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Metabolic heterogeneity protects metastatic
mucosal melanomas cells from ferroptosis
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Abstract. Cancer heterogeneity has been proposed to be one of
the main causes of metastatic dissemination and therapy failure.
However, the underlying mechanisms of this phenomenon remain
poorly understood. Melanoma is an aggressive malignancy
with a high heterogeneity and metastatic potential. Therefore,
the present study investigated the possible association between
cancer heterogeneity and metastasis in melanoma. In total, two
novel Chinese oral mucosal melanoma (COMM) cell lines,
namely COMM-1 and COMM-2, were established for exploring
methods into preventing the loss of cellular heterogeneity caused
by long-term cell culture. Each cell line was grown under two
different models of culture, which yielded two subtypes, one
exhibited an adhesive morphology (COMM-AD), whereas
the other was grown in suspension (COMM-SUS). Compared
with the COMM-AD cells, the COMM-SUS cells exhibited
higher metastatic capacities and autofluorescence. Further
investigations indicated that the COMM-SUS cells exhibited
metabolic reprogramming by taking up lactate produced by
COMM-AD cells at increased levels to accumulate NADH
through monocarboxylate transporter 1, whilst also increasing
NADPH levels through the pentose phosphate pathway
(PPP). Additionally, increased NADH and NADPH levels in
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the COMMS-SUS cells, coupled with the upregulation of the
anti-ferroptotic proteins, glutathione peroxidase 4 and ferrop-
tosis suppressor protein 1, enabled them to resist ferroptotic
cell death induced by oxidative stress during hematogenous
dissemination. The inhibition of ferroptosis was found to
substantially increase the metastatic capacity of COMM-AD
cells. Furthermore, suppressing lactate uptake and impairing
PPP activation significantly decreased the metastatic potential
of the COMM-SUS cells. Thus, the present study on metabolic
heterogeneity in COMM cells potentially provides a novel
perspective for exploring this mechanism underlying cancer
metastasis.

Introduction

Melanoma is a malignancy that has the highest rate of
increase in incidence worldwide, with a high tendency for
metastasis (1-3). Among other subtypes of melanoma, mucosal
melanoma (MM) in the oral and maxillofacial regions is a
particularly aggressive malignancy with a poor prognosis (4). A
variety of treatment strategies have been utilized for improving
upon the poor 5-year survival rate, such as anti-programmed
death-1/programmed death-ligand-1, anti-cytotoxic T-cell
lymphocyte-4 antibody immunotherapies (5,6) and oncolytic
viral therapy (7,8). However, therapy for patients with MM
presenting with distant metastasis remains a major challenge
in the clinical setting due to the poorly understood pathological
drivers.

Following metastasis, cancer cells acquire advantageous
alterations in their physiology that facilitate cell proliferation,
genome integrity maintenance and immune escape to survive
various stresses or nutrient deprivation (9). Previous in vivo
models have revealed that only 0.02% disseminated melanoma
cells in the circulation survive to form metastases (10). This is
due to the fact that disseminated cancer cells must overcome
harsh environments, including physical damage from hemo-
dynamic shear forces, immune-mediated killing, and various
forms of cell death induced by genetic dysregulation, including
apoptosis, anoikis and ferroptosis (11).

Ferroptosis is characterized as an reactive oxygen
species (ROS)-dependent form of regulated cell death that
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occurs downstream of iron accumulation and excessive lipid
peroxidation-mediated membrane damage (12,13). Ferroptosis
is initiated by polyunsaturated fatty acid peroxidation and
subsequent membrane damage, of which malondialdehyde
(MDA) is one of the by-products of lipid peroxidation (14-16).
To date, three pathways have been demonstrated to induce
ferroptosis. The glutathione peroxidase 4 (GPX4)-glutathione
(GSH)-cysteine axis is the central and most upstream node of
the ferroptosis death cascade (17). In addition, there are the
ferroptosis suppressor protein 1 (FSP1)-ubiquinol-nicotinamide
adenine dinucleotide hydrogen/NADPH (18) and the GTP
cyclohydrolase I-tetrahydrobiopterin axes (19,20). Among
these signaling axes, GSH is considered to be the reducing
substrate of GPX4, whereby the intracellular GSH concentra-
tion is maintained by a complex homeostatic mechanism (21).
Additionally, glutathione-disulfide reductase (GSR) is a
glutathione reductase that catalyzes the transformation of
glutathione disulfide (GSSG) to GSH. Previous studies have
demonstrated that therapy-resistant cancer cells are potentially
susceptible to regulation by the GPX4-/GSH-/cysteine axis,
indicating vulnerability to this form of cell death (22,23). By
contrast, ferroptosis-resistant cancer cells exhibit a greater
viability by becoming dormant before metastasizing when
favorable conditions arise (24).

During metastatic progression, cancer cells can not only
remodel the tumor microenvironment to render it more suit-
able for secondary tumorigenesis, but also improve their
potential plasticity (25). This can be mediated by metabolic
reprogramming and acquisition of the ability to resist oxidative
stress. Despite being generally known to be a waste product of
anaerobic metabolism, lactate has been previously shown to
be a major source of carbons for the tricarboxylic acid cycle
(TCA) in both normal and cancerous tissues, even in the pres-
ence of glucose (26-28). Indeed, the range of lactate detected
in solid tumors has been found to be 10-40 mM (29). As an
indicator of metabolic reprogramming, lactate may serve as an
energy source to meet the cellular energy demands and acti-
vate the associated signaling pathways (30). Monocarboxylate
transporters (MCTs) are members of a cytoplasmic membrane
protein family that rapidly exchange lactate to allow cells to use
lactate more efficiently (31), depending on the lactate concen-
tration and extracellular pH (28). MCTs have been reported
to contribute to cancer development through multiple mecha-
nisms, such as MCT1 and MCT4 (28,32,33). MCT1 and MCT4
are ubiquitously expressed. In addition, MCT4 has the lowest
affinity for lactate among all members of MCTs and therefore
primarily facilitates lactate efflux from glycolytic cells (30,34).
Aerobic glycolysis has been suggested to regulate lactate
production and NADH accumulation (27,35). Accumulating
clinical evidence has indicated that high expression levels of
MCT1 or MCT4 are associated with poorer prognosis (36-38).
Furthermore, increasing MCT1 or MCT4 expression can
promote colorectal, bladder, gastric, esophageal and cervical
cancer cell migration and metastasis (28,33,39-42).

Cancer cell lines are extensively used to investigate caner
heterogeneity; however, cancer cells tend to gradually lose
heterogeneity during long-term cell culture (43-45). Therefore,
in the present study, two novel MM cell lines were established to
investigate whether metabolic heterogeneity can protect meta-
static MM cells from ferroptosis to promote distal metastasis.

Materials and methods

Chemicals and reagents. The ferroptosis inhibitor, ferrostatin-1
(Fer-1, 10 mM, cat. no. HY-100579) and the ferroptosis inducer,
Erastin (10 mM, cat. no. HY-15763), were obtained from
MedChemExpress. The apoptosis inhibitor, Z-VAD-FMK
(1 mM, cat. no. S7023), the necrosis inhibitor, necrostatin-1
(10 mM, cat. no. S8037), the MCT1 inhibitor, AZD3965
(10 mM, cat. no. S7339), and the glucose-6-phosphate dehy-
drogenase (G6PD) inhibitor, 6-aminonicotinamide (6AN,
100 mM, cat. no. S9783), were purchased form Selleck
Chemicals. All reagents were dissolved in DMSO (cat.
no. D2650, MilliporeSigma) for in vitro experiments, the treat-
ment durations were 6 h, 12 h or 24 h, as indicated. Mice were
intraperitoneally with 6AN (10 mg/kg), AZD3965 (30 mg/kg)
or Fer-1 (1 mg/kg) every 2 days, respectively. All reagents
were dissolved in corn oil (cat. no. C40543.36, Thermo Fisher
Scientific, Inc.) for the in vivo experiments. H,0, (5 M, cat.
no. C04045101; Nanjing Chemical Reagent Co., Ltd.) were
stored at 4°C and diluted with culture medium.

Healthy human serum (HHS). Healthy human blood was
obtained from healthy adult donors. Donors provided written
consent for using their blood, and all personal information
was kept confidential as required. The experiment followed
the protocol approved by the Ethics Committee of the
Stomatological Hospital of Sun Yat-sen University, Guangzhou,
China. The blood was centrifuged at 3,000 x g for 15 min at 4°C,
and the upper serum was carefully removed and filtered through
a 0.22 ym filter (MilliporeSigma) for further analysis.

Human specimen and cell culture. Chinese oral mucosal mela-
noma (COMM)-1 and COMM-2 cell lines were established
from human mucosal melanoma specimens obtained from the
Hospital of Stomatology, Sun Yat-sen University, which was
followed the protocol approved by the Ethics Committee of
the Stomatological Hospital of Sun Yat-sen University. The
patients provided written consent for the use of their tissue in
research, and all personal information was kept confidential as
required. All cells were cultured in Dulbecco's modified Eagle's
medium/F12 (DF12, MilliporeSigma) supplemented with 10%
fetal bovine serum (FBS, Bioloical Industries). 293T cells and
A375 cells were purchased from the American Type Culture
Collection (ATCC) and cultured in Dulbecco's modified
Eagle's medium (DMEM, MilliporeSigma) supplemented
with 10% FBS (Bioloical Industries). All the cell lines were
confirmed to be free of bacteria and mycoplasma contamina-
tion and cultured at 37°C in humidified chamber with 5% CO,.
All the cells treated with the different reagents including
inhibitors, erastin or H,0O, which were cultured in serum-free
DF12 supplemented with 10 gg/ml human insulin, 5 pg/ml
human transferrin, 10 gg/ml heparin, 10 pg/ml ascorbic acid,
5 pg/ml bovine serum albumin-oleic acid (BSA-oleid), 10 M
2-aminoethanol, 10 nM sodium selenite and 10 yM mercap-
toethanol. The authentication of both cell lines and tissues
was confirmed by short tandem repeat (STR, Guangzhou Ige
Biotechnology, Ltd.).

Hematoxylin and eosin (H&E) staining, immunohisto-
chemistry (IHC) and immunofluorescence (IF) analysis.
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The primary and secondary antibodies used in the present
study are presented in Table SI. The tissues were fixed in
10% formalin for 24 h, and then embedded in paraffin, and
sliced into 4.5-ym-thick sections. Following deparaffiniza-
tion in xylene twice for 10 min each and then rehydration in
100, 90, 80 and 70% ethanol and water for 5 min each, the
sections were stained with H&E or were processed for IHC.
For H&E, the sections were stained with hematoxylin (cat.
no. CTS-1090; MXB Biotechnologies) at room tempera-
ture for 10 min and rinsed with tap water for 15 min. The
sections were then stained with eosin and dehydrated in
ascending ethanol solutions (70, 80, 90 and 100%). They
were then rinsed in xylene and cover-slipped with synthetic
neutral resin (cat. no. G8590-100, Beijing Solarbio Science &
Technology Co., Ltd.). For IHC, the sections were incubated
in fresh 3% hydrogen peroxide/methanol solution at room
temperature for 10 min to quench endogenous peroxidase
activity. The sections were then incubated in citrate buffer and
heated at 100°C for 10 min for antigen retrieval. After cooling,
the tissue slides were washed with PBS and incubated with
5% goat serum (cat. no. AR0009; Wuhan Boster Biological
Technology, Ltd.) at room temperature to block non-specific
binding sites and incubated with primary antibody at 4°C over-
night. After washing with PBS, the sections were incubated
with secondary antibody (cat. no. KIT-5005, MaxVision™
HRP-Polymer anti-Rabbit IHC kit; MXB Biotechnologies) at
room temperature for 25 min. The sections were rinsed and
stained in diaminobenzidine (DAB, cat. no. DAB-0031 MXB
Biotechnologies), stained with hematoxylin at room tempera-
ture for 10 min and rinsed with tap water for 15 min. The
sections were examined under a microscope (Nikon Eclipse
Ni-E fluorescence microscope; Nikon Corporation).

For IF, following incubation with EdU incorporation
(500 mmol, Invitrogen; Thermo Fisher Scientific, Inc.)
for 2 weeks at 37°C in humidified chamber with 5% CO,,
the cells were seeded in 24-well plates and then treated
with various concentrations of sodium lactate for 48 h.
Subsequently, the cells were fixed with 4% paraformaldehyde
for 30 min at room temperature. After being permeabilized
with 0.2% Triton X-100 in PBS for 30 min, the cells dyed
with a Click-labelling dye, including 1 M CuSO4 (Wako,
Japan), 1 M ascorbic acid (FUJIFILM Wako Pure Chemical
Corporation), 10 uM FAM azide (Lumiprobe Corp.) for 1 h
at room temperature, as previously described (46). After
washing with PBS, the cells were blocked with 5% goat serum
(cat. no. SP-KIT-B2, MXB Biotechnologies) at 1 h for room
temperature, the cells were then stained with primary anti-
body at 4°C overnight. After washing with PBS, the secondary
antibody was applied for 1 h in the dark at room temperature.
The samples were washed and incubated with DAPI (1:1,000;
Thermo Fisher Scientific, Inc.) for 5 min, washed and mounted
with fluorescence mounting medium (cat. no. S3023, Dako;
Agilent Technologies, Inc.). Images were acquired using a
Nikon Eclipse Ni-E fluorescence microscope. For each group,
100 pairs of cells in division were captured and the number of
asymmetric division cells was calculated.

Flow cytometry (FACS) analysis. The cells
(1x10° cells/well) were pre-seeded in 10 cm plates and the
COMM-SUS cells were completely removed from the whole

cell population. The COMM-AD cells were treated with PKH67
(cat. no. PKH47GL-1KT; MilliporeSigma) for 48 h according
to the instructions of the manufacturer. The COMM-AD and
COMMS-SUS cells were then collected, and centrifuged at
140 x g for 4 min at room temperature, respectively. Stained
samples were acquired using a Beckman MoFlo Astrios EQs
flow cytometer (Beckman Coulter, Inc.). Data were analyzed
using FlowJo V10 software (FlowJo LLC).

Animal experiments. A total of 30 female BALB/c nude
mice (4-6 weeks old, weighing 16-18 g) were purchased from
Guangdong Medical Laboratory Animal Center (Guangdong,
China). The mice were maintained under specific pathogen-free
conditions (12-h light/dark cycle, temperature of 25°C and a
relative humidity of 60%, with free access to food and water)
and randomly divided into the indicated groups, including
the PBS group, COMM-AD group, COMM-SUS group,
COMM-AD + Fer-1 group, COMM-SUS + AZD3965 group
and COMM-SUS + 6AN group (n=5/group). All the animal
experiments were conducted in compliance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals after approval from the Animal Ethics Committee of
Sun Yat-sen University (approval no. 2020000828).

The cells with enhanced GFP (eGFP; 5x10° cells suspended
in 100 ul PBS) were injected into the tail vein of the mice.
Mice were intraperitoneally injected with 6-AN (10 mg/kg),
AZD3965 (30 mg/kg) or Fer-1 (1 mg/kg) as indicated above
every 2 days, respectively. After 4 weeks, the mice were
anesthetized by an intraperitoneal injection of pentobarbital
sodium (40 mg/kg) and euthanized by cervical dislocation.
The organs were harvested and then fixed with 10% formalin
for 24 h for histological analysis.

Cell viability assay. Cell viability was determined using
a CellTiter-Gro® Luminescent Cell Viability Assay (cat.
no. G7571; Promega Corporation). The cells were collected
at the determined time points following treatment with the
different reagents and seeded into a 96-well black bottom
plate. An equal volume of reconstituted CellTiter-Glo reagent
was added to 100 ul of cell suspension. The contents were
incubated for 10 min at room temperature to stabilize the
luminescent signal and cell viability was detected by record
luminescence using a BioTek Synergy LX multimode reader
(BioTek Instruments, Inc.). For trypan blue staining, the cells
were stained with 0.4% trypan blue (cat. no. C0040; Beijing
Solarbio Science & Technology Co., Ltd.) for 3 min at room
temperature before counted. Unstained cells were regarded as
viable, and stained cells were regarded as dead. The total cells
number and the blue-positive cells number were counted using
a microscope (Nikon Eclipse Ti-U; Nikon Corporation). The
percentage of surviving cells was calculated using the formula:
(number of total cells-number of stained cells)/number of total
cells x100.

NADH, NADPH, MDA and lactate analysis. The intracel-
lular NADH and NADPH levels were determined using
a NAD*/NADH Assay kit with WST-8 (cat. no. S0175,
Beyotime Institute of Biotechnology) and a NADP*/NADPH
Assay kit with WST-8 (cat. no. S0179; Beyotime Institute of
Biotechnology), respectively. The absorbance values were
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measured at 450 nm by record luminescence using a BioTek
Synergy LX multimode reader (BioTek Instruments, Inc.).
The intracellular MDA expression and total protein were
determined using Lipid Peroxidative MDA Assay kit (cat.
no. S0131S; Beyotime Institute of Biotechnology) and a BCA
Protein Assay kit (cat. no. 23227, Thermo Fisher Scientific,
Inc.), respectively. MDA expression was normalized to
milligram protein. Cells (5x10° cells/sample) were collected
and cell lysis was performed using a Lactate Assay kit-WST
(A=450 nm, cat. no. L256; Dojindo Laboratories, Inc.). All the
analyses were conducted according to the instructions of the
manufacturer.

Small interfering RNA (siRNA) transfection. Synthetic
siRNAs were purchased from Guangzhou RiboBio Co., Ltd.
and the detailed information for the siRNAs is presented in
Table SII. The transfection of the duplex siRNAs (100 nM)
was carried using Lipofectamine 3000® (cat. no. L3000015;
Thermo Fisher Scientific, Inc.) according to the instructions of
the manufacturer. The transfection efficiency was determined
at 72 h post-transfection using reverse transcription-quantita-
tive PCR, as described below. The primer sequences used are
presented in Table SIII.

Confocal microscopy. The COMM-AD cells were gently
digested into single cells using 0.05% trypsin-EDTA, and the
COMM-AD and COMM-SUS cells were then transferred to
35 mm confocal dishes (cat. no. FCFC020; Beyotime Institute
of Biotechnology), respectively. The cells were allowed to
place on glass-bottom for 5 min, and confocal imaging was
performed using a Leica TCS SP8 confocal microscopy (Leica
Microsystems GmbH). The light at a 405 nm wavelength
was used to detect the autofluorescence of COMM-AD and
COMM-SUS cells. Stacks of images were acquired using
Leica LAS X software (version 2.0; Leica Microsystems
GmbH), and the confocal microscope acquisition settings
were kept the same for all scans.

Vectors and cell transfection. The stable overexpres-
sion of eGFP in the COMM cells was amplified from the
Lenti-GFP-neo vector (Addgene, Inc.). Lentivirus were ampli-
fied from 293T packaging cells with pSPAX2 and pMD2G
(Addgene, Inc.) helper plasmids. The virus-containing super-
natants were collected at 48 and 72 h following transfection.
The supernatants with 5% PEG8000 were centrifuged at
4,000 x g for 2 h at 4°C to concentrate the lentiviral particles,
diluted in 200 pl PBS and then stored at -80°C. The COMM
cells were then transfected with the lentivirus (40 pl lentivirus
in 2 ml DMEM) for 8 h and then selected with 1 pg/ml puro-
mycin (cat. no. A1113803, Gibco; Thermo Fisher Scientific,
Inc.) after 48 h to stabilize eGFP expression.

RNA isolation and RT-gPCR. Total RNA was extracted
using the EZ-press RNA Purification kit (cat. no. BOO04DP;
EZBioscience). A total of 1 yg of RNA was used for cDNA
synthesis using the First Strand cDNA Synthesis kit ReverTra
Ace (cat.no. FSQ-201, Toyobo Life Science) at 37°C for 10 min,
50°C for 5 min and the reaction was terminated by incubating
at 95°C for 3 min. gPCR was performed using a LightCycler®
480 SYBR-Green I Master (Roche Diagnostics) according to

the manufacturer's instructions. The PCR system included
5 pul PCR mix, 0.2 ul upstream primer, 0.2 ul downstream
primer, 2.6 ul RNase-free ddH,O and 2 ul cDNA template.
The thermocycling conditions were applied at 95°C for 5 min,
followed by 45 cycles of 95°C for 10 sec, 60°C for 20 sec and
then at 72°C for 20 sec. mRNA expression was normalized to
hRPLPO using the 222 method (47). The primer sequences
used for RT-qPCR are presented in Table SIII.

Statistical analysis. All the experiments were carried out at
least three times independently. The data are presented as the
mean + SD. Data between two groups were compared using an
unpaired Student's t-test, and data among multiple groups were
compared using one-way analysis of variance (ANOVA) and
two-way ANOVA followed by Tukey's multiple comparisons
test using GraphPad Prism Software, version 9 (GraphPad
Software, Inc.). A value of P<0.05 was considered to indicate a
statistically significant difference.

Results

Mucosal melanoma cells exhibit heterogeneous phenotypes.
In total, two low-passage COMM cell lines, namely COMM-1
and COMM-2, were successfully established. H&E staining
and melan-A immunostaining confirmed the characteristics
of melanoma, whereas the COMM-1 and COMMS-2 cells were
verified using an STR analysis, which compared to STR profiles
of primary tumor tissues (Figs. 1A and S1A and Table SIV).
In addition, transmission electron microscopy (performed as
described in supplementary Materials and methods; Data S1)
revealed that these two low-passage cell lines were rich in
melanin granules (Fig. S1B).

Compared with those of the malignant melanoma cell line,
A375, cultured long-term (data not shown), the COMM-1 and
COMM-2 cells exhibited highly heterogeneous phenotypes,
where two potential subpopulations were identified. In partic-
ular, one exhibited a typical adherent monolayer morphology
and were designated ‘COMM-AD’ cells (Fig. 1B). By
contrast, the other sub-group proliferated in suspension and
were designated as ‘COMM-SUS’ cells. The morphology of
the COMM-AD cells was spindle-shaped, whilst that of the
COMM-SUS cells exhibited a more rounded morphology
(Fig. 1B).

COMM-SUS cells exhibit a greater metastatic capacity. The
COMM-AD and COMM-SUS cells exhibited a dynamic
conversion; the adherent cells became rounded and converted
into suspension cells (Video S1). The COMM-SUS cells were
completely removed from the whole cell population, following
which, the COMM-AD cells were labeled with PKH67, a fluo-
rescent reagent used for cell membrane staining, to assess the
association between the COMM-AD and COMM-SUS cells
(Fig. 1C). Cell viability was then assessed using trypan blue
staining prior to analysis using flow cytometry. Flow cyto-
metric analysis revealed that the majority of the COMM-SUS
cells remained viable (data not shown) and were positive for
PKHG67 staining (Fig. 1D). A portion of COMM-AD cells
transformed into COMM-SUS cells, according to the obser-
vations of template DNA co-segregation during asymmetric
division (Fig. 1E). Numb immunostaining indicated that the
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Figure 1. Malignant mucosal melanoma cells exhibited a marked heterogeneous phenotype and biological behaviors. (A) H&E and immunohistochemistry
of COMM specimens. Melan-A indicated COMM cells. Scale bar, 100.0 ym. (B) Two subpopulations of COMM cells are indicated by the arrows; green
arrows indicate COMM-AD cells (abbreviated as AD), and yellow arrows indicate COMM-SUS cells (abbreviated as SUS). (C) Schematic diagram of the
experimental design of flow cytometric analysis. COMM-SUS cells were discarded and the whole adherent cell population was labeled with PKH67, and
the cells were then seeded into culture plates for 24 h. After rinsing with the same medium, the cells were further cultured for 24, 48 and 72 h, and then
analyzed by flow cytometry. (D) The results of flow cytometry of PKH67-labeled cells. (E) Immunofluorescence of template DNA co-segregate asymmetric
and symmetric division. EQU (green) staining indicated distribution of DNA. Positive EdU (yellow arrows) indicated the DNA from parent cells. Negative
EdU (white arrows) indicated the newly synthesized DNA. DAPI (blue) staining indicated nuclei. Numb (red) staining indicated the asymmetric division of
the cell membrane. Scale bar, 10.0 ym. (F) Lung metastases were analyzed after tail intravenous injections of COMM-AD and COMM-SUS cells with eGFP,
respectively at 4 weeks. Positive melan-A staining indicated COMM cells in lungs. Scale bar, 100.0 ym. (G) The frequency of developed lung metastasis in
mice, expressed as a percentage (Met, metastasis-positive; Met.free, metastasis-free). n=5 mice per group. H&E, hematoxylin and eosin; COMM, Chinese oral
mucosal melanoma; COMM-AD, cells with adhesive morphology; COMM-SUS, cells grown in suspension.



6 LIN et al: HETEROGENEITY OF MELANOMA CELLS

A 1 COMM-1 C s COMM-1
2 s kK 1.5 COMM-1 AD+HHS 24 h . ’
= ok ‘E £ -
3 3 3 4 ko
g 1.0 §1.0 %, 0
3 = *x ]
205 o °© 05
% ’ 205 ns 2
ko) 5 ns e
o & o
0.0 0.0 T T T T T T T 0.0
CTRL HHS CTRL HHS CTRL 0 0.1 0.5 1.0 5.0 10.0 Erastin - + +
AD Sus Agent (uM) Fer-1 - +

-~ Ferrostatin-1

AD+HHS

-# ZVAD-FMK

-+ Necrostatin1

SUS+HHS

E COMM-1 SUS F
ns

o

Relative cell viabilities
o
o

Relative cell viabilities

4
=}

DMSO Erastin 40 uM Erastin 60 uM

3 0.06 sk & 0.008 .
[\ — (2]
S —_ <
5 o
o [
B 0.04 E
<
z z
€ 002 €
£ g 0.002
= =
£ k]
$ 0.00 g 0.000
= AD SuS AD Sus

COMM-1 COMM-1

DMSO Fer-11uM  Fer-1

G Lipid peroxidation

COMM-1 AD

ok sk
*

MDA contents
(nmol/mg protein)

2mMH,0, 10uM
% 0.005 & 0.0015
9 LU o -
S 0.004 - 5
3 T 0.0010
2 0,003 3
<
z <
T 0002 g
E T 0.0005
= 0.001 Q
£ 000 2
& 0.000 < 0.0000
AD sus AD sus

COMM-1 COMM-1

Figure 2. COMM-SUS cells survive in serum plasma by gaining an ability of anti-ferroptosis. (A) The viabilities of COMM-1 AD and COMM-1 SUS cells
were measured after culturing in HHS for 24 h. (B) The cell morphology of COMM-1 AD and COMM-1 SUS cells following treatment with HHS for 24 h.
(C) COMM-1 AD cells were treated with different inhibitors for 24 h. ZVAD-FMK is the inhibitor of apoptosis, ferrostatin-1 is the inhibitor of ferroptosis, and
necrostatin-1 is the inhibitor of necrosis. (D) COMM-1 AD cells were treated with the ferroptosis activator, erastin, for 24 h with or without the pre-incubation
of ferrostatin-1 for 6 h. (E) COMM-1 SUS cells were treated with erastin or DMSO (as the control) for 24 h. (F) COMM-1 AD cells were treated with
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cells. (H) Detection of the expression of GPX4, FSP1, GSR and IRS1 in COMM-AD and COMM-SUS cells using reverse transcription-quantitative PCR.
Significance was determined using a Student's t-test or one-way ANONA or two-way ANOVA ("P<0.05, “P<0.01, “"P<0.001 and “*"P<0.0001; ns, not signifi-
cant, P>0.05). HHS, healthy human serum; MDA, malondialdehyde; COMM, Chinese oral mucosal melanoma; COMM-AD, cells with adhesive morphology;

COMM-SUS, cells grown in suspension.

cell membrane of the COMM-AD cells was asymmetrically
divided (Fig. 1E). These results suggested that the COMM-AD
cells divided asymmetrically into COMM-SUS cells and
maintained an interconversion state between the two subpopu-
lations.

Equivalent quantities of eGFP-labeled COMM-AD and
COMM-SUS cells (Fig. SIC) were then injected into the tail
vein of immunodeficient mice to analyze their tumorigenic and
metastatic potential. After 4 weeks, the mice were euthanized
before immunostaining for melan-A and GFP was conducted
in the lung tissues. Compared with those of the COMM-AD
cells (40% metastasis), the COMM-SUS cells were more
capable of establishing lesions in the lungs, with a 100% meta-
static rate (Figs. 1F and G, and S1D).

COMM-SUS cells survive in blood by resisting ferroptosis.
Based on the observations that the COMM-SUS cells exhib-
ited a greater capacity for metastasis, it was hypothesized that
the COMM-SUS cells resisted destruction in the blood circu-
lation during metastasis. The COMM-AD and COMM-SUS
cells were therefore cultured in HHS to evaluate their survival
rates. The COMM-SUS cells appeared to be more resilient,
whilst the majority of the COMM-AD cells died in HHS
(Figs. 2A and B, and S2A). Subsequently, three types of cell
death inhibitors were used to investigate the mechanisms
underlying COMM-AD cell death in HHS. ZVAD-FMK,
Fer-1 and necrostatin-1 were used to treat the COMM-AD
cells. The viability of the COMM-AD cells treated with Fer-1
increased; however, ZVAD-FMK and necrostatin-1 were not
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able to significantly rescue cell survival (Figs. 2C and S2B).
In addition, the COMM-AD cells were treated with erastin;
the majority of the COMM-AD cells died following treat-
ment with erastin, apart from those that were pre-treated
with Fer-1 (Fig. 2D). In particular, the COMM-SUS cells
survived, even in the presence of erastin (Figs. 2E and S2C).
Taken together, these results provided evidence of the ability
of the COMM-SUS cells to resist ferroptosis. However, the
COMM-AD cells presented a low metastatic capacity due to
ferroptotic cell death.

Due to the critical role of ROS in the hematogenous
spread of cancer cells, the capacity of resistance to oxida-
tive stress plays a crucial anti-ferroptotic role (48). In the
present study, the viability of the COMM-AD cells was
found to be decreased following treatment with H,O, due its
potent oxidant activity, which was in turn rescued by treat-
ment with 10 M Fer-1 (Fig. 2F). The levels of MDA in the
COMM-AD and COMM-SUS cells were then measured. The
MDA content in the COMM-SUS cells was lower compared
with that in the COMM-AD cells (Fig. 2G). Furthermore,
RT-qPCR revealed that the COMM-SUS cells exhibited higher
expression levels of GPX4, FSP1, GSR and insulin receptor
substrate 1 (IRS1) compared with those in the COMM-AD
cells (Figs. 2H and S2D). These observations suggested that the
COMM-SUS cells survived in blood circulation by resisting
ferroptosis.

Lactate metabolism is reprogrammed to promote NADH
accumulation in COMM-SUS cells. Confocal microscopy
images revealed a strong autofluorescence in COMM-SUS
cells (Fig. 3A). Subsequent flow cytometric analysis also
confirmed the high degree of autofluorescence at the
405-565 nm emission wavelengths following excitation with
405 nm (Fig. 3B). According to the range of emission wave-
lengths, it was suggested that the products generating this
autofluorescence were NADH and NADPH (400-510 nm),
lipofuscin (500-695 nm) and flavins (500-600 nm). The cata-
Iytic reactions induced by FSP1 or GPX4 are associated with
the flux of NADH and NADPH. In addition, the anti-ferrop-
totic effects are also associated with NADH and NADPH
accumulation (49,50). Considering these factors of emission
wavelengths and oxidative stress resistance, it was suggested
that this was caused by NADH and NADPH accumulation in
COMM-SUS cells.

The intracellular NADH and NADPH levels were therefore
assessed in the COMM cells. It was found that the COMM-SUS
cells accumulated higher levels of NADH and NADPH
(Figs. 3C and S2E). The lactate levels in the COMM-SUS
cells were also found to be significantly higher compared with
those in the COMM-AD cells (Figs. 3D and S2F). RT-qPCR
also revealed that the COMM-SUS cells expressed MCT1 and
lactate dehydrogenase (LDH)B at higher levels compared with
those in the COMM-AD cells, providing a potential explana-
tion for the higher degree of NADH accumulation observed
in the COMMS-SUS cells. In addition, the lower lactate flux,
but higher levels of MCT4 expression in COMM-AD cells
suggested that the COMM-AD cells preferentially used aerobic
glycolysis, whereby lactate was transported into the extracel-
lular space by MCT1 and MCT4, which was then consumed by
COMM-SUS cells (Figs. 3E-G and S2G).

The cells were then treated with high glucose medium
or glucose-free medium supplemented with various concen-
trations of sodium lactate according to the lactate range
detected in solid tumors to test the model lactate utilization
in COMM-AD and COMM-SUS cells. The intracellular
lactate levels in COMM-AD cells remained relatively stable
even when the concentration of exogenous sodium lactate
increased. By contrast, the COMM-SUS cells exhibited a
significant increase in intracellular lactate levels. Compared
with the COMM-AD cells, the COMM-SUS cells took up
lactate under both high glucose and glucose-free condi-
tions (Fig. 3H). The COMM-AD and COMM-SUS cells
were subsequently pre-treated with AZD3965 before being
cultured in high-glucose or glucose-free medium containing
various sodium lactate concentrations to assess the role of
MCTT1 in lactate uptake. The intracellular lactate levels were
significantly increased in the COMM-AD cells treated with
AZD3965 (Fig. 3H) in high-glucose medium. However, the
intracellular lactate levels were decreased in the COMM-SUS
cells after MCT1 was blocked (Fig. 3H). Collectively, these
data suggest that the COMM-AD cells mainly utilized glucose
for energy, whereas the COMM-SUS cells mainly utilized
lactate as the energy source through MCT]1.

A series of sodium lactate concentrations was added to
the cells to examine the effects of lactate on the transfor-
mation of COMM-AD cells into COMM-SUS cells. The
numbers of COMM-SUS cells were observed to be increased
following treatment with increasing sodium lactate concen-
trations (Figs. 31 and S2H). The proportion of template
DNA co-segregation during asymmetric division was also
confirmed by calculating the 100 pairs of cells in division
using immunofluorescence staining (Figs. 3J and S2I) in each
group, suggesting that the COMM-AD cells asymmetrically
divided to become lactate-accumulating COMM-SUS cells.

COMM-SUS cells are resistant to oxidative stress by accu-
mulating NADPH through pentose phosphate pathway (PPP)
activation. Although the data thus far suggested that the
COMM-SUS cells principally utilized lactate as a metabolic
substrate and accumulated NADH, the mechanisms underlying
this phenomenon remain unknown. The classical pathways
that are known to produce NADPH in cells include the PPP,
fatty acid synthesis pathway (FASP) and folate metabolism
pathway (FMP) (39). The key enzymes in these pathways
are G6PD, 6-phosphogluconate dehydrogenase (PGD), malic
enzymes (ME) 1,2 and 3, and methylenetetrahydrofolate dehy-
drogenase (MTHFD)2 (Fig. 4A). RT-qPCR revealed higher
expression levels of G6PD, GPD, ME2 and MTHFD?2 in the
COMM-SUS cells compared with those in the COMM-AD
cells (Figs. 4B and S3A). However, ME1 and ME3 were
not detected in either the COMM-SUS or COMM-AD cells
(data not shown).

The COMM cells were subsequently transfected with
siRNAs individually targeting each of the detectable enzymes
to investigate which pathway was involved in NADPH produc-
tion (Fig. S3B). The levels of NADH and NADPH were
evaluated following the knockdown of enzyme expression.
The levels of NADH and NADPH in the COMM-SUS cells
were found to be significantly decreased when G6PD and
PGD expression was knocked down in both the COMM-1 and
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Figure 3. Lactate metabolism is reprogrammed in COMM-SUS cells. (A) Autofluorescence in COMM-AD or COMM-SUS cells was analyzed using a
confocal microscope. COMM-AD cells were enzymatically digested to obtain a single-cell suspension. Scale bar, 10.0 ym. (B) Flow cytometric analysis of the
autofluorescence in COMM-AD and COMM-SUS cells; the excitation wavelength was 405 nm. (C) Analyzing the amount of intracellular NADH and NADPH
in COMM-1 AD and COMM-1 SUS cells. (D) The total lactate levels of COMM-1 AD and COMM-1 SUS cells were measured using a Lactate Assay kit-WST.
(E-G) Reverse transcription-quantitative PCR analysis of MCT1, MCT4 and LDHB expression in COMM-1 AD and COMM-1 SUS cells. (H) COMM-1
AD and COMM-1 SUS cells were treated with or without AZD3965 for 6 h, and cultured in glucose-free medium (DMEMY"¢) or glucose-high medium
(DMEMC"highy "which was supplemented with 10 and 30 mM sodium lactate for 24 h. The amount of intracellular lactate was measured. (I) The number of
viable COMMS-1 SUS cells was determined in 72 h after treating with a serial concentrations of sodium lactate. (J) Quantification of immunofluorescence
analysis for template DNA co-segregate asymmetrically after the COMM-1 cells were treated with various concentrations of sodium lactate. Significance
was determined using a Student's t-test or one-way ANONA or two-way ANOVA (“P<0.01, ““P<0.001 and “*"P<0.0001; ns, not significant, P>0.05). COMM,
Chinese oral mucosal melanoma; COMM-AD, cells with adhesive morphology; COMM-SUS, cells grown in suspension; MCT, monocarboxylate transporter;
LDHB, lactate dehydrogenase B.

COMM-2 cell lines; however, the levels of NADH and NADPH
were not altered in the COMM-AD cells (Figs. 4C and S3C).
Collectively, these results suggested that the PPP was activated
in the COMMS-SUS cells to promote NADPH accumulation.

Lactate metabolism and PPP activation inhibit ferroptosis in
COMM-SUS cells. The COMM-SUS cells were pre-treated
with AZD3965 and cultured in HHS to investigate whether
lactate metabolism is associated with ferroptosis. The viability

of the COMM-SUS cells was found to be significantly
decreased following AZD3965 treatment (Fig. 5A). Consistent
with the status in HHS, the COMM-SUS cells exhibited resis-
tance to oxidative stress induced by H,O,, which was reversed
by AZD3965 treatment (Fig. 5B). In addition to changes in
cell viability, the intracellular NADH and NADPH levels were
decreased in the COMM-SUS cells following treatment with
AZD3965 (Fig. 5C and D). After MCT1 was inhibited in the
COMM-AD cells, lactate was found to be accumulated in the
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Figure 4. COMM-SUS cells resist oxidative stress by NADPH accumulation via PPP. (A) Schematic diagram of the main enzymes of the pentose phosphate
pathway, fatty acid synthesis pathway and folate metabolism pathway. The expression levels of the enzymes were interfered with by corresponding siRNA.
(B) The expression of the main enzymes was measured in COMM-1 AD and COMM-1 SUS cells using reverse transcription-quantitative PCR. (C) The
amount of intracellular NADH and NADPH was evaluated after suppressing enzyme expression. Significance was determined using a Student's t-test or
one-way ANONA ("P<0.05, ""P<0.01, ""P<0.001 and “*“P<0.0001; ns, not significant, P>0.05). COMM, Chinese oral mucosal melanoma; COMM-AD, cells
with adhesive morphology; COMM-SUS, cells grown in suspension; PGD, 6-phosphogluconate dehydrogenase; G6PD, glucose-6-phosphate dehydrogenase.

intracytoplasmic areas, which reduced pyruvate transforma-
tion into lactate and NADH accumulation. Furthermore, the
effects of lactate on the viability of COMM-AD cells were
then investigated. Lactate accumulation was deleterious for
the COMM-AD cells following treatment with AZD3965
to a certain extent (Figs. SE and F, and S4A). Therefore, the
COMM-AD cells were unable to resist oxidative stress after
culturing in HHS even after increasing the NADH levels due
to the downregulated expression of GPX4 and FSP1.

The present study validated the anti-ferroptotic efficacy of
the PPP activation in COMM-SUS cells. The viability of the
COMM-SUS cells was decreased following the knockdown

of associated enzymes of the three pathways separately using
siRNA in HHS. Notably, cell viability was significantly
decreased after PPP was inhibited by siRNA targeting G6PD
and PGD enzymes (Fig. 5G and H). These results suggested
that the PPP was activated in COMM-SUS cells to produce
NADPH and resist serum-induced death.

Inhibition of ferroptosis increases COMM-AD cell metas-
tasis, whilst the inhibition of MCTI and the PPP suppresses
COMM-SUS cell metastasis. The COMM-AD and COMM-SUS
cells were injected into the tail vein of immunodeficient mice
before Fer-1, AZD3965 and 6AN were intraperitoneally injected
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cells in lung. Scale bar, 100.0 ym. (C) The frequency of developed lung metastasis of mice shown in panel B and in Fig. 1F, expressed as a percentage; n=5 mice
per group. 6AN, 6-aminonicotinamide; COMM, Chinese oral mucosal melanoma; COMM-AD, cells with adhesive morphology; COMM-SUS, cells grown in

suspension; MCT, monocarboxylate transporter.

every 2 days (Fig. 6A). 6AN is an anti-metabolite analog of
GO6PD that inhibits the NADPH-producing PPP to render the
it more susceptible to oxidative stress. Consistent with the
results obtained in vitro, 80% of the mice in the COMM-AD
group treated with Fer-1 developed lung metastasis, suggesting
that ferrostatin-1 improved the anti-ferroptotic capacity of the
COMM-AD cells to promote metastasis. In addition, only 20%
of the mice in the COMM-SUS group treated with AZD3965
and 40% of the mice in the COMM-SUS group treated with
6AN developed lung metastasis (Figs. 6B and C, and S4B).
Based on these results, these observations suggest that inhibi-
tion of lactate uptake and PPP activity can significantly suppress
the metastatic potential of COMM-SUS cells.

Collectively, these findings demonstrated that the
COMM cells exhibited heterogenous phenotypes, where the
COMM-SUS cells are able to inhibit ferroptosis and reprogram
metabolism by accumulating lactate and subsequently NADH
to activate the PPP, which in turn increases NADPH levels.
Increased NADH and NADPH accumulation then improves
the ability of COMM-SUS cells to resist oxidative stress and
achieve distal metastases through hematogenous spread (Fig. 7).

Discussion

To date, cancer heterogeneity represents an ongoing challenge
in clinical therapy (51). As novel technologies and reagents
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mucosal melanoma; COMM-AD, cells with adhesive morphology; COMM-SUS, cells grown in suspension; MCT, monocarboxylate transporter; PPP, pentose

phosphate pathway.

continually emerge, primary cultured cells or low-passage cell
lines have been increasingly recognized for their advantages.
This is due to the fact that they have been shown to retain
the original heterogenous landscape, genetic and molecular
profiles of their corresponding tumors (51,52). In addition,
efforts have been made to characterize the biological signa-
tures and markers of different subpopulations within the same
cancer (53,54). Exploring the mechanism of tumor heteroge-
neity may allow for the design of strategies to interfere with
the carcinogenic processes and ultimately improve cancer
management in the clinic. However, the majority of cancer
cell lines gradually lose their heterogeneity after long-term
in vitro culture (43). In the present study, two MM cell lines
with low-passage numbers were established to explore the
heterogeneity of MM.

Cancer initiation, propagation, therapy resistance and
relapse are potentially driven and maintained by asymmetric
cell division (55), which also contributes to the heterogenic
characteristics (56,57). In the present study, COMM-AD cells
presented with template DNA co-segregation and exhibited
the potential to asymmetrically divide into COMM-SUS
cells, which underwent metabolic reprogramming to use
lactate as their primary carbon source to enhance their own

metastatic capabilities. It has been suggested that different
cell subsets within the same tumor can divide metabolic
tasks by exchanging intermediary metabolites, such as
lactate (58). The findings of the present study suggested that
the entire COMM cell population can mimic the original
tumor tissue. COMM-AD cells are cancer cells in situ and
are considered to be glycolytic cancer cells that can produce
and excrete lactate into the extracellular microenviron-
ment (27). By contrast, the COMM-SUS cells are cancer cells
that exhibit higher metastatic capacities to leave the stroma
and invade by taking up lactate as the main oxidative cell
type (30). This is consistent with the hypothesis of ‘meta-
bolic symbiosis’ (27,30,59). Glycolytic cells use glucose to
produce large quantities of lactate that are rapidly exported
through MCT4, where the oxidative cells located in perfused
areas use their MCT1 proteins to import the lactate (30).
Once imported into the cytosol of oxidative cancer cells,
lactate is then oxidized into pyruvate by LDH-1 (60). LDH
typically exists as a tetramer of the LDH-H protein encoded
by the LDHB gene and mediates the simultaneous reduction
of NAD*into NADH (60). This pyruvate and NADH then
fuel the TCA cycle to facilitate ATP production. Based on
accumulating evidence, lactate is considered to be a major
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carbon source for the TCA instead of being a waste product
of anaerobic metabolism in cancer cells (27,61). The present
study demonstrated that high levels of MCT1 expression
were positively associated with metastasis and shorter overall
survival times in the clinic (Fig. S4C). Based on this finding,
MCT1 may represent an ideal drug target for MM treatment.
The MCT1-specific inhibitor, AZD3965, has undergone a
phase I clinical trial in the UK for advanced solid tumors and
lymphomas (62,63). AZD3965 has been previously reported
to reduce tumor growth in breast cancer (64), small cell lung
cancer (63), lymphoma (65) and colon carcinoma (66). In
normal proliferating cells, 30% of the intracellular NADPH
has been found to be derived from the PPP, whereas the other
30% is produced from glutaminolysis flux and 40% is derived
from folate metabolism (67). However, cancer cells require
higher levels of NADPH for the acceleration of various physi-
ological processes, such as biomolecule synthesis and lipid
oxidation, especially redox hemostasis (68,69). Therefore,
increased NADPH levels are considered to be favorable for
cancer metastasis (70). Metastatic melanoma cells tend to
have higher levels of NADPH generation to convert GSSG
into GSH, allowing them to withstand oxidative stress
through the folate pathway (14). NADPH has also been shown
to promote gastric cancer growth and metastasis by upregu-
lating the expression of ME1 (71). In the present study, in
addition to lactate uptake to increase NADH levels, metabolic
reprogramming in COMM-SUS cells also activated the PPP
to accumulate additional NADPH levels and confer resistance
to oxidative stress.

Increased NADH and NADPH accumulation not only
functions as an antioxidant, but also increases autofluores-
cence (72,73). High levels of autofluorescence were confirmed
in COMM-SUS cells in the present study. The characteristic
of autofluorescence holds promise as a potentially powerful
tool for detecting the first signs of metastasis during clinical
diagnosis (72). Non-invasive diagnostic techniques for iden-
tifying malignant tumor cells, monitoring distant metastasis
and local recurrence of cancer are improving. In particular,
the use of inflammatory markers and autofluorescence to
diagnose cancer holds promise (30,72,74-77). In addition, red
cell distribution width (RDW) value may be applied as a novel
inflammatory marker to assess malignant thyroid nodules (74).
Indeed, elevated RDW values have been found in several cancer
types, including esophageal cancer and gastric cancer (78-81).
Tumorigenesis is frequently accompanied with alterations
in the immune cell and cytokine profile (82). The degree of
tumor immune infiltration altered in the tumor microenvi-
ronment, whereas the cytokine secretion profile is altered in
the bloodstream (83,84). Previous studies have demonstrated
that inflammation is an important hallmark of tumorigenesis,
including head and neck squamous cell carcinoma and breast
cancer (82,85-87). Tumors at different stages of development
typically exhibit different characteristics of cancer-associated
inflammation, where the different inflammatory environments
will influence local immune responses (88). Therefore, the
combination of inflammatory markers and autofluorescence
holds diagnostic value in the clinical diagnosis of cancer.

Cancer cells are able to resist multitude of cancer therapies
due to cell plasticity, which include properties of metabolic
reprogramming, immune escape and suppression of cell

death (56,89-91). They chronically experience high levels
of oxidative stress, which may induce ferroptosis during
hematogenous metastasis (92). A previous study revealed that
the lymph nodes allows melanoma cells to incorporate oleic
acid and other antioxidants for protection against ferrop-
tosis (93). In the present study, notable cellular heterogeneity
was observed in the mucosal MM cells tested. In particular,
COMMS-SUS cells exhibited highly aggressive metastatic
behavior following metabolic reprogramming, resulting in the
accumulation of NADH and NADPH and protection against
ferroptosis induced by oxidative stress from the bloodstream.
COMM-SUS cells were found to mainly depended on GPX4
and FSP1 for protection against ferroptosis. According to this
finding, GPX4 or FSP1 may represent potential drug targets
for suppressing MM cell metastasis. In addition, the metabolic
reprogramming event that was found in the COMM-SUS
cells, where increased quantities of lactate was taken up and
then oxidized to pyruvate, is most likely to be associated with
ferroptosis resistance. These metabolic activities resulting
in or from ferroptosis are inherently associated with energy
metabolism. Therefore, inhibiting metabolic reprogramming
in aggressive metastatic cancer cells also represents a possible
drug target to deny the high energetic needs of cancer cells.

In summary, the results from the present study suggest that
efficiently metastasizing melanoma cells are able to reprogram
their own metabolic pathways to increase the uptake lactate to
meet their energy demands. Mechanistically, this was possibly
mediated by the activation of the PPP to increase the produc-
tion of the antioxidants NADH and NADPH. In addition,
increases in the expression levels of GPX4 and FSP1 allowed
the cells to resist ferroptotic cell death induced by oxidative
stress to promote distant metastasis.

Heterogeneity is one of the important biological charac-
teristics of cancer, which results in the existence of a diverse
range of cell types and cell subpopulations with distant physi-
ological features within the same tumor. In addition, different
subpopulations of the same cancer type can utilize different
synergistic mechanisms to enhance tumorigenesis. The
dynamic conversion and interdependence of cancer subpopu-
lations may provide a perspective to deepen the understanding
into tumor characteristics. Cancer heterogeneity represents an
ongoing challenge in clinical settings. Exploring the mecha-
nism of cancer heterogeneity may allow research in methods
of interfering with dynamic cancer inter-cell interactions and
ultimately improve cancer management protocols in the clinic.
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