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Abstract

Background: Currently, there remains an incomplete view of cancer stem cells (CSCs) in solid tumours. Methods: We studied a panel
of putative CSC surface markers (ALDH1A1, ABCG2, CD44v7/8, CD44v10, CD133, CD271, and Nestin) in 40 established melanoma
cell lines and four early-passage melanoma strains by flow cytometry. We additionally examined 40 formalin-fixed paraffin-embedded
melanoma tissues using immunofluorescence microscopy. This was compared with their expression in healthy skin, normal differentiated
melanocytes and fibroblasts. Results: Most of the putative CSC markers were expressed by both melanoma cell lines and tissues. When
present, these proteins were expressed by the majority of cells in the population. However, the expression of these markers by cells in
healthy skin sections, normal differentiated melanocytes, and fibroblasts revealed that differentiated non-malignant cells also expressed
CSC markers indicating that they lack of specificity for CSCs. Culturing cell lines under conditions more characteristic of the tumour
microenvironment upregulated CSC marker expressions in a proportion of cell lines, which correlated with improved cell growth and
viability. Conclusions: The testing of melanoma cell lines (n = 40), early-passage cell strains (n = 4), and melanoma tissues (n = 40)
showed that several putative CSC markers (ALDH1A1, ABCG2, CD44v7/8, CD44v10, CD133, CD271, and Nestin) are commonly
present in a large proportion of melanoma cells in vitro and in situ. Further, we showed that these putative markers lack specificity for
CSCs because they are also expressed in differentiated non-malignant cell types (melanocytes, fibroblasts, and skin), which could limit
their use as therapeutic targets. These data are consistent with the emerging notion of CSC plasticity and phenotype switching within
cancer cell populations.
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1. Introduction [4]. Therefore, these cells have been proposed as the driv-
ing force behind tumorigenesis, the “seeds” of metastases,
and a factor associated with the failure of cancer treatment
due to their resistance to current therapies [5—9]. For a de-
tailed discussion of CSC plasticity and the challenges of es-
tablishing specific biomarkers that may contribute to this
problem due to phenotypic switching, for example, see ref-
erences [10,11]. However, presently the existence, identifi-

cation, and roles of CSCs remain incompletely understood,

There has been a paradigm shift in our understanding
of cancer over the last several decades. Thus, it is now ap-
preciated that instead of consisting entirely of clonally ex-
panded cancer cells, tumours comprise different cell types
that are heterogeneous in phenotype and function and that
interact in complex ways. Some non-cancerous cell types in
the stroma support tumour growth through multiple mecha-
nisms and may even represent the majority of cells in the tu-

mour mass. Moreover, some cancer cells lie dormant, while
others retain the capacity for self-renewal and maintain the
heterogeneous lineages of cancer cells, which constitute the
tumour [1]. The latter have been designated cancer stem
cells (CSCs) because they share common features with tis-
sue stem cells, such as a capacity for self-renewal and the
ability to produce progeny that can grow and differentiate
[2]. They may also express embryonic stem cell markers
[3] and have been proposed as possible therapeutic targets

particularly in melanoma, despite the plethora of previous
publications in this area [12—19].

Melanoma is the most aggressive form of skin can-
cer and one of the deadliest cancers in its metastatic form,
yet despite a number of remarkable therapeutic advances,
many metastatic patients still face a poor long-term progno-
sis [20-22]. An accurate description of CSCs in melanoma
may provide a basis for more successful therapies by tar-
geting tumorigenic CSCs. Several studies have attempted
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to better understand the nature of CSCs in melanoma; how-
ever, as noted above, differences regarding their functional
properties and expression patterns have been reported. Part
of the difficulty in comparing the results concerning CSCs
across studies is that different studies have examined dif-
ferent CSC markers but often not in combination [16,23—
25]. Here, we assessed the expression of multiple putative
melanoma CSC markers based on those candidates most
likely to be informative, according to the published litera-
ture noted above and shown in Supplementary Material 1.
This panel of markers was studied in a large number of sam-
ples: 40 established melanoma cell lines, 40 melanoma tis-
sue specimens, 4 early-passage melanoma cell strains, and
3 types of differentiated non-malignant cells (melanocytes,
fibroblasts, and skin sections). Since our understanding of
the function and mechanism of CSC markers is primarily
derived from in vivo animal studies or human in vitro stud-
ies, the comparison between cell lines and tissue is an im-
portant novelty, while the inclusion of non-malignant sam-
ples in this study is a further factor, which has not always
been addressed in earlier studies.

The diversity of cancer (stem) cells at the genetic and
functional levels has also been proposed to be governed by
environmental factors [11]. To address this, we also studied
melanoma cell lines in an experimental culture model con-
sisting of low oxygen tension and an acidic pH. Hypoxic
and acidic conditions are widespread physical features of
tumours in vivo [26,27] but they are usually not included as
part of the in vitro modelling of tumours. Therefore, the aim
was to improve the accuracy of in vitro culture models and
to investigate whether the expression of the CSC markers
in melanoma could be influenced by physical features more
typical of their environment in vivo. The panel of markers
was selected based on our earlier work, which indicated that
melanoma tissues expressing higher levels of ABCG2 and
CD133 in tumours promoted a significant survival disad-
vantage to patients, independent of treatment [28].

2. Methods
2.1 Samples

Established melanoma cell lines (Supplementary
Table 1): Forty cell lines were selected from the Eu-
ropean Searchable Tumour Line Database (ESTDAB;
http://www.ebi.ac.uk/ipd/estdab) [29]. Of the 40 cell
lines, 38 were metastasis-derived, and 2 were derived
from primary-derived melanomas (EST-66 and EST-
83).  These cell lines have been certified by DNA
fingerprinting and tested for mycoplasma contamina-
tion. They are currently also available from the Euro-
pean Collection of Animal Cell Cultures (ECACC, see
https://www.culturecollections.org.uk/products/celllines/g
eneralcell/search.jsp?searchtext=estdab&dosearch=true).

Early-passage melanoma cell strains: Four early-
passage cell strains were derived from metastatic lesions
from patients treated at the Tiibingen University Hospital,

according to the following protocol [30,31]: “TiiMel 39”
(4th passage), “TiiMel 49” (3rd passage), “PDX 25 (P2,
P1) and “PDX 35” (PO, P1). The PDX early-passage cell
strains were initially passaged in mice before being cultured
in vitro.

Human epidermal melanocytes: Two sources of pri-
mary melanocytes were used: (1) Cells in their third pas-
sage derived from the circumcision of a healthy individ-
ual treated at the Tiibingen University Hospital. (2) Hu-
man adult primary epidermal melanocytes purchased from
ATCC (Manassas, VA, USA).

Fibroblasts: Neonatal fibroblasts NuFF1 were ob-
tained commercially (Globalstem, Gaithersburg, MD,
USA).

Skin sections: Five pum thick sections of formalin-
fixed paraffin-embedded normal human skin were sourced
commercially (Abcam, Cambridge, UK).

Melanoma tissue samples: Forty formalin-fixed
paraffin-embedded metastatic lesions from patients treated
at the Tiibingen University Hospital Dermatology Depart-
ment were used. Patients provided their written informed
consent for the storage and scientific analysis of tissue sam-
ples. The use of these samples was approved by the Univer-
sity of Tiibingen Ethics Committee (ethics approval num-
ber: 017/2016BO2).

2.2 Cell Culture

Established melanoma cell lines were cultured in 40
mL RPMI 1640 medium (Life Technologies, Darmstadt,
Germany) supplemented with 10% foetal bovine serum
(FBS) (Sigma-Aldrich, Munich, Germany) in either 20%
O3 or 2% O using the Concept 1000 InvivOy hypoxic
chamber (Ruskinn Technology (Pencoed, UK)) with me-
dia titrated to pH 6.7 with 37% hydrochloric acid (Merck,
Darmstadt, Germany). Depending on the generation time
of each cell line, between 2 and 4 x 10° cells were seeded
per flask. Cell culture and estimation of viability was per-
formed as previously described, although, in the current
study, cells were cultured for seven days and cultures were
harvested with Accutase (Sigma-Aldrich) [32]. Selected
cell lines (n = 2) were repeated to confirm the initial re-
sults. Early-passage melanoma cell strains were cultured
until confluence in a medium containing 1% Pen—Strep
(Biochrom, Berlin, Germany). Melanocytes were cultured
in DermaLife M melanocyte growth medium (CellSystems,
Troisdorf, Germany).

2.3 Flow Cytometry

BD LSR II, multicolour flow cytometry was used
to measure protein expression, as previously described
[32], although with the following modifications. Au-
tomatic software compensation was performed to min-
imise spectral overlap between different fluorochromes,
and CST beads were run prior to each sample mea-
surement to control for consistency in machine perfor-
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mance. The following antibodies were used: ALDHI1A1-
PE (Lot: HGO9MY 1304, Clone: 03) (Sino Biological Inc.,
North Wales, PA, USA), Nestin-PE (Lot: 2524561, Clone:
10C2) (Merck Millipore, Temecula, CA, USA), ABCG2-
PE (Lot: B143287, Clone: 5D3) (Biolegend, San Diego,
CA, USA), CD44v7/8-FITC (Lot: 150715, Clone: VFF-
17) (Acris Antibodies, San Diego, CA, USA), CD44v10-
FITC (Lot: 9E08V1) (Bioss, Woburn, MA, USA), CD133-
APC (Lot: 5150611303, Clone: AC133) and CD271-
FITC (Lot: 5150609183, Clone: ME20.4-1.H4) (both from
Miltenyi Biotec, Teterow, Germany). The DNA-binding
dye ethidium monoazide bromide (Biotium, Hayward, CA,
USA) was used to exclude dead cells (incubated on ice un-
der bright light for 20 min) before antibody staining. Data
were analysed using FlowJo software version 10.0.7 (Tree
Star, Ashland, OR, USA). Cell viability was determined by
a commercial viability kit, according to the manufacturer’s
instructions (BD Biosciences, Heidelberg, Germany).

2.4 Immunofluorescence

Melanoma tissue sections (5 pm thick) were pre-
pared and stained with antibodies, as previously described
[33], but with the following modifications: an EDTA-
and SDS-based antigen retrieval solution containing 25
mM Tris—HCl1 (pH 8.5) (Sigma-Aldrich), 1 mM EDTA
and 0.05% SDS (both from SERVA Electrophoresis, Hei-
delberg, Germany) were used to unmask antigens. The
following antibodies were used: ALDHI1A1 rabbit mon-
oclonal (Lot: GR41450-6, Clone: EP1933Y) (Abcam),
CD133 rabbit polyclonal (Lot: X13030523) (Fitzgerald,
Acton, MA, USA), ABCG2 mouse monoclonal (Lot:
DI15KF02234, Clone: BXP-21) (Biolegend, San Diego,
CA, USA), CD44v7/8 mouse monoclonal (Lot: 051114,
Clone: VFF-17) (Bio-Rad, Hercules, CA, USA), Alexa
Fluor 488 donkey anti-rabbit IgG (H+L), Cy3 donkey anti-
mouse IgG (H+L) (both from Jackson ImmunoResearch
Laboratories, West Grove, PA, USA). Fluorescence inten-
sity for each antibody-stained tissue section was compared
by fluorescence from a control tissue (secondary antibody
only) mounted on the same slide. The software PixelStats
(designed in-house by the University Hospital Tiibingen,
Tiibingen, Germany) recorded the mean fluorescence inten-
sity of microscopy images and was used to create a ratio be-
tween the stained and control tissue sections. A tissue was
considered positive if it showed at least a 50% increase in
fluorescence over the control tissue. An average of 12 im-
ages per tissue (i.e., 12 for stained and 12 for control) cov-
ering the entire tumour (including all regions of the tumour
centre and at the invasive front) were captured at 20 x mag-
nification. Fluorescently stained tissue slides were mea-
sured by a Zeiss Axiophot fluorescence microscope (Carl
Zeiss, Oberkochen, Baden-Wuerttemberg, Germany).

Statistical analyses were performed using Prism soft-
ware version 6 (GraphPad, La Jolla, CA, USA). Changes
of less than 10% between different culture conditions for
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the same cell line were not considered to be different. Cell
line tumour-associated antigen and CD44 expression data
were obtained from ESTDAB [29]. Correlations were as-
sessed by a non-parametric two-tailed (Spearman) corre-
lation test. Significance between the two groups was as-
sessed by a two-tailed non-parametric (Mann—Whitney U)
test. Trends across four grouping variables were assessed
by a two-tailed Fisher’s exact contingency test. Significant
relationships were considered as p < 0.05.

3. Results

3.1 Putative CSC Markers are Commonly Expressed by
Melanoma Cells and Show Variable Expression Across
Cell Lines

We examined 40 different established melanoma
cell lines to screen for the expression of seven putative
CSC markers (ALDH1A1, ABCG2, CD44v7/8, CD44v10,
CD133, CD271, and Nestin) and document similarities
and differences between extensively proliferated cells, and
those from short-term cultures or freshly isolated tumour
tissue. Cell lines are commonly used in cancer research,
and it is important to document their similarities in ex vivo
situations. First, we identified the number of cell lines
from the 40 that expressed each of these CSC markers.
This was achieved by examining the average protein ex-
pression of the entire population for each cell line to de-
termine a fluorescence index (FI). This approach showed
that all 40 cell lines were positive for ALDH1A1, CD271,
and Nestin, while around half expressed ABCG2, and only
three were positive for CD133. Although all 40 cell lines
expressed the CD44 molecule [29], we could only identify
four (10%) which expressed the CD44 splice variant iso-
forms 7/8 and none that expressed the splice variant iso-
form 10 (Fig. 1A). In addition, we examined how many
cells within each melanoma cell line were positive for each
marker. The results, considering the frequency of positive
cells, generally agreed with the results obtained from deter-
mining the average protein expression in the entire popula-
tion (FI), described above: ALDH1A1, CD271, and Nestin
were found to be expressed in the majority of cells in the
population for all 40 cell lines. ABCG2 and CD44v7/8 were
found to be present in 0 to 70% and in 0 to 40% of cells in
the population, respectively, while CD133 and CD44v10
were found at a lower maximal frequency (Fig. 1B). We ob-
served that when these proteins were expressed, they were
usually not present in the discrete sub-populations of pos-
itive cells, i.e., a single population of expressing cells was
observed rather than separate populations of positive and
negative cells within a cell line (Fig. 1C). This was the case
for both established cell lines and early-passage cell strains.
Additionally, we noted the absence of discrete positive and
negative populations for proteins that showed expression in
less than 100% of the cells—for example, ABCG2 was ex-
pressed in between 0 and 70% of these melanoma cell lines;
however, the majority of cells in the population expressed


https://www.imrpress.com

>
W

% of Positive Samples

Frequency of Positive Cells (%)
(4
o

N ,\\ .
S
v}«
250
200 3 primary 300-
150 IJ'IT Em metastatic =
3 100 o)
3 2
£ 80 c o 200-
8 60 s 8
s 0 s
g Y
0 -
2 20{ & £ 100
S 5 ]
2 4 I i
[T 3 =4
: ﬂ' .
: il 0
: | I
AN \a N I N\
v RS 2 O &
Q & o
(&)
» ¥ ¥ d

100-*,*

o a0
-
~
a
°® ]
0® o 1
e i R
.. 100 . 200 o \w»rs(vw 2000 200
®
$ -
- S
° [v]
S @
<
oq

stained

c control

[9) obtb‘ Q
300- .
0
o) °
2
L/ - 2004 g
0‘. £ § O..
o®e L 83 ° ® ]
Z 8 1001 ¢ =
o S °
oo ° u_j_ % L/
o L
e ol el & & .
50 100 150 1 2 3 4 5
ALDH1A1 ABCG2

(Fluorescence Index)

(Fluorescence Index)

Fig. 1. Expression patterns and correlations of putative cancer stem cell (CSC) markers in established melanoma cell lines. Forty
melanoma cell lines were assessed for their expression of ABCG2, ALDH1A1, CD44v7/8, CD44v10, CD133, CD271, and Nestin by
flow cytometry. (A) Average protein expression in the entire population shows Nestin, CD271, ALDH1A1, and ABCG2 to be commonly

expressed in established cell lines, while CD133 and CD44 variants were less commonly found. Grey shading indicates positivity for the
respective markers. (B) Assessing the frequency of positive cells within each cell line showed Nestin, CD271, ALDH1A1, and ABCG2-

positive cells to be common in this panel of 40 established cell lines and in the four early-passage cell strains. Lower frequencies in

cells were found for CD133 and CD44 variants. (C) Examples of flow cytometry plots showing similar expressions by most melanoma
cells for CD271 and ABCG2. Although less than 100% of cells are positive for ABCG2, most cells in the population express the protein
at similar levels. (D) Expression of CSC markers is similar between primary- and metastatic-derived cell lines. (E) Expression levels
correlated between ALDH1A1 and Nestin (r = 0.5988; p < 0.0001) and between ABCG2 and Nestin (r = 0.4235; p = 0.0058).

this protein similarly, with no discrete positive and negative
populations (Fig. 1C, lower panel). However, we also occa-
sionally observed heterogeneity in the expression of these
proteins—for example, Nestin and CD133 were sometimes
found to be expressed at different levels in a fraction of
cells in the population (Supplementary Material 2). Inter-
estingly, when comparing primary- and metastatic-derived
cell lines, we observed no marked differences in the expres-
sion of the seven CSC markers (Fig. 1D), while we also
obtained similar results when comparing early-passage cell
strains with established cell lines, i.e., a common expression
of CD271, ALDHI1A1, Nestin, and ABCG?2 (all 4/4), a rare
expression of CD44v7/8 (1/4), and a lack of expression of
CD133 and CD44v10 (data not shown). Finally, we inves-
tigated the potential relationships between the expression of
the seven CSC markers. This analysis revealed correlations
between Nestin and ALDH1AT1 (p < 0.0001, r = 0.5988),
and ABCG2 (p = 0.0193, r = 0.364) expressions (Fig. 1E).

3.2 Hypoxia and Acidity Alter the Behaviour of Melanoma
Cell Lines and Change the Expression of Putative CSC
Markers

Since standard in vitro cell culture conditions (20%
O3 and neutral pH medium) do not accurately reproduce
in vivo growth conditions, we cultured the established cell
lines under conditions designed to better reflect the tumour
microenvironment (i.e., 2% O4 and pH 6.7, here designated
“oxy low/pH low”). We were interested in understanding
the relationship between the tumour microenvironment and
cancer stemness because our previous study had shown that
incorporating these features as part of an in vitro culture
can have a dramatic impact on the behaviour of melanoma
cells [32]. Compared to the conventional in vitro culture
model, oxy low/pH low culture conditions slowed growth
in all melanoma cell lines (p < 0.0001) and reduced viabil-
ity in the majority (p < 0.01) (Fig. 2A). We also found the
same trend toward reduced viability under oxy low/pH low
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Fig. 2. Effects of hypoxic and acidic culture conditions on melanoma cell lines and the expression of putative CSC markers. Forty

melanoma cell lines were cultured under conventional (20% Oz and neutral pH) or experimental conditions (2% Oz and pH 6.7) for

seven days. Following the culture period, cell lines were harvested and living-to-dead cell ratios were determined using trypan blue.

Changes in the expression of CSC markers under experimental culture conditions were tested for their association with cell line viability

and growth. (A) Experimental culture conditions reduce the speed of growth by melanoma cell lines and decrease their viability. Cell

numbers indicate the total number of living cells. (B) Experimental culture conditions that either up- or downregulate the expression (FI)
of putative CSC markers ALDH1A1, Nestin, CD271, and ABCG2. (C) Changes in expression (FI) of Nestin and CD271 are associated
with melanoma cell viability under experimental culture conditions, while ALDH1AT1 correlated to cell growth (* =p < 0.05; **=p <

0.01, ***% = p < 0.0001).

conditions in a subset of cell lines (n = 15) using a commer-
cial apoptosis kit, which was statistically significant when
considering differences in late-apoptotic cells (p = 0.035)
(data not shown).

The expressions of the CSC markers were also al-
tered by hypoxic and acidic conditions. In the 40 cell lines,
ALDHI1A1 and ABCG2 were downregulated in most, while
CD271 was upregulated in the majority, and Nestin was
up- or downregulated in roughly equal numbers (Fig. 2B).
Each cell within all cell lines showed similar changes in ex-
pression under the test conditions. The cell lines that were
negative for any protein under conventional conditions also
remained negative in the oxy low/pH low model. The cor-
relations between the expression of Nestin and ALDH1A1
and Nestin and ABCG?2 (Fig. 1E) were observed under con-
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ventional conditions and remained retained when these cells
were cultured in oxy low/pH low (p =0.0002 for ALDH1A1
vs. Nestin and p = 0.0439 for ABCG2 vs. Nestin) (data not
shown).

3.3 Expression of CD271, Nestin, and ALDHI1AI is
Associated with Better Melanoma Cell Line Viability and
Growth under Hypoxic and Acidic Culture Conditions

Changes in the expression of CD271 and Nestin
between the conventional and oxy low/pH low culture
models were found to correlate with the viability of the
melanoma cell lines (p = 0.0063 and p = 0.0258, respec-
tively) (Fig. 2C). Further, we observed that an improvement
in viability was associated with the upregulation of these
proteins under oxy low/pH low culture conditions, as indi-
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cated by the higher live/dead cell ratios. Despite the major-
ity of cell lines tending to downregulate ALDH1A1 in the
experimental model, we found improved cell growth in the
cell lines where the expression of ALDH1A1 was upreg-
ulated (p = 0.0168) (Fig. 2C). No such associations were
found for ABCG2. Since the CD44 variants and CD133
were rarely, or not at all, expressed by these cell lines, this
analysis could not be performed for these proteins.

3.4 Not only Melanoma Tissues in Situ but also
Differentiated Non-Malignant Cell Types Express Putative
CSC Markers

To validate the results obtained from the melanoma
cell lines in vitro, we examined the expression of the se-
lected CSC markers in situ, using an equal number of
melanoma tissue deposits. Since CD133 and CD44v7/8
were rarely present in the melanoma cell lines, we con-
sidered it important to compare the results for these pro-
teins obtained in vitro with those in situ. We additionally
tested ALDHI1A1 and ABCG2 because we found a num-
ber of interesting correlations in vitro and these proteins
have rarely been studied in melanoma tissue, while CD271,
Nestin, and CD44v10 have all been previously examined in
situ by other investigators [34—36]. Consistent with the cell
line results, all the CSC markers were commonly expressed
in the majority of the melanoma cells in situ, although we
did also observe a degree of heterogeneity, which revealed
areas in the negative cells or more highly/weakly express-
ing cells within the tumour regions. In particular, CD133
was expressed more highly in a proportion of melanoma
cells in some tissue samples, although in these cases most
cells still exhibited positive staining. A common observa-
tion was that lower cell expressions resembled the tumour
stroma. Notably, ALDHI1A1 was an exception to our obser-
vation, whereby the common CSC markers were expressed
by the majority of cells since we observed it to be either
commonly expressed by all cells (17.5% of samples) or to
be selectively expressed by a subset of cells (45% of sam-
ples) in situ (Supplementary Material 3).

When comparing tissue with established melanoma
cell lines, the four putative CSC markers showed differ-
ent expression patterns in situ (Fig. 3A,B). CD44v7/8 ex-
pression was more commonly observed in tissues (37.5%
of samples were positive) compared to cell lines (10% of
samples). The same was true for ABCG2, which was much
more frequently expressed in the tissues (77.5%) rather
than in the cell lines (46.34%), whereas ALDH1A1 was
expressed only in 62.5% of the melanoma deposits com-
pared to 100% of the cell lines. Interestingly, we found that
CD133 was the most commonly expressed putative CSC
marker in melanoma tissues, with 95% of the deposits ex-
pressing it. This stands in stark contrast to the established
cell lines, whereby only a small proportion (7.5%) of cell
lines expressed CD133, according to the FI. Representa-
tive immunofluorescence images stained for ALDHI1AI,

ABCG2, CD44v7/8, and CD133 are shown in Fig. 3C.
Supplementary Material 3 shows a single representative
stained and control image for all four proteins in two tissue
samples (in the case of ALDH1A1, it shows one example,
which demonstrates the expression exhibited in most cells,
with the second example showing the expression in a subset
of cells) and Supplementary Material 4 shows one exam-
ple of a complete set of images comprising all fluorescence
images captured throughout one tumour sample for all four
proteins.

Since we observed that both melanoma tissues and cell
lines expressed these putative CSC markers, next, we exam-
ined their expression in benign differentiated cells to test
their specificity as CSC markers and to examine their po-
tential use as therapeutic targets in melanoma. Thus, us-
ing flow cytometry, we investigated the expression of these
molecules in control cells; human dermal fibroblasts and
primary human epidermal melanocytes, the latter from two
different sources. We additionally tested normal human
skin sections for CD133 and ABCG2, using immunoflu-
orescence. Our results demonstrate that these seven puta-
tive CSC markers are not specific for cancer or normal stem
cells since they were also detected in all the tested benign
differentiated cell types examined in this study. Interest-
ingly, the benign samples were found to express these pro-
teins at comparable or occasionally even higher levels than
in malignant cell types. A comparison between the expres-
sion levels of all proteins tested in the benign and malignant
cell types was conducted by flow cytometry and is shown in
Fig. 3D. The test results for human skin using immunoflu-
orescence can be found in Supplementary Material 5.

4. Discussion

This study surveyed a panel of putative CSC surface
markers in large sample numbers in vitro, in situ, and by
including multiple differentiated non-malignant cell types,
thereby investigating marker- and sample-dependent dif-
ferences. Since mechanistic studies are either performed
in vitro or in vivo with animals, we considered it impor-
tant to compare melanoma samples in vitro with those in
situ, exclusively in human samples. Therefore, we studied
the putative CSC markers of CD271, ALDH1A1, Nestin,
ABCG2, CD133, CD44v7/8, and CD44v10 in 40 estab-
lished melanoma cell lines, with four (ABCG2, ALDH1AL1,
CD44v7/8, and CD133) additionally investigated markers
in an equal number of melanoma tissues. We showed
that four of the seven putative CSC markers (CD271,
ALDHI1A1, Nestin, and ABCG?2) are commonly expressed
in melanoma cell lines, while the remaining three markers
were either found very rarely (CD133 and CD44v7/8) or
not at all (CD44v10). Except for ALDH1A1, we observed
that the remaining CSC markers were expressed more fre-
quently in the tissues than in the cell lines. Substantial dif-
ferences were seen for CD44v7/8 and CD133, which were
rarely found in the cell lines but were more common in
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Fig. 3. Expression of putative CSC markers in melanoma tissue, cell lines, and differentiated non-malignant cells. Immunofluo-
rescence (melanoma tissue) and flow cytometry (cells and cell lines) were used to assess expression levels of putative CSC markers. (A)
Almost all 40 melanoma tissues express CD133, and less frequently express ABCG2, ALDH1A1, and CD44v7/8. Grey shading indicates
positivity for the respective markers. (B) Forty melanoma cell lines and an equal number of melanoma tissues were compared for their
expression of CSC markers; tissues more frequently express CD133, CD44v7/8, and ABCG2, although ALDH1A1 is more common in
cell lines. The FI was used to determine positive samples. (C) Representative images from melanoma deposits stained for ALDHIAL,
ABCG2, CD44v7/8, and CD133. Scale bar indicates 100 um. (D) Putative CSC markers are expressed at similar levels by established

(n =40) and early-passage (n = 4) melanoma cell lines, primary epidermal melanocytes (n = 2), and dermal fibroblasts (n = 1).
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the tissues, especially CD133. This infrequent expression
of CD133 and CD44v10 in melanoma cell lines is consis-
tent with the results of previous studies [37,38]. The dif-
ferences observed between cell lines and tissue may be as-
sociated with the selection of melanoma tumours or cells,
which are able to grow in vitro as an established cell line.
The growth requirements in this artificial environment are
likely to differ substantially from those in vivo; thus, the
fraction of melanoma tumours, or individual cells within
a tumour, which is able to survive surgical excision, pro-
cessing, and subsequent growth as a monolayer appears to
select for melanoma cells or for tumours with a particular
profile of CSC marker expression. It is perhaps less likely
that these changes occurred during in vitro culturing unless
they occur very early because we observed similar results
for early passage and established cell lines.

Collectively, our results suggest that the bulk of
melanoma cells express similar levels of CSC markers.
It was surprising to us that in the majority of cases, the
seven tested markers did not show distinguishable sub-
populations of positive and negative cells, which also
prevented us from isolating these fractions to investigate
whether they possess stem-like properties. To strengthen
these observations in established cell lines in vitro, we con-
firmed the expression by most cells in situ, using excised
melanoma tissues and in four early-passage cell strains. In-
deed, the four early-passage cell strains were less likely to
have been altered by in vitro culturing than the established
cell lines, while the excised melanoma tissues showed no al-
terations. A number of prior studies that have shown CSCs
to be expressed in only a small proportion of all melanoma
cells utilised freshly resected tumour cells, which had un-
dergone enzymatic digestion. This treatment has been
shown to reduce the frequency of detected tumour cells ex-
pressing CSC markers [13]. In contrast, the present study
examined formalin-fixed tissue samples or used cell lines
that had undergone brief treatment with a gentler detach-
ment method than trypsin, thereby potentially explaining
the observation in our study, where the CSC markers are
commonly expressed in melanoma.

Our findings show that the panel of CSC markers in-
vestigated here were expressed at a similar level by the ma-
jority of melanoma cells. However, these markers are puta-
tive and therefore could be non-specific or possibly irrele-
vant in the identification of CSCs [39]. To address this, we
investigated the specificity of these markers for CSCs by
testing their expression in benign differentiated cell types
of related origin (primary human melanocytes, human der-
mal fibroblasts, and normal human skin). We found that
benign differentiated cells, as well as cancer cells, express
these proteins, in line with previous reports on ALDHI,
CD44 variants, Nestin, and CD133 [37,40,41]. This finding
weakens the proposition that the markers examined here are
specific for CSCs and leaves open the possibility that more
accurate CSC markers in melanoma may still await dis-

covery. Moreover, we examined primary- and metastatic-
derived cell lines, meaning it is unlikely that the observed
results are due to the dissemination of phenotypic mono-
clonal metastatic CSCs from a heterogeneous primary tu-
Notably, our results may have consequences for
studies that use these markers to isolate CSCs for functional
testing, or for studies attempting to target them therapeuti-
cally. Noteworthy differences were seen for ALDHIAI,
we observed some melanoma tissues where expression oc-
curred in the majority of cells, while other tissues showed
the presence of distinct individually positive cells. Per-
haps due to genetic heterogeneity, this protein may not
be representative in the same population of cells in every
melanoma, i.e., ALDHIA1 may be a marker of CSCs in
some melanomas but not in others.

mour.

We additionally cultured established melanoma cell
lines in an experimental oxy low/pH low culture model
aimed at more closely mimicking their native environment.
We hypothesised that this approach may lead to the selec-
tion of cells better adapted to the environment, which may
be associated with cells possessing a cancer stem-like phe-
notype due to the environmental influence on CSCs, which
has been previously reported to exist. A previous study in
melanoma demonstrated that hypoxia regulated the expres-
sion of the molecular CSC marker Oct-4 [42]. This find-
ing hinted that features of the tumour microenvironment
are involved in the regulation of CSCs. In line with this
finding, we observed a considerable proportion of cell lines
that upregulated CSC surface markers in a culture model of
hypoxia and acidity. However, we also found that a simi-
lar or greater proportion of cell lines downregulated these
markers, thereby highlighting the heterogeneous nature of
cancer, even those of the same histological origin. The var-
ied results seen in response to our oxy low/pH low culture
model suggest that the role of these proteins may not be the
same in all melanomas, whether they represent CSCs or not.

In this study we observed that the expression of CSC
markers correlated with certain cellular features, suggest-
ing that there are as yet undiscovered roles for these pro-
teins in melanoma. We observed that cells, where certain
CSC markers were upregulated under hypoxia and acidity,
showed improved viability or cell growth. The importance
of these proteins is underlined by the finding that they were
expressed in melanoma cell lines as well as in melanoma
tissues, indicating that some of them may be essential for
tumour maintenance in vivo.

5. Conclusions

In the present study, we have shown that the expres-
sion of CSC surface markers can differ depending on the
nature of the sample type examined and the culture envi-
ronment employed, which may provide some explanation
for the large numbers of conflicting previous studies report-
ing on putative markers of CSCs in melanoma, reconciled
by the phenotypic plasticity model [43,44]. We found that
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these proteins are commonly expressed in both melanoma
cell lines and tissue and that they are associated with impor-
tant features of melanoma cells. Unlike many studies, the
inclusion of differentiated non-malignant samples along-
side malignant samples in this work allowed us to inves-
tigate their specificity for CSCs, phenotypically modulated
or not. This study revealed widespread expression of these
proteins in non-malignant cells, which questions their use-
fulness as CSC markers and may limit their use as thera-
peutic targets.
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