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Abstract

Introduction with high mortality rate, cutaneous melanoma (CM) is considered the most dangerous form
of skin cancer, with steadily increasing incidence worldwide. Hormone-related therapies, especially those
involving estrogen (E2), have emerged as promising strategies for treating CM. The phytoestrogens
quercetin and luteolin have gained attention due to their antitumor effects across various cancers,
including melanoma. However, the precise mechanisms by which they exert their effects and their
association with G-protein-coupled estrogen receptor (GPER) signaling in melanoma remain unclear.
Methods we investigated the inhibitory effects of quercetin and luteolin in the MeWo melanoma cell line
and their modulation of GPER-associated signaling. The effects of the flavonoids on cell viability,
apoptosis and cell cycle were examined by MTT assay and flow cytometry. Cell migration was evaluated
by transwell assay. GPER expression was verified by immunofluorescence staining, and the impact of the
flavonoids on key signaling proteins was confirmed by Western blot. Results we showed that quercetin
and luteolin exerted anti-proliferative and anti-migratory effects in melanoma cells. The two flavonoids
also induced apoptosis and arrested the cell cycle at S and G2/M phases. Immunofluorescence and
immunoblotting confirmed the presence of GPER in this cell line, and treatment with quercetin and
luteolin, particularly at 100 uM, upregulated its expression. Quercetin and luteolin, as well as the GPER
agonist G-1, enhanced the expression of P-ERK and c-Myc but reduced the expression of P-Akt. These
responses were attenuated or reversed by the specific GPER antagonist G15, supporting a potential
association between these effects and GPER signaling.

Conclusion quercetin and luteolin have antitumor effects on the MeWo melanoma cell line in association
with GPER signaling, suggesting that GPER-associated pathways are associated with their anti-
melanoma effects and warrant further investigation.

1. Introduction

Cutaneous melanoma (CM) is considered the deadliest form of skin cancer, and its incidence has risen
steadily worldwide in recent decades [1]. Globally, the age-standardized incidence and mortality rates of
melanoma are 3.4 and 0.56 per 100,000 population, respectively. In the absence of substantial changes
in current trends, the global burden is expected to increase significantly, reaching approximately 510,000
new cases and 96,000 deaths by 2040 [2].

CM originates from epidermal melanocytes and progresses through two main developmental stages: the
radial growth phase, characterized by horizontal growth within the epidermis (in situ), and the vertical
growth phase, during which tumor cells invade deeper layers of the dermis, increasing the likelihood of
metastasis [3]. Several risk factors are associated with CM, including exposure to ultraviolet radiation,
aging, immunosuppression, the number of nevi, genetic mutations, and family history [4]. Furthermore,
sex may influence the risk of developing melanoma. Studies have indicated that melanoma incidence is
higher in women at younger ages; however, this pattern shifts with increasing age, with men becoming
more predominantly affected. Overall, both the incidence and mortality rates of melanoma are
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consistently higher in men than in women [5]. Although the reasons underlying this sex disparity are not
fully understood, these differences raise the possibility of a link between sex hormones, particularly 17p-
estradiol (E2), and melanoma development [6].

Surgery is the primary treatment for patients with primary CM lesions and those with resectable early-
stage melanoma. Several additional treatment options are available, including chemotherapy, immune
checkpoint inhibitors targeting programmed cell death protein 1 (PD-1), immunotherapy for advanced
disease, BRAF/MEK-targeted therapy for unresectable or metastatic melanoma, and radiotherapy [7, 8].
However, these treatments have several limitations, including disease recurrence, toxicity, lack of
response, and high medical costs [9]. Consequently, considerable interest has emerged in identifying
novel and effective therapeutic approaches.

The relationship between CM and estrogen hormones has attracted increasing attention in recent years.
Although CM is generally considered a non-hormone-dependent malignancy, growing evidence suggests
a potential association between estrogen levels and disease outcomes [10]. Estradiol (E2) is a key
hormone involved in regulating numerous physiological processes, including reproduction, immune
function, and skin homeostasis [11]. The physiological effects of E2 are mediated primarily through
estrogen receptors (ERs), ERa and ERpB, which belong to the nuclear receptor superfamily [12]. Previous
studies have reported that E2 exerts antiproliferative effects in CM, mediated in part by ERB, which is the
predominant estrogen receptor expressed in this malignancy [10]. However, evidence regarding the
influence of estrogen on CM progression remains controversial [13].

In addition to its genomic effects, E2 mediates rapid, nongenomic responses through binding to the G
protein-coupled estrogen receptor (GPER). Identified in 1996, GPER is expressed in various tissues,
where it mediates physiological and pathological processes independently of classical nuclear ER
signaling, including metabolic regulation, immune responses, skin pigmentation, heart rate regulation,
and cancer development [14, 15]. E2-induced GPER activation triggers several rapid downstream
signaling events, including cyclic adenosine monophosphate (cCAMP) production, Ca2* mobilization, and
activation of the mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase/protein kinase
B (PI3K/Akt) pathways, primarily through transactivation of the epidermal growth factor receptor (EGFR)
[16]. The role of GPER in cancer development remains under investigation, as it has been reported to
exert either pro-tumorigenic or antitumorigenic effects, depending on the tumor type [17]. In melanoma,
inhibitory effects of GPER activation have been documented in mouse K1735-M2 melanoma cells [18]
and in uveal melanoma [19].

In addition to E2, several other natural and synthetic ligands have been reported to interact with GPER,
including steroidal compounds such as estrone (E1), estriol (E3), 2-methoxyestradiol (2-MOE2), 2-
hydroxyestradiol (2-OHE2), and aldosterone. These compounds may act as agonists or antagonists,
depending on the ligand and experimental context [20]. However, investigating GPER-specific effects has
been challenging because E2 and other steroidal ligands can also interact with classical ERa and ER.
The development of synthetic ligands with selectivity for GPER over classical ERs was therefore
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important for distinguishing GPER-mediated effects from those mediated by ERa and ERB [21]. The first
selective GPER agonist, G-1, was synthesized in 2006, followed by the selective antagonists G15 and
G36 in 2009 and 2011, respectively [16].

Phytoestrogens are naturally occurring, plant-derived compounds found in a wide variety of foods and
have demonstrated potential anticancer properties. They can be broadly classified into flavonoids and
non-flavonoids [22]. Because of their structural similarities to E2, phytoestrogens can exert estrogen-like
effects through interactions with classical ERs and GPER [23]. Daidzein, apigenin, genistein, quercetin,
and resveratrol are phytoestrogenic compounds reported to interact with GPER and may act as agonists
or antagonists, depending on the experimental context [20].

Quercetin (3,3',4',5,7-pentahydroxyflavone) is an important dietary flavonoid characterized by five
hydroxyl groups on a C6—C3-C6 backbone, including a hydroxyl group at position 3 on the pyran ring
[24]. Its antitumor effects have been extensively investigated in several cancer types, with proposed
mechanisms including the induction of apoptosis and cell-cycle arrest, modulation of MAPK and Akt
signaling pathways, and inhibition of cell proliferation [25]. In CM, the inhibitory effects of quercetin have
also been documented. Soll et al. [26] demonstrated that quercetin inhibited proliferation and induced
apoptosis in murine B16 melanoma cells in vitro. In addition, quercetin induced cytotoxicity, apoptosis,
and oxidative stress in SK-MEL-28 cutaneous melanoma cells [23].

Luteolin (3',4',5,7-tetrahydroxyflavone) is another important flavonoid found primarily in vegetables and
fruits. Its chemical structure is characterized by four hydroxyl groups and a double bond between C2 and
C3. Luteolin has been investigated as an anticancer agent because of its reported ability to induce
apoptosis, modulate angiogenesis, promote autophagy, and inhibit cell invasion [27]. Studies have
demonstrated that luteolin inhibits tumor progression in murine B16F10 melanoma cells [28] and
induces apoptosis and cell-cycle arrest in human choroidal melanoma cells [29]. Molecular docking
studies have also suggested that luteolin can interact with ERa, ERB, and GPER [30].

In a previous study, we demonstrated that quercetin and luteolin suppress melanoma cell growth and
migration in the A375 cutaneous melanoma cell line, which harbors a BRAF mutation, through GPER
activation [31]. To determine whether these effects extend to other melanoma cellular contexts, the
present study investigated the effects of these phytoestrogens in the MeWo cutaneous melanoma cell
line, which exhibits distinct genetic and phenotypic characteristics and harbors wild-type BRAF [32].
Specifically, we investigated the potential GPER agonistic properties of quercetin and luteolin by
examining their ability to activate GPER in MeWo cells and assessing their effects on the key
Ras/Raf/ERK and PI3K/Akt signaling pathways. Our findings demonstrated that quercetin and luteolin
increased phosphorylated ERK (p-ERK) and c-Myc expression while decreasing phosphorylated Akt (p-
Akt) levels. These effects were partially attenuated by the selective GPER antagonist G15, supporting the
involvement of GPER in the cellular responses to these flavonoids and suggesting their potential as
compounds for further investigation in melanoma therapy.
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2. Materials and Methods
2.1. Cell line and culture conditions

The MeWo melanoma cell line (cat no. 300285) was obtained from Cell Line Service (CLS GmbH,
Eppellheim, Germany). MeWo cells were selected for this study based on their expression of the G
protein-coupled estrogen receptor (GPER), the primary protein of interest [33], as well as their distinct
genetic characteristics as a metastatic model harboring a wild-type BRAF mutation. Cells were cultured
in minimum essential medium (MEM, EuroClone, Milan, Italy) supplemented with 10% fetal bovine serum
(FBS), 1% antibiotic/antimycotic solution (100x; Gibco, Waltham, MA, USA), 1% glutaMAX (100x; Gibco,
Waltham, MA USA), and 1% MEM non-essential amino acids (100x; EuroClone, Milan, Italy). The cultures
were maintained at 37°C in a humidified atmosphere containing 5% CO,. Routine mycoplasma testing
was conducted every 2—4 weeks to ensure the integrity of the cell cultures.

2.2. Chemicals and preparation

High-purity quercetin (> 98%) was obtained from Santa Cruz Biotechnology (Dallas, TX, USA), while
luteolin (> 98%) was sourced from Biosynth (Irvine, CA, USA). The GPER-selective agonist G1 [34] and the
antagonist G15 [35] were purchased from Tocris Bioscience (Oxford, UK), and used according to
protocols described in recent literature [36]. Stock solutions of 50 mM were prepared by dissolving each
compound in dimethyl sulfoxide (DMSO; Fisher Scientific, Waltham, MA, USA) and stored at - 20°C. Prior
to each experiment, working solutions were freshly prepared by diluting the stock solutions in culture
medium, with the final DMSO concentration maintained at 0.2% for all treatments.

2.3. Cell viability assay

Cell viability and proliferation following treatment with different agents were assessed using a modified
MTT assay [37]. Briefly, MeWo cells were seeded at 1x104 cells per well in 96-well plates with 100 pL
culture medium and incubated for 24 hrs. to allow cell attachment. The cells were subsequently treated
with increasing concentrations (1, 3, 10, 30, and 100 uM) of quercetin or luteolin, or 1 uM of G1 (as a
positive control). Vehicle controls received 0.2% DMSO. Following 24 hrs. of treatment, the medium was
aspirated and the cells were washed with phosphate buffered saline (PBS) to protect against residual
flavonoids. Fresh medium containing 10 yL MTT reagent (Promega, Madison, WI, USA) was then added
and the cells were incubated for an additional 3 hrs. at 37°C. The resulting formazan crystals were
solubilized overnight in 100 pL of Promega’s solubilization solution in the dark. In parallel, cells
pretreated with 3 uM G15 for 24 hrs. were subsequently exposed to selected concentrations of
flavonoids or G1 for 48 hrs. before performing the MTT assay. Absorbance was measured at 570 nm
using a Biotek Cytation 5 microplate reader (Agilent, Santa Clara, CA, USA). Measurements were also
taken at 48 and 72 hrs.

Cell viability percentages were calculated relative to the control group using the following formula:
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(Optical density of treated sample)

0
Cell viability (%) (Optical density of control) x 100

ICs, values were derived using GraphPad Prism 8 software.

2.4. Cell morphology

For morphological evaluation, MeWo cells were seeded at 2.5x10° cells per well in 6-well plates and
allowed to adhere for 24 hrs. Cells were then incubated with quercetin or luteolin (1-100 uM), G1 (1 pM),
or vehicle (0.2% DMSO) for 48 hrs. Morphological changes were documented using an EVOS XL Core
inverted microscope (Invitrogen, Waltham, MA, USA).

2.5. Flow cytometry
2.5.1. Apoptosis assay

MeWo cells were seeded at a density of 2.5 x 10° cells per well in 6-well plates and incubated for 48 hrs.
with quercetin or luteolin (1-100 pM), the GPER agonist G1 (1 uM), or 0.2% DMSO as a vehicle control.
Cells were then trypsinized, washed with PBS, and stained using the Annexin V-FITC apoptosis detection
kit (R&D Systems, Minneapolis, MN, USA) following the manufacturer’s instructions. Briefly, cells were
incubated with Annexin V-FITC and propidium iodide (PI) in the binding buffer for 15 min. at room
temperature in the dark. To investigate the involvement of GPER, MeWo cells were pretreated with the
GPER antagonist G15 (3 uM) for 24 hrs. prior to exposure to the most effective concentrations of
quercetin, luteolin (10, 30, and 100 uM), or G1 (1 uM) for 48 hrs. Cells were then processed and stained
similarly. Samples were analyzed using a BD FACS Canto Il flow cytometer, recording 10,000 events per
sample. Apoptotic and necrotic populations were quantified using FlowJo software version 10,
categorizing cells as viable (Annexin V-/PI-), early apoptotic (Annexin V+/PI-), late apoptotic (Annexin
V+/Pl+), or necrotic (Annexin V-/PI+) [38].

2.5.2. Cell cycle assay

Cells were treated with quercetin or luteolin (1-100 uM), the GPER agonist G1 (1 uM), or 0.2% DMSO as a
vehicle control, harvested, and fixed overnight in 70% ethanol at - 20°C. The fixed cells were then washed
and incubated with PI/RNase staining solution (Tali Cell Cycle Kit, Invitrogen, Waltham, MA, USA) for 40
min. at 37°C. To investigate the involvement of GPER, cells were pretreated with the GPER antagonist
G15 for 24 hrs., followed by treatment with 10, 30, and 100 uM of quercetin or luteolin, or 1 uM of the
GPER agonist G-1 for 48 hrs. Subsequently, the cells were analyzed by flow cytometry to measure DNA
content and determine their distribution across the G,, S, and G,/M phases of the cell cycle. Data
analysis and histogram generation were performed using FlowJo software [31].

2.6. Transwell migration assay
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Cell migration was evaluated using transwell inserts with 8 um pore membranes (SPL Life Sciences,
Pocheon-si, Korea). MeWo cells (5x10° per well) were cultured in 6-well plates and treated with 10, 30, or
100 uM quercetin or luteolin, T pM GT1, or 0.2% DMSO for 48 hrs. For GPER involvement experiment, cells
were pretreated with 3 uM G15 for 24 hrs. before incubation with quercetin or luteolin. Subsequently,
1x105 cells in serum-free MEM were seeded in the upper chambers, while the lower chambers contained
MEM supplemented with 10% FBS as chemoattractant. After 48 hrs. at 37°C, non-migrated cells were
removed from the upper membrane surface. Migrated cells adhering to the underside were fixed with 4%
paraformaldehyde and stained with 0.3% crystal violet. Migration was quantified by counting stained
cells in five random fields per insert under a 10x objective using an EVOS XL Core microscope [38].

2.7. Immunofluorescence staining

GPER expression was assessed by immunofluorescence as previously described [31]. Briefly, MeWo
cells were seeded on sterile coverslips in 12-well plates at 1x10° cells per well and treated with 10, 30, or
100 uM quercetin or luteolin, T uM G1 or vehicle control (0.2% DMSO) for 48 hrs. Following PBS washes,
cells were fixed with 4% paraformaldehyde for 15 min. and blocked for 1 h in a blocking solution. Cells
were then incubated overnight at 4°C with anti-GPER rabbit primary antibody (1:1500; ELK Biotechnology,
Denver, CO, USA). After washing, Alexa Fluor 488-conjugated goat anti-rabbit IgG secondary antibody
(1:500; Invitrogen, Waltham, MA, USA) was applied for 2 hrs. at room temperature. Nuclear
counterstaining was performed using DAPI (1:1500 dilution). Coverslips were mounted with anti-fade
medium (Abcam, Cambridge, UK) and images were captured on a Carl Zeiss fluorescence microscope
(Carl Zeiss, Jena, Germany). Mean fluorescence intensity (MFI) was quantified using Cell Profiler
software, version 3 [39].

2.8. Western blot analysis

To evaluate the effects of flavonoids on GPER expression and downstream signaling (Ras/Raf/Erk and
PI3K/AKT pathways), MeWo cells were grown in T25 flasks to 85-90% confluence. Cells were treated
with 10, 30, or 100 uM quercetin or luteolin, 1 uM G1, or 0.2% DMSO for 24 hrs. For GPER inhibition
experiment, cells were pretreated with 3 uM G15 for 24 hrs. before incubation with quercetin or luteolin.
Total protein was extracted using RIPA buffer supplemented with phosphatase inhibitors. Protein
concentration was quantified using a bicinchoninic acid assay (SMART BCA, INtRON Biotechnology,
Seoul, Korea). Equal amounts (20 ug) of protein were separated by 8% SDS-PAGE and transferred to
nitrocellulose membranes. Membranes were blocked overnight at room temperature with 3% BSA in tris-
buffered saline (TBS), then incubated overnight at 4°C with primary antibodies (Table 1). After washing,
membranes were incubated for 1 h with HRP-conjugated goat anti-rabbit or anti-mouse secondary
antibodies (Abcam, Cambridge, UK; 1:1000). Protein bands were visualized using 4-chloro-1-naphthol
substrate and imaged on a ChemiDoc™ XRS+ system (Bio-Rad, Hercules, CA, USA). Densitometric
analysis was conducted using Image Lab 6 software (Bio-Rad) [40].
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Table 1
Primary antibodies used in Western blots.

Antibodies Host species  Cat. No. Supplier Dilution (WB) Band size
(kDa)
GPER Rabbit ES11471 ELK biotechnology  1:500 41
ERK 1/2 Rabbit EA331 ELK biotechnology  1:500 42-44
P-ERK Mouse Sc-136521 Santa Cruz 1:500 42-44
Akt 1/2/3 Mouse Sc-56878 Santa Cruz 1:500 62
P-Akt Rabbit Ab38449 Abcam 1:500 56
FAK Mouse NBP2-45923  Novus 1:500 119
P-FAK Rabbit ES1492 ELK biotechnology  1:500 119
c-Myc Rabbit EA053 ELK biotechnology  1:1000 57-65
B-actin Rabbit GWO0061R GenoChem World 1:1000 42

2.9. Statistical analysis

Statistical analyses were performed using GraphPad Prism software, version 8. Data are presented as
means  SD from three experiments. Apoptosis and cell cycle data were statistically analyzed using two-
way ANOVA followed by Dunnett's multiple comparisons test. Data obtained from the MTT assay,
immunofluorescence, transwell migration, and Western blot analyses were evaluated using one-way
ANOVA followed by Dunnett's multiple comparisons test. Statistical significance was considered when p
was < 0.05.

3. Results
3.1. Cell viability assay

Quercetin and luteolin reduced MeWo cell viability in a dose-dependent manner compared to the DMSO
control. The maximal inhibitory effects were observed after 48 hrs. of treatment, with no additional
reduction in viability upon extending the incubation to 72 hrs. Therefore, a 48 hrs. incubation period was
selected for all subsequent experiments.

As shown in Fig. 1 (A and B), the IC4, values were 46.9 uM # for quercetin and 20.9 uM # for luteolin.
Treatment with 1 uM of G-1 (a GPER agonist, used as a positive control) significantly reduced cell
viability to 30.2 + 1.3% compared to the control. Pretreatment with the GPER-specific antagonist G15
markedly increased MeWo cell viability and partially abolished the inhibitory effects of both quercetin
and luteolin, as shown in Fig. 1 (C and D). Similarly, the effect of G-1 was also reversed by G15
pretreatment.
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3.2. Morphological alterations in MeWo cells

Under control conditions (DMSO treatment), MeWo cells exhibited a typical fibroblast-like morphology
characterized by an elongated shape and firm adherence to the culture surface (Fig. 2). In contrast,
treatment with the GPER agonist G-1 resulted in marked morphological alterations, including cellular
shrinkage, reduced cell density, and the appearance of non-adherent, floating cells.

Incubation with low concentrations of quercetin or luteolin did not induce significant morphological
changes; cells largely retained their normal morphology. However, at higher concentrations (10, 30, and
100 pM), both compounds induced a concentration-dependent decline in cell confluence, accompanied
by visible signs of cellular stress and detachment.

3.3. Flowcytometry

3.3.1. Quantification of apoptosis and necrosis

The effects of quercetin and luteolin on apoptosis and necrosis in MeWo melanoma cells were evaluated
using Annexin V-FITC/PI dual staining followed by flow cytometry analysis. In DMSO-treated control
cells, the percentages of apoptotic (early and late) and necrotic cells were 3.1% and 2.5%, respectively

(Fig. 3).

Both quercetin and luteolin did not induce a significant increase in necrosis, even at high concentrations
(30 and 100 pM). However, both flavonoids elicited a significant, dose-dependent increase in apoptosis.
Specifically, quercetin treatment increased the apoptotic population to 10.4% and 23.3% at 30 uM and
100 uM, respectively (representative blots and quantification are found in Supplementary Fig.S17),
whereas luteolin increased apoptosis t0 9.3% and 16.5% at the same concentrations.

Treatment with the GPER agonist G-1 (1 uM) also significantly elevated apoptosis to 11.9%, without a
corresponding increase in necrosis. Notably, pretreatment with the selective GPER antagonist G15
partially attenuated the pro-apoptotic effects of G-1 and quercetin (100 pM), but caused no significant
effect on luteolin-induced apoptosis (Fig. 3A and B, left panel).

3.3.2. Cell cycle analysis

Flow cytometry analysis showed that quercetin treatment led to significant alterations in cell cycle
progression in MeWo cells. Specifically, exposure to 30 and 100 uM of quercetin resulted in a marked
accumulation of cells in the S phase (25.8% and 25.0%, respectively), accompanied by an increase in the
G2/M population to 31.3% and 34.7% (blots and quantification are found in supplementary Fig. S2),
indicating cell cycle arrest at both phases. Luteolin induced a distinct pattern of cell cycle disruption.
While 30 uM treatment increased the proportion of cells in the S phase to 13.0%, a substantial rise to
46.9% was observed at 100 pM. In contrast, G2/M phase accumulation peaked at 23.2% with 30 pM but
declined to 17.3% following 100 pM treatment, suggesting that higher concentrations of luteolin
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preferentially induced arrest in the S phase (Fig. S2). Similarly, G-1 (1 uM), a selective GPER agonist, led
to an increase in cells arrested in the S (24.1%) and G2/M (28.9%) phases. Notably, pretreatment with the
GPER antagonist G15 partially abrogated the effects of quercetin and luteolin, as well as G-1, on cell
cycle distribution. (Fig. 4A and B).

3.4. Migration of melanoma cells

G-1 (1 uM) treatment significantly reduced the number of migrated cells to 47 cells/field, compared to
248 cells/field in DMSO-treated control cultures. Quercetin exerted a pronounced inhibitory effect on cell
migration, with the number of migrated cells reduced to 57, 49, and 37 cells/field at 10, 30, and 100 uM,
respectively (Fig. 5A). Similarly, luteolin treatment caused a concentration-dependent reduction in
migration, with 100, 43, and 10 cells/field were observed at 10, 30, and 100 pM, respectively (Fig. 5B).
Pretreatment with the selective GPER antagonist G15 partially attenuated the anti-migratory effects
induced by quercetin, luteolin, and G-1.

3.5. Immunofluorescence staining of GPER

As illustrated in Fig. 6, GPER expression was evident in control cells treated with DMSO, exhibiting a
mean fluorescence intensity (MFI) of 0.079. Quercetin treatment caused a modest change in GPER
expression at lower concentrations. However, a significant elevation in MFI to 0.096 was detected
following exposure to 100 uM quercetin. In contrast, luteolin at 10 uM significantly downregulated GPER
expression (MFI = 0.069), while a concentration of 100 uM led to a significant upregulation (MFI = 0.087).
Exposure to the selective GPER agonist G-1 (1 uM) produced a marked increase in GPER expression, as
indicated by a significantly elevated MFI of 0.12.

3.6. Western blot

Quercetin treatment at 30 and 100 pM significantly downregulated GPER protein expression, whereas G-
1 (1 uM) markedly increased its levels. Pretreatment with G15 (3 pM) partially reversed the effects of
both quercetin and G-1 on GPER expression.

Quercetin at 10 and 30 uM led to a significant reduction in total Akt levels, although this effect was not
observed at 100 uM. Phosphorylated Akt (P-Akt) levels were significantly reduced across all quercetin
concentrations. In contrast, G-1 increased total Akt expression while reducing P-Akt levels; these
changes were abolished by G15.

Quercetin also significantly decreased total ERK levels at all tested concentrations, whereas G-1 induced
a robust increase. Phosphorylated ERK (P-ERK) was significantly upregulated by 100 uM quercetin and
G-1, with both effects partially reversed by G15 pretreatment.

Quercetin also significantly downregulated focal adhesion kinase (FAK) at all concentrations, while
exerting no notable effect on phosphorylated FAK (P-FAK). G-1 reduced both total FAK and P-FAK levels,
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and these effects were reversed by G15. In contrast, c-Myc expression was upregulated following
treatment with quercetin and G-1, and this effect was attenuated by G15 (Fig. 7A).

Luteolin treatment at 10 and 100 uM significantly increased GPER expression, mimicking the effects of
G-1; both responses were partially reversed by G15. Luteolin decreased total Akt levels, with more
pronounced reduction in P-Akt observed at the same concentrations. Similar to the effects of quercetin,
G-1 increased total Akt and decreased P-Akt, with these effects reversed by G15. Total ERK expression
was significantly reduced by all concentrations of luteolin, while P-ERK was upregulated only at 100 uM
luteolin and in G-1-treated cells; both responses were partially suppressed by G15.

Luteolin at 10 and 100 pM, as well as G-1, downregulated total FAK expression, whereas 30 uM luteolin
induced an increase. P-FAK levels were elevated only by 100 pM luteolin and decreased by G-1; these
changes were mitigated by G15. Finally, c-Myc expression was elevated in response to both luteolin and
G-1, with G15 pretreatment significantly reducing this upregulation (Fig. 7B).

4. Discussion

Melanoma, an aggressive form of skin cancer, poses a major public health challenge because of its high
mortality rate and increased global incidence [41]. Although advances in treatment have improved the
survival rate in metastatic melanoma, issues such as toxicity, drug resistance, and rapid relapse continue
to limit long-term success [42]. These challenges underscore the urgent need to identify novel
therapeutic strategies. While melanoma has historically been classified as a non-hormone-related
malignancy, growing evidence suggests that sex hormones, particularly estradiol (E2), may play a role in
its development and progression. This has drawn attention to estrogen-related signaling pathways,
especially those mediated by the G-protein coupled estrogen receptor, which has been increasingly
studied in the context of various cancers, including CM [43].

In the present study, we examined the potential of two flavonoids, quercetin and luteolin, to exert anti-
melanoma effects in the human MeWo CM cell line, a metastatic model harboring a wild-type BRAF
mutation. We also investigated whether these effects are associated with GPER signaling. A previous
study demonstrated that these flavonoids exert anti-melanoma effects via GPER activation in A375 cells,
which represent primary melanoma with the BRAF V600E mutation [31]. To further explore this
mechanism, we compared their effects to those of G-1, a selective GPER agonist known to induce
physiological responses at nanomolar concentrations (ECs, = 2 nM) [44]. In addition, we tested whether
their inhibitory activity could be reversed by G15, a selective GPER antagonist. We found that both
quercetin and luteolin significantly reduced MeWo cell proliferation, with effects comparable to those of
G-1. Notably, G15 markedly reversed the antiproliferative effects of these flavonoids, supporting the
involvement of GPER-associated signaling in these effects. These findings suggest that quercetin and
luteolin may exert their anti-melanoma effects partly through mechanisms involving GPER signaling, with
potential relevance to the development of therapeutic strategies for metastatic melanoma, even in the
context of BRAF wild-type status.
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Our MTT assay results revealed that quercetin, luteolin, and G-1 significantly inhibited the proliferation of
MeWo cells (Fig. 1). Quercetin demonstrated an IC,, of 42 uM, while luteolin was more potent with an
IC5, of 20.9 uM. These findings are consistent with our earlier study using another cell line, A375, with
ICs, values of 38.6 uM and 19.5 pM for quercetin and luteolin, respectively [31]. Furthermore, the
consistent activity of luteolin across various cancer cell lines supports its potential as an anticancer
agent [45].

Importantly, we found that blocking GPER with G15 partially attenuated the inhibitory effects of
quercetin, luteolin, and G-1 on MeWo cell viability (Fig. 1). This indicates that GPER activation may
contribute to the antiproliferative effects of these flavonoids. Additionally, higher concentrations of
quercetin, luteolin, and G-1 significantly suppressed MeWo cell growth and altered cellular morphology
consistent with apoptotic cell death (Fig. 2), providing additional support for the potential of these
flavonoids as therapeutic agents for CM treatment.

The cell cycle is a cascade of events that governs cell growth and division. Apoptosis, on the other hand,
is a natural mechanism that allows removal of damaged or abnormal cells [46]. Together, these
processes are essential for maintaining normal cell growth and tissue homeostasis and are tightly
controlled under normal circumstances. In cancer, these processes are frequently dysregulated, leading
to uncontrolled proliferation and resistance to cell death [47]. By targeting these two critical processes of
cancer, quercetin and luteolin may represent a promising strategy for cancer therapy that halts tumor
progression and removes malignant cells [46]. This is because cell-cycle arrest not only prevents cells
from completing division, thereby limiting tumor cell proliferation but may trigger apoptosis in some
cases, thus eliminating tumor cells [48]. Therefore, molecules that induce cell-cycle arrest have been
proposed as potential therapeutic agents for cancer [49].

At concentrations of 30 uM and 100 pM, both quercetin and luteolin significantly induced apoptosis
without causing necrosis, consistent with findings from other melanoma models [50] as well as from
other cancer models [51, 52]. Notably, treatment with the GPER antagonist G15 partially reduced the
apoptosis induced by G-1, quercetin, and luteolin in MeWo cells (Fig. 3), supporting a potential
contribution of GPER-associated signaling to these effects.

In MeWo cells, quercetin and luteolin caused cell-cycle arrest predominantly at the S and G,/M phases
(Fig. 4), aligning with our earlier observations in A375 melanoma cells [31]. Supporting evidence from
murine melanoma models demonstrated that quercetin similarly halted the cell cycle in B16-BL6 cells at
the S and G,/M phases [53], whereas luteolin induced arrest at the G,/M phase in B16-F10 cells [54].
These findings collectively support the activity of these flavonoids across different melanoma models.
The observation that GPER antagonist G15 partially attenuated the effects of both flavonoids and G-1
(Fig. 4) supports an association of GPER signaling and the cell-cycle effects of quercetin and luteolin in
MeWo cells.

Cell migration is a crucial step in cancer metastasis, which accounts for a large proportion of cancer-
related deaths [55]. It allows cells to spread to distant organs and to develop resistance to therapies
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through multiple mechanisms, including epithelial-mesenchymal transition (EMT), activation of survival
pathways, and evasion of apoptosis [56], in addition to the upregulation of drug-resistance genes [57].
Furthermore, metastatic cells can activate detoxifying enzymes, overexpress efflux pumps, and engage
alternative signaling pathways like PI3K/AKT and MAPK, all of which contribute to therapy resistance
[58, 59, 60, 61].

In this work, both flavonoids and G-1 significantly inhibited the migratory capacity of MeWo cells (Fig. 5).
This inhibition was more pronounced in MeWo cells than in other melanoma models. For instance,
quercetin has been shown to suppress migration in SK-MEL-28, G-361, and A375 cell lines [62], while
luteolin reduced migration in SK-Mel2, SK-Mel28, WM3211, and A375 cells [31, 63]. Mechanistically,
luteolin has been reported to inhibit matrix metalloproteinases MMP-2 and MMP-9 via the PI3K/AKT
pathway in A375 cells, thereby reducing migration [64]. Similarly, quercetin suppressed migration by
disrupting the HGF/c-Met signaling pathway [65]. These effects may lead to impaired extracellular matrix
degradation and reduced cell motility, indicating that both compounds interfere with key molecular
mechanisms required for melanoma metastasis. Importantly, the anti-migratory effects of both
flavonoids and G-1 were partially reversed upon GPER blockade with G15, supporting a possible
contribution of GPER-associated signaling to these effects in MeWo melanoma cells.

To further investigate the potential involvement of GPER, we performed immunostaining to evaluate
GPER expression in MeWo cells. Consistent with the findings of Wréblewska et al. [33], who first
demonstrated GPER protein expression in MeWo cells, we observed strong GPER expression (Fig. 6).
Treatment with the selective GPER agonist G-1 significantly increased GPER expression. These results
are consistent with our previous observations in A375 melanoma cells, as well as with findings by
Almeida et al. [66] who reported elevated GPER levels in glioblastoma cells following 48-hour treatment
with estradiol (E2) or G-1. Notably, quercetin and luteolin, particularly at 100 pM, also increased GPER
immunofluorescence, albeit to a lesser extent than G-1. This suggests that these flavonoids may exert
GPER-mediated effects, potentially through partial agonistic activity in a manner similar to G-1 in this
melanoma model.

Building on our observations, we investigated the mechanisms underlying the antiproliferative effects of
quercetin and luteolin, focusing on their impact on GPER-associated pathways. Western blot analysis
showed that G-1 (1 uM) and luteolin (10 and 100 pM) increased GPER protein expression, while
quercetin (30 and 100 uM) reduced it. These differences from the immunofluorescence findings likely
reflect differences in methodology and incubation time (24 hrs. for Western blot versus 48 hrs. for
immunofluorescence).

ERK, a key component of the MAPK signaling pathway, is dysregulated in about 40% of human
malignancies. Although ERK signaling typically promotes cell survival, prolonged or excessive activation,
often induced by stress or DNA damage, can lead to apoptosis [67]. Previously, we showed that ERK
activation in BRAF-mutant A375 melanoma cells inhibits their proliferation. Here, we explored whether
ERK activation has similar inhibitory effects in BRAF wild-type MeWo cells. Treatment with high
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concentrations of quercetin or luteolin (100 pM) and G-1 increased phosphorylated ERK (p-ERK) levels in
MeWo cells, indicating activation of the Ras/Raf/ERK pathway. The antioxidant properties of these
flavonoids may alter the cellular redox state, creating conditions in which ERK activation shifts from a
pro-survival to a pro-apoptotic response under flavonoid-induced oxidative stress. This was supported by
the observation that the GPER antagonist G15 partially reversed this effect, supporting a possible role for
GPER signaling in these responses (Fig. 7).

Regarding the PI3K/Akt signaling pathway, treatment with quercetin, luteolin, or G-1 significantly
decreased phosphorylated Akt (p-Akt) levels in MeWo cells. This suppression was partially attenuated by
the GPER antagonist G15, indicating that the observed inhibition of cell-survival signaling may involve
GPER-associated mechanisms. These findings contrast with our previous results in A375 melanoma
cells, where the two flavonoids did not significantly alter p-Akt expression [31], and suggest that GPER-
associated modulation of the PI3K/Akt pathway may be context-dependent [20], reflecting the
complexity of GPER signaling in cutaneous melanoma. Cell line-dependent differences were also
observed in the apoptotic and antimigratory responses to the flavonoids. In A375 cells, the flavonoids
induced both apoptosis and necrosis, whereas the cytotoxic effects in MeWo cells were predominantly
associated with apoptosis, with no detectable induction of necrosis. Similarly, the flavonoids exerted
stronger antimigratory effects in MeWo cells than in A375 cells. The differential responses observed
between A375 and MeWo cells may reflect not only the broader molecular heterogeneity of melanoma
but also differences in GPER-associated signaling.

Furthermore, we evaluated the effects of the flavonoids on focal adhesion kinase (FAK), a non-receptor
tyrosine kinase that plays an important role in regulating cell adhesion, motility, and survival. Quercetin
and luteolin increased the ratio of phosphorylated FAK to total FAK (p-FAK/FAK) in MeWo cells, with G-1
showing a similar pattern (Supplementary Fig. S3). These effects were also partially reversed by G15. The
increase in the p-FAK/FAK ratio may indicate increased FAK activation. This activation may appear
paradoxical, as FAK is typically associated with pro-survival and pro-migratory signaling. However, FAK
activation has been reported to occur under conditions of cellular stress such as those induced by
cytotoxic agents like quercetin and luteolin. This activation may occur as an adaptive response that
activates survival mechanisms such as enhanced cell proliferation, migration, and drug resistance [68].
Moreover, genetic or chemical stress may promote FAK nuclear localization, which may, in turn, promote
degradation of the tumor suppressor p53, thereby enhancing cell survival [69]. In this context, the
elevated p-FAK/FAK ratio may reflect a compensatory mechanism rather than a purely oncogenic signal,
suggesting that MeWo cells may respond to flavonoid-induced cellular stress and GPER-associated
signaling through an adaptive response involving FAK rather than through classical pro-survival
pathways. Ultimately, these findings highlight the complexity of GPER-associated responses in
melanoma and suggest that modulation of cytoskeletal and adhesion-related pathways may contribute
to the effects of quercetin and luteolin beyond their pro-apoptotic actions.

We also observed elevated c-Myc expression following treatment with quercetin, luteolin, and G-1 in
MeWo cells (Fig. 7). Although unexpected, this finding may reflect an apoptotic sensitization
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mechanism. Similar c-Myc sensitization has been observed and attributed to limitations in the
tricarboxylic acid cycle or due to an imbalance of metabolic/energetic supply and demand [70]. It has
been proposed that c-Myc upregulation may represent a compensatory mechanism in response to DNA
damage or toxicity by flavonoids. Alternatively, it may promote p53-dependent apoptotic signaling and
reduce the expression of anti-apoptotic proteins such as Bcl-xL and Bcl-2 [71]. This increase was also
partially reversed by G15, suggesting that GPER-associated signaling may contribute to the observed c-
Myc response.

Finally, the structural features of flavonoids, particularly the number and position of hydroxyl groups and
the presence of a double bond between carbons 2 and 3, can influence their estrogenic activity [72].
Quercetin and luteolin contain five and four hydroxyl groups, respectively, with the hydroxyl groups at
position 7 of ring A and position 4' of ring B being particularly important, as they mimic the hydroxyl
groups found at positions 3 and 17 of estradiol (E2) [73]. Additionally, the double bond between C2 and
C3 contributes to their high estrogenic potency. Based on our findings, 30 uM appears to be an
appropriate concentration for further mechanistic studies.

To our knowledge, this is the first study to demonstrate, in human MeWo cutaneous melanoma cells,
that quercetin and luteolin exert anticancer effects associated with GPER signaling. Our results provide
further insight into the effects of these flavonoids on the Ras/Raf/ERK and PI3K/Akt signaling pathways
and suggest that GPER-associated signaling may contribute to their antiproliferative, pro-apoptotic, and
anti-migratory effects. Together, these observations support a potential role for GPER-associated
signaling in the cellular responses to quercetin and luteolin and support further investigation of this
pathway in human cutaneous melanoma.

5. Conclusions

This study demonstrates that the phytoestrogens quercetin and luteolin exerted significant antitumor
effects on the MeWo cutaneous melanoma cell line, with the G-protein-coupled estrogen receptor
(GPER) potentially contributing to this effect. Both flavonoids effectively inhibited cell proliferation by
inducing apoptosis and arresting cell cycle at S and G2/M phases. Furthermore, they significantly
reduced the migratory capacity of melanoma cells. Mechanistically, the antitumor effects were
associated with modulation of key signaling pathways, including increased expression of
phosphorylated ERK (P-ERK) within the Ras/Raf/ERK cascade, and decreased levels of phosphorylated
Akt (P-Akt) in the PI3K/Akt pathway. In addition, the regulation of the oncogenic transcription factor c-
Myc may have contributed to the observed effects. Overall, this communication indicates that quercetin
and luteolin have potential as anti-melanoma agents; their effects involve GPER signaling and associated
modulation of critical cancer-related signaling pathways. Further studies are warranted to clarify the
specific contribution of GPER signaling to these effects.
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Effects of quercetin and luteolin on proliferation of MeWo cells in the absence (A and B)or presence (C
and D) of G15. Cells were treated for 48 hrs. with 1, 3, 10, 30, and 100 uM of quercetin or luteolin; G-1
(1uM) served as a positive control and DMSO (0.2%) as a negative control. Data are presented as the
means * SD of three independent experiments. Statistical analysis was performed using one-way
ANOVA followed by Dunnett's multiple comparisons test. *p < 0.05, **P < 0.01, ****p < 0.0001 compared
to DMSO; 111 p <0.001, t111 p <0.0001 compared to G-1; mmmP < 0.007, mmmmP < 0.0001 compared to
the similar concentrations of quercetin, luteolin, or G-1 in the presence of G15.

10 uM 30 uM

Quercetin

Luteolin

Figure 2

Effects of quercetin and luteolin on growth and morphology of MeWo cells. Cells were treated with
DMSO (0.2%) as a negative control and G-1 as a positive control. The indicated concentrations of
quercetin (upper panel) or luteolin (lower panel) were applied and images were captured. Scale bar._
100pum.
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Effects of the GPER antagonist, G15, on apoptosis of MeWo cells. Cells were pretreated with 3uM of
G15 for 24 hrs. before being treated with quercetin (A), or luteolin (B), at 10, 30 and 100 uM, DMSO
(0.2%) as a negative control, and G-1 (1 pM) as a positive control. After 48 hrs., treated cells were stained
with Annexin V/PI, and cell apoptosis was determined using flow cytometry. Representative flow
cytometry plots in the presence of G15 are shown in the left panels). Data were quantified both in the
absence and the presence of G15 using FlowJo software (right panels). Results are presented as the

Page 24/28



means * SD of three independent experiments. Statistical significance was determined using 2-way
ANOVA followed by Dunnett's multiple comparisons test mm p < 0.07, mmmm p < 0.0007 compared to the
similar concentrations of quercetin, luteolin, or G-1 in the presence of G15. Data of apoptosis and
necrosis assay in the absence of G15 are shown in supplementary Fig.S1.
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Effects of quercetin, luteolin, and G1 in the presence of GPER antagonist G150n cell cycle distribution
of MeWo cells.Cells were pretreated with the 3uM of G15 and then treated with 10, 30, and 100 pM of
quercetin (A), or luteolin (B); 1 uM of G-1 as a positive control, and 0.2% DMSO as a negative control. Left
panels are representative blots of cell cycle assay where the cell have been incubated with the GPER
antagonist G15 for 24 hrs then incubated with quercetin or luteolin or the othe controls, then analyzed by
flow cytometry (left panels). The percentage of cells in G1, S, and G2/M phases for each treatment was
calculated and analyzed both in the absence and the presence of G15 (right panels). Data are presented
as the means = SD of three independent experiments. Statistical significance was determined using 2-
way ANOVA followed by Dunnett’s multiple comparisons test. m p < 0.05, mmm p < 0.007, mmmm p < 0.0001
compared to the similar concentrations of quercetin, luteolin, or G-1 in the presence of G15. Data of cell
cycle assay in the absence of G15 are shown in supplementary Fig.S2.
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Figure 5

Migration of MeWo cells under different treatments. Cells were exposed for 48 hrs. to the indicated
concentrations of quercetin (A) or luteolin (B), G-1 (positive control), and 0.2% DMSO (negative control),
in the absence or the presence of 3 uM of G15. Transwell migration was allowed for 48 hrs. and the
absolute number of migrating cells is shown in the right panels. Images for DMSO (the negative control)
and for G-1 (the positive control) are the same for the two flavonoids. Values are means + SD of 10
fields/treatment. Statistical significance was determined using one-way ANOVA followed by Dunnett’s
multiple comparisons test. ****p < 0.0007 compared to DMSO; tp < 0.05, t11 p <0.001 compared to G-1.

Page 26/28



In the absence of 3uM of the antagonist G15: m p < 0.05, mmP < 0.01 compared to the same
concentration and ligand in its presence.
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Figure 6

Detection of GPER expression in MeWo cells by immunofluorescence staining. Cells were treated for 48
hrs. with 10, 30 and 100 uM of quercetin, luteolin, or TuM G-1 as a positive control. DMSO (0.2%) was
used as a negative control. Representative immunofluorescence images captured by time-lapse
fluorescence microscope are shown (upper panels). Green signal indicates positive staining for GPER,
while the blue signal (DAPI) represents the nuclei. Scatter dot plots show the mean fluorescence
intensity (MFI) for GPER determined by cell profiler software (lower panel). Statistical significance was
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determined using one-way ANOVA followed by Dunnett's multiple comparisons test. *p < 0.05, **P < 0.01,
***p < 0.001, ****p < 0.0001 compared to DMSO; t11 p< 0.001, T+1+1p <0.0001 compared to G-1. Scale

bar =50um.
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Figure 7

Effects of quercetin and luteolin on protein expression of MAPK/ERK and PI3K/AKT pathways. MeWo
melanoma cell line were treated with quercetin (A), luteolin (B), G-1 (positive control), and 0.2% DMSO
(negative control) in the absence or the presence of 3uM of G15. Representative Western blots images
for the expression of GPER, P-Akt, P-ERK, P-FAK, and c-Myc are shown (/eft panels). Densitometric
analysis was performed and the relative protein expression was normalized to B-actin (right panels).
Statistical significance was determined using one-way ANOVA followed by Dunnet’'s multiple
comparisons test. *p < 0.05, **P < 0.01, ***p < 0.001, ****p < 0.0007 compared to DMSO; tp < 0.05, 1 p<
0.01, t11 p < 0.001, t+1+1 p < 0.0007 compared to G-1. In the absence of the antagonist G15, the relative
protein expressions were significantly reversed: mP < 0.05, smP < 0.07, mmmP < 0.001, mmmmP < 0.0001
when compared to the same concentration and ligand in its presence. Densitometry analysis for total
Akt, p-Akt/total Akt, total ERK, p-ERK/total ERK, total FAK, and p-FAK/total FAK for treatment with
quercetin and luteolin is shown in the Supplementary Figure (Figure S3).
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