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a b s t r a c t 

Slow-cycling cancer cells (SCC) contribute to the aggressiveness of many cancers, and their invasiveness and 
chemoresistance pose a great therapeutic challenge. However, in melanoma, their tumor-initiating abilities are 
not fully understood. In this study, we used the syngeneic transplantation assay to investigate the tumor-initiating 
properties of melanoma SCC in the physiologically relevant in vivo settings. For this we used B16-F10 murine 
melanoma cell line where we identified a small fraction of SCC. We found that, unlike human melanoma, the 
murine melanoma SCC were not marked by the high expression of the epigenetic enzyme Jarid1b . At the same 
time, their slow-cycling phenotype was a temporary state, similar to what was described in human melanoma. 
Progeny of SCC had slightly increased doxorubicin resistance and altered expression of melanogenesis genes, 
independent of the expression of cancer stem cell markers. Single-cell expansion of SCC revealed delayed growth 
and reduced clone formation when compared to non-SCC, which was further confirmed by an in vitro limiting di- 
lution assay. Finally, syngeneic transplantation of 10 cells in vivo established that SCC were able to initiate growth 
in primary recipients and continue growth in the serial transplantation assay, suggesting their self-renewal na- 
ture. Together, our study highlights the high plasticity and tumorigenicity of murine melanoma SCC and suggests 
their role in melanoma aggressiveness. 

I

 

b  

a  

l  

[  

t  

d  

m  

p  

t  

f  

t
 

p  

S
m
J

p  

s  

[  

t  

t  

i  

o  

s  

e
 

i  

e  

m  

m  

g  

t  

h
R
1

ntroduction 

Melanoma is the most aggressive skin cancer worldwide, responsi-
le for around 57 000 deaths annually [1] . When diagnosed early, it is
lmost 100% curable, but late stage disease poses a big therapeutic chal-
enge due to the unique heterogeneity and plasticity of melanoma cells
2] . One of the factors contributing to melanoma therapy resistance is
he presence of slow-cycling cancer cells (SCC) [3] . Unlike terminally
ifferentiated cells that are irreversibly arrested in G0/G1 phase (e.g.
uscle cells or neurons), SCC are only transiently arrested in G0/G1
hase and can re-enter the cell cycle upon stimulus [4] . Importantly,
hose quiescent SCC are difficult to eradicate and might be responsible
or cancer relapse as chemo- and radiotherapies target highly prolifera-
ive cancer cells [4] . 

Human melanoma SCC are highly invasive and disseminate from the
rimary tumor mass in the early stages of the disease [5] . They ex-
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ress epigenetic enzymes JARID1B and TET2, have an active WNT5A
ignaling, and support continuous tumor growth and chemoresistance
6–9] . Interestingly, the slow-cycling phenotype partially overlaps with
he properties of cancer stem cells (CSC) which are believed to be plastic
umor-initiating cells that self-renew and give rise to highly proliferat-
ng cells of the tumor mass [4] . However, in melanoma, the existence
f CSC (called melanoma initiating cells, MIC) is controversial. It was
hown that MIC are not rare and that MIC markers do not enrich for
nhanced tumorigenic potential [ 10 , 11 ]. 

Most of the studies test initiating properties of melanoma cells us-
ng immunocompromised mice. Interestingly, the degree of immunod-
ficiency of mice significantly affects the outcome of the assay. The
ore immunodeficient the mouse strain is, the more susceptible it is to
elanoma formation. Thus there is a need for validation of the tumori-

enic potential of melanoma cells in models with intact immune sys-
ems and humanized mice models [ 10 , 12 ]. Recently, we have addressed
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D  
his issue and checked the tumorigenicity of cells expressing MIC mark-
rs (CD20, ALDH 

high ) in murine melanoma using syngeneic transplan-
ation assay in immunocompetent C57BL/6 mice. Our results showed
hat melanoma cells are highly tumorigenic regardless of the expression
f MIC markers, confirming observations from human melanoma [13] .
owever, the tumorigenic status of SCC in the presence of an intact

mmune system still remains unknown. 
In this study, we addressed this gap in knowledge and tested the tu-

or initiating properties of SCC in the presence of an intact immune
ystem. For this purpose we identified and characterized SCC in murine
elanoma B16-F10 cell line and studied their tumorigenicity in syn-

eneic serial transplantation assay. Using the PKH26 dye retention tech-
ique we distinguished a small subpopulation of PKH26-retaining cells.
e found that they are temporary plastic cells that give rise to dividing

rogeny with slightly enhanced chemoresistance and altered expression
f melanogenesis genes in vitro . We observed that despite lower in vitro

lonogenicity of SCC, they show higher in vivo tumorigenicity compared
o control cells. Our results provide insight into the high plasticity of SCC
n murine melanoma and indicate their role in melanoma maintenance
nd aggressiveness. 

aterials and methods 

ell culture 

B16-F10 murine melanoma cells (ATCC) were cultured in standard
onditions (5% CO 2 , 37 ◦C, 95% humidity) in RPMI 1640 medium
Lonza) supplemented with 10% fetal bovine serum (FBS; Eurx), 1%
f Penicillin-Streptomycin (stock 10,000 units/mL of penicillin and 10
g/mL streptomycin, Sigma-Aldrich) and 2 mM L-glutamine (Lonza).
he passage was performed every 2-3 days when cells reached around
0% confluency. 

nimals 

The C57BL/6-Tg(UBC-GFP)30Scha/J mice used in this study were
urchased from The Jackson Laboratory and bred in the Specific
athogen Free (SPF) Animal Facility of the Faculty of Biochemistry,
iophysics and Biotechnology at the Jagiellonian University. Mice were
oused in individually ventilated cages and monitored in accordance
ith the recommendations of the Federation of European Laboratory
nimal Science Association (FELASA). All procedures were approved
y the II Local Ethical Committee for Animal Experiments in Krakow
approval number 139/2015). 

eneration of stable B16-F10 cell line expressing firefly luciferase (Luc) 

ransgene 

Generation of B16-F10 Luc cell line was performed as previously de-
cribed [13] . Briefly, HEK293 cells were transfected with PGK V5-Luc
eo, psPAX2 and pMD2.G plasmids (Addgene) using polyethyleneimine

Polysciences Inc.) to generate lentiviral vectors (LVs). After 48 h,
edium with LVs was used for transduction of B16-F10 cells, and trans-
uced cells were selected with 0.8 mg/ml G418 (CytoGen GmbH). To
btain a stable clonal cell line with high luciferase activity, single trans-
uced cells were sorted into 96-well plates for clonogenic growth us-
ng MoFlo XDP (Becton Dickinson) cell sorter. Obtained clones were
hecked for luciferase activity using In Vivo Imaging System (IVIS)
umina (PerkinElmer) and highly positive clones were pooled and re-
arded as a stable cell line for further experiments. 

KH26 staining 

B16-F10 cells were stained with PKH26 dye (Sigma-Aldrich). Two
illion cells were suspended in 0.5 ml diluent C (provided by the man-
facturer). In another tube, 2 𝜇l of PKH26 dye was added to 0.5 ml dilu-
nt C. Both solutions were immediately mixed and cells were incubated
2 
or 5 minutes at room temperature (RT). The staining was stopped using
0 ml RPMI complete medium, centrifuged (300 g , 5 min) and washed
wice with PBS without ions before further culture. 

LDH activity and CD133 staining 

One million cells were stained for 30 minutes at 37°C with
LDEFLUOR 

TM kit (STEMCELL Technologies) according to the vendor’s
rotocol. Cells were subsequently stained with DAPI (0.2 𝜇g/ml, Sigma-
ldrich; 20 min, 4°C). Separate staining for CD133 was performed using
nti-mouse CD133 APC antibody (clone 315-2C11, BioLegend) and 0.2
g/ml DAPI (Sigma-Aldrich) (20 min, 4°C). Cells were analyzed using
D LSRFortessa (BD Bioscience) flow cytometer. 

ell cycle analysis 

To identify cells in the G0 phase within the PKH26 + and PKH26 − 

ubpopulations, we used BD IntraSureTM Kit (BD Biosciences) according
o the vendor’s protocol. In short, after fixation and lysis, cells were
tained (15 min, RT in the dark) with 1 𝜇l of anti-Ki67 antibody (clone
6A8, BioLegend, 1:100 dilution). After washing with PBS, cells were
tained (10 min, RT in the dark) with 100 𝜇g/ml Hoechst 33342 (Sigma-
ldrich). Samples were immediately analyzed using BD LSRFortessa (BD
ioscience) flow cytometer. 

ene expression analysis from a limited number of cells using AmpliGrid 

ystem 

PKH26 + and PKH26 − cells were sorted using MoFlo XDP (Becton
ickinson) cell sorter on AmpliGrid (Beckman Coulter) Single Cell PCR
lide (50 cells/reaction site, 4-6 sites per condition) as described pre-
iously [13] . Slides were dried overnight at 4°C and reverse transcrip-
ion was performed using NCode Vilo kit (Invitrogen, 1 𝜇l mix/reaction
ite + 5 𝜇l of sealing oil) in the AmpliSpeed ASC200D slide cycler (Ad-
alytix). Diluted cDNA (10x) was used for quantitative Real-Time PCR
qRT-PCR) analysis with SYBR® Green JumpStart TM Taq ReadyMix TM 

Sigma-Aldrich) in the StepOne Plus PCR (Applied Biosystems) cycler
ccording to the vendor’s protocol. Ef2 was used as a reference gene.
equences of primers are listed in Supplementary Table 1. 

T 2 Profiler TM PCR Array 

For RT 

2 Profiler TM PCR Array 10 000 PKH26 + and 10 000 PKH26 − 

ells (selected 12 days after PKH26 staining) were sorted into 100 𝜇l
uffer RL (Norgen) as described before [13] . RNA was isolated with Sin-
le Cell RNA Purification Kit (Norgen) with On-Column DNA Removal
Norgen) followed by reverse transcription PCR using NCode Vilo (In-
itrogen). RT 

2 Profiler TM PCR Array (Qiagen) detecting murine CSC-
elated genes was performed using the vendor’s protocol and StepOne
lus PCR (Applied Biosystems) cycler. Genes included in the array are
isted in Supplementary Table 2. 

n vitro clonogenic test and obtaining clonogenic cell lines 

Single PKH26 + and PKH26 − cells (selected 12 days after PKH26
taining) were sorted into 96-well plates with MoFlo XDP (Becton Dick-
nson) cell sorter. Cells were cultured in melanoma initiating cells
edium (MIC) [14] and pictures were taken every second day (from
ay 5). Established clones were counted after two weeks of culture and
urther cultivated in the MIC medium for progeny analyses. 

n vitro extreme limiting dilution assay (ELDA) 

For the primary ELDA, PKH26 + and PKH26 − cells (selected for
2 days after PKH26 staining) were sorted using MoFlo XDP (Becton
ickinson) cell sorter into 96-well plate (1, 3, 5, 7, or 10 cells/well,
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2 wells for each condition) and cultured in the MIC medium. Pos-
tive wells were counted after two weeks of culture. For the sec-
ndary ELDA, single PKH26 + and PKH26 − cells were sorted and
ultured in the MIC medium. After clone formation, single clones
3 PKH26 + and 3 PKH26 − ) were sorted for ELDA in the same
cheme as the primary ELDA. Data analysis was performed using
ttp://bioinf.wehi.edu.au/software/elda/index.html . 

uantitative RT Polymerase Chain Reaction (qRT-PCR) 

Gene analysis of progeny of PKH26 + and PKH26 − cells was per-
ormed on RNA isolated with phenol–chloroform extraction as described
reviously [15] . The RNA concentration was measured using a Nan-
drop ND-1000 spectrophotometer, and reverse transcription was per-
ormed using the RevertAid First Strand cDNA Synthesis Kit (Thermo
cientific) followed by qRT-PCR using the SYBR Green JumpStart Taq
eadyMix (Sigma-Aldrich) and StepOnePlus thermocycler according to

he vendors’ protocols. Sequences of primers are listed in Supplementary
able 1. 

TT assay 

Cell lines obtained from PKH26 + and PKH26 − clones were seeded in
6-well plates (1500 cells/well, in triplicates) in culture medium. After
4 hours, medium was exchanged for RPMI supplemented with 0.1, 0.5
r 1 𝜇M doxorubicin (Sigma-Aldrich). After 24 h treatment, medium was
xchanged for RPMI supplemented with 1 mg/ml thiazolyl blue tetra-
olium bromide (MTT, Sigma-Aldrich), cells were incubated 20 minutes
n 37°C and after removal of medium, cells were lysed with lysis buffer
10 g SDS and 0.6 ml 100% acetic acid in 100 ml DMSO) and absorbance
as read at 562 nm using Tecan Infinite M200 Pro Reader (Mannedorf).

n vivo serial transplantation of cells 

Primary in vivo transplantation of PKH26 + and PKH26 − cells was
erformed 12 days after PKH26 staining. Cells were stained with 0.2
g/ml DAPI and live PKH26 + or PKH26 − cells were sorted into tubes
o obtain 10 cells per 100 𝜇l in 1:1 PBS in Matrigel GFR (Corning) so-
ution. C57BL/6-Tg(UBC-GFP)30Scha/J male mice (n = 10-11) were in-
ected subcutaneously (2 plugs/mouse) with 100 𝜇l of cell suspension
nder isoflurane anesthesia (Baxter). Mice were euthanized when tu-
ors reached 1 cm in diameter and tumors were excised, digested, and

tained with Hoechst 33342 (Sigma-Aldrich) and 7-AAD (BD Pharmino-
en) as previously described [ 13 , 16 ]. GFP − 7AAD 

− Hoechst + tumor cells
ere sorted (into 1:1 PBS in Matrigel GFR solution) to obtain 100

ells per 100 𝜇l. Each primary tumor was injected into 9–10 C57BL/6-
g(UBC-GFP)30Scha/J secondary recipients (100 𝜇l of cell suspension,
 plugs/mouse). The same was done for tertiary transplantations, but
ach secondary tumor was transplanted to one tertiary recipient. 

n vivo detection of bioluminescence 

The tumor growth was monitored using IVIS Lumina (PerkinElmer)
nce a week starting on day 16. Briefly, 20 minutes before imaging mice
ere injected intraperitoneally (i.p.) with 150 𝜇l of luciferin (15 mg/ml,
riMen Chemicals). Five minutes before measurement mice were anes-
hetized with isoflurane (Baxter) and 2 minute exposure time was used
or detection of bioluminescence. 

ost-mortem detection of metastases 

When tumors reached around 1 cm in diameter, mice were injected
.p. with 150 𝜇l of the luciferin (15 mg/ml, TriMen Chemicals) and euth-
nized 20 minutes later. Liver, intestine, lungs and spleen were excised,
ut on the culture dish, and luminescence signal was measured with
VIS Lumina (PerkinElmer). 
3 
easurement of ALDH activity in tumor samples 

50,000-250,000 GFP − 7AAD 

− Hoechst + tumor cells were sorted and
sed for ALDEFLUOR 

TM (STEMCELL Technologies) staining according
o the vendor’s protocol (but scaled down to 1 𝜇l of reagents and 200
l of assay buffer). Cells were additionally stained with 7-AAD (BD
harminogen; 10 min, RT in the dark) for the detection of dead cells
nd analyzed using BD LSRFortessa (BD Bioscience) flow cytometer. 

tatistical analysis 

Prism 9 for Mac OS (GraphPad Software) and Microsoft Excel for
ac (Microsoft Office 365, Excel version 16) software were used for

ata analysis. For comparison of two groups two-tailed Student t-test
as used, for three groups one-way or two-way ANOVA with Bonferroni
ost-test, and for clonogenic analysis two-tailed Fisher exact test. Mann–
hitney test was used for comparison of two groups with non-normal

istribution. 

esults 

dentification of PKH26 label-retaining cells in B16-F10 murine melanoma 

ell line 

To study the biology of murine SCC we used PKH26 membrane la-
eling dye that stains all cells uniformly and is diluted with every cell
ivision [ 5 , 6 , 17–19 ]. Flow cytometry analysis showed a rapid dilution
f PKH26 dye in most of B16-F10 cells. On day 6 after staining, we ob-
erved two fractions of PKH26 + cells (low and high), and on day 10 only
round 0.1% of cells remained PKH26 + ( Fig. 1A ). The microscopic ob-
ervations showed no morphological differences between PKH26 − and
KH26 + cells ( Fig. 1B ). 

Slow-cycling phenotype can be one of the hallmarks of CSC [20] .
sing flow cytometry analysis of MIC markers expression, we found in-
reased percentages of CD133 + and ALDH 

high cells within PKH26 + sub-
opulation ( Fig. 1C ). Interestingly, cell cycle analysis 7 days after PKH26
taining showed that PKH26 high cells are not enriched in the G0 phase
ells when compared to the PKH26 dim fraction ( Fig. 1D ). This suggests
hat murine melanoma SCC represent a transient cell population, which
roliferate but to a lesser extent than non-SCC. 

We next determined levels of mRNAs previously linked to CSC phe-
otype (Supplementary Table 2). Of the 53 expressed CSC-associated
enes, no gene was significantly changed in murine SCC, including epi-
enetic modifiers Id1, Dnmt1 and Hdac1 known to be associated with
low-cycling state ( Fig. 1E ) [21–23] . In addition, we analyzed the ex-
ression of Jarid1b , the marker of human melanoma SCC [6] , and ob-
erved no differences between SCC and non-SCC ( Fig. 1F ). Further, to
heck whether SCC exhibit altered melanoma differentiation status we
xamined expression of microphthalmia-associated transcription factor
 Mitf ) – a master regulator of melanogenesis, and tyrosinase ( Tyr ) – the
ey melanogenesis enzyme. The analysis revealed no changes in expres-
ion of these genes in SCC, suggesting that the differentiation status of
hese cells is not altered in murine melanoma ( Fig. 1F ). 

n vitro clonogenic potential of PKH26 + murine melanoma cells 

We then performed a single-cell sort of PKH26 + and PKH26 − cells
2 days after staining and tested the ability of SCC to grow as single
ell-derived clones in serum-free MIC medium that supports the growth
f stem cell-like cells [14] ( Fig. 2A ). On day 5, PKH26 + clones had
ewer cells than PKH26 − clones, indicating a slower proliferation rate
 Fig. 2B ). Moreover, the PKH26 + cells had reduced ability to form clones
nd generated fewer and smaller clones than the PKH26 − cells ( Fig. 2C
nd D ). They were able to form more than one clone per well, indi-
ating that at some point cells disseminated from the primary clone to
orm satellite clones due to differences in migration or de-adhesion of

http://bioinf.wehi.edu.au/software/elda/index.html
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Fig. 1. Identification of PKH26 + cells in B16-F10 murine melanoma cell line; A. Flow cytometry analysis of PKH26 fluorescence in B16-F10 cells. Representative 
FACS scatter plots. B. Representative microscopic view of PKH26 + cells 6 days after staining (multichannel picture, scale bar = 100 𝜇m). C. Flow cytometry of CD133 
and ALDH activity 7 days after PKH26 staining. Data are presented as the fold change of the CD133 + or ALDH 

high expression in PKH26 + fraction vs. CD133 + or 
ALDH 

high in all cells, n = 4, each bar represents mean + SEM, ∗ - p < 0.05 vs. control. D. Flow cytometry analysis of the cell cycle 7 days after PKH26 staining. Box and 
whisker plots with median value, n = 5; E. Gene expression analysis of Hdac1, Dnmt1 and Id1 (RT 2 Profiler TM PCR Array, Qiagen), each bar represents mean + SEM, 
average of 5 housekeeping genes (HKG) used as a reference, n = 2. F. Gene expression analysis of Jarid1b, Tyr and Mitf . qRT-PCR analysis on 50 sorted cells, after 
pre-amplification with the AmpliGrid system, Ef2 was used as a reference gene, each bar represents mean + SEM, n = 3-6. 
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ells ( Fig. 2E ). However, detailed analysis using time lapse recording on
ay 8 after sort revealed no differences in track length and velocity of
igrating spheres and clone cells (Supplementary Fig. 1). This suggests

hat satellite clone formation might be independent of migratory poten-
ial or occurs in the early stages of clonogenic growth that we did not
etect in our experimental settings. 

Our clonogenic assay revealed that murine B16-F10 melanoma cells
ave a high ability to grow as clones from single cells, confirming what
e observed previously [13] and what has been observed in human
elanoma [10] . To estimate the exact active fraction of clone initiating

ells, we performed an extreme limiting dilution assay (ELDA) in vitro .
KH26 − and PKH26 + cells were sorted in different numbers and grown
n MIC medium. Positive wells were counted after two weeks of culture
nd frequency of clone initiating cells was calculated using ELDA soft-
are [24] . The results show that SCC have almost two times smaller

raction of clone initiating cells than control cells (1/8.44 vs. 1/4.43,
ig. 2F ) which is in agreement with results of clonogenic assay. To ver-
fy if the frequency of clone initiating cells remained unaffected, single
KH26 − and PKH26 + cells from primary clone formation were sorted
or secondary ELDA assay. Despite the detection of fewer positive wells,
4 
he trend for decreased clonogenic potential of PKH26 + cells was un-
hanged in the secondary ELDA ( Fig. 2F ). 

haracterization of the progeny of PKH26 − and PKH26 + clones 

We then characterized the cell lines derived from PKH26 − and
KH26 + clones. First, we checked whether progeny of PKH26 + cells
as enriched for SCC. To verify this, we performed PKH26 staining of
KH26 − and PKH26 + -derived cell lines and analyzed the percentage
f SCC after 10 days of culture. We detected PKH26 + cells in all cell
ines without significant differences in the percentage of PKH26 + cells
etween two groups ( Fig. 3A ). Interestingly, progeny of PKH26 − con-
isted of both PKH26 − and PKH26 + cells. This once again suggests that
he slow-cycling phenotype in murine melanoma is rather a transient
tate that cells may acquire, consistent with the results from human
elanoma [6] . Additionally, we checked whether SCC-derived cell lines
ere enriched with MIC cells. Flow cytometry analysis of ALDH activity

howed no differences between PKH26 − and PKH26 + -derived cell lines
n ALDH 

high fraction ( Fig. 3B ). 
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Fig. 2. Evaluation of in vitro clonogenic potential of PKH26 + and PKH26 − cells; A. Scheme of sorting of PKH26 + and PKH26 − cells for clonogenic assays. B. Number 
of cells per clone, 5 days after sorting. Data represented as individual values and mean, n = 16-31, ∗ - p < 0.05. C. Number of clones formed by PKH26 − and PKH26 + 

single cells 13 days after sorting. D. Size of PKH26 + and PKH26 − clones 13 days after sorting and representative pictures of clones at day 11 (scale bar = 100 𝜇m). 
E. Satellite clones formation 13 days after sort calculated as a % of wells in 96-well plate that had more than one clone, ∗ ∗ ∗ - p < 0.001. F. Primary and secondary 
ELDA. Trend lines represent the estimated frequency of active cells that are able to form clones, and dotted lines represent 95% confidence intervals. 

Fig. 3. Characterization of PKH26 + and PKH26 − -derived 
cell lines; Flow cytometry analysis of ( A ) PKH26 retaining 
ability and ( B ) ALDH 

high fraction in the PKH26 − and PKH26 + 

progeny. C. Effect of doxorubicin (24 h treatment) on the via- 
bility of PKH26 − and PKH26 + progeny. MTT reduction assay, 
each point represents mean ± SEM, n = 4, ∗ - p < 0.05, ∗ ∗ - p < 
0.01, ∗ ∗ ∗ - p < 0.001 versus untreated cells. D. Gene expres- 
sion of MAAs. qRT-PCR analysis, Ef2 was used as a house- 
keeping control; each bar represents mean + SEM; n = 5-6, ∗ - 
p < 0.05, ∗ ∗ ∗ - p < 0.001. 
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Chemotherapeutics target proliferating cancer cells and the slow-
ycling phenotype may contribute to chemoresistance in cancers, in-
luding melanoma [ 7 , 25 ]. To test if SCC progeny differed in response
o chemotherapy, PKH26 − and PKH26 + -derived cell lines were treated
ith doxorubicin. Already at the lowest 0.1 𝜇M concentration of doxoru-
icin, the PKH26 − progeny had significantly reduced viability, which
as not the case for the PKH26 + progeny ( Fig. 3C ). At higher dox-
rubicin concentrations, PKH26 + progeny tended to be more chemore-
istant than PKH26 − progeny, but this was not statistically significant
 Fig. 3C ). 

The differentiation status of melanoma is an important prognostic
actor for disease outcome [26] . We checked the expression of several
elanoma-associated antigens (MAAs) and melanogenesis genes and

ound that progeny of SCC had lower mRNA levels of glycoprotein 100
 Gp100 ) and tyrosinase-related protein 2 ( Trp-2 ) ( Fig. 3D ). This result
 P  

5 
ndicates that SCC can produce cells with altered differentiation status
n murine melanoma. 

n vivo evaluation of the tumorigenic potential of PKH26 − and PKH26 + 

ells 

To investigate the tumorigenic potential of murine melanoma SCC,
e performed an in vivo syngeneic transplantation assay using C57BL/6
ice expressing green fluorescent protein (GFP) under human ubiqui-

in C promoter to distinguish GFP + host cells from GFP − melanoma
ells during serial transplantations. Additionally, to detect tumor ini-
iation and growth dynamic, B16-F10 cells were transduced with firefly
uciferase (Luc) transgene and monitored using IVIS system. 

Mice were injected subcutaneously with 10 sorted PKH26 − or
KH26 + cells ( Fig. 4A ). Primary transplantation resulted in tumors only
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Fig. 4. In vivo serial transplantation of PKH26 − and 
PKH26 + cells. A. Scheme of the experiment. B. Lu- 
minescence of tumor cells measured with IVIS 16 
days after transplantation. C. Table with the effi- 
cacy of tumor formation in serial transplantation 
assay. D. Luminescence measured with IVIS of the 
slowly proliferating tumor formed by PKH26 + cells 
in the primary recipient. E . Measurement of ALDH 

activity in tumor samples. Flow cytometry analy- 
sis, data represented as individual values and mean, 
n = 3-15. F. Luminescence of tumor cells in distant 
organs measured post-mortem in mice with tumors. 
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n PKH26 + group, with 3 out of 10 injected mice with the tumor bur-
en ( Fig. 4B and C ). Interestingly, one tumor developed from PKH26 + 

ells more than five weeks after transplantation, indicating quiescent
henotype of injected cells ( Fig. 4D ). We observed that SCC-derived tu-
or cells were able to form tumors in secondary and tertiary recipients,

uggesting that they had the ability to self-renew and maintain tumori-
enic potential ( Fig. 4C ). We tested the ALDH activity and observed that
ercentage of ALDH 

high cells was heterogeneous in tumors ranging from
% to 0.5%, with one primary recipient having 3.6% of ALDH 

high cells
 Fig. 4E ). We did not observe any pattern of inheritance of ALDH activ-
ty as primary tumors with ALDH 

high subpopulation can develop both
umors with or without ALDH 

high cells (Supplementary Fig. 2). Finally,
e tested the formation of metastases and detected metastatic lesions in

ntestines, liver, spleen and lungs in some but not all recipients ( Fig. 4F ).
he metastatic capacity was not inherited among recipients of the same
ells. Our data suggests that SCC progeny gradually lose their metastatic
otential to liver and lungs during serial transplantations ( Fig. 4F ). 

iscussion 

Slow-cycling cells contribute to melanoma therapy resistance and
umor maintenance [3–6] . In this study, we characterized SCC in
he murine melanoma cell line B16-F10 and transplanted SCC into
yngeneic C57BL/6 mouse strain to test tumorigenic potential. Using
KH26 dye and 10-12 days of selection, we detected a small (around
.1%) subpopulation of SCC ( Fig. 1A ) similarly to what was described
n many types of cancers including melanoma, colorectal cancer, breast
ancer and glioblastoma [ 5 , 7 , 18 , 25 ]. Melanoma SCC [5] as well as hu-
an colorectal cancer SCC [25] have been shown to be arrested in G2/M
6 
hase. Additionally, like quiescent cells at G0 phase, slow-cycling can-
er cells usually do not express proliferation marker Ki67 [ 6 , 7 , 27 ]. In
ur study we observed high variability in the cell cycle composition
mong PKH26 − and PKH26 + fractions and no enrichment in G0 phase
n PKH26 + cells ( Fig. 1D ). This suggests that labeling with PKH26 dye
dentifies a temporary slow-cycling state, not a truly quiescent cell pop-
lation, and that SCC proliferated more slowly but with time or stimulus
hey could re-enter cycling. Such a temporary state of slow divisions was
reviously described in human melanoma by Roesch and colleagues [6] .
oreover, melanoma cells have been shown to rapidly exit G1 phase

rrest in a more favorable environment, which means that they are sus-
eptible to rapid changes in cell cycle status [28] . Our data demonstrates
 similarity in the transient nature of SCC between mouse and human
elanoma, suggesting that a temporary state of this phenotype might

e a general, species-independent feature. 
In the study of Cheli et al. B16-F10 cells were stained with car-

oxyfluorescein succinimidyl ester (CFSE) and slow-cycling CFSE high 

raction was found to be enriched with Mitf low cells, with high tumori-
enic potential in vivo [29] . Interestingly, when we checked Mitf ex-
ression in PKH26 − and PKH26 + cells we found no difference between
he two subsets ( Fig. 1F ). Consequently, there were no differences in the
RNA levels of Tyr , the major enzyme in the melanin synthesis pathway
irectly controlled by Mitf ( Fig. 1F ). This can be explained by the fact
hat we tested the SCC 10 days after PKH26 staining, while CFSE high 

ells from Cheli et al. study were cultured only for 3 days [29] . Al-
hough PKH26 + and PKH26 − cells had a similar differentiation status,
heir progeny significantly differed in the expression of melanogenesis
enes and PKH26 + progeny had decreased Trp2 and Gp100 ( Fig. 3D ).
xpression of differentiation markers is a favorable factor in advanced-
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tage melanoma outcome, thus decreased expression of these markers
an indicate de-differentiation of cells and may contribute to increased
elanoma aggressiveness [26] . 

Our data showed that PKH26 + fraction was enriched with CD133 + 

nd ALDH 

high cells ( Fig. 1C ). However, not all PKH26 + cells ex-
ressed MIC markers (up to 27% of CD133 + PKH26 + and 1.4%
LDH 

high PKH26 + ), suggesting that the expression of the MIC mark-
rs alone does not explain the behavior of SCC. Furthermore, we ob-
erved that the enrichment in the MIC fraction is lost in daughter cell
ines formed from single PKH26 + cells ( Fig. 3B ). This partial overlap
n the expression of CSC markers in slow-cycling cells has been previ-
usly described in pancreas adenocarcinoma [30] . In human melanoma
ell lines the SCC did not differ in expression of MIC markers (CD271
nd CD133) [5] . Another study showed that melanoma SCC entirely
xpress MIC marker CD271 but simultaneously non-SCC are composed
f both CD271 + and CD271 − fractions [31] . Recently, CD133 + TRP-2 + 

ells have been identified as a dormant melanoma phenotype in trans-
enic mice [32] . We observed high variability in the percentage of MIC
ubpopulations between experiments, which can be explained by high
lasticity of melanoma cells [ 33 , 34 ]. Additionally, we showed that the
rogeny of PKH26 + cells are not enriched in the PKH26 + subpopula-
ion, and the heterogeneity of PKH26 + and PKH26 − cells is restored
fter culture from single cells ( Fig. 3A ), consistent with previous stud-
es [ 6 , 29 ]. Overall, our findings give further evidence that slow-cycling
henotype in melanoma is independent of the expression of MIC mark-
rs and proved the extraordinary plasticity of SCC melanoma cells. 

Study of Perego et al. showed that when human melanoma cells were
abeled with PKH26 and a million cells injected into SCID nude mice,
he fluorescent signal measured with IVIS gradually disappeared in the
rimary tumor but was still present in distant organs in the form of
etastases [5] . This invasive phenotype of SCC was also observed in a

tudy where treatment-induced senescent melanoma cells were shown
o be able to invade and metastasize in a WNT5A-dependent manner
35] . We observed a similar effect in vitro , where PKH26 + cells dissem-
nated from the primary clone after single-cell sorting, which resulted
n the formation of more than one clone per well ( Fig. 2D ). We tried to
nderstand this by using time-lapse 24 hours monitoring of clones, but
e did not observe any differences in migration parameters between
CC and control cells (Supplementary Fig. 1). In vivo subcutaneous tu-
ors derived from PKH26 + cells formed metastases in up to 55% mice,
eaning that progeny of PKH26 + cells are able to disseminate from pri-
ary tumor. Overall, our results suggest that one of the hallmarks of
urine melanoma SCC could be altered migratory potential. However

his needs further validations. 
Chemoresistance of SCC has been demonstrated in vitro and in vivo in

uman melanoma, glioblastoma, colorectal carcer and pancreas adeno-
arcinoma [ 7 , 25 , 30 ]. Treatment of melanoma cells with various drugs
eads to increase in SCC expressing JARID1B demethylase, and inhibi-
ion of the respiratory chain in slow-cycling cells sensitizes melanoma
o anticancer agents [36] . Our data demonstrates that progeny of SCC
ends to increase chemoresistance toward doxorubicin ( Fig. 4C ) adding
urther insight into the importance of slow-cycling cells in melanoma
hemoresistance. 

In in vivo serial transplantations, only SCC initiated tumors from as
ittle as 10 transplanted cells in primary recipients ( Fig. 4 ). Consistently,
thers have shown that CFSE high B16-F10 cells are tumorigenic, while
FSE low cells failed to form tumors, even when 20 000 cells were trans-
lanted [29] . Moreover, B16-F10 cell line can yield a high tumor in-
idence when single unfractionated cells are grown as clones and in-
ected into syngeneic C57BL/6 mice [37] . Recently, our group reported
hat unselected B16-F10 cells are capable of forming tumors in a se-
ial transplantation assay, and MIC markers fail to select cells with in-
reased tumorigenicity [13] . Our results indicate that tumor formation
y unfractionated murine melanoma cells can be explained in part by
he presence of SCC, which increase tumorigenicity and incidents of de-
ayed tumor growth ( Fig. 4 B - D ). Moreover, the ability to form tumors
7 
y SCC was inherited by their progeny, which formed tumors in sec-
ndary and tertiary recipients, demonstrating the self-renewal potential
f SCC. Interestingly, in human melanoma, slow-cycling JARID1B 

+ cells
nd control JARID1B 

− cells had comparable tumorigenicity [6] . Those
iscrepancies between our study and human melanoma might be ex-
lained by different in vivo transplantation assays (xenotransplantation
s. syngeneic) that affect the outcome of melanoma tumor initiating
roperties [10] . Additionally, the differences might come from the fact
hat murine melanoma SCC are not marked by the higher expression of
arid1b ( Fig. 1F ). 

A limitation of our study is that despite the use of a targeted qPCR
rray detecting CSC-related genes, we were unable to find a marker that
istinguishes murine SCC from non-SCC cells. This indicates once again
hat SCC phenotype is independent from the CSC phenotype and that
ther signaling pathways are responsible for the observed phenotype
n murine melanoma. Moreover, temporary nature of SCC phenotype
akes it hard to follow its regulators due to the dynamic switching on

nd off of this phenotype upon unspecified stimuli. 
Taken together, our results show the existence of SCC in B16-F10

urine melanoma characterized by increased tumorigenic potential and
elf–renewal capabilities. In parallel with the reduced ability to form
lones, SCC progeny tend to be more resistant to chemotherapeutics and
ave reduced expression of melanogenesis genes in vitro . This points to
he importance of SCC in melanoma progression, confirming what was
bserved in human melanoma. 
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