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Abstract

Squalene (SQ) is a well-known antioxidant and anti-inflammatory agent that provides promising anti-aging and UV-
protective roles on human skin. However, its strong hydrophobic nature, accompanied by issues such as poor solubil-
ity and limited tissue permeation, has created challenges for scientists to investigate its untapped potential in more
complex conditions, including cancer progression. The present study assessed the potent anti-metastatic properties
of a newly synthesized amphiphilic ethylene glycol SQ derivative (SQ-diEG) in melanoma, the most fatal skin cancer.
In vitro and in vivo experiments have discovered that SQ-diEG may exert its potential on melanoma malignancy
through the mitochondria-mediated caspase activation apoptotic signaling pathway. The potent anti-metastatic
effect of SQ-diEG was observed in vitro using highly proliferative and aggressive melanoma cells. Administration

of SQ-diEG (25 mg/kg) significantly decreased the tumor burden on the lung and inhibited the metastasis-associated
proteins and gene markers in B16F10 lung colonization mice model. Furthermore, global gene profiling also revealed
a promising role of SQ-diEG in tumor microenvironment. We anticipated that the amphiphilic nature of the SQ
compound bearing ethylene glycol oligomers could potentially augment its ability to reach the pathology site, thus
enhancing its therapeutic potential in melanoma.
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Introduction
Malignant melanoma can be highly metastatic and inva-
sive with the highest mortality among skin cancers [1].
Extensive metastasis can result in serious, permanent
damage to organs as well as psychological damage to the
affected patients.

Metastatic spread of melanoma requires multiple con-
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ditions: 1. Melanoma cells must undergo large morpho-
logical changes, called epithelial-mesenchymal transition
(EMT), to form aggressive phenotypes, so they can cross
the basement membrane of extracellular matrix (ECM)
and invade through the connective tissues with the coor-
dination of adhesion molecules (e.g. integrins) [2]. 2. The
released melanoma cells will go through a harsh battle of
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survival with immune cells in the circulation [3]. 3. The
survived cells will colonize on the appropriate site [4]. 4.
Cells on the periphery work to recruit additional oxygen
and nutrient sources, forming new blood vessels to sup-
port tumor proliferation [5]. Notably, the Matrix Metal-
loproteinase (MMP) families play a variety of roles within
the tumor microenvironment (TME, a heterogeneous
ecosystem composed of cancer cells, immune cells, the
ECM, etc.), especially on the degradation of type IV col-
lagen (the major component of ECM structure), indicat-
ing their significance as cancer markers, which explains
the intense interest in these proteins as a desirable target
for cancer treatment [6, 7].

Due to the high propensity of melanoma tumors metas-
tasizing to distinct organs, current therapeutic strategies
still cannot meet the rising demand for patients. Nowa-
days, the use of natural compounds in cancers, includ-
ing their synthetic derivatives, either as primary or
adjunctive therapy has become a spotlight in response
to the patient’s wishes to pursue a safer and sustain-
able therapeutic effect [8]. A number of natural-derived
agents have discovered to prompt melanoma apoptosis,
anti-proliferation, anti-migration, and regulate immune
functions within TME [9-12]. More importantly, multi-
target activity of natural compounds, which means one
compound being able to shoot multiple pharmacological
bullets at the same time, could be a promising approach
to target a large network of proteins and genes that are
involved in the development and the spreading of the
melanoma while exhibiting a much lower possibility of
side effects compared to the single target drugs [13].

Squalene (SQ) is a naturally occurring substance which
was originally isolated from shark liver oil but also can be
obtained from many renewable sources aiming to achieve
the highest yields with lower costs, such as vegetables
(e.g. olive oil, soybean oil, grape seed oil) and microor-
ganisms (e.g. microalgae Aurantiochytrium sp.) [14].
Topical application of SQ has shown excellent effect on
UV radiation protection and skin lubrication with no
harm to the human skin [15]. Although several experi-
mental and animal evidence suggests that SQ possesses
anti-cancer properties [16, 17], its strong hydrophobic
nature, which inevitably accompanied with the issues,
such as poor solubility, limited cell permeation, and low
bioavailability in living organisms, has created challenges
for scientists to investigate its underestimated potentials
in more complex conditions, such as cancer metastasis.
Hence, to overcome this barrier, a novel SQ receptor,
2-[2-(2-hydroxyethoxy)ethoxy]-3-hydroxysqualene (SQ-
diEG) which bearing ethylene glycol (EG) oligomers, and
forming vesicle-like particles to facilitate the cell mem-
brane penetration, was synthesized [18], and then used
in this current research as a potent molecule candidate
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against melanoma progression. We aimed to elucidate
the potent anti-metastatic effect of SQ-diEG in-vitro and
in-vivo and to reveal its mechanism of action via global
gene expression analysis.

Materials and methods

Chemicals

SQ-diEG was first synthesized from 2,3-epoxysqualene
and characterized by means of Rf, FT-IR, 1H NMR, 3C
NMR, and HR-MS as described in the previous study
[18]. We stated that the Purity (%) of SQ-diEG used
in this study was Purity (%)=98.9 wt%. The stock solu-
tion of SQ-diEG was first prepared in dimethyl sulfox-
ide (DMSO) (Wako, JP) and stored in 4 °C until use.
The stock solution was then diluted in the fresh growth
medium to obtain 0.1% of DMSO for cell treatment or
diluted it with saline solution to reach a maximum dose
of 5% DMSO v/v for animal experiment. Dacarbazine
(DTIC) (Sigma, USA) was received in powder form and
prepared in DMSO for stock solution. The stock solu-
tion was stored in 4 °C and further diluted in saline
reach a maximum dose of 5% DMSO v/v for animal
administration.

Declarations of the animal research

Eight per group, six-weeks old male C57BL/6 ] mice, total
40 mice (Charles River Laboratories, JP) were housed
individually in polycarbonate cage under 12 h light/dark
cycle condition. Mice were allowed to access to food and
water freely for 7 days acclimatization before the start of
experiment. We strictly followed the guidelines of the
University of Tsukuba’s Regulation of Animal Experi-
ments and all the experiments were approved by the Uni-
versity of Tsukuba’s Committee on Animal Care and Use
(No. 22-465).

Cell culture

B16F10 murine melanoma cells (RIKEN, JP) were cul-
tured in Roswell Park Memorial Institute Medium (RPMI
1640) (Gibco, NY) which supplemented with 10% fetal
bovine serum (FBS) (Gibco, NY) and 1% Penicillin/
Streptomycin (Gibco, NY) and incubated at 37 °C in a
humidified atmosphere of 5% CO2. SK-MEL-28 human
skin melanoma cells (ATCC, USA) were cultured in
Eagle’s Minimum Essential Medium (EMEM) (ATCC,
USA) supplemented with 10% fetal bovine serum (FBS)
(Gibco, NY) and 1% Penicillin/Streptomycin (Gibco, NY)
and incubated at 37 °C in a humidified atmosphere of
5% CO2. For animal intravenous injection, 2x 10° cells/
ml B16F10 cells were resuspended in saline solution and
then aggregated cells were removed using 79-pm-cell
strainer (Falcon, USA).
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Cell proliferation assay

The cytotoxicity of SQ-diEG were investigated by using
3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT assay) (Dojindo, JP). B16F10 cells and
SK-MEL-28 cells were seeded onto 96-well plates at a
concentration of 3x 10* cells/well. After overnight incu-
bation at 37 °C in a humidified atmosphere of 5% CO2,
cells were treated with SQ-diEG at various concentra-
tions for 48 h and 72 h. Then 5 mg/ml MTT solution was
added to each well and further incubated for 6 h. Finally,
the cells were treated with 10% sodium dodecyl sulfate
(SDS) to completely dissolve the formazan crystals. After
overnight incubation, the cell viability was measured by
a microplate reader at 570 nm absorbance. Results were
calculated by average of three independent trials.

Immunofluorescence

The cellular proliferation of B1F10 cells was determined
by the immunodetection of a proliferation marker, Ki67
(Abcam, USA). B16F10 cells were seeded on to 4-well
LabTek Chamber Slides (Sigma, USA) at a concentra-
tion of 3x 10% cells/well. After overnight incubation, cells
were treated without or with SQ-diEG for 24 or 48 h.
Then cells were washed with 0.1% v/v Triton X-100/
phosphate-buffered saline (PBS) (Sigma, USA) and fixed
with 4% paraformaldehyde (PFA) under agitation at
room temperature (RT). Cells were treated with the pri-
mary antibody Ki67 (1:10,000) in blocking buffer (1.5 g of
bovine serum albumin (BSA), 50 ml of PBS, and 100 pl of
Triton X-100) and incubated overnight at 4 °C under agi-
tation. Then, the cells were immersed with the secondary
antibody Alex 488-conjugated anti-rabbit (Abcam, USA)
(1:10,000) and incubated at RT for 1 h. Finally, the cells
were mounted with DAPI solution (Sigma, USA) and
visualized under a Leica DMI-4000B fluorescence micro-
scope (Leica Microsystems, Germany). Photographs
including three fields of each sample well were taken.
The number of positive Ki67 cells/well was quantified by
Image] and results were confirmed by three independent
trials.

Cell cycle analysis

B16F10 cells were seeded onto 6-well plate at a concen-
tration of 5x10* cells/well and then incubated over-
night. The cells were treated without or with SQ-diEG
and incubated for 24, 48, and 72 h. The cells were har-
vested by trypsination (0.25% trypsin/ 0.02% EDTA in
PBS; Gibco, NY) and were diluted with growth medium
to obtain 1x10° cells/ml. Cells were washed once with
1xPBS and then fixed by 70% ice cold ethanol. After
incubation overnight at 4°C, cells were washed once
with 1xXPBS and then samples were transferred into the
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wells of a 96-well-round bottom. The 200 pl of propidium
iodide (PI) cell cycle staining reagent (Luminex Corpora-
tion, USA) which used to label cellular DNA was added
to each well and mixed well by pipetting up and down for
several times. Then the plate was incubated at RT shield-
ing away from light for 30 min. Data were acquired on
the Guava PCA-96 using CytoSoft " software. Statistics
of CytoSoft histogram for each cell population, includ-
ing M1 (G0/G1), M2 (S), M3 (G2/M), showed percent
total, PM1 mean, median and %CV fluorescence inten-
sity. Average of gated % Positive representing the average
percentages for the M1, M2, and M3 were calculated by
three independent trials.

Measurement of mitochondria membrane potential

The active mitochondria in SK-MEL-28 cells were label
and localized with MitoTracker Red CMXRos staining
kit (Molecular Probes, CA). The 1 mM stock solution
was prepared in high quality DMSO and then diluted
to the 100 nM in growth medium before use. The SK-
MEL-28 cells were seeded on to 4-well LabTek Chamber
Slides (Sigma, USA) at a concentration of 3x 10* cells/
well. After overnight incubation, cells were treated with-
out or with SQ-diEG for 48 h. When cells have reached
the desired confluency, the medium was removed and
cells were stained with the 100 nM solution containing
MitoTracker red probe for 45 min at RT. After incuba-
tion, cells were washed carefully with the growth medium
and then fixed with 4% PFA for 15 min at RT. After fixa-
tion, cells were rinsed with growth medium carefully and
then mounted with DAPI solution (Sigma, USA) Finally,
the cells were visualized under a Leica DMI-4000B fluo-
rescence microscope (Leica Microsystems, Germany).
Photographs including three fields of each sample well
were taken and results were confirmed by three inde-
pendent trials.

Cell migration assay

Cell migration and movement was analyzed by wound
healing assay. BI6F10 and SK-MEL-28 cells were seeded
onto 6-well plates at a concentration of 1x10° cells/well
and incubated overnight. When the cells reach 90% con-
fluency, a scratch was carefully made in the middle of the
confluent monolayer by using a sterile white tip. Then
old medium was removed and cells were washed with
1xPBS. After the unattached cells were removed, cells
were treated without or with SQ-diEG. Finally, cells were
observed under a contrast microscope (Leica Microsys-
tems, Germany) and photographs of each well were taken
after the desired treatment hours. The results were quan-
tified using Image]J by three independent trials.
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Transwell invasion assay

The cell invasion of B16F10 and SK-MEL-28 cells were
evaluated using a Boyden chamber model (Abcam, USA).
Firstly, the cells were starved for 24 h in a serum-free
medium. Then the top chamber was coated with collagen
for 2 h and after washed with 1 M Tris. The cells were
collected into pellet and resuspended in a serum free
medium. In the bottom chambers, the medium contain-
ing desired chemoattractant (10% FBS) were added. The
medium containing without the chemoattractant was
added in the control chamber and the medium contain-
ing Control Invasion Inducer was added to the positive
control chamber. On the other hand, in the top cham-
bers, 2.3%x10° cells were seeded onto the top chamber
in a serum-free medium. Then the medium without or
with SQ-diEG was treated to the cells and mixed gently.
The cell invasion chamber was incubated at 37 °C in CO2
incubator. After incubation for 24 h, non-invasive cells
left in the top chambers were removed by cotton swab.
Highly invasive cells on the outside layer of the inserts
were fixed by 4% PFA and the cell nuclei were stained
with DAPI. Finally, the cells were visualized under a Leica
DMI-4000B fluorescence microscope (Leica Microsys-
tems, Germany). Photographs of each sample chamber
were taken and the number of invasive cells was quanti-
fied by Image] and results were confirmed by three inde-
pendent trials.

Clonogenic assay

B16F10 and SK-MEL-28 cells were seeded onto 6-well
plates at a concentration of 5x10* cells/ml and then
treated without or with SQ-diEG for 5 days until visible
colonies formed. Then cells were washed carefully with
ice-cold 1 xPBS. The cells were fixed with ice-cold meth-
anol for 10 min and stained with 0.5% crystal violet solu-
tion for a 10 min incubation at RT. Then cells were rinsed
carefully with distilled water for several times. The cells
were dried at RT for 1 h and finally photographs were
obtained by a contrast microscope (Leica Microsystems,
Germany). The results were quantified using Image] by
three independent trials.

Tumorigenesis assays

Total 40 C57BL/6 ] mice (8 mice/treatment group) were
randomly divided into five groups: Control: (-) B16F10
injected and water treated; Model: (4+) B16F10 injected
and water treated; Positive control: (+) B16F10 injected
and DTIC treated (70 mg/kg/day); Treatment: (+)
B16F10 injected and SQ-diEG treated (5 mg/kg/day);
Treatment: (+) B16F10 injected and SQ-diEG treated
(25 mg/kg/day). After one week of acclimatization, mice
tail was wiped with 70% ethanol or warm water aiming
to see the mice lateral tail veins clearly and then lateral
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tail veins were injected with B16F10 cells (2x 10° tumor
cells in 100 pl PBS, 0.2 ml/mouse). The day after B16F10
injection, mice were orally administered every morning,
to ensure that each animal receive the exact dosage cor-
responding to each animal’s body weight for a total treat-
ment of 20 days. Food and water were given as described
above during the experimental period. The day after the
last oral administration, the mice were sacrificed using
the cervical spine dislocation method and the lungs were
collected, washed, the number of lung tumor colonies
was counted, then quick frozen in liquid nitrogen and
finally stored at -80 °C for further experiments.

Immunohistochemistry

The melanoma lung tissue was embedded in optimum
cutting temperature (OCT) compound and kept in -80 °C
until use. The OCT-embedded lung sections were cut at a
thickness of 10 pm and fixed with 4% PFA (Sigma, USA).
Firstly, the sections were washed several times in PBS,
0.1% v/v Triton X-100/PBS (Sigma, USA), and 20 mM of
glycine/PBS. Then the sections were incubated in block-
ing solution for 1 h at RT (0.2 g of bovine serum albumin
(BSA), 400 pl of gelatin, 18.4 ml of PBS, 500 ul of nor-
mal donkey serum, and 500 pl of normal goat serum), the
sections were further incubated with mouse anti-MMP2
(Abcam, USA) and rabbit anti-MMP9 (Abcam, USA)
overnight at 4 °C in a wet chamber. On the next day, the
lung sections were washed again as previously described
and then incubated with secondary antibody, Alexa Fluor
488-conjugated anti-mouse (Abcam, USA) and Alexa
647-conjugated anti-rabbit (Abcam, USA) at 1:200 ratio
in blocking solution for 1 h under RT. After the incuba-
tion and washing, the sections were dried and sealed for
15 min and mounted in DAPI solution (Sigma, USA), and
visualized under a Leica DMI-4000B fluorescence micro-
scope (Leica Microsystems, Germany). Results were
quantified by Image] and confirmed by three independ-
ent trials.

RNA extraction and quantitative real-time PCR

The total RNA of melanoma lung tissue and melanoma
cells was extracted using Isogen (Nippon Gene Ltd, JP)
according to the manufacturer’s directions. The final
RNA concentration was assessed using a NanoDrop
2000 spectrophotometer. The effect of SQ-diEG on gene
expression was assessed by using TagMan Gene Expres-
sion Master Mix (Applied Biosystems, USA) and TagMan
primers (Applied Biosystems, USA) with the following
thermal cycling protocol: (95 °C, 10 min, 40 cycles of
95 °C for 15 s, and 60 °C for 1 min). Specific primers used
in this study were Ikbke, Hmox1, Sqstml, Mgp, Nnmt,
Myc, Prdml, Bax, Bak, Bcl-xL, Tp53, Atf4 and Gapdh (as
an internal reference control). Then data were analyzed
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using 7500 Fast Real-time PCR System with 7500 soft-
ware version 2.0.5 (Applied Biosystems, USA). Results
were calculated by the average of three independent
trials.

DNA microarray analysis

Microarray analysis was performed on the Affymetrix’s
GeneAtlas® System (Affymetrix Inc, USA). Total RNA
samples were prepared and quantified as mentioned
above. Then the amplified and purified antisense RNA
(complementary RNA or cRNAs) were generated and
purified by using purification beads on a magnetic stand.
The sense-strand cDNA samples were synthesized, puri-
fied, fragmented, and labeled following the manufac-
turer’s instructions. After, cartridge array hybridization
was performed on the GeneAtlas® instrument. We used
the mouse genome array strips which were then washed
and stained with the GeneAtlas® Fluidics Station. Finally,
data and figures were generated by AGCC scan using the
GeneAtlas® Imaging Station.

We used multiple online bioinformatic software for
microarray analysis. Enriched gene ontology of biological
process (BP) was analyzed using DAVID Bioinformatics:
(https://david.ncifcrf.gov/) [19]. Circos plot and hier-
archical cluster plot were analyzed through Metascape
(http://metascape.org/) [20]. The generic PPI network
was analyzed via NetworkAnalyst tool (version 4.3.2).
Bubble plots were generated by SRPLOT (https://www.
bioinformatics.com.cn/srplot). Venn diagram was gener-
ated through (https://bioinformatics.psb.ugent.be/webto
ols/Venn/) and heatmap was generated by MORPHEUS
(https://software.broadinstitute.org/morpheus/).

Measurement of Caspase 3/7 activity

The activity of Caspase 3/7 was examined by using
Caspase-Glo® 3/7 Assay kit (Promega, USA) accord-
ing to the instructions. Briefly, B16F10 and SK-MEL-28
cells were seeded onto 6-well plate at a concentration
of 5x10* cells/well and then incubated overnight. The
cells were treated without or with SQ-diEG and then
incubated for 6, 12, 24, 48 h. The Caspase-Glo® 3/7 Rea-
gent was prepared by transferring the Caspase-Glo® 3/7
Buffer into the Caspase-Glo® 3/7 Substrate, mixed well

(See figure on next page.)
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until the substrate is thoroughly dissolved. Then 100 pl
of Caspase-Glo® 3/7 Reagent was added to each well of
a white-walled 96-well plate containing 100 pl of blank,
untreated control cells or SQ-diEG treated cells in cul-
ture medium, total of 200 pl. The plate was gently agi-
tated at 300-500 rpm for 30 s and incubate for 3 h at RT.
Finally reading of the luminescence of each sample well
was measured by a microplate reader.

Statistical analysis

All the data were analyzed and expressed as
mean + standard deviations (SD) (n=3). The level of sig-
nificance between two value sets (ctrl cells vs. treated
cells) was determined by student’s t test: *P<0.05,
**P<0.01, ***P<0.0001. For DNA microarray, the Tran-
scriptome Analysis Console (TAC) software (Ther-
moFisher Scientific, USA) was used to analyze the data
by running comparisons of gene expression in treated
and ctrl cells based on SST-RMA algorithm. Level of sig-
nificance between groups were assessed by using one-
way between-subject ANOVA (paired) and genes which
p value<0.05 were considered as differentially expressed
genes (DEGs).

Results

SQ-diEG affected the cellular proliferation of B16F10 cells
and SK-MEL-28 cells

We first wanted to assess the direct role of SQ-diEG on
aggressive melanoma cells (Fig. 1A). As rapid cell prolif-
eration is one of the critical hallmarks of cancer develop-
ment [21], we checked the effect of SQ -diEG on B16F10
cell proliferation. Therefore, cells were exposed to various
concentrations (0, 2.5, 5, 10, 20, 40 uM) of SQ-diEG for
48 h and 72 h. The results revealed that SQ-diEG exhib-
ited significant cytotoxic effect to the melanoma cells in
a dose- and time-dependent manner (Fig. 1B), and SQ-
diEG at a low dose (2.5 uM) and a high dose (40 pM)
were used for further analysis. Further, the cellular pro-
liferation rate of B16F10 cells upon SQ-diEG treatment
was investigated by monitoring the expression of Ki67
which is a large nuclear protein expressed only in actively
dividing cells, thus strongly related with the tumor cell
proliferation and growth [22]. After the 24 h and 48 h

Fig. 1 SQ-diEG attenuated cellular proliferation in B16F10 cells and SK-MEL-28 cells. A The compound structure of 2-[2-(2-hydroxyethoxy)
ethoxy]-3-hydroxysqualene (SQ-diEG). B The effect of SQ-diEG on B16F10 cell viability was measured by MTT assay. C Immunostaining of Ki67

in B16F10 cells. D The effect of SQ-diEG on cell cycle arrest in BI6F10 cells after 24 h treatment. E The effect of SQ-diEG on cell cycle arrest in BI6F10
cells after 48 h treatment. F The effect of SQ-diEG on cell cycle arrest in B16F10 cells after 72 h treatment. Cell distribution in cell cycle was expressed
as % total (pink indicates GO/G1 phase, green indicates S phase, blue indicates G2/M phase). G The effect of SQ-diEG on SK-MEL-28 cell viability

was measured by MTT assay. H MitoTracker Red CM-H2XRos staining of mitochondria in SK-MEL-28 cells. All the data were analyzed and expressed
as mean + standard deviations (SD) (n=3). The level of significance between two value sets (ctrl cells vs. treated cells) was determined by student’s t

test: * < 0.05, **P<0.01, ***P<0.0001
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treatment of 2.5 and 40 pM SQ-diEG, immunofluores-
cence results suggested that the relative amount of Ki67
positive cells were significantly reduced at both concen-
trations, indicating that the cellular proliferation rate of
B16F10 cells was suppressed by SQ-diEG (Fig. 1C, Fig.
S1).

To gain more insight about whether low proliferation
rate caused by SQ-diEG was correlated or not with cell
cycle arrest, cell flow cytometric analysis was assessed.
The DNA histogram results showed no significant change
in cell cycle after 24 h treatment of SQ-diEG, but a slight
trend of cell arrest was found in S phase (Fig. 1D). How-
ever, after 48 h treatment, a significant cell cycle arrest
was observed in S phase (**P-value, ctrl vs 40 pM (0.007)
(Fig. 1E). Interestingly, a longer treatment (72 h) of
40 pM SQ-diEG indicated a significant cell arrest in early
GO0/G1 phase (**P-value, ctrl vs. 40 pM (0.002), suggest-
ing that SQ-diEG may exert damage to the B16F10 cells
in a continuously manner, leading to a failure of cell cycle
re-entry (Fig. 1F). Altogether, these data revealed that
the low cellular proliferation of B16F10 cells after treated
with SQ-diEG was correlated with the cell blocking in
cell cycle stages. Specifically, the higher dose of SQ-diEG
could persistently stress the B16F10 cells by inducing cell
cycle arrest in S phase after 48 h, that will shift to GO/G1
phase arrest after 72 h treatment.

To confirm the potential impact of SQ-diEG on human
melanoma cell proliferation, we treated SK-MEL-28
human melanoma skin cells with various concentrations
of SQ-diEG. As expected, SQ-diEG also suggested con-
siderable cytotoxic effect to the SK-MEL-28 cells and we
used 10 pM and 30 uM for further validations (Fig. 1G).
What'’s more, mitochondria are fundamental energy sup-
pliers to fuel melanoma respiration and proliferation [23].
MitoTracker Red CM-H2XRos is used to stain mito-
chondria in actively respiring cells and its accumulation
is dependent upon membrane potential [24]. Interest-
ingly, we observed that SQ-diEG significantly suppressed
the mitochondrial membrane potential (Aym) in SK-
MEL-28 cells after 48 h treatment, meaning that the cell
respiration and cell proliferation activity were attenuated
(Fig. 1H, Fig. S2).

Overall, these data revealed that SQ-diEG treatment
induced a significant decrease in melanoma cell viabil-
ity and proliferation, demonstrating that this compound,
as a cytotoxic agent, possesses potent anti-melanoma
activity.

SQ-diEG inhibited the melanoma metastatic-related
activities in B16F10 and SK-MEL-28 cells

Widespread of metastasis is the leading cause of death
in melanoma patients [1]. To further investigate the
anti-metastatic activity of SQ-diEG on melanoma cells,
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directional cell migration was investigated by wound
healing assay. The results indicated that the wound
scratch established in the middle of the confluent mon-
olayer was completely closed in the untreated control
cells after 24 h. However, SQ-diEG significantly inhibited
the B16F10 and SK-MEL-28 cell migration and move-
ment in a dose- and time-dependently manner (Fig. 24,
B). The diminished cell aggressiveness to migrate through
the semipermeable membrane in the Boyden chamber
was also observed in both melanoma cell lines (Fig. 2C,
D). In addition, clonogenic assay measures the ability of
single cell to expand into large colony which is an impor-
tant feature of metastatic cancer cells to occupy distant
tissues [4]. We further confirmed that SQ-diEG observ-
ably restrained the B16F10 and SK-MEL-28 clonal expan-
sion after 5 days treatment (Fig. 2E, F). Hence, these
results demonstrated an anti-metastatic impact of SQ-
diEG in melanoma cells.

SQ-diEG reduced the tumor burden on the lung

along with the suppressed expression of melanoma
metastatic-related markers

Despite the promising anti-metastatic-like effect of SQ-
diEG in melanoma cells, we next aimed to evaluate the
role of SQ-diEG on living organisms with functional
immune responses. We assessed the potential of SQ-
diEG on tumor colony expansion to distant organs, such
as the lung, in the mice. The invasive B16F10 melanoma
cells were delivered through the intravenous injection
to create experimental metastatic foci. The circulating
tumors were metastasized and colonized themselves on
the lung after 20 days of oral administration with dacar-
bazine (DTIC, a chemotherapy medication for metastatic
melanoma, positive control, 70 mg/kg/day), SQ-diEG
(5 mg/kg/day) and SQ-diEG (25 mg/kg/day) (Fig. 3A).
Our results suggested that no tumor nodes were found
in the ctrl (-)B16F10 group, whereas a significant num-
ber of tumor nodes were found in the melanoma model
(+)B16F10 groups. Notably, a significant reduction in the
tumor nodes was observed in the DTIC treated group
and 25 mg SQ-diEG treated group, suggesting that SQ-
diEG possesses promising potential for the attenuation of
tumor proliferation and colonization during the process
of melanoma metastasis in vivo (Fig. 3B).

On the other hand, the contributions of gelatinases
(MMP2 and MMP9) to tumor metastasis have been
widely discussed. The MMP2 and MMP9 are crucial can-
cer biomarkers which play an active part in the degrada-
tion of ECM components, facilitating the primary tumors
to metastasize [6], thus their related protein expression
was checked. Results of OCT-embedded lung sections
containing tumor edge indicated that the MMP2 and
MMP9 expression of treated groups including DTIC
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treated and SQ-diEG (5 mg and 25 mg) treated were sig-
nificantly suppressed comparing to the model (+)B16F10
group (Fig. 3C, Fig. S3). We further checked the mRNA
expression of various melanoma metastatic-associated
markers via Rt-qPCR. For example, SQ-diEG significantly
inhibited the gene expression of Ikbke (a novel oncogene
in melanoma metastasis and in TME), Hmox1 (a pro-
tumorigenic factor in melanoma proliferation), Sgstml
(a melanoma metastatic marker), Mgp (a mesenchymal
gene and a pro-metastatic factor in many types of cancer
including skin cancer), and Numt (a molecular biomarker
in melanoma metastasis) (Fig. 3D-H). Altogether, these
data proved that SQ-diEG plays a tumor suppressive role
on melanoma proliferation, colonization and metastasis
by downregulating the expression level of ECM degrada-
tion proteins and pro-metastatic factors.

SQ-diEG and DTIC showed different functions in melanoma
tumor tissues

To understand the actual mechanism of SQ-diEG on
melanoma progression, a whole-genome transcrip-
tomic analysis by DNA microarray was carried out in
melanoma lung tissues. We first assessed the variables
and functions between the treatment groups, especially
between the SQ-diEG treated and DTIC treated group.
Results revealed the number and distribution of dif-
ferentially expressed genes (DEGs) in each compari-
son group (Fig. 4A, B). In particular, total of 1356 genes
were regulated in (-)B16F10 vs (+)B16F10 (melanoma
model group), out of which 524 genes were upregulated
and 832 were downregulated. A total of 1085 genes were
regulated in DTIC vs (4+)B16F10 group, out of which
500 genes were upregulated while 585 genes were down-
regulated. The treatment with 5 mg SQ-diEG, signifi-
cantly modulated total 1209 genes, which 520 genes were
upregulated and 689 genes were downregulated. For the
25 mg SQ-diEG treated group, total 1191 genes were reg-
ulated including 613 upregulated genes and 578 down-
regulated genes.

Next, the Circos plot showed the patterns and relation-
ships between pairs of gene sets, which the identity of
each gene set was encoded by the outside arc. The shared
genes by multiple genes sets were encoded by dark
orange color on the inside arc and the unique genes in a

(See figure on next page.)
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particular gene set was encoded by the light orange color
on the inside arc. The purple ribbon connects the same
gene that was shared by multiple gene lists, which means
greater number of purple ribbons indicated the greater
number of shared genes between the paired gene lists
(Fig. 4C). Furthermore, we conducted functional across
analysis to visually observe the similarities and differ-
ences of enriched clusters (gene ontologies (GOs), KEGG
pathways, canonical pathways, hall mark gene sets, etc.)
among treatment groups (Fig. 4D). Although some clus-
ters, for example, detection of chemical stimulus, cellular
response to cytokine stimulus, and cytokine signaling in
immune system, were both enriched by SQ-diEG treated
groups and DTIC group, many enrichments were lack in
DTIC but unique in SQ-diEG treated, including VEGFA
VEGER?2 signaling, adaptive immune system, transcrip-
tional regulation by RUNX1, and cell morphogenesis.
Thus, these data demonstrated that SQ-diEG may exert
anti-metastatic effect on melanoma progression through
a different mechanism than DTIC.

Discovery of similarities and differences in enriched gene
ontologies between low-dose and high-dose SQ-diEG
treated mice

Interestingly, heatmap also showed that interventions of
the 5 mg and 25 mg SQ-diEG in melanoma mice might
not be identical (Fig. 4D). Aiming to explore if any dif-
ference in low and high treatment of SQ-diEG, the sig-
nificant DEGs were subjected to enriched gene ontology
(GO) analysis for a detailed illustration of their regula-
tion on biological processes (BP). Accordingly, in 5 mg
SQ-diEG treatment group, that GOs linked with, for
example, metabolic process (GO:0008152), cellular
development process (GO:0048869), apoptotic process
(GO:0006915), stress-related BP including the cellular
response to reactive oxygen species (GO:0034614), and
melanosome assembly (GO: 1903232) which related with
the pigmentation, were upregulated upon low dose treat-
ment of SQ-diEG. While some BPs, such as cell motil-
ity (GO:0048870), biological adhesion (G0:0022610),
cell migration (GO:0016477), inflammatory response
(GO:0006954) and positive regulation of angiogenesis
(GO:0045766) which contribute to tumor progression
by promoting cell invasiveness and angiogenesis, were

Fig. 2 SQ-diEG inhibited the metastatic potential in malignant melanoma cells. A The effect of SQ-diEG on cell movement and migration in B16F10
cells was measured by wound healing assay. B The effect of SQ-diEG on cell movement and migration in SK-MEL-28 cells was measured by wound
healing assay. C The effect of SQ-diEG on cell invasion in B16F10 cells was measured by transwell assay. Invasion inducer was used as a positive
control. D The effect of SQ-diEG on cell invasion in SK-MEL-28 cells was measured by transwell assay. Invasion inducer was used as a positive
control. E The effect of SQ-diEG on colony formation in B16F10 cells. F The effect of SQ-diEG on colony formation in SK-MEL-28 cells. All the data
were analyzed and expressed as mean + standard deviations (SD) (n=3). The level of significance between two value sets (ctrl cells vs. treated cells)

was determined by student’s t test: * P<0.05, **P<0.01, ***P<0.0001
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Fig. 3 SQ-diEG inhibited the melanoma colonization on the lung and suppressed the expression of melanoma metastatic-associated markers

in mice. A The protocol of the performed animal experiment. Melanoma lung colonization mice model was established by LV injection of B16F10
cells through the tail vein. Mice was orally treated with water, DTIC and SQ-diEG accordingly for 20 days. Upon sacrifice, the mice lung was washed
and collected. The figure was created via BioRender tool and the agreement number of this publication is YV279AJAKI. B Photographs and counting
of the number of melanoma nodules (tumors) on the lung. C Immunostaining of MMP2 and MMP9 expression in melanoma lung tissue. D The
mRNA expression of melanoma metastatic-related gene marker, lkbke. E The mRNA expression of melanoma metastatic-related gene marker,
Hmox1. F The mRNA expression of melanoma metastatic-related gene marker, Sgstm1. G The mRNA expression of melanoma metastatic-related
gene marker, Mgp. H The mRNA expression of melanoma metastatic-related gene marker, Nnmt. All the data were analyzed and expressed

as mean +standard deviations (SD) (n=3). The level of significance between two value sets (ctrl cells vs. treated cells) was determined by student’s t

test: * P<0.05, **P<0.01, ***P < 0.0001

shown to be significantly downregulated by 5 mg SQ-
diEG (Fig. 5A). With the 25 mg treatment, GOs involved
in, for example, metabolic process (GO: 008152), cel-
lular component organization (GO: 0016043), positive
regulation of response to DNA damage stimulus (GO:
2001022), positive regulation of extracellular matrix
organization (GO: 1903055) and immune response
related function including the neutrophil homeostasis
(GO: 0001780), were upregulated. On the other hand,

GOs correlated with the melanoma metastasis, for exam-
ple, cell motility, migration, adhesion, proliferation,
angiogenesis, and signaling related with the pro-tumori-
genic TME including NF-kappaB signaling and integrin-
mediated signaling, were significantly downregulated by
25 mg SQ-diEG (Fig. 5B).

Overall, both 5 mg and 25 mg SQ-diEG treatment
repressed the GOs related to melanoma metasta-
sis (cell motility, migration, adhesion, angiogenesis,
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Fig. 4 Global gene expression profiling of SQ-diEG and DTIC. A Number of DEGs in treatment groups. Red color represents the upregulated DEGs.
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inflammation, etc.) and upregulated the stress-stimulated = matrix organization, suggesting that higher treatment
BPs, such as cellular response to reactive oxygen spe- of SQ-diEG may better participate in the construction
cies, apoptosis, and positive regulation of response to  of ECM components and regulation of ECM dynamics,
DNA damage stimulus. Nonetheless, 25 mg SQ-diEG  which its dysregulation is one of the hallmarks of meta-
enhanced the BP, positive regulation of extracellular static cancers [25].

(See figure on next page.)

Fig.5 Functional comparison between the 5 mg and 25 mg SQ-diEG. A GO analysis shows the enriched BPs in 5 mg SQ-diEG treatment group.

B GO analysis shows the enriched BPs in 25 mg SQ-diEG treatment group. Upper panel represents upregulated GOs. Down panel represents
downregulated GOs. C The first-order generic PPI network in 5 mg SQ-diEG. D The first-order generic PPl network in 25 mg SQ-diEG. Red color
represents upregulated protein seeds. Green color represents downregulated protein seeds. E Top 20 hub nodes. Upper panel represents top

20 hub nodes in 5 mg SQ-diEG. Down panel represents top 20 hub nodes in 25 mg SQ-diEG. F TF-gene interaction network in 5 mg SQ-diEG. G
TF-gene interaction network in 25 mg SQ-diEG. Red color represents upregulated genes. Green color represents downregulated genes. Grey color
represents TFs. H Validation of the mRNA expression of Myc. |. Validation of the mRNA expression of Prdm1. Values were analyzed and expressed

as mean +standard deviations (SD) (n=3). The level of significance between two value sets (ctrl cells vs. treated cells) was determined by student’s t
test: * P<0.05, **P<0.01, **P<0.0001
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Variations in protein-protein interactions

between low-dose and high-dose SQ-diEG treated mice
Protein—protein interaction (PPI) network analysis fur-
ther predicted that 5 mg SQ-diEG positively affected
the pathways, including B cell receptor signaling path-
way (Racl, Pik3rl, Cd79a, Rafl), T cell receptor sign-
aling pathway (Pik3rl, Rafl, Cdk4), natural killer cell
mediated cytotoxicity (Racl, Pik3rl, Rafl), autophagy
(Rblccl, Pik3rl, Rafl, Prked, Ctsb), apoptosis (Pik3rl,
Rafl, Ctsb, Tubala), and longevity regulating pathway
(Hdac2, Sodl, Pik3rl). While pathways, transcriptional
misregulation in cancer (Ewsrl, Bcl6, Myc, Tspan?)
and cellular senescence (Myc, Mapkapk2, Capn2, Nbn),
were negatively regulated upon 5 mg SQ-diEG treat-
ment (Fig. 5C). Comparatively, higher dose (25 mg) of
SQ-diEG stimulated the pathways including apoptosis
(Htra2, Bcl2l1) and natural killer cell mediated cytotox-
icity (KIrk1, H2-K1, Rafl), and downregulated pathways
correlated with the facilitation of the melanoma metasta-
sis, for example, focal adhesion (Fyn, Prkcb, Itgav, Pik3ca,
Ccnd2, Itga2b), chemokine signaling pathway (Prkcb,
Ccr6, Ikbkg, Pik3ca, Pik3r5, Ccr2), HIF-1 signaling path-
way (Camk2a, Prkeb, Pik3ca, Ldha), inflammatory medi-
ator regulation of TRP channels (Camk2a, Prkeb, Itprl,
Pik3ca), proteoglycans in cancer (Camk2a, Prkcb, Itgav,
Itprl, Pik3ca), ECM-receptor interaction (Itgav, Cd47,
Itga2b), PI3K-Akt signaling pathway (Itgav, Ikbkg, Pik3ca,
Ccnd2, Pik3r5, Itga2b), transcriptional misregulation in
cancer (Ewsrl, Bcl6, Six1, Ccnd2), NF-kappa B signaling
pathway (Map3k7, Prkcb, Ikbkg), TNF signaling pathway
(Map3k7, Ikbkg, Pik3ca), etc. (Fig. 5D). Furthermore, the
transcription factor (TF)-gene interaction was conducted
among the top 20 hub nodes in 5 mg and 25 mg SQ-diEG
treated group (Fig. 5E). Interestingly, Myc and Prdml,
which activations have been studied for their significance
in immune suppression [26, 27], were found to be signifi-
cantly downregulated by SQ-diEG in the process of tran-
scriptional regulation, and their gene expressions were
validated by Rt-qPCR (Fig. 5F-I).

All in all, these results unraveled that both concentra-
tions of SQ-diEG upregulated the apoptosis pathway and
natural killer cell mediated cytotoxicity pathway. How-
ever, 5 mg SQ-diEG relatively improved more immune-
related pathways, comparatively 25 mg SQ-diEG
repressed more pathways correlated with the aggravation
of melanoma metastasis.

Classification of the common regulated DEGs by SQ-diEG

Furthermore, we aimed to explore the common genes
and their functions between 5 and 25 mg SQ-diEG in
the context of melanoma metastasis. The Venn diagram
showed that 45 genes were upregulated, and 128 genes
were downregulated in both concentrations (Fig. 6A).
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These genes particularly participated in the upregula-
tion of collagen biosynthesis (Hdac2, Runx1), activation
of immune response (Aplgl, Rabl3, Ikzfl, Pdgfra, Actr2,
1110rb, Plpp6, Atf7, Rafl, Cdk13, Skintl, Chst3), and the
downregulation of inflammation mediated by chemokine
and cytokine signaling pathway (Itgb2, Jak2, Ccr2), integ-
rin signaling pathway (Parvb, Itgax, Rap2a) and cell—cell
adhesion (Cadm2, Prdml, Cdh7, Pycard, Srpx2, Bcl6,
Myadm, Pkpl, Cdk5rl, Ibsp, Duox2) (Fig. 6B). Hence,
these results displayed that SQ-diEG actively exerted
its anti-metastatic role in a melanoma tumor-immune
microenvironment through the stimulation of ECM
remodeling and immune response, while the suppression
of pro-tumorigenic genes in TME.

SQ-diEG may exert anti-melanoma effect

through the activation of Caspases

The majority of the cytotoxic agents exert their anti-
proliferative and anti-cancer effect by stressing the
cancer cells through the activation of apoptosis, a pro-
grammed cell death that is lapsed in cancer cells [28].
Despite having observed a positive regulation of apop-
tosis and stress-related terms in vivo that perhaps were
caused by SQ-diEG (Fig. 5A-D), to validate whether this
apoptosis was directly in connection with the SQ-diEG
cytotoxic-induced stress, we first examined the activ-
ity of major downstream effectors (Caspase 3 and 7) in
apoptosis pathway by measuring the luminescence [29].
Our results exhibited that 2.5 pM and 40 uM of SQ-
diEG significantly upregulated the Caspase 3/7 activ-
ity in murine B16F10 cells (Fig. 7A). Whereas, a higher
concentration (30 uM) of SQ-diEG significantly upregu-
lated the Caspase 3/7 activity in human skin SK-MEL-28
cells (Fig. 7B). These results revealed that apoptosis may
be involved in the melanoma cells following SQ-diEG
treatment. To further confirm the activity of SQ-diEG in
apoptotic pathway, we examined the gene expression of
fundamental regulators in the B-cell lymphoma 2 (Bcl-2)
family, including Bax and Bak (apoptotic executor) and
Bcl-xL (apoptotic inhibitor) which are known as apop-
totic switches to initiate programmed cell death via the
manipulation between their pro- and anti-survival func-
tions [30]. Our results showed that SQ-diEG enhanced
the transcriptional expression level of pro-apoptotic
Bax and Bak and inhibited anti-apoptotic Bc/-xL in both
B16F10 and SK-MEL-28 cells (Fig. 7C-E, H-J). In addi-
tion, aiming to understand if the apoptosis triggered in
melanoma cells was because of the cytotoxic signals from
SQ-diEG treatment, the expression of two major tran-
scription factors (7p53 and Atf4), which not only play a
central role in apoptosis as stress sensor but also act as
tumor suppressor in many cancers, were checked via Rt-
qPCR. Interestingly, we have discovered that SQ-diEG
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25mg down

Fig. 6 Classification of common DEGs and categories of their functions in 5 mg and 25 mg SQ-diEG. A Venn diagram shows that 45 DEGs were
upregulated by both 5 mg and 25 mg SQ-diEG; 128 DEGs were downregulated by both 5 mg and 25 mg SQ-diEG. B Heatmap shows the relative
gene expression changes in SQ-diEG treatment groups. Significant genes were categorized according to their molecular functions

significantly upregulated the gene expression of Tp53
and Atf4 in both murine and human melanoma cells in a
dose and time-dependent manner (Fig. 7F-G, K-L) Con-
ceivably, these investigations pointed out that SQ-diEG,
as a cytotoxic compound, exerts its anti-melanoma effect
through the activation of programmed death in cancer
cells and subsequently fewer cells were able to proliferate,
disseminate and further colonize the lung in mice.

(See figure on next page.)
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Discussion

Melanoma metastasis is an integral chain reaction which
creates a dilemma making it extremely difficult to inter-
vene the progression efficiently by drugs. The demands
for anti-metastatic drugs with high efficacy are still
urgently concerned [31]. In recent years, nanotechnology-
based drug delivery systems (DDSs), including the poly-
ethylene glycol (PEG)-coated amphiphilic nanoparticle,

Fig. 7 SQ-diEG induced apoptosis in melanoma cells by regulating mitochondria-dependent caspase activation pathway. A The effect of SQ-diEG
on the activation of Caspase 3/7 activity in B16F10 cells. B The effect of SQ-diEG on the activation of Caspase 3/7 activity in SK-MEL-28 cells. C

The effect of SQ-diEG on mRNA expression of pro-apoptotic gene marker Bax in B16F10 cells. D The effect of SQ-diEG on mRNA expression

of pro-apoptotic gene marker Bak in B16F10 cells. E The effect of SQ-diEG on mRNA expression of anti-apoptotic gene marker Bc/-xL in B16F10
cells. F The effect of SQ-diEG on mRNA expression of transcription factor Tp53 in B16F10 cells. G The effect of SQ-diEG on mRNA expression

of transcription factor Atf4 in B16F10 cells. H The effect of SQ-diEG on mRNA expression of pro-apoptotic gene marker BAX in SK-MEL-28 cells. |

The effect of SQ-diEG on mRNA expression of pro-apoptotic gene marker BAK in SK-MEL-28 cells. J The effect of SQ-diEG on mRNA expression

of anti-apoptotic gene marker BCL-XL in SK-MEL-28 cells. K The effect of SQ-diEG on mRNA expression of transcription factor TP53 in SK-MEL-28
cells. L The effect of SQ-diEG on mRNA expression of transcription factor ATF4 in SK-MEL-28 cells. All the data were analyzed and expressed

as mean +standard deviations (SD) (n=3). The level of significance between two value sets (ctrl cells vs. treated cells) was determined by student’s t

test: * < 0.05, **P<0.01, ***P<0.0001
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have been actively applied to overcome some difficulties
in the discovery and development of novel anti-cancer
drugs, such as low water solubility of the drug candi-
dates, low aggregated concentration in tumor tissue, and
therapeutic resistance, but without causing undue effects
to normal cells [32, 33]. Though some lines of evidence
suggesting SQ has suppressive effect on tumor growth
[17], its pharmacological potentials in actual cancer envi-
ronment have been largely underestimated, most likely
due to the poor cell penetrability and low bioavailability
which impede its way to reach the site of pathology [34].
A novel EG derivative of SQ has been recently discov-
ered to form self-assembled vesicles to better incorporate
into the surrounding polar environment with a higher
amphiphilic activity and higher sensitivity [18]. In this
present study, we demonstrated the effect of SQ-diEG as
a potent drug molecule against the melanoma metastasis.
The anti-metastatic like effect of SQ-diEG was discovered
in malignant melanoma cells (Fig. 2A-F). In-vivo tumori-
genesis assay suggested that administration of 25 mg SQ-
diEG significantly ameliorated the tumor burden on the
lung in B16F10 injected mice, indicating a potential anti-
proliferative, anti-clonogenic and anti-metastatic activity
of SQ-diEG in melanoma (Fig. 3B).

TME plays an indispensable role on immunosuppres-
sion, tumor proliferation, tissue invasion, metastatic dis-
semination as well as the development of drug resistance
[35]. Extracellular proteinases, especially MMP2 and
MMP9, are recognized as major modulators to mediate
various events (tumor proliferation, angiogenesis, EMT,
ECM destruction, etc.) in TME to support the melanoma
metastasis [6, 36]. Thus, we examined the expression of
MMP2 and MMP9 at the margin of melanoma tissue,
where is considered the invasive part and to have the
unique TME [37]. Results indicated that SQ-diEG sup-
pressed the expression of MMP2 and MMP9 in tumor
tissue (Fig. 3C, Fig. S3), and reduced the mRNA expres-
sion of several melanoma metastatic-associated mark-
ers including Ikbke, Hmox1, Sqstml, Mgp, and Nnmt
(Fig. 3D-H), which play a regulatory role not only on
melanoma metastasis but also in TME in various type
of cancers [38-44]. Moreover, the global gene profil-
ing of melanoma tumor tissues revealed that SQ-diEG
may play a certain role in interacting with both immune
cells and tumors in a heterogenous microenvironment,
but its activity varied according to dosage. Notably, a
higher dose of SQ-diEG administration was discovered
to behave better than a lower dose, probably due to the
higher aggregated concentration in tumor tissue; thus,
this may more effectively modulate the reconstruction
of ECM structures and melanoma metastatic-correlated
pathways in TME (Fig. 5B, D). In addition, among the top
hub nodes, SQ-diEG significantly downregulated the Myc
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expression, which contributes profoundly to melanoma
metastasis through oncogenic pathways and involves in
the TME to prompt melanoma tumorigenesis by induc-
ing immune evasion (Fig. 5E, F, H) [26, 45]. Inhibition
of Prdm1 expression and its related signaling pathways
(e.g. PRDM1/BLIMP1 pathway) has been reported to
be a novel strategy in immunotherapy [27, 46], whereas
its expression was significantly reduced by SQ-diEG
(Fig. 5E, G, I). Consecutively secretion of inflammatory
chemokines and cytokines by immune cells and tumor
cells shapes the TME to facilitate the melanoma metas-
tasis [47]. A list of common genes which regulated by
both concentrations of SQ-diEG showed upregulation
of collagen synthesis and immune response while down-
regulation of inflammation mediated by chemokine and
cytokine signaling pathway, and integrins and other cell
adhesion molecules, demonstrating a potential thera-
peutic role of SQ-diEG in the context of melanoma TME
(Fig. 6B).

The heterogeneity in melanoma tumors is hard to pre-
dict which showing the different pattern of proliferation
rate and invasive phenotype among sub-populations
[48]. Researchers have identified that melanoma with
lower proliferation is characterized with higher inva-
sive properties [49]. Interestingly, SQ-diEG suppressed
both melanoma cell proliferation and migration/inva-
sion in our results (Figs. 1B-H and 2A-F). Therefore, we
hypothesized that as a cytotoxic molecule to melanoma
cells, SQ-diEG may exerts cellular stress on tumor cells
by causing cell death, consequently decreasing the num-
ber of tumor cells for dissemination and encroachment
upon organs in mice (Fig. 3B). We have also found evi-
dence in microarray analysis that SQ-diEG upregulated
several stress-related GOs as well as the upregulation of
apoptosis (Fig. 5A-D). In normal cases, cytotoxic drugs
can stress cancer cells through intervening with the
cell cycling [50]. According to our results, 48 h treat-
ment of 40 pM SQ-diEG attenuated the cellular prolif-
eration of B16F10 cells by inducing cell cycle arrest in S
phase, while this arrest shifted to GO/G1 phase after 72 h
(Fig. 1B-F). These observations supported that melanoma
cells were undergoing internal repair by halting the cell
cycling in S phase but extended exposure to SQ-diEG
may further lead to the failure of cell cycle re-entry in
GO/G1 phase where survived cells from the initial stress
became more migrative and invasive to overcome self-
destruction and develop drug resistance [51]. However,
when cancer cells are kept blocked at a certain stage of
the cell cycle, they will no longer be able to repair the
DNA damage, and thus cell apoptosis will occur, and this
phenomenon is considered to be one of the main strat-
egies to prevent tumor malignancies [28, 52]. Moreover,
mitochondria is not only closely related with the tumor
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proliferation but also dynamically participated in the
melanoma progression [23]. It has been widely discussed
that higher mitochondrial membrane potential (Aym) is
a hallmark feature of the enhanced cancer cell survival,
cancer stem-like behavior, secretion of collagen degrad-
ing MMPs and angiogenic factors, signifying a higher
invasiveness in vitro and increased metastasis in vivo [53,
54]. While, the decrease in Aym represents the happen-
ing of apoptosis [55]. The collapse of the AWm triggers
the opening of the mitochondrial permeability transi-
tion pores (MPTP) to release cytochrome C in the cyto-
sol and finally activate the major downstream effectors,
Caspase 3 and Caspase 7, to induce the apoptosis in cells
[29, 56]. Release of cytochrome C is mainly initiated and
executed by the balance between pro-apoptotic and anti-
apoptotic members in the Bcl2 family [30]. Interestingly,
we have observed that SQ-diEG significantly suppressed
the mitochondrial membrane potential (Aym) in SK-
MEL-28 cells (Fig. 1H, Fig. S2) and activated the Caspase
3/7 activity in BI6F10 and SK-MEL-28 cells (Fig. 7A, B).
The upregulation of pro-apoptotic members Bax and Bak
as well as the downregulation of anti-apoptotic mem-
ber Bcl-xL (Fig. 7C-E, H-]) suggested that SQ-diEG may
inhibit the melanoma cell proliferation and invasiveness
through the mitochondria-mediated caspase activation
apoptotic signaling pathway.

The tumor protein p53 (Ip53) transcription factor
is considered the master senser of cellular stress that is
caused by cytotoxic stimuli, such as cytotoxic drugs [57,
58]. When cancer cells are injured from stress, the Tp53
is activated by DNA damage and can further transcrip-
tionally activating pro-apoptotic Bcl2 family members
and neutralizing anti-apoptotic Bcl2 proteins to initiate
apoptosis [59]. The upregulation of Tp53 expression in
both melanoma cell lines indicated that SQ-diEG could
directly exert pressure on melanoma cells and cause
DNA damage inside of the cells (Fig. 7F, K). On the other
hand, endoplasmic reticulum (ER) stress is an additional
cell adaptation strategy in response to cellular stress, and
it plays a significant role in the mitochondrial pathway
of apoptosis by regulating crosstalk between mitochon-
dria and the ER as well as the equilibrium between the
positive and negative Bcl2 family members [60]. Activat-
ing transcription factor 4 (A#f4) is the major regulator of
ER stress which can further mediate the pore activity of
Bax and Bak on mitochondria membrane in response
to stress to cause apoptosis [61, 62]. The enhanced
expression of Atf4 in both cell lines suggested a possible
involvement of ER stress response following the treat-
ment of SQ-diEG (Fig. 7G, L). Meanwhile, the impact of
Tp53 and Atf4 is substantial reflected by their dual role in
the cancer progression. Despite their functions in apop-
tosis, Tp53 and Atf4 have been extensively studied for
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their tumor suppressor role on cancer metastatic-associ-
ated activities, such as tumor proliferation, invasion and
migration, hence making them attractive as promising
drug targets [63—66].

Conclusion

Collectively, in this study we exhibited the suppressive
role of a novel amphiphilic EG squalene derivative on
melanoma malignancy by downregulating metastatic-
associated biomarkers while concurrently inducing apop-
tosis in cancer cells through the mitochondria-dependent
caspase activation pathway. The global gene expression
profiling in melanoma tissues also revealed a potential
role of SQ-diEG in TME which highlighted some possi-
bilities of SQ-diEG in immunotherapy. Thus, we antici-
pate that this research may advance our understanding
of and application for the SQ-based molecule as a prom-
ising medication option for the treatment of cancer.
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