
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The experiments were set up in two different ways (Figure 1), in which both salinomycin was added
24 h after seeding. For time-lapses 1 and 2, DHM images were acquired in two 24-h intervals,
one starting immediately after drug-addition and the other 24 h after drug-addition (Figure 1A).
For Time-lapse 3, DHM images were acquired for 48 h, starting immediately after drug-addition
(Figure 1A). After DHM imaging, the cells were fixed and labeled for the expression of CD44 and CD24
or E-cadherin and CD24 with fluorochrome-conjugated antibodies. The cells were tracked throughout
the DHM time-lapses (Figure 1B). The cells in the last frame of the time-lapse were then identified in the
respective fluorescence image and the expression of each cell was evaluated (Figure 1C). Since CD44 is
expressed on all JIMT-1 cells [30], the CD44 expression was only used to identify the location of the
cells. Representative images from a DHM time-lapse and the fluorescence images can be found in
Figure S1.

The longitudinal tracking data was used to create cell family trees where the tracked cells were
matched to their expression of the fluorescent markers. The complete set of cell family trees are found
in Figure S2 and schematic representations of family trees are shown in Figure 2A. Supplementary
Table S1 shows the maximal number of cell divisions for each family tree for each experimental set up
(i.e., control 0–24, control 24–48, salinomycin 0–24, salinomycin 24–48, control 0–48, and salinomycin
0–48). If a cell family had two branches with different numbers of divisions, the higher number
was counted.

The first observation is that siblings had the same CD24 expression in all cases in both control
and salinomycin-treated cultures (Figure 2A). Thus, it is evident that salinomycin treatment did not
result in daughter cells with different CD24 expression. The data show that salinomycin treatment
resulted in a relative increase in the CD24+ population by inhibiting the proliferation of the CD24−

population. Figure 2(A,B1–B4) show that there was an increase in the CD24− population in control
cell cultures between 24 and 48 h compared to 0–24 h. The increase seems to be the result of more
cell divisions in the CD24− population compared to the CD24+ population. Table S1 shows that
in salinomycin-treated cultures, no cell families were found to have completed three cell divisions.
In contrast a large proportion of the control cell families had gone through three divisions during 48
h. In other words, salinomycin treatment specifically inhibited the cell proliferation of the CD24−

cells, resulting in a relative decrease in the CD24− population compared to the CD24+ population. In
addition, salinomycin treatment affected the cell proliferation in CD24+ expressing cells as well.

For further analysis, the cells were divided into six groups depending on the expression of CD24
and E-cadherin. The CD24 labeling was used to group cells with positive or negative expression, while
the E-cadherin was used to group the cells with low, medium, or high expression. Only cells present
in the last frame of the DHM time-lapses could be matched with a fluorescence expression. Thus,
when data is presented that includes cells not present in the last frame, those cells are designated as
unknown. These are cells that were followed in the time-lapses but were not found in the last frame,
most likely because they have moved out of the defined area where the time-lapses were captured.
In the control 0.3% of the cells were characterized as unknown, while in salinomycin-treated cultures,
21% of the cells were unknown.

First, we evaluated all tracked cells present in the last image of the time-lapse. The proportions
of CD44+CD24− cells in the control and salinomycin-treated cultures after 24 and 48 h of treatment
were compared. In the control, this subpopulation increased from 43 to 70%, while in the presence
of salinomycin the subpopulation was found to be 29% and 32% for the respective time-points
(Figure 2(B1)), showing that salinomycin treatment inhibited the increase of CD24− cells in
the population.

For E-cadherin, the expression was characterized as low for 57%, as medium for 32%, and as high
for 10% of the tracked control cells (Figure 2(B2)). For salinomycin-treated cells the respective numbers
were found to be 10%, 43%, and 27%, showing an increase in E-cadherin expression after salinomycin
treatment (Figure 2(B2)).
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Then the effect of salinomycin treatment on the co-expression of CD24 and E-cadherin
was evaluated (Figure 2(B3,B4). In the control (Figure 2(B3)), the CD24+E-cadlow subpopulation
contained 15% of the cells, CD24+E-cadmid 12.5%, and CD24+E-cadhigh 2% of the cells, while the
CD24−E-cadlow subpopulation contained 42%, CD24−E-cadmid 21%, and CD24−E-cadhigh 7.5% of
the cells. For salinomycin-treated cells (Figure 2(B4)), the CD24+E-cadlow subpopulation contained
3.5% of the cells, the CD24+E-cadmid 20% of the cells, and CD24+E-cadhigh 30% of the cells. For the
CD24− subpopulations, the distribution of the salinomycin treated cells were 8% CD24−E-cadlow,
35% CD24−E-cadmid, and 3.5% CD24−E-cadhigh. In other words, this shows that the increase in the
expression of E-cadherin after treatment with 0.5 µM salinomycin is independent of CD24-expression.

3.2. Longitudinal Tracking of Effects of Salinomycin on Motility

From the longitudinal tracking of cells in time-lapses obtained by DHM, it is also possible to
extract data regarding cell movement. Thus, we further analyzed our data regarding motility speed
and migration directness in 48-h time lapses. We have previously shown that JIMT-1 cells treated with
0.5 µM salinomycin and analyzed with the same longitudinal tracking method exhibited increased
motility, but the migration directness was not affected compared to the control [41]. In the software
used for this analysis, i.e., Hstudio, the definition of motility is the accumulated distance over the
entire tracking time for each cell. The longer the tracking time is, the higher the motility will be, since
there is longer time for the cell to move. Since not all cells could be tracked for the entire time-lapse,
we chose to use motility speed. The motility speed was calculated by dividing the motility value of
the last frame a cell was tracked in (i.e., the max motility for the cell) with the time of tracking for the
cell, as this equalizes for the difference in tracking time. Migration is defined as the shortest distance
between the starting point of the tracking and the end point of the tracking for each cell. Migration
directness is the ratio between migration and motility and it gives information about how much the
cells are jumping around to reach an end point. A ratio of 0 means a cell has not moved at all from the
starting point, and a ratio of 1 means a cell has moved straight from its origin to its end point. A ratio
for migration directness was calculated for every cell for every capture time. Then we calculated the
mean of all these values, i.e., the average migration directness.

From the fluorescence images, we have sorted the cells into six groups as presented above.
However, the cells included in those groups are only the cells present in the last frame of the DHM
time-lapse as they are the ones with known expression of CD24, CD44, and E-cadherin. The expression
of CD24, CD44, and E-cadherin in cells that leave the frame or divide before the last frame cannot be
mapped. The cells included in the fluorescence data were tracked for different time-spans depending
on the different time-intervals between cell divisions, depending on both the individual cell and the
salinomycin treatment, as can be seen in Figure S2.

Max motility speed is the accumulated distance over the time of treatment (max motility)
for each cell divided by the time of tracking (Figure 3A,B). Figure 3A,B shows that there was no
difference in the max motility speed of cells with unknown fluorescence expression in the control and
salinomycin-treated cultures. Figure 3A,B also shows that the max motility speed varied depending on
the expression of CD24 and E-cadherin in both control and salinomycin-treated cultures. However, the
variation was larger in salinomycin-treated cultures (Figure 3B) compared to the control (Figure 3A)
and the highest max motility speed was found in the former. When comparing the max motility
speed between control and salinomycin-treated cells based on their expression of E-cadherin only,
salinomycin treatment significantly increased the max motility speed in all three E-cadherin groups
(low: p < 0.0001, mid: p < 0.01, and high: p < 0.0001). Comparing the max motility speed between
the control and salinomycin-treated cells depending on their expression of CD24 only, there was no
significant difference between CD24+ cells, however for CD24− cells salinomycin-treatment significantly
increased the max motility speed compared to the control (p < 0.0001). In short, independent of
E-cadherin expression, salinomycin treatment caused CD24− expressing cells to move faster.
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Figure 3. Movement behavior of JIMT-1 cells cultured in the absence or presence of 0.5 µM salinomycin.
The cells were imaged using time-lapse digital holographic imaging for 48 h starting immediately
after treatment. After time-lapse imaging, the cells were fixed and stained for the expression of CD24
and E-cadherin and fluorescence images were acquired at the same field of view as the time-lapse.
The tracked cells from the time-lapse were characterized as being either CD24+ or CD24− and the
E-cadherin expression was characterized as low, medium, or high, resulting in six groups. The cells that
were tracked but that were not present in the last frame of the DHM time-lapse are called unknown
(UN). Max motility speed (A,B) is the accumulated distance over the time of treatment (max motility)
divided by the time of tracking. Average migration directness (C,D) is the migration, i.e., the shortest
distance between the starting point of the tracking and the end point of the tracking, divided by motility.
(A) Significant differences for the max motility speed was found between the CD24+ and CD24−

populations (p = 0.0008) of the control, and between cells with low or high expression of E-cadherin
(p = 0.007). There was also a significant difference between CD24+E-cadmid cells and CD24−E-cadmid

cells (p = 0.002). (B) Significant differences for max motility speed for the salinomycin-treated sample
were found between cells with low or medium expression of E-cadherin (p < 0.0001), as well as those
with high expression (p < 0.0001). There was also a significant difference between CD24−E-cadlow cells
and CD24−E-cadmid cells (p < 0.0001). (C) For average migration directness, significant differences were
found comparing cells with low E-cadherin expression compared to medium expression (p-value = 0.008),
and for CD24+E-cadlow cells compared to CD24+E-cadhigh (p = 0.004). (D) No significant differences
in average migration directness were found for the different groups of salinomycin-treated cells.
(A,B) Salinomycin treatment significantly increases the max motility speed in all three E-cadherin
groups (low: p < 0.0001, mid: p < 0.01, and high: p < 0.0001) compared to control. (C,D) Salinomycin
treatment significantly decreased the average migration directness for cells with low E-cadherin
expression (p < 0.0001) and mid E-cadherin expression (p < 0.001). All statistics were evaluated using a
one-way ANOVA and Tukey honest significant differences.
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In the control (Figure 3A), there was a significantly higher max motility speed for cells with low
expression of E-cadherin compared to cells with high E-cadherin expression (p = 0.007). The data also
show that the max motility speed was higher in CD24+ cells compared to CD24− cells (p = 0.0008)
independent of E-cadherin expression. In cultures treated with 0.5 µM salinomycin for 48 h (Figure 3B),
the max motility speed for cells with low expression of E-cadherin was significantly higher than the max
motility speed for cells with mid E-cadherin (p < 0.0001) and high E-cadherin (p < 0.0001) expression
(Figure 3B). The CD24−E-cadlow cells had a significantly higher motility speed than CD24−E-cadmid

(p-value < 0.0001). Altogether, in general, cells with low expression of E-cadherin had a higher max
motility speed than cells with a higher expression of E-cadherin.

Average migration directness is the migration, i.e., the shortest distance between the starting
point of the tracking and the end point of the tracking, divided by motility (Figure 3C,D). As with
motility speed, there was no difference between average migration directness comparing control and
salinomycin-treated cells with unknown identity (Figure 3C,D). Comparing the average migration
directness between control and salinomycin-treated cells based on their E-cadherin expression only,
salinomycin treatment significantly decreased the average migration directness for cells with low
E-cadherin expression (p < 0.0001) and mid E-cadherin expression (p < 0.001). Moreover. doing the
same comparison based on the expression of CD24 gives a significant decrease in average migration
directness for both CD24+ cells (p < 0.0001) and CD24− cells (p < 0.00001) in salinomycin-treated
cultures compared to the control.

In the control, cells with low expression of E-cadherin had significantly higher migration directness
than cells with mid expression of E-cadherin (p = 0.008; Figure 3C). Further, the CD24+E-cadlow cells had
significantly higher migration directness than CD24+E-cadhigh (p-value 0.004). For salinomycin-treated
cells, there were no significant differences between the groups (Figure 3D). In short, control cells
with low or medium expression of E-cadherin moved further away from the starting point than cells
with a higher expression. Salinomycin treatment caused all cells to stay closer to the starting point,
i.e., migration directness decreased compared to the control.

4. Discussion

Most of our current knowledge of how cells react to different kinds of perturbations is based on
analysis of the response of an entire cell population. Individual cells may be analyzed e.g., by using
flow cytometry as an end response assay, which may display heterogeneity of the studied entity.
However, a challenge in biology is to understand the kinetics in the processes of each individual cell
that causes the heterogeneity in the end response. Microscopic techniques like confocal microscopy,
immunofluorescence microscopy, phase contrast microscopy, and DHM are today used to follow the
behavior of live individual cells through time-lapse imaging. All methods have their advantages
and disadvantages. Here we have used DHM because of the advantage of low photo toxicity and
because it is label-free. The disadvantage of label free microscopy is that there are questions around
cell identification. Here we address such questions by analyzing different subpopulations of JIMT-1
breast cancer cells identified by combining DHM with fluorescence microscopy.

We developed an assay for the classification of individual cells to subpopulations after long
time tracking, where the last frame of a time-lapse with digital holographic images was matched
with a fluorescence image from the same field of view. We used this approach to investigate the
effect of salinomycin on cell division and cell movement in subpopulations distinguished by their
CD24-expression in JIMT-1 breast cancer cells. Salinomycin has been shown to inhibit CSCs in many
cancer cell types [8–17] using different assays. Here we show that the CD24− subpopulation was
affected within 24 h after addition of salinomycin to the cell culture medium. Cell proliferation
was specifically inhibited in the CD24− subpopulation resulting in a relative increase of the CD24+

population. Salinomycin treatment does therefore not appear to induce a phenotypic shift per se
regarding CD24.
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We have previously shown that salinomycin accumulates in the ER of cells within seconds after
addition to the medium, resulting in a disturbance of the Ca2+ transport over the ER membrane caused
by the K+ ionophoric activity of salinomycin [37]. K+ is needed as a counter ion in Ca2+ transport over
the ER membrane [30]. The disturbed Ca+ transport results in disturbed Wnt signaling. A number of
population-based studies besides our own have shown that a blockade of Wnt/β-catenin signaling
suppresses CSCs [38]. By combining DHM and fluorescence microscopy that allow longitudinal
single cell tracking and identification, we show a selective effect of salinomycin treatment on the CSC
population of JIMT-1 cells.

Previously, salinomycin treatment was shown to selectively affect mesenchymal cells, allowing
cells with more epithelial characteristics to survive [31]. We have previously shown that 72 h of
treatment with salinomycin or salinomycin analogues at their respective IC50 concentrations increases
the number of JIMT-1 cells expressing E-cadherin and β-catenin [30]. Here we further analyze the
dynamics in the change of E-cadherin expression. By combining fluorescence labeling of CD24 (breast
CSCs are CD24− [2,5,6]) with labeling of E-cadherin (a marker for epithelial characteristics), we could
evaluate if the individual cells shifted towards a phenotype with less CSC characteristics and more
epithelial characteristics after salinomycin treatment or if the population distribution changed due to
natural selection. A higher E-cadherin expression after 48 h of treatment with 0.5 µM salinomycin
was confirmed in the present study, where CD24+ cells had the largest proportion of cells with high
expression. The increase in E-cadherin expression was caused by a selective inhibition of proliferation
of cells expressing low levels of E-cadherin.

Salinomycin treatment has been shown to slow cell migration in population-based studies using
different methods [13,14,29,41]. We have shown that salinomycin treatment reduces JIMT-1 cell
migration in a wound healing assay [30]. Here we show that salinomycin treatment increased average
cell motility to the same extent in both CD24+ and CD24− JIMT-1 subpopulations. We also show that
even though salinomycin treatment increases cell motility, at the same time it decreases average cell
migration. We have found the same results in another experimental set up using JIMT-1 cells, which
corroborates the data presented here [41]. However, these data are not in conflict as cell migration
is related to how far cells are moving from a starting point while motility reflects the movement
around a starting point. Thus, salinomycin-treated cells seem to be “dancing” in circles in place to
a higher degree than control cells. We have seen similar behavior in the context of other treatments
(not published) and the mechanism behind this needs further elucidation.

5. Conclusions

In conclusion, the combination of DHM and fluorescence microscopy is powerful. It allowed
us to show for the first time that the decrease in the CD24− CSC subpopulation already after 24 h of
salinomycin treatment is caused by specific inhibition of proliferation of the CD24− population while
the CD24+ population is not affected. This implies that the phenotypic shift towards less stemness
caused by salinomycin treatment is due to positive selection of the CD24+ cells.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/14/4732/s1,
Figure S1: Representative images from DHM time-lapses and fluorescence, Figure S2: Cell family trees of JIMT-1
cells tracked through time-lapses of digital holographic images, Figure S3: Fluorescence image displaying the
visual evaluation of E-cadherin -labeled cells as low (red arrow), mid (blue arrow) or high (green arrow). The cell
with the red arrow is barely visible on a computer screen, Table S1: Interpretation of number of cell divisions seen
in Figure S2 in relation to labelling.
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