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Abstract. Background/Aim: Aldehyde dehydrogenase (ALDH)
1Al is a well-known marker for cancer stem cells (CSCs),
characterized by self-renewal capacity and multidrug resistance
in breast cancer. We developed a near-infrared turn-on
Sfluorescence probe for ALDHIAI, C5S-A, which is suitable for
observing and analyzing viable cells. Here, we demonstrated
the utility of C5S-A in CSC research using breast cancer cell
lines. Materials and Methods: To evaluate concordance between
C5S8-A and conventional stem cell markers, breast cancer cells
sorted for ALDEFLUOR-positive cells and for CD44%/CD24~
cell populations were stained with C5S-A. Tumorigenicity of
C5S8-A-positive cells was examined by mammosphere formation
assay and subcutaneous transplantation to immunodeficient
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mice. Additionally, to determine how long fluorescence from a
single staining remained observable, we cultured breast cancer
cells for 5 days after C5S-A staining. We then evaluated whether
C5S-A-positive cells possessed resistance to cytotoxic drugs by
chronological imaging. Results: C5S-A staining showed good
concordance with conventional breast CSC markers, and good
utility for research into CSC characteristics in breast cancer
cell lines, including tumorigenesis. Additionally, C5S-A was
observable for more than 3 days with a single staining. Using
this property, we then confirmed that C5S-A-positive cells
possessed resistance to cytotoxic drugs, which is one of the
characteristics of CSCs. Conclusion: We showed that C5S-A is
suitable for CSC research using breast cancer cell lines, and
confirmed its utility in observing cells over time.

Cancer stem cells (CSCs) are a subpopulation of tumor cells
that have self-renewal capacity and differentiation potential,
and contribute to tumor malignancy, including to recurrence,
metastasis and multidrug resistance (1). These characteristics
make CSCs an important research and therapeutic target, and
several biomarkers for these cells have now been identified (2).

Increased activity of aldehyde dehydrogenase 1 (ALDHI)
is reported to be one such marker of CSCs (3). ALDH1 is a
nicotinamide-adenine dinucleotide phosphate-dependent
oxidase which mediates the oxidation of intracellular
aldehydes into carboxylic acids. This enzyme has various
biological functions, including cellular detoxification of
cigarette smoke, alcohol, and cytotoxic drugs (4, 5).
Importantly, high ALDHI activity is associated with strong
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Figure 1. Schematic illustration of cancer stem cell imaging using C5S-A.

Structure of the aldehyde dehydrogenase 1 Al (ALDHI1AI)-responsive

turn-on near-infrared fluorescence probe C5S-A and its turn-on mechanism.

tumorigenic capabilities in in vivo and in vitro experiments
(6, 7), and is an independent predictor of early metastasis
and reduced survival of patients with breast cancer (3, 6).
Furthermore, it has been demonstrated that resistance to
cytotoxic drugs is related to the transcriptional activation of
ALDHI1 expression (8). ALDHI is therefore considered to
be an important CSC marker, especially in breast cancer.

Among ALDHI isoforms, ALDH1A1 is considered a key
isoform for CSCs (9). To identify and isolate cells positive for
ALDHI1A1, we developed a near-infrared (NIR) turn-on
fluorescence probe, C5S-A (Figure 1), which is targeted to
ALDHI1A1 (10). Use of C5S-A has a number of advantages
over green-fluorescence ALDEFLUOR, the conventional
ALDHI1 sensor commonly used in the detection of ALDHI1-
positive cells. In particular, the signal/noise ratio of 8.3 for C5S-
A is substantially higher than that of ALDEFLUOR (1.9), and
C5S-A shows high contrast in CSC imaging (10). Additionally,
while the absorption and emission maxima of ALDEFLUOR
are in the ultraviolet to visible region (350-600 nm), C5S-A
works in the NIR region (650-900 nm), and NIR photons cause
less biological damage to cells and tissues (10). Moreover, C5S-
A itself also has low cytotoxicity (10). We therefore consider
that C5S-A is suitable for observing and analyzing viable CSCs.

In this study, we validated the utility of C5S-A for CSC
research in breast cancer cell lines. Furthermore, we clarified
how long fluorescence remained observable after a single
staining and evaluated whether C5S-A was useful for
chronological studies in living cells using a drug-resistance
experiment.

Materials and Methods

Cell lines and cell culture. HCC1954, SKBR3, MDAMBA453 and
MDAMBA468 cell lines were obtained from American Type Culture
Collection (Manassas, VA, USA). All cells were maintained in RPMI-1640
Media (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with
10% fetal bovine serum and 1% penicillin/ streptomycin, and grown at
37°C in a humidified atmosphere with 5% CO,.
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ALDEFLUOR and C5S-A staining. The enzymatic activity of ALDH1
was detected using ALDEFLUOR Staining Kit (STEMCELL
Technologies, Inc., Vancouver, BC, Canada). Staining was carried out
according to the manufacturer’s instructions.

For staining with C5S-A (Figure 1) (10), a NIR turn-on fluorescence
probe that becomes emissive in the presence of ALDHIAI, the
individual breast cancer cell lines were seeded in 100 mm dishes
(3x106/10 ml) (Falcon, Durham, NC, USA). C5S-A dissolved in
dimethyl sulfoxide was diluted with the medium (final concentration:
1 uM) without phenol red or fetal bovine serum and the cells were
incubated with the medium at 37°C for 30 min.

Flow cytometric analysis and cell sorting. After each breast cancer
cell line was stained with ALDEFLUOR or C5S-A by the above
methods, flow cytometric analysis and fluorescence-activated cell
sorting were performed using a FACSAria III (BD Biosciences,
Franklin Lakes, NJ, USA) with a 488 nm laser and fluorescein
isothiocyanate filter for ALDEFLUOR, or a 633 nm laser and
allophycocyanin filter for C5S-A. To determine the population of
CD44-positive/CD 24-negative cells, HCC1954 cells were stained
for 20 min at 4°C with anti-human BV421-conjugated CD44 and
phycoerythrin-conjugated CD24 antibodies (BD Biosciences).
Isotype-matched antibodies were used as controls.

Fluorescence microscopy imaging. Fluorescence images of each
breast cancer cell line were obtained and qualitatively evaluated
with a BZ-X700 fluorescence microscope (Keyence, Osaka, Osaka,
Japan) with a 10x objective lens, and a green fluorescent protein
filter for ALDEFLUOR analysis and CyS5 filter for C5S-A analysis.

Mammosphere assays. C5S-A-positive and -negative breast cancer
cells (HCC1954, SKBR3, MDAMB453 and MDAMB468; 2x104)
were sorted by FACS as described above. These cells were then
seeded (2x10%4/2 ml) in 6-well low-adherence plates (Corning,
Corning, NY, USA) and cultured in a MammoCult Human Medium
(STEMCELL Technologies, Inc.) supplemented with hydrocortisone
stock solution and heparin solution (0.48 pg/ml and 4.0 pg/ml,
respectively) (STEMCELL Technologies, Inc.). We then counted the
number of mammospheres in nine fields of view in each 6-well
plate for 4-5 days.

Transplantation experiments. Sorted C5S-A-positive and -negative
breast cancer cells (HCC1954, MDAMB453 and MDAMB468;
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5x105) were transplanted into the subcutaneous mammary gland of
the inguinal region of two NOD/LtSz-scid/IL2Ry~= (NSG) mice for
each cell line, purchased from Charles River Laboratories
(Wilmington, MA, USA). Tumor growth was measured once a week
with calipers. Animal experiments were conducted under a protocol
approved by the Kobe University Animal Experimentation
Committee (P170805-R2).

Chronological change in area ratio of C5S-A expression during
drug treatment. HCC1954 and MDAMBA468 breast cancer cells
were seeded in a 24-well plate at a density of 1.0x105 cells and
allowed to grow for 2 days. They were then stained with C5S-A and
cultured with 0.05 pM doxorubicin or 0.05 pM paclitaxel. Images
were captured with a BZ-X700 with a 10x objective lens and Cy5
filter on days O and 3. The area of C5S-A-expressing cells as a ratio
to all cells was measured with software, BZ-X Analyzer (Keyence),
and the ratio was compared between days 0 and 3.

Statistical analysis. All statistical analyses were performed using
SPSS Statistics version 19.0 (IBM, Chicago, IL, USA). Results are
presented as mean values=SEM (standard error of the mean) from
triplicate wells, and all data were representative of at least two
independent experiments. Statistical analysis was performed using
two-tailed Student’s #-tests and values of p<0.05 were considered
statistically significant.

Results

Concordance between conventional staining for stem cell
markers and C5S-A. To evaluate concordance between
staining by ALDEFLUOR and that by C5S-A, we sorted
breast cancer cells in ALDEFLOUR-positive and -negative
areas by FACS (Figure 2A). Sorted ALDH-positive cells
were clearly stained by C5S-A. In contrast, ALDH-negative
cells were not stained by C5S-A (Figure 2A).

We investigated the association of CD44-positive/CD24-
negative cells, a known breast CSC population, with C5S-A-
positive cells (Figure 2B). The HCC1954 cell line, which has
a CD44-positive/CD24-negative cell population, was
selected for this study. Sorted CD44-positive/CD24-negative
cells were clearly stained with C5S-A, while cells of other
sorted populations were not (Figure 2B). Additionally, we
confirmed that CD44-positive/CD24-negative cells formed
mammospheres (Figure 2B).

Tumorigenic properties of C5S-A-positive breast cancer
cells. To evaluate the tumorigenic properties of C5S-A-
positive cells in vitro, 2x10* C5S-A-positive and negative
cells from each cell line (HCC1954, SKBR3, MDAMB453
and MDAMB468) were sorted by FACS and submitted to
mammosphere assay (Figure 3A). In all cell lines, C5S-A-
positive cells formed significantly more mammospheres than
C5S-A-negative cells (Figure 3A and B).

To test the tumorigenicity of C5S-A-positive breast cancer
cells in vivo, we transplanted C5S-A-positive and -negative
cells (HCC1954, MDAMB453 and MDAMBA468) into the

inguinal mammary gland of NSG mice. For all cell lines,
C5S-A-positive cells generated a tumor (Figure 3C). In
contrast, C5S-A-negative cells failed to generate tumors
(Figure 3C).

Evaluation of chemotherapy resistance over time by C5S-A.
Firstly, to evaluate how long fluorescence from a single
staining remained observable, we cultured SKBR3 breast
cancer cells for 5 days after ALDEFLUOR or C5S-A staining.
Although the luminescence of ALDEFLUOR disappeared after
1 day, that of C5S-A lasted for at least 3 days (Figure 4).
Next, we chronologically evaluated the change in C5S-A-
positive cell area after 3 days of treatment of HCC1954 and
MDAMBA468 cell lines with doxorubicin or paclitaxel. The C5S-
A-positive cell area was significantly increased after treatment
in both cell lines (Figure 5), indicating that non-CSCs were
killed by chemotherapy and that the ratio of CSCs increased.

Discussion

In this study, we demonstrated that C5S-A is suitable for use in
CSC research in breast cancer. Moreover, we also demonstrated
that C5S-A has a long luminescence duration, more than 3 days,
and is thus suitable for observing and analyzing viable cells
over time. Indeed, we were able to use this characteristic of
C5S-A to chronologically evaluate drug resistance to cytotoxic
agents, which is a feature of CSCs. Interestingly, recent studies
have also shown that CSCs have plasticity and a dynamic nature
over time (11, 12). Chronological imaging of living cells is a
therefore critical component of research into CSC behavior, and
we believe that C5S-A will prove useful in various areas
requiring time-lapse imaging.

C5S-A-positive cells in our study showed very strong
tumorigenic potential. In humans, 19 different ALDH isoforms
have been identified (9). Although all of these are associated
with reducing oxidative stress and protecting cells from
damage, it is unclear whether they are all associated with the
characteristics of CSCs (9). Among these isoforms, ALDH1A1
has been well researched as the key ALDH isozyme linked to
the CSC population (9). Importantly, this isoform has been
reported to provide drug resistance to agents cytotoxic to CSCs
(13). One group reported that abundant expression of
ALDHI1A1 was associated with expression of P-glycoprotein
(breast cancer-resistance protein) (14). These findings have
increased the focus on ALDH1A1 in cancer research, and
better technologies for identifying and isolating ALDHI1A1-
positive cells are required. Although ALDEFLUOR is a non-
selective probe for some ALDH isoforms (15), we
demonstrated that C5S-A shows high selectivity for ALDH1AL1
(10). In this study, C5S-A-positive cells exhibited
characteristics of not only tumorgenicity but also drug
resistance. We consider that this ALDH1A1-specific probe will
prove useful in researching these characteristics in detail.
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Figure 2. Images of fluorescence in cell lines treated with ALDEFLUOR and C5S-A and association of C5S-A with known stem cell populations. A:
ALDEFLUOR-positive and -negative cells were stained with C5S-A and photographed under a fluorescence microscope. Strong green and red
fluorescence was observed in ALDEFLUOR-positive cells and C5S-A-positive cells, respectively. Scale bar: 200 um. B: HCC1954 cells were sorted
by fluorescence-activated cell sorting based on the expression of the cancer stem cell markers CD44 and CD24 and each cell population was stained
with C5S-A. Red fluorescence was observed in CD44-positive/CD24-negative cells, and mammospheres were formed. Scale bar: 200 um.
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Figure 3. Stem cell properties of C5S-A-positive cells. A: C5S-A-positive and -negative cells were separated by fluorescence-activated cell sorting and
subjected to mammosphere formation assay. Mammospheres were found to be formed by C5S-A-positive cells. Scale bar: 200 um. B: C5S-A-positive cells
were highly capable of forming mammospheres. Data are presented as the mean+SEM (n=3 individual experiments). *Significantly different at p<0.05.
C: Breast cancer cell lines were transplanted into inguinal mammary glands of female NOD/LtSz-scid/IL2Ry~'~ (NSG) mice. Tumor growth curves were
plotted for each population (C5S-A-positive, C5S-A-negative). Tumor formation was observed in the group injected with C5S-A-positive cells.

In conclusion, we showed that C5S-A is suitable for CSC
research using breast cancer cell lines, and confirmed its
utility in observing cells over time. We are currently
planning further studies on the application of this probe to
in vivo imaging and clinical use.
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