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Preface

Melanoma remains one of the most therapeutically challenging malignancies, characterized

by complex molecular heterogeneity, intrinsic resistance to treatment, and dynamic interactions

with the host immune system and tumour microenvironment. Despite significant advances in

immunotherapy and targeted therapies, resistance and disease progression continue to present major

clinical hurdles. A deeper understanding of the molecular pathology underlying these processes is

therefore essential to the development of more effective and durable therapeutic strategies.

This Reprint brings together a curated collection of eight papers that collectively address both

novel insights and comprehensive reviews concerning the molecular and therapeutic landscape

of cutaneous and uveal melanoma. The included studies and reviews explore a broad spectrum

of themes central to melanoma biology and treatment, encompassing topics such as therapeutic

resistance, immune pathways and the tumour microenvironment, genomic, transcriptomic, and

epigenetic determinants of therapeutic response, and emerging therapeutic strategies to overcome

resistance and improve patient survival.

The reprint will be applicable to researchers, clinicians, and translational scientists, dedicated

to improving the management of melanoma, who have an interest in current research integrating

molecular investigation and innovative therapeutic development in melanoma.

Michael Eccles

Guest Editor
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Editorial

Special Issue “Melanoma: From Molecular Pathology to
Therapeutic Approaches”

Michael R. Eccles 1,2

1 Department of Pathology, Dunedin School of Medicine, University of Otago, Dunedin 9016, New Zealand;
michael.eccles@otago.ac.nz

2 Maurice Wilkins Centre for Molecular Biodiscovery, Level 2, 3A Symonds Street, Auckland 1010, New Zealand

This Special Issue focuses on recent advances and innovations that have the potential
to improve our understanding of the molecular pathology and therapeutic approaches
associated with treating melanoma.

Globally, melanoma has a high incidence, accounting for the vast majority of skin
cancer-related deaths [1]. Other forms of melanoma, such as uveal melanoma, also oc-
cur albeit more rarely, but they still contribute significantly to melanoma mortality [2].
Advanced melanoma is an aggressive cancer which is difficult to treat. Over the past
two decades, there have been major advances in melanoma treatment, which include
melanoma-targeted therapy as well as immune checkpoint inhibitor (ICI) immunotherapy,
which have revolutionized melanoma treatment [3]. These advances have been driven by
technical innovations and improved knowledge of molecular pathological biomarkers.

Despite recent therapeutic advances, a significant number of melanoma patients still do
not benefit from these treatments [4,5]. In this issue, we have collated eight contributions,
which can be accessed here: https://www.mdpi.com/journal/ijms/special_issues/XFL2P830
3E (URL accessed on 7 November 2025). Their contributions to our knowledge of melanoma
molecular pathology and therapeutic approaches are summarized in Figure 1. These papers
address novel therapeutic approaches, as well as associated molecular pathologies, and they
provide new angles for improving treatment outcomes for melanoma patients.

In the first contribution, Zanrè et al. investigated two antiretroviral drugs, doravirine
and cabotegravir, and show that these drugs can influence apoptosis and cell proliferation
in RAF-inhibitor-resistant melanoma cells, offering potential therapeutic strategies for
overcoming drug resistance [Contribution 1].

Tura et al. focused on quercetin and showed that it impairs proliferation, viability, and
metabolic activities while increasing oxidative stress in melanoma. The authors evaluated
the effects of quercetin on the growth, survival, and glucose metabolism of the uveal
melanoma cell line 92.1 [Contribution 2].

In the third contribution, Kuo et al. analyzed the transfer of mitochondria to melanoma
cells from endothelial cells, which were found to increase M2-type macrophage polariza-
tion in a xenograft animal model, particularly through Nrf2/HO-1-mediated pathways.
They found that the introduction of exogenous mitochondria from endothelial cells into
melanoma cells promoted tumor growth [Contribution 3].

The fourth contribution by Liu et al. investigates Kinase Suppressor of RAS 1 (KSR1),
which is a scaffolding protein for the RAS-RAF-MEK-ERK pathway. In this contribution,
the authors examined the role of KSR1 in a BRAFV600E-transformed melanoma cell line,
where they used CRISPR/Cas9 to knock out KSR1. Their results suggest that KSR1 directs
ERK to phosphorylate substrates, which have a critical role in ensuring cell survival, and

Int. J. Mol. Sci. 2025, 26, 11199 https://doi.org/10.3390/ijms262211199
1



Int. J. Mol. Sci. 2025, 26, 11199

their results indicate that KSR1 loss induces the activation of p38 Mitogen-Activated Protein
Kinase (MAPK) and subsequent cell cycle aberrations and senescence [Contribution 4].

Figure 1. This figure summarizes the topics and papers in this Special Issue. The topics cover molec-
ular pathologies, targeted therapies, and immunotherapy, which each have impacts on personalized
therapies for melanoma. We have collected eight papers (Contribution 1 to Contribution 8) focused on
different aspects of these topics, and which overall contribute to a better understanding of melanoma,
from molecular pathology to therapeutic approaches.

The fifth contribution by Hossain et al. is a review article that asks what research
should focus on to improve clinical outcomes in immune checkpoint inhibitor therapy for
metastatic melanoma. The review summarizes current immune checkpoint inhibitors for
melanoma and the factors involved in resistance to treatment, and also discusses emerging
evidence that the host microbiome can impact ICI treatment outcomes by modulating
tumor biology and anti-tumor immune function [Contribution 5].

In the sixth contribution, Hossain et al. review genomic and epigenomic biomarkers
of immune checkpoint immunotherapy response in melanoma. In this contribution, the
authors review established and emerging biomarkers of ICI response, and they then provide
a focus on epigenomic and genomic alterations with the potential to guide single-agent ICI
immunotherapy or ICI immunotherapy in combination with other ICI immunotherapies or
agents [Contribution 6].

In the seventh contribution Kerkour et al. carry out a systematic review and meta-
analysis of publications in the literature which have reported genetic alterations in the
primary cutaneous melanoma and the matched metastasis, and determined the extent of
genetic concordance between them [Contribution 7].

Finally, the eighth contribution by Isaak et al. in this Special Issue brings together
new ideas to develop personalized strategies for precisely battling malignant melanoma.
The authors review the current landscape, explore personalized oncology techniques, and
provide an up-to-date summary of the tools available to circumvent common barriers faced
when battling melanoma [Contribution 8].

We sincerely thank all the authors who submitted their work and contributed to
this collection, as well as the staff of the International Journal of Molecular Sciences for
their invaluable support in making this editorial project a success. All articles are freely
available through open access and distributed under the terms of the Creative Commons
Attribution (CC BY) license 4.0 (https://creativecommons.org/licenses/by/4.0/, accessed
on 19 November 2025).
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Article

BRAF-Mutated Melanoma Cell Lines Develop Distinct
Molecular Signatures After Prolonged Exposure to AZ628 or
Dabrafenib: Potential Benefits of the Antiretroviral Treatments
Cabotegravir or Doravirine on BRAF-Inhibitor-Resistant Cells

Valentina Zanrè 1, Francesco Bellinato 2, Alessia Cardile 1, Carlotta Passarini 1, Stefano Di Bella 3 and

Marta Menegazzi 1,*

1 Section of Biochemistry, Department of Neuroscience, Biomedicine and Movement Sciences, University of
Verona, Strada Le Grazie 8, 37134 Verona, Italy; valentina.zanre@univr.it (V.Z.)

2 Section of Dermatology and Venereology, Department of Medicine, University of Verona, Piazzale Stefani 1,
37126 Verona, Italy; francesco.bellinato@univr.it

3 Clinical Department of Medical, Surgical and Health Sciences, University of Trieste, Piazzale Europa 1,
34127 Trieste, Italy; sdibella@units.it

* Correspondence: marta.menegazzi@univr.it

Abstract: Melanoma is an aggressive cancer characterized by rapid growth, early metastasis, and
poor prognosis, with resistance to current therapies being a significant issue. BRAF mutations
drive uncontrolled cell division by activating the MAPK pathway. In this study, A375 and FO-1,
BRAF-mutated melanoma cell lines, were treated for 4–5 months with RAF inhibitor dabrafenib or
AZ628, leading to drug resistance over time. The resistant cells showed altered molecular signatures,
with differences in cell cycle regulation and the propensity of cell death. Dabrafenib-resistant cells
maintained high proliferative activity, while AZ628-resistant cells, especially A375 cells, exhibited
slow-cycling, and a senescent-like phenotype with high susceptibility to ferroptosis, a form of cell
death driven by iron. Antiretroviral drugs doravirine and cabotegravir, known for their effects on
human endogenous retroviruses, were tested for their impact on these resistant melanoma cells. Both
drugs reduced cell viability and colony formation in resistant cell lines. Doravirine was particularly
effective in reactivating apoptosis and reducing cell growth in highly proliferative resistant cells by
increasing tumor-suppressor proteins p16Ink4a and p27Kip1. These findings suggest that antiretroviral
drugs can influence apoptosis and cell proliferation in RAF-inhibitor-resistant melanoma cells,
offering potential therapeutic strategies for overcoming drug resistance.

Keywords: AXL; c-Met; BRAF; CRAF; SLC7A11; FTH1; GPX4; transferrin; retinoblastoma protein;
cyclins

1. Introduction

Melanoma accounts for just 1% of all skin cancers, but it is highly aggressive and the
leading cause of skin cancer-related deaths. Over the past 50 years, melanoma incidence in
Europe has increased by 3–8% annually [1,2]. Approximately 50% of melanomas harbor
harmful mutations in the BRAF kinase, which regulates the downstream mitogen-activated
protein kinase (MAPK) signaling pathway [3]. RAF (V-raf murine sarcoma viral oncogene)
proteins, downstream effectors of RAS (Rat sarcoma virus), are serine/threonine kinases
that phosphorylate MEKs (MAP2Ks), which in turn activate ERKs (extracellular signal-
regulated kinases). Under physiological conditions, the signaling pathway is transiently
active. The MAPK activation is initiated extracellularly by the binding of growth factors
to tyrosine kinase receptors, leading to the activation of RAF/MEK/ERK proteins [4],
which generate signals that promote cell growth. In contrast, BRAF mutations result in a
constitutively active MAPK signaling pathway that increases kinase activity up to 500-fold,
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ultimately driving cellular transformation [5,6]. The RAF kinase family consists of ARAF,
BRAF, and CRAF, with BRAF being the primary activating kinase and the most frequently
mutated [7].

Targeted therapy with BRAF inhibitors (BRAFi) has significantly improved response
rates and extended median progression-free survival by several months compared to non-
targeted chemotherapy. Second-generation BRAFi, designed as ATP-competitive small
molecules, include vemurafenib and dabrafenib [8], which were approved by the Food and
Drug Administration over a decade ago for treating patients with advanced BRAF-mutated
metastatic melanoma. These BRAFi are predicted to be ineffective against dimeric RAF [9]
because the inhibitor stabilizes the αC-helix in the inactive (OUT) position, a configuration
that is not sterically permissible for both protomers in a RAF dimer. Consequently, when an
αC-OUT inhibitor binds to the first protomer, it forces the αC-helix of the second protomer
into the active (IN) position [10]. A third generation of targeted drugs has been developed
to address the limitations of earlier therapies. AZ628, a member of this generation, is a
selective and potent small molecule designed to target BRAF-mutated malignancies [11–13].
AZ628 stabilizes the αC-helix of the first protomer in the active (IN) position, allowing a
second drug molecule to bind the second protomer, leading to the formation of imperfect
dimers via a non-competitive allosteric inhibition mechanism [10]. As a result, αC-IN
RAF inhibitors like AZ628 can hinder both BRAF and CRAF dimers, classifying them
as ‘pan-RAF inhibitors,’ which may be particularly effective in RAF-mutant tumor cells
where CRAF becomes the primary activator of ERK signaling [9,10]. However, increased
CRAF protein levels can drive resistance to AZ628 [14]. To date, there are no ongoing trials
studying the efficacy and safety of AZ628 in humans.

Despite initial benefits, the effectiveness of RAFi treatment is generally temporary,
as patients eventually develop resistance, leading to disease progression [14,15]. Under-
standing the mechanisms of RAFi resistance is crucial for improving treatment outcomes
in BRAF-mutated melanomas. Previous studies have explored acquired resistance to
dabrafenib in melanoma cells and patients [16–18], and to AZ628 in cells [14]. Therefore,
we studied and characterized the molecular features of two BRAF-mutated human cell
lines, A375 and FO-1, following long-term treatment with increasing concentrations of
dabrafenib or AZ628, and compared them to their respective parental cell populations. Our
findings revealed significantly different molecular responses to each drug treatment.

Combination therapies targeting multiple pathways, such as DNA-damaging agents
and BRAF inhibitors, have demonstrated enhanced tumor cell death both in vitro and
in vivo, while also preventing melanoma re-growth after treatment discontinuation [19].
However, given the significant side effects of chemotherapy, there is an increasing prefer-
ence to use more tolerable compounds, and combination treatments may lead to heightened
side effects.

Recently, we investigated the potential benefits of administering antiretroviral drugs
on the growth and invasive capabilities of various human melanoma cell lines, includ-
ing A375 and FO-1 cells [20]. In this previous study, we demonstrated that lamivudine,
doravirine, and cabotegravir affected the transcriptional activity of human endogenous
retroviruses (HERV-K), leading to reduced cell growth, decreased clonogenic activity, and
the induction of apoptosis or ferroptosis [20]. Although antiretroviral drugs have not yet
been approved for melanoma treatment, several reverse transcriptase inhibitors have been
shown to influence cell growth and differentiation in different cancers [21]. Remarkably, it
is widely recognized that many antiretroviral drugs are safe for long-term use, as patients
with HIV/AIDS typically require lifelong antiretroviral therapy, often with minimal side
effects. Based on our previous findings, we selected the two most effective antiretroviral
drugs to test their efficacy on A375 and FO-1 cells after they had developed resistance to
dabrafenib or AZ628. Doravirine, a recently approved non-nucleoside reverse transcrip-
tase inhibitor, and cabotegravir, a potent integrase strand transfer inhibitor, both retained
anti-melanoma activity in melanoma cells resistant to targeted therapy. Their molecular
effects on cell growth, and cell death pathways have been investigated.
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2. Results

2.1. Cells’ Sensitivity Following Prolonged Treatment with RAF Inhibitors

To mimic in vivo melanoma-acquired drug resistance, A375 and FO-1 cells were
treated with increasing concentrations of dabrafenib or AZ628 (range: 10 nM–5 μM). After
4–5 months of treatment, the cells were tested for their sensitivity to dabrafenib or AZ628
and used for further experiments. In all cases, two days before starting new experiments,
treatment with RAF inhibitors was stopped by changing the cell culture medium.

2.2. Cell Viability Assay

Our initial aim was to investigate whether A375 and FO-1 cells remained sensitive
after prolonged treatment with increasing concentrations of the RAF inhibitors dabrafenib
or AZ628. All experiments were conducted 72 h after drug administration.

To assess the viability of A375 and FO-1 cells, we performed a DAPI (4′,6-diamidino-2-
phenylindole dihydrochloride) fluorescence assay. This method provides higher accuracy
by selectively staining nucleated cells, making it suitable for cell line samples with varying
viability, including those with high debris levels [22].

As expected, both A375 and FO-1 parental cells (A375P and FO-1P) are highly sensitive
to the cytotoxic effects of dabrafenib or AZ628. Treatment with dabrafenib reduced cell
viability to 41.6% in A375 and 33.5% in FO-1 at 10 nM (S.D. ± 8.3 and 5.6, respectively). At
50 nM, the viability rate decreased further to 22.1% in A375 and 26.7% in FO-1 (S.D. ± 1.7
and 1.8). Similarly, AZ628 reduced cell viability to 48.8% in A375P and 46.7% in FO-1P at
10 nM (S.D. ± 5.1 and 3.7) and to 32.3% and 25.7%, respectively, at 50 nM (S.D. ± 4.8 and
2.3) compared to untreated controls (set at 100%) (Figure 1).

Figure 1. Parental A375 and FO-1 cell viability after antiretroviral or RAF inhibitor treatments. Cell
viability was assessed using the DAPI fluorometric assay after 72 h of treatment with doravirine,
cabotegravir, dabrafenib, or AZ628 in A375 and FO-1 cell lines. Data were acquired by calculating
the mean ± S.D. of values from four independent experiments, each conducted in eight technical
replicates, and then compared with the untreated control. Statistical significance was indicated as
* p < 0.05; ** p < 0.01.

Conversely, administration of either dabrafenib or AZ628 at the same concentrations
(10 and 50 nM) did not reduce cell viability in the cell lines treated for 4–5 months with
increasing concentrations of each RAF inhibitor (Figure 2). Our results suggest that both
cell lines have developed drug resistance. The resistant cell populations are designated
as A375R and FO-1R for both inhibitors, with specific sub-designations as A375DR and
FO-1DR (dabrafenib-resistant) or A375AR and FO-1AR (AZ628-resistant), in comparison to
the parental A375P and FO-1P cells. Viability for A375DR was 103.5% at 10 nM and 98.6%
at 50 nM (S.D. ± 0.8 and 1.1, respectively), while for FO-1DR, it was 94.6% at 10 nM and
99.7% at 50 nM (S.D. ± 2.3 and 3.7). Similarly, viability was 94.8% at 10 nM in A375AR and
94.5% at 50 nM (S.D. ± 2.3 and 6.4); in FO-1AR, it reached 99.6% at 10 nM and 78.7% at
50 nM (S.D. ± 4.1 and 19.1).

Next, we aim to test the effects of two different antiretroviral drugs on cell viability,
specifically in the drug-resistant cell populations. Consistent with previous findings at
lower concentrations [20], we confirmed that doravirine (10, 20 μM) and cabotegravir (6,
12 μM) significantly reduce cell viability in both parental cell lines. Notably, in A375P,
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cabotegravir lowered cell viability to 50.9% at 6 μM and 38.9% at 12 μM (S.D. ± 1.7 and
6.4, respectively). Doravirine reduced cell viability to 56.8% at 10 μM and 51.7% at 20 μM
(S.D. ± 2.6 and 3.3). In FO-1P cells, cabotegravir diminished cell viability to 62.5% at
6 μM and 60.1% at 12 μM (S.D. ± 0.6 and 3.2), while doravirine decreased the survival
rate to 81.7% at 10 μM and 80% at 20 μM (S.D. ± 2.6 and 6.0) (Figure 1). Interestingly,
both antiretroviral drugs remain effective in resistant cell populations, with a particularly
strong effect observed in A375DR cells, in which cabotegravir decreased cell survival to
40.9% at 6 μM and 40.5% at 12 μM (S.D. ± 5.1 and 6.2, respectively). Similarly, doravirine
reduced cell survival to 56.9% at 10 μM and 40.5% at 20 μM (S.D. ± 4.4 and 5.4) (Figure 2).
Although the viability of A375AR and FO-1R was also significantly affected, the effect
was less pronounced. Specifically, cabotegravir reduced A375AR cell survival to 82.4% at
6 μM and 77.8% at 12 μM (S.D. ± 5.5 and 2.8, respectively), whereas doravirine decreased
cell viability to 77% at 10 μM and 74.5% at 20 μM (S.D. ± 4.8 and 2.2). In FO-1DR cells,
cabotegravir reduced viability to 66.6% at 6 μM and 63.7% at 12 μM (S.D. ± 7.5 and 8.4,
respectively); meanwhile, doravirine reduced the survival rate to 71% at 10 μM and 63.7%
at 20 μM (S.D. ± 8.2 and 5.0). In FO-1AR cells, cabotegravir reduced viability to 67.2% at
6 μM and 61.8% at 12 μM (S.D. ± 3.2 and 2.0), while doravirine reduced cell viability to
63.6% at 10 μM and 55.5% at 20 μM (S.D. ± 1.0 and 2.8) (Figure 2).

Figure 2. Cell viability of dabrafenib- or AZ628-resistant cell populations after antiretroviral treat-
ments. Cell viability was assessed using the DAPI fluorometric assay after 72 h of treatment with
either doravirine, cabotegravir, dabrafenib or AZ628 in A375R, and FO-1R cell lines. Data were ac-
quired by calculating the mean ± S.D. of values from four independent experiments, each conducted
in eight technical replicates, and then compared with the untreated control. Statistical significance
was indicated as ** p < 0.01.

2.3. Administration of Antiretroviral Drugs and RAF Inhibitors Affect HERV-K Pol and Env
Gene Expression

As we recently reported [20], doravirine and cabotegravir were shown to reduce the
expression of human endogenous retrovirus-K (HERV-K) genes, Pol and Env, in A375P and
FO-1P cell lines.

In the present work, we examine the effects of dabrafenib and AZ628 on Pol and Env
gene expression in both parental and resistant cell lines.

As shown in Figure 3, real-time PCR assays demonstrate that treatment with both
dabrafenib and AZ628 at a concentration of 50 nM resulted in a significant increase in Pol
gene expression in A375P and FO-1P cells. However, the Env gene expression showed a
noticeable, though not statistically significant, increase in the same parental cells (Figure 3,
Top). Accordingly, the baseline expression of both Pol and Env genes increased following
the development of RAFi resistance in the untreated control cells (Figure 3, Bottom). This
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suggests a potential involvement of HERV-K gene reactivation in the progression and
worsening of the melanoma phenotype.

Figure 3. Relative expression of HERV-K Pol and Env genes in parental and RAFi-resistant cell
populations after treatment with RAF inhibitors. Cells were treated with dabrafenib (50 nM) or
AZ628 (50 nM) for 24 h. The mRNA expression levels of treated samples were measured by RT-PCR
and compared with untreated cells of each population. The bars represent the mean values ± standard
deviation (S.D.) of four independent experiments, each conducted in triplicates. All comparisons were
made against each control sample after normalization with CD151 expression. Statistical significance
was indicated as * p < 0.05; ** p < 0.01.

Moreover, in both A375DR and FO-1DR, a further increase in Env gene expression
was observed after the administration of 50 nM dabrafenib (Figure 4). Meanwhile, in
AZ628-resistant cell lines, a significant increase in both Pol and Env gene expression was
detected after AZ628 treatment in FO-1AR cells, with no significant changes observed in
A375AR cells (Figure 4).

Figure 4. Relative expression of HERV-K Pol and Env genes in different RAFi-resistant cell populations.
Cells were treated with doravirine (20 μM), cabotegravir (12 μM), dabrafenib (50 nM) or AZ628
(50 nM) for 24 h. The mRNA expression levels of treated samples were measured by RT-PCR and
compared with untreated cells of each population. The bars represent the mean values ± standard
deviation (S.D.) of four independent experiments, each conducted in triplicates. All comparisons were
made against each control sample after normalization with CD151 expression. Statistical significance
was indicated as * p < 0.05; ** p < 0.01.
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Since RAF inhibitors appear to generally reactivate HERV-K gene expression in both
parental and resistant cell populations, we used real-time PCR assays to evaluate whether
the antiretroviral drugs doravirine and cabotegravir could reduce HERV-K gene expression
levels in RAFi-resistant cell lines. Following treatment with 20 μM doravirine or 12 μM
cabotegravir in A375R and FO-1R cell lines, a general reduction in HERV-K gene expression
was observed across all four resistant cell populations, despite some variability (Figure 4).
These findings suggest that the antiretroviral drugs remain effective even in the context of
elevated HERV-K expression associated with RAF-inhibitor resistance.

2.4. Molecular Characterization of Melanoma Cells Resistant to Dabrafenib or AZ628

We first characterized the phenotypes of A375R and FO-1R by evaluating the expres-
sion levels of proteins involved in proliferative signaling, cell cycle, and cell death. These
data were compared to those obtained from A375P and FO-1P cells, respectively. All the
cell populations were treated for 72 h with the highest concentration previously tested on
the parental cells (50 nM of either dabrafenib or AZ628).

In both parental cell lines, immunoblot analysis showed that treatment with dabrafenib
or AZ628 significantly reduced the expression of BRAF1 and CRAF, as well as the effector
kinases ERKs, both in their phosphorylated (activated) forms, and total protein levels
(Figure 5). Additionally, two cell surface tyrosine kinase receptors constitutively expressed
in melanoma cells, AXL (tyrosine-protein kinase receptor UFO) and c-Met (mesenchymal–
epithelial transition factor) [23], were also downregulated by either dabrafenib or AZ628 in
the parental cell populations (Figure 5).

 

 

 

Figure 5. Representative immunoblots show the effects of RAF inhibitors on the expression of
oncoproteins regulating MAPK pathway. Dabrafenib (50 nM) or AZ628 (50 nM) treatment regulate
B-Raf1(B-V-raf murine sarcoma viral oncogene), C-Raf (C-V-raf murine sarcoma viral oncogene), ERK
(extracellular signal-regulated kinases), pERK, AXL (tyrosine-protein kinase receptor UFO), and c-Met
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(mesenchymal–epithelial transition factor) protein expressions in both parental and resistant cell
populations. The histograms represent the mean values ± S.D. of protein expression levels measured
by densitometry deriving from three independent experiments and normalized to β-actin expression.
All comparisons were made relative to each control sample after data normalization. Statistical
significance was indicated as * p < 0.05; ** p < 0.01.

Notably, in A375DR and FO-1DR cells, the expression levels of all these proteins
returned to high levels, and further treatment with 50 nM dabrafenib was completely
ineffective. These malignant features correlate with cell cycle reactivation in A375DR and
FO-1DR cells, whether treated with dabrafenib or not. Indeed, the phosphorylation levels
of retinoblastoma protein (pRb) and M-phase inducer phosphatase 3 (pCDC25C), as well
as the total expression of cyclin D1 and cyclin A2, were reduced only in parental cells, but
not in A375DR or FO-1DR cells, following dabrafenib treatment (Figure 6).

 

Figure 6. Representative immunoblots show the effects of RAF inhibitors on the expression of
proteins regulating cell cycle. Dabrafenib (50 nM) or AZ628 (50 nM) treatment downregulates cell
cycle regulatory proteins in both parental and resistant cell populations. pRb (phosphorylated form
of retinoblastoma protein), pCDC25C (phosphorylated form of M-phase inducer phosphatase 3). The
histograms represent the mean values ± S.D. of protein expression levels measured by densitometry
deriving from three independent experiments and normalized to β-actin expression. All comparisons
were made relative to each control sample after data normalization. Statistical significance was
indicated as * p < 0.05; ** p < 0.01.

We also examined the expression levels of proteins involved in the regulation of cell
death, focusing on apoptosis and ferroptosis. The expression of cleaved poly (ADP-ribose)
polymerase (cPARP), a substrate cleaved by effector caspases 3 and 7, increases during
apoptosis [24]. The mitochondrial carrier homolog 2 (MTCH2) protein, which facilitates
the recruitment of pro-apoptotic proteins to the mitochondria, is essential for apoptosis
induction, as deletion of the MTCH2 gene impairs this process [25]. In parental cells,
cPARP levels increased following treatment with both RAF inhibitors, confirming their pro-
apoptotic effect (Figure 7). In A375DR and FO-1DR cells, cPARP expression remained higher
in both untreated or dabrafenib-treated conditions than in each corresponding parental
untreated cell populations and was comparable to the levels observed in dabrafenib-treated
parental cells (Figure 7). However, the elevated apoptosis levels in dabrafenib resistant cells
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were not explained by changes in the expression of anti-apoptotic proteins Bcl-2 (B-cell
lymphoma 2) and Bcl-xL (B-cell lymphoma-extra-large), or the pro-apoptotic protein Bax
(Bcl-2-like protein 4).

 

 

 

Figure 7. Representative immunoblots show the effects of RAF inhibitors on the expression of proteins
regulating cell death in parental and resistant cell populations. Dabrafenib induced apoptosis in
the parental melanoma cells as well as in A375DR, FO-1DR and FO-1AR, as suggested by the high
expression of the cleaved form of poly (ADP-ribose) polymerase (cPARP). Ferroptosis is induced in
all parental cells lines and in A375AR cell population, as suggested by a decrease in ferritin (FTH1),
cystine-glutamate antiporter (SLC7A11) and/or glutathione peroxidase 4 (GPX4) expression and
increased transferrin or heme oxygenase-1 (HO-1). The histograms represent the mean values ± S.D.
of protein expression levels measured by densitometry deriving from three independent experiments
and normalized to β-actin expression. All comparisons were made relative to each control sample
after data normalization. Statistical significance was indicated as * p < 0.05; ** p < 0.01.
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The propensity of A375P cells to undergo ferroptosis increased following treatment
with dabrafenib, as indicated by elevated expression of transferrin and HO-1 (heme
oxygenase-1), both of which contribute to augmented intracellular iron levels. This increase
was associated with decreased levels of FTH1 (ferritin heavy chain 1) and reductions in
GPX4 (glutathione peroxidase 4) and SLC7A11 (cystine-glutamate antiporter, also known
as xCT). In contrast, A375DR cells exhibited a reduced likelihood of undergoing ferropto-
sis, as evidenced by lower transferrin levels and elevated SLC7A11 expression (Figure 7).
Conversely, FO-1P cells treated with dabrafenib showed a lower propensity for ferroptosis,
maintaining high levels of GPX4 and FTH1. Although FO-1DR cells displayed high lev-
els of transferrin and HO-1, they appear protected from ferroptosis by elevated levels of
SLC7A11, GPX4, and FTH1 (Figure 7).

A distinct phenotype was observed in A375AR cells. This population, resistant to the
pan-Raf inhibitor AZ628, exhibited consistently low levels of signaling kinases (BRAF1,
CRAF, ERKs, AXL, and c-Met), both in the presence and absence of the drug in the culture
medium (Figure 5). Correspondently, the expression of cell cycle regulatory proteins
(pRb, pCDC25C, cyclin D1, and cyclin A2) was similarly reduced, suggesting a very low
proliferation rate (Figure 6).

While A375P cells treated with AZ628 showed increased cPARP expression, A375AR
cells displayed nearly undetectable levels of cPARP, regardless of the presence of AZ628 in
the culture medium. A375P cells treated with AZ628 were susceptible to cell death through
ferroptosis, as evidenced by high transferrin expression and lower levels of SLC7A11
and FTH1 compared to untreated A375P cells (Figure 7). The propensity for ferroptosis
appeared even more pronounced in A375AR cells, where HO-1 expression increased, while
GPX4, SLC7A11, and FTH1 were significantly downregulated (Figure 7).

The FO-1AR cell population differs from A375AR in terms of total ERK expression
and, consequently, in the expression of cell cycle-activating proteins, the expression levels
of which remain elevated (Figures 5 and 6). Furthermore, FO-1AR cells showed a lower
propensity for ferroptosis but exhibited higher levels of apoptosis compared to A375AR
(Figure 7).

2.5. Doravirine and Cabotegravir Inhibit Cell Cycle Progression and Induce Apoptosis in
RAFi-Resistant Cell Populations

We investigated the molecular effects of antiretroviral drugs on RAFi-resistant cell
populations, focusing specifically on apoptosis and cell cycle regulation.

After 72 h of treatment with doravirine (20 μM) in A375R and FO-1R cells, we observed
an increase in cPARP expression levels. In contrast, cabotegravir (12 μM) elevated cPARP
levels only in the FO-1R cell population (Figure 8).

P27Kip1 and P16Ink4a, both negative regulators of cyclin-dependent kinases (CDKs),
inhibit cell proliferation when highly expressed. Immunoblot analysis revealed that P27Kip1

levels increased in FO-1R and A375AR cells, while P16Ink4a expression was elevated only
in A375DR and FO-1DR cells (Figure 8).

Our results demonstrate that both doravirine and cabotegravir can regulate the cell
cycle and enhance apoptosis in RAFi-resistant melanoma cells.
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Figure 8. Representative immunoblots show the effects of antiretroviral drugs on the expression
of proteins regulating cell cycle and apoptosis in resistant cell populations. Cabotegravir (CABO)
and doravirine (DORA) induced apoptosis in FO-1R cells, while doravirine also induced apoptosis
in A375R cell populations, as indicated by the high expression of cPARP. The expression of tumor
suppressor protein p27 increased in FO-1R and in A375AR cell populations when treated with
either cabotegravir or doravirine. The expression of tumor suppressor protein p16 increased only in
dabrafenib-resistant cell populations. The histograms represent the mean values ± S.D. of protein
expression levels measured by densitometry deriving from three independent experiments and
normalized to β-actin expression. All comparisons were made relative to each control sample after
data normalization. Statistical significance was indicated as * p < 0.05; ** p < 0.01.

2.6. RAF-Inhibitors and Antiretroviral Drugs Affect the Ability of Parental and Resistant Cell
Lines to Form Colonies in Soft Agar

We aimed to evaluate the ability of RAF inhibitors and antiretroviral drugs to inhibit
anchorage-independent cell growth in both parental and resistant cell populations using a
soft agar colony formation assay.

Dabrafenib and AZ628, administered at 50 nM, strongly inhibited the anchorage-
independent growth of the A375P and FO-1P cell lines, as expected. Interestingly, treat-
ments with both RAF inhibitors of the A375DR, FO-1DR and FO-1AR cell populations
conserved a significative reduction in both the size and number of colonies (Figure 9).

Our previous findings [20] indicated that cabotegravir and doravirine were effective
in reducing the formation of soft agar colonies in A375P and FO-1P cells. In this work, we
investigated their effectiveness in RAF-inhibitor-resistant cell populations. The treatment
with 20 μM doravirine or 12 μM cabotegravir effectively decreased the number and size of
the colonies in the FO-1R cell lines and almost completely prevented colony formation in
A375DR cells. In contrast, A375AR cells exhibited low and slow growth even in untreated
conditions, making the reduction in colony number with doravirine not significative.
Cabotegravir, however, appeared to have a significative impact on growth in an anchorage-
independent manner; meanwhile, AZ628 seems to not affect the growth much at all
(Figure 9).
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3. Discussion

Melanoma is a malignant tumor with a global presence, known for its rapid growth,
early metastasis, recurrence, and poor prognosis [26]. Despite significant advancements
in melanoma treatment, many patients have developed resistance to current therapies,
highlighting the need for more effective options [2]. Melanoma’s aggressiveness is largely
attributed to significant intra-tumoral heterogeneity, which contributes to treatment re-
sistance and a high potential for spread [27]. The tumor’s heterogeneity is driven by
transcriptionally distinct melanoma cell phenotypes, which can reprogram to adapt to
different stages of progression and treatment exposure [27].

BRAF mutations, which occur in approximately 40–60% of melanoma cases, lead to the
constitutive activation of MAPK pathway driving uncontrolled cell division and contribut-
ing to melanoma initiation and progression [28,29]. In vitro cellular models are valuable
tools for mimicking and studying resistance mechanisms. Understanding the molecular
transformations that occur in cells developing resistance to RAF inhibitors can guide the
development of therapies to overcome this resistance and improve clinical outcomes.

Firstly, we examined the baseline phenotype of two BRAF-mutated human melanoma
cell lines (A375P and FO-1P) and assessed the molecular signature changes after 4–5 months
of treatment with increasing concentrations of the second-generation BRAF inhibitor
dabrafenib and of the third-generation pan-RAF inhibitor AZ628.

As expected, both A375P and FO-1P cell lines were initially sensitive to the cyto-
static/cytotoxic effects of the targeted drugs at the concentrations of 10 and 50 nM (Figure 1).
However, prolonged treatment of the parental cells with either drug applied selective pres-
sure, allowing the cells to survive at significantly higher concentrations, up to 5 μM. This
indicates that, over the course of 4–5 months, both cell lines exhibit plasticity and can adapt
to new conditions, developing drug-resistant phenotypes. Vitality assays, measuring fluo-
rescence emission following DAPI staining, revealed that dabrafenib- or AZ628-treatment
of A375R and FO-1R cells did not significantly reduce cell viability compared to untreated
resistant-control cells, further confirming the development of drug resistance (Figure 2).

Therefore, we investigated the molecular signatures of A375R and FO-1R cells in
comparison to their respective parental populations. Additionally, since the two targeted
drugs have different mechanisms of action, we can simultaneously examine whether cell
adaptation to each RAFi leads to distinct phenotypes.

Immunoblot analysis revealed that cell-cycle-regulating proteins (pRb, pCDC25C,
cyclin D1, and cyclin A2), as markers of cell proliferation, were significantly downregulated
by both targeted drugs in A375P and FO-1P cells, as expected (Figure 6). While A375DR and
FO-1DR fully restored their ability to proliferate in the presence and absence of dabrafenib,
FO-1AR only partially restored this ability, and A375AR remained in a state where cell
cycle progression was completely hindered (Figure 6).

To further investigate the mechanisms underlying RAF inhibitor resistance, we fo-
cused on the oncoproteins that drive melanoma cell growth. BRAF overexpression or
alternative splicing may contribute to BRAFi resistance [30,31]. Reactivation of ERKs can
also occur through enhanced RAF dimerization, a key mechanism of resistance to RAFi in
melanoma [32], as well as the abnormal expression of other RAF isoforms, such as CRAF
and ARAF [14,33].

Consequently, we measured the expression levels of key proteins, including BRAF1,
CRAF, and ERKs in both parental and resistant cell populations (Figure 5). Both RAF
inhibitors downregulated the MAPK signaling pathway in parental cell lines and affected
the total amount of ERK proteins in addition to their activation (Figure 5).

Receptor tyrosine kinases (RTKs) can function as upstream activators of the MAPK/ERK
signaling pathway, and their increased expression has previously been observed in BRAFi-
resistant cell lines [34–36]. Abnormal expression of RTKs has been shown to contribute to
melanoma development and progression [23]. AXL enhances melanoma aggressiveness by
activating the AKT (protein kinase B), p38 kinase, and MAPK signaling pathways [37]. The
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hepatocyte growth factor/MET pathway also plays a key role in melanoma development,
progression, and therapeutic resistance [38].

The expression of two tyrosine kinase receptors, AXL and c-Met, was lower in parental
populations treated with RAF inhibitors (Figure 5), reducing tumor aggressiveness when
the cells were still sensitive. Resistant cells displayed distinct phenotypes after prolonged
treatment with the BRAFi dabrafenib or the pan-RAF inhibitor AZ628. In dabrafenib-
resistant cells, RTKs, MAPKs, and cell-cycle-regulating factors are reactivated, exhibiting
a very high proliferative phenotype driven by the elevated expression of oncoproteins
involved in growth signaling pathways. Other studies have reported that cells resistant to
BRAF inhibitors, such as vemurafenib or dabrafenib, undergo metabolic reprogramming
and reactivate several kinase pathways [16]. These cells also exhibit cell cycle deregula-
tion [15]. Our findings in dabrafenib-resistant cells (A375DR and FO-1DR) are consistent
with these previous reports. Conversely, in AZ628-resistant cell populations, these path-
ways remained almost inactive (Figures 5, 6 and 10). A375AR melanoma cells, characterized
by slow-cycling or growth arrest and a senescent-like appearance, represent a different
tumor signature (Figure 10). Although this phenotype is less aggressive, it requires alterna-
tive strategies, distinct from those targeting highly proliferative tumor cells, which instead
leave the slow-cycling cancer cells unaffected [39].

Figure 10. Characterization of phenotypes in melanoma cell populations resistant to dabrafenib
or AZ628. This figure illustrates various features of melanoma cell populations with respect to
signaling pathways, cell cycle regulation, and susceptibility to cell death. Receptor tyrosine kinase
(RTK): including tyrosine-protein kinase receptor UFO (AXL) and mesenchymal–epithelial transition
factor (c-Met). RAS/RAF/MAPK signaling pathway: detailing expression levels of V-raf murine
sarcoma viral oncogenes (RAF) including BRAF and CRAF isoforms, as well as total extracellular
signal-regulated kinases (ERK) expression. Pro-proliferative proteins: including phosphorylation
levels of retinoblastoma protein (pRb) and M-phase inducer phosphatase 3 (pCDC25C), along with
cyclin D1 and cyclin A2 expression. Apoptosis markers: displaying levels of cleaved poly (ADP-
ribose) polymerase (cPARP) and mitochondrial carrier homolog 2 (MTCH2). Ferroptosis markers:
highlighting the expression of transferrin and heme oxygenase-1 (HO-1), both of which contribute to
increased intracellular iron. Levels of ferritin heavy chain 1 (FTH1), glutathione peroxidase 4 (GPX4),
and cystine-glutamate antiporter (SLC7A11) are also presented.

The dysregulated expression of oncoproteins in the growth signaling pathway, which
affects cell cycle regulation, should be assessed through the diverse functionalities of
the two drugs. Notably, a major issue with second-generation BRAF inhibitors, such
as dabrafenib, is that they are ATP-competitive and specifically target BRAF-mutated
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monomers and homodimers. However, they can induce a ‘paradoxical effect’ in non-tumor
cells of melanoma patients, activating the MAPK pathway, which leads to cell proliferation
and an increased risk of secondary malignancies [7]. In contrast, as above described,
third-generation inhibitors also target CRAF in both monomeric and heterodimeric forms
through an allosteric, non-competitive mechanism [7]. Only dabrafenib-resistant cells
showed re-expression of BRAF along with CRAF expression. These events facilitate the
bypass of BRAF inhibition by promoting the formation of BRAF-CRAF heterodimers.
Conversely, the pan-RAFi AZ628 permanently blocks both CRAF or BRAF-CRAF activity.
Accordingly, some studies reported that AZ628 has a superior ability to block the MAPK
signaling pathway compared to the second-generation BRAFi vemurafenib [40,41], as
well as a high binding affinity to other intracellular targets involved in proliferation and
migration pathways [42].

Considering these different factors, it is crucial to investigate the propensity to cell
death across all cell populations. Cleaved PARP expression is a key indicator that the
execution phase of apoptosis has begun [24]. After 72 h of treatment with either dabrafenib
or AZ628, cPARP levels increased in all sensitive parental cell lines (Figure 7), highlighting
the potent cytotoxic effects of RAF inhibitors. Unexpectedly, only A375AR cells completely
suppressed apoptosis. Conversely, dabrafenib-resistant cells (A375DR and FO-1DR) and
FO-1AR maintained high levels of cPARP, both in the presence and absence of the drug,
suggesting that some cells continued to undergo apoptosis after acquiring resistance
(Figures 7 and 10). To explore the regulation of this process, we measured the expression
of proteins involved in apoptotic cell death [43], including the antiapoptotic proteins
Bcl2 and Bcl-xL, and the proapoptotic proteins Bax and MTCH2. It was found that in
resistant melanoma cell lines, the expression of the proapoptotic proteins BAX and MTCH2
were negatively or not correlated to cPARP levels. Additionally, the same cell population
exhibited a positive correlation between the expression of the antiapoptotic proteins Bcl2
or Bcl-xL and cPARP. Strikingly, studies in the literature have also reported similarly
contradictory findings in various tumors, including melanoma [44–46]. However, our
immunoblots suggest that additional proteins or mechanisms may be involved.

If the plasticity and dedifferentiation of melanoma cells promote resistance to targeted
therapies, the newly acquired phenotype might also render the cells more susceptible to
other vulnerabilities. Therefore, we investigated whether melanoma cells can undergo
ferroptosis, a non-apoptotic form of cell death triggered by iron. Ferroptosis is induced by
an increase in intracellular free iron, which can occur due to high transferrin uptake, heme
oxygenase 1 (HO-1) induction, and/or low expression of ferritin (FTH1), a protein that
sequesters iron in its cage [47,48]. Free iron can induce lipid peroxidation and cell death,
but only if its damaging effects are not counteracted by specific intracellular antioxidant
systems, such as glutathione peroxidase 4 (GPX4) activity and the availability of glutathione,
which is highly dependent on the cystine transporter SLC7A11 [49,50].

In general, our immunoblot data suggest that A375 cell line is more susceptible to
ferroptosis than FO-1 cells (Figures 7 and 10). Specifically, A375P cells treated with both RAF
inhibitors and FO-1P cells treated with dabrafenib exhibited protein expression signatures
indicative of ferroptosis, including high levels of transferrin and HO-1, along with low
expression of SLC7A11 and GPX4/FTH1 (Figure 7). In contrast, FO-1DR cells appeared
to be the most resistant population to ferroptosis, while A375DR cells showed only weak
signs of susceptibility to this type of cell death. However, AZ628-resistant cells, particularly
A375AR, seemed prone to ferroptosis (Figures 7 and 10). Notably, the A375AR population
displayed a low proliferative and low apoptotic phenotype but showed a strong propensity
to ferroptosis, with high expression of transferrin and HO-1, and very low expression of
FTH1, GPX4, and SLC7A11.

In summary, the differences in RAF-inhibitor-resistant cells are dependent on the type
of RAFi used to induce resistance. Dabrafenib-resistant cells are highly proliferative, with a
high propensity for apoptosis, but not for ferroptosis, and can be hindered by blocking cell
cycle progression (Figure 10). In contrast, AZ628-resistant cells, particularly the A375AR
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population, exhibit a low proliferative rate and low apoptosis but have a high propensity
for ferroptosis (Figure 10). These cells can be targeted with inducers of either apoptosis or
ferroptosis.

We and others have previously demonstrated that some antiretroviral drugs, typi-
cally used to combat retroviruses, with a particular focus on HIV infection, can reduce
melanoma aggressiveness by inhibiting the expression of human endogenous retrovirus
(HERV-K) [20,51]. Moreover, several studies have reported the antitumor effects of an-
tiretroviral drugs in other malignancies as well [52–58]. In this work, we confirmed the
ability of doravirine and cabotegravir to reduce cell viability in parental cells, as previously
reported [20], and we analyzed their activity on resistant cell populations. While cabote-
gravir appears equally effective against both A375P and FO-1P cells, doravirine shows
greater efficacy in A375P compared to FO-1P, consistent with our previous findings [20]
(Figure 1). In cell populations that have acquired resistance to RAFi, both doravirine and
cabotegravir remain effective, particularly in A375DR cells, where they reduced cell viabil-
ity more than in A375P cells (Figure 2). Furthermore, both antiretroviral drugs significantly
reduced the number of colonies in soft agar, suggesting that they retain the ability to inhibit
cell growth in an anchorage-independent manner (Figure 9).

According to the literature, RAFi resistance is associated with a more aggressive tumor
phenotype [59]. Moreover, as highlighted by Serafino et al. [60], the activation of human
endogenous retroviral genes may contribute to the worsening of the melanoma phenotype
in patients. Our real-time-PCR data showed that both dabrafenib and AZ628 reactivated
the expression of HERV-K Pol and Env genes compared to untreated parental cells (Figure 3).
These results highlight the need for further investigation into HERV-K gene expression
levels in resistant cell populations.

A general reduction in HERV-K gene expression was observed in all four resistant
cell lines following treatment with either antiretroviral drug (Figure 4). This suggests that
the decrease in HERV-K gene expression may contribute to the antimelanoma effects of
antiretroviral drugs, even in the context of RAF inhibitor resistance, which reactivates
HERV-K Pol and Env expression.

At the molecular level, antiretroviral drugs may influence the expression of key regu-
latory proteins involved in the cell cycle and cell death. In our previous study, cabotegravir
demonstrated pro-apoptotic activity in FO-1P cells after 48 h of treatment [20]. In FO-1
cells resistant to RAFi, cabotegravir induced cPARP expression after 72 h of treatment,
confirming its cytotoxic effects in these resistant cell lines as well (Figure 8). Although
doravirine did not induce apoptotic cell death in A375P and FO-1P cells after 48 h of
treatment [20], it led to an increase in cPARP expression across all RAFi-resistant cell pop-
ulations after 72 h (Figure 8). Notably, in the same cell populations, doravirine showed
stronger inhibition of HERV-K Pol and Env expression compared to cabotegravir (Figure 4).
Additionally, doravirine effectively reactivated apoptosis in the A375AR cell population,
where long-term AZ628 treatment had previously suppressed apoptotic activity (Figure 8).

A substantial reduction in the expression of p16Ink4a and p27Kip1 has been observed
with melanoma progression [61]. These proteins act as tumor suppressors by inhibiting
CDKs, which play a crucial role in regulating cell cycle checkpoint transitions [62,63]. Do-
ravirine significantly increased p16Ink4a expression in dabrafenib-resistant cells (A375DR
and FO-1DR), indicating a potential reduction in cell growth within these highly prolif-
erative resistant populations (Figure 8). Additionally, both doravirine and cabotegravir
elevated P27Kip1 expression in FO-1DR cells as well as in AZ628-resistant cells (A375AR
and FO-1AR).

In summary, antiretroviral drugs may influence both apoptosis and cell proliferation in
RAFi-resistant melanoma cell lines, partly by targeting cell cycle regulation and promoting
apoptotic cell death.
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4. Materials and Methods

4.1. Cell Cultures

The A375 (CRL-1619) and FO-1 (CRL-12177) melanoma cell lines were obtained from
ATCC (Manassas, VA, USA) and cultured at 37 ◦C in a humidified atmosphere containing
5% CO2. The culture medium used was high-glucose Dulbecco’s Modified Eagle’s Medium
(DMEM, Gibco, BRL Invitrogen Corp., Carlsbad, CA, USA), supplemented with 10%
heat-inactivated fetal bovine serum (FBS, Euroclone S.p.A, Pero, Milan, Italy) and 1%
antibiotic–antimycotic solution (Gibco, BRL Invitrogen Corp., Carlsbad, CA, USA).

4.2. Cell Viability Assay (DAPI Staining and Measure of Fluorescence)

4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) is a fluorescent compound
that exhibits multiple binding modes to DNA [22,64] and is transferred to descendant cells
during proliferation.

Melanoma cells were plated in 96-well black plates with clear bottoms (LUMOX
multiwell, Sarstedt AG & Co. KG, Nümbrecht, Germany). The following cell lines were
used: A375P, A375DR, and A375AR melanoma cells (1.45 × 103 cells/well); and FO-1P,
FO-1DR, and FO-1AR melanoma cells (1.75 × 103 cells/well).

The next day, the cells were treated with antiretroviral drugs or the kinase inhibitors
dabrafenib (GSK2118436, Selleckchem, Huston, TX, USA) or AZ628 (Merck, Milan, Italy) for
72 h. After the treatment period, the medium was removed by vacuum, and the cells were
fixed by adding 50 μL/well of 4% (w/v) paraformaldehyde (PFA) (AppliChem, Monza,
Italy). After 10 min of incubation, the PFA was removed by vacuum, and the wells were
washed three times for 10 min each with 1× Dulbecco’s Phosphate-Buffered Saline (DPBS)
(Gibco, BRL Invitrogen Corp., Carlsbad, CA, USA) on a shaker.

Subsequently, 50 μL/well of DAPI (1:1000 dilution, Thermofisher Scientific, Milan,
Italy) was added, and the plates were incubated at room temperature (RT) for 15 min in the
dark on a shaker. The DAPI was then removed by vacuum, and the wells were washed
three times for 10 min each with 1× DPBS, again in the dark.

Finally, fluorescence intensity was measured at an excitation wavelength of 350 nm
and an emission wavelength of 461 nm using a TECAN NanoQuant Infinite M200 Pro
plate reader (Tecan Group Ltd., Männedorf, Switzerland). Each experimental condition
was performed in 8 replicates.

4.3. RNA Extraction, Reverse Transcription, and Real-Time PCR

A375P, A375R, FO-1P, and FO-1R cell lines were seeded in 6 mm petri dishes at the
following densities: A375P and FO-1P 100 × 103 cells/dish; A375DR, FO-1DR, and FO-1AR
150 × 103 cells/dish; A375AR 180 × 103 cells/dish. Upon reaching 80% confluence, all cell
lines were treated with either 20 μM doravirine, 12 μM cabotegravir (Merck, Milan, Italy),
50 nM dabrafenib (GSK2118436, Selleckchem, Huston, TX, USA) or 50 nM AZ628 (Merck,
Milan, Italy). After 24 h of treatment, total RNA was extracted for gene expression analysis
using TRIzol Reagent (Thermofisher Scientific, Milan, Italy), following the manufacturer’s
protocol. RNA quantification was performed using a Tecan NanoQuant Infinite M200 Pro
plate reader (Tecan Group Ltd., Männedorf, Switzerland), and RNA quality was assessed
via 1% agarose gel electrophoresis.

A total of 1000 ng of RNA was reverse transcribed using the SensiFAST cDNA Synthe-
sis Kit (Bioline, Trento, Italy) in accordance with the manufacturer’s instructions. Following
reverse transcription, the expression levels of HERV-K genes (Pol, Env) were measured
using Real-Time Polymerase Chain Reaction (RT-PCR). Normalization was carried out
using Cluster of Differentiation 151 protein (CD151), which was identified as the most
stable gene under our experimental conditions.

The primers used for amplification were as follows:
CD151: (Fw) 5′-CTACGCCTACTACCAGCAGC-3′
(Rv) 5′-CGGAACCACTCACTGTCTCG-3′
Pol: (Fw) 5′-CCACTGTAGAGCCTCCTAAACCC-3′
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(Rv) 5′-GCTGGTATAGTAAAGGCAAATTTTTC-3′
Env: (Fw) 5′-GCCATCCACCAAGAAAGCA-3′
(Rv) 5′-AACTGCGTCAGCTCTTTAGTTGT-3′
Real-Time PCR was performed using the Bio-Rad CFX Connect Real-Time System

and the SensiFAST SYBR No-ROX Kit (Bioline, Trento, Italy). The amplification protocol
consisted of an initial polymerase activation step at 95 ◦C for 2 min, followed by 40 cycles
of denaturation at 95 ◦C for 5 s and primer annealing/polymerization at 60 ◦C for 20 s.
Each measurement was performed in triplicate in at least four independent experiments.

4.4. Colony Formation Assay in Soft Agar

The ability of FO-1P, A375P, A375R, and FO-1R melanoma cells to grow in an anchorage-
independent manner was evaluated using a colony formation assay in soft agar, as de-
scribed previously [65]. First, the bottom layer of 6-well plates was prepared with 1%
low-gelling temperature agarose (Sigma-Merck, Milan, Italy) dissolved in 2× DMEM, 20%
FBS, and 2% antibiotic–antimycotic solution. A second layer, consisting of 0.6% low-gelling
temperature agarose dissolved in the same medium, was added on top. This layer con-
tained treated or untreated melanoma cells (A375P, and FO-1P 12 × 103 cells/well; A375R
20 × 103 cells/well; FO-1R 10 × 103 cells/well).

Fresh medium (200 μL) was added to each well twice a week. After 15–21 days, colony
formation was assessed using an inverted microscope (Axio Vert A1, Zeiss, Oberkochen,
Germany).

4.5. Total Protein Extraction

Cells were seeded in 35 mm petri dishes at the following densities: A375P 40 × 103 cells/
dish; FO-1P 50 × 103 cells/dish; A375DR and FO-1R 60 × 103 cells/dish; A375AR 80 × 103

cells/dish. After 24 h, cells were treated with each drug or left untreated as a control.
After 72 h of treatment, the cells were scraped using warm 1× sample buffer (2% SDS, 10%
glycerol, 50 mM Tris-HCl, 1.75% β-mercaptoethanol, and bromophenol blue), boiled at
98 ◦C and then put in ice for 10 min. The total protein extracts were stored at −80 ◦C for
subsequent analysis.

4.6. Immunoblot Analysis

Protein extracts were separated by electrophoresis on 10 to 15% polyacrylamide
SDS-PAGE gels and then transferred onto polyvinylidene difluoride (PVDF) membranes
(Merck-Millipore, Milan, Italy). Membranes were blocked at room temperature (RT) for
1 h in TBST buffer (10 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.1% Tween 20) containing 5%
milk. Following blocking, the membranes were incubated overnight at 4 ◦C on a shaker
in a 5% BSA solution containing the following primary antibodies: Transferrin (A1448),
Ferritin heavy chain (A19544), cleaved PARP-P25 (A19612), CDKN1B/p27KIP1 (A19095),
CDKN2A/p16INK4a (A11651), Cyclin A2 (A19036), Bcl-xL (A0209), Heme Oxygenase 1
(A19062), ERK 1/2 (A16686), pERK 1/2 (AP0974), SLC7A11/xCT (A2413), C-Raf (A19638)
from ABclonal (Woburn, MA, USA); Cyclin D1 (GTX634347), MTCH2 (GTX130324), β-
actin (GTX124214), p21 Cip (GTX29543), CDC25C phospho Ser216 (GTX128153), BAX
(GTX109683), c-Met (GTX100637), B-Raf1 (GTX100913) from Genetex (Alton Parkway,
Irvine, CA, USA); Bcl-2 (#15071), pRb (#8516) from Cell Signaling Technology (Danvers,
MA, USA) and AXL (13196-1-AP), GPX4 (67763-1) from ProteinTech (Manchester, UK).

After primary antibody incubation, the membranes were washed three times for
10 min each with TBST buffer, followed by a 1 h incubation with horseradish peroxidase-
conjugated secondary antibodies (anti-rabbit or anti-mouse) from Cell Signaling Technology
(Danvers, MA, USA). The membranes were then washed again three times for 10 min
each with TBST. Protein expression levels were normalized to β-actin unless otherwise
specified. Immunodetection was performed using an ECL detection kit (Cyanagen, Bologna,
Italy), and chemiluminescence signals were visualized using a ChemiDoc system (Bio-Rad,
Hercules, CA, USA).
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4.7. Statistical Analysis

Data are presented as mean ± standard deviation (S.D.). Statistical differences were
analyzed using GraphPad Prism software, version 8.0.2, employing an unpaired two-tailed
Student’s t-test, unless otherwise specified. A p-value of less than 0.05 (*) or less than
0.01 (**) was considered statistically significant. Each experiment was performed with a
minimum of three independent biological replicates. Normal data distribution was verified
using the Shapiro–Wilk test.

5. Conclusions

RAF inhibitor therapy creates resistance in vitro and in vivo. Targeting other molec-
ular pathways may provide therapeutic benefits when RAF inhibitors lose effectiveness.
Our work demonstrates that antiretroviral drugs, doravirine and cabotegravir, not only
induce apoptosis but also modulate the expression of cell cycle regulators in RAFi-resistant
melanoma cells. These antiretrovirals, which have been used long-term with minimal side
effects for AIDS treatment, show promise in inhibiting tumor growth in RAFi-resistant
cell lines, suggesting their potential utility in slowing melanoma progression after RAFi
resistance. We assume that these findings should be validated in preclinical studies.
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Abstract: Monosomy 3 in uveal melanoma (UM) increases the risk of lethal metastases, mainly in the
liver, which serves as the major site for the storage of excessive glucose and the metabolization of the
dietary flavonoid quercetin. Although primary UMs with monosomy 3 exhibit a higher potential
for basal glucose uptake, it remains unknown as to whether glycolytic capacity is altered in such
tumors. Herein, we initially analyzed the expression of n = 151 genes involved in glycolysis and its
interconnected branch, the “pentose phosphate pathway (PPP)”, in the UM cohort of The Cancer
Genome Atlas Study and validated the differentially expressed genes in two independent cohorts.
We also evaluated the effects of quercetin on the growth, survival, and glucose metabolism of the UM
cell line 92.1. The rate-limiting glycolytic enzyme PFKP was overexpressed whereas the ZBTB20 gene
(locus: 3q13.31) was downregulated in the patients with metastases in all cohorts. Quercetin was able
to impair proliferation, viability, glucose uptake, glycolysis, ATP synthesis, and PPP rate-limiting
enzyme activity while increasing oxidative stress. UMs with monosomy 3 display a stronger potential
to utilize glucose for the generation of energy and biomass. Quercetin can prevent the growth of UM
cells by interfering with glucose metabolism.

Keywords: uveal melanoma; glycolysis; pentose phosphate pathway; quercetin; glucose uptake;
proliferation; oxidative stress

1. Introduction

Despite the advances in the local control of primary uveal melanoma (UM), approx-
imately half of UM patients develop metastases, mainly in the liver, which sadly results
in a very short average survival time of less than six months [1–3]. The risk of metastasis
is particularly high for primary UM cells that exhibit the loss of one copy of chromosome
3 (monosomy 3) [4,5]. Similarly, the presence of monosomy 3 in the metastasized UMs
has been associated with more rapid disease progression [6]. However, the molecular
mechanisms and pathophysiological factors that give rise to aggressive UM metastases
remain incompletely understood, which impedes the development of efficient therapies.

Interestingly, UM patients exhibited an insulin-resistant serum profile with a slight
but significant increase in their fasting glucose levels compared to age-matched controls [7].
Moreover, the basal level of glucose uptake in UM cells may be influenced by chromo-
some 3 status, as suggested by the increased metabolic activity of monosomy 3 tumors
in fluorodeoxyglucose positron emission tomography scans [8,9]. We have also recently
reported the upregulation of the high-affinity glucose transporter GLUT1 in primary UMs
with monosomy 3, possibly as a compensation for the very-low-affinity glucose transporter
GLUT2 [10], which is encoded by the SLC2A2 gene on chromosome 3 [11]. These findings
therefore highlight hyperglycemia and the increased potency for glucose influx as novel
pathophysiological factors that may aggravate the course of UM. Yet, it is still not well
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known as to how glucose is mainly processed inside UM cells and whether the presence of
monosomy 3 confers a growth advantage through the modulation of glucose metabolism
to address cellular demands more efficiently.

Proliferating cells need to have high biosynthetic activity to increase their biomass
and replicate their genome. The cells should therefore maintain the influx of oxygen and
nutrients at a sufficient rate to generate energy in the form of adenosine triphosphate (ATP)
and conduct biosynthetic reactions. However, the rapidly proliferating solid malignancies
may overgrow their blood supply, with them becoming progressively deprived of oxygen
and nutrients. Cancer cells adapt to such conditions by preferentially executing glycolysis
instead of oxidative phosphorylation even in the presence of oxygen, which is known as
the Warburg effect [12–18].

The production of ATP via glycolysis may initially appear to be an inefficient form of
metabolism due to the lower energetic yield obtained from each glucose molecule compared
to oxidative phosphorylation [15,17,18]. However, glycolysis can be completed at a rate
that may be up to 100 times faster than oxidative phosphorylation [19]. Glycolysis can
therefore enable the rapid production of sufficient ATP as long as the cells are provided
abundantly with glucose [17]. In addition, glycolysis generates metabolic intermediates
that can be diverted into the “pentose-phosphate-pathway” (PPP) in a reversible manner
for the production of biosynthetic materials depending on cellular needs [17].

The PPP is divided into branches that produce the nucleotide precursor ribose-5-
phosphate and the cofactor NADPH, which serves as a reducing agent during the biosyn-
thesis of lipids and amino acids. NADPH also enables the regeneration of glutathione,
which is essential for protection against the reactive oxygen species that are mainly pro-
duced during oxidative phosphorylation [17,19–21]. Tumor cells may exploit these path-
ways as suggested by the overexpression of the rate-limiting enzymes of glycolysis and
the PPP in malignant diseases such as lung, liver, colorectal, prostate, breast, and cervical
cancer [17,20,21]. Despite the association between several glycolysis-associated genes and
poor survival in UM [22–24], it is not known whether the potential for the glycolytic switch
is altered in monosomy 3 tumors and whether the glycolysis–PPP axis in UM cells can be
modulated by natural compounds.

Flavonoids are bioactive plant molecules that are present in a wide variety of foods
and drinks such as fruits, vegetables, herbs, spices, teas, and wine. Quercetin is the
most abundant dietary flavonoid, with many of its natural sources being included in
the Mediterranean diet [25,26]. Quercetin is able to exert beneficial effects against in-
flammation, insulin resistance, and hyperglycemia in animal models [27,28]. Quercetin
also demonstrated promising anti-carcinogenic potential by suppressing the metastatic
activities of various tumor cells [25,26,29–31] while protecting normal cells from the side
effects of chemotherapy and radiotherapy in preclinical studies [29,31]. The cytotoxic effect
of quercetin was higher in the aggressive tumor cells compared to the slowly growing
ones [30]. In addition, quercetin was able to inhibit aerobic glycolysis in diverse tumor
cells [18,32,33] and suppress the self-renewal capacity of cancer stem cells [31]. Despite
its well-established antioxidant effect, quercetin can also function as a pro-oxidant at high
concentrations by depleting the glutathione reserves in cancer cells [18,34]. However, it
remains unknown whether quercetin can suppress the growth of UM cells.

In this study, we initially determined the expression profile of the major genes involved
in glycolysis and the PPP in the UM cohort of The Cancer Genome Atlas (TCGA) Study
and validated the differentially expressed genes in two independent, publicly available
cohorts. We also analyzed the growth, survival, and glucose metabolism of the UM cell
line 92.1 in response to quercetin.
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2. Results

2.1. Expression of the Genes Involved in Glycolysis and the PPP with Regard to Monosomy 3
Status and Metastases in the UM-Cohort of the TCGA Study

We initially assembled a list of n = 151 human genes that are involved in glycolysis
and the PPP using the Gene Ontology (GO) and Reactome databases. The gene list also
included the “lactate (transmembrane) transport” (Supplementary Table S1).

In the UM cohort of the TCGA study, a total of n = 67 genes (44.4%) were differentially
expressed with regard to the copy number of chromosome 3, with n = 27 genes (17.9%)
retaining significance after multiple hypothesis testing (Supplementary Table S2). Among
the latter group, n = 5 genes were also significantly associated with the development of
metastases (p-adjusted < 0.05, Figure 1A, Supplementary Table S2). The genes that were
upregulated in the monosomy 3/metastatic tumors (PFKP, NUP88) exhibited an average
fold change (FC) of 2.06 ± 0.82, whereas the downregulated genes (INSR, RBKS, and
ZBTB20) differed by an average of −1.87 ± 0.44-fold (Figure 1B).

An unbiased gene set enrichment was performed for the differentially expressed genes.
The most relevant biological processes, pathways, and phenotypes involved the “positive
regulation of the glycolytic and purine nucleotide metabolic pathways”, “phosphofructoki-
nase activity”, “insulin-like growth factor II/I/AMP binding”, “Pentose phosphate/HIF-
1/AMPK pathways”, “galactose, fructose, and mannose metabolism”, “insulin receptor
substrate activation”, “signal attenuation/insulin receptor recycling”, and “diabetes (type
2)” (Figure 1C).

2.2. Validation of the Differentially Expressed Genes

Validation of differential gene expression was performed using the normalized mi-
croarray data of two independent studies which are publicly available in the Gene Expres-
sion Omnibus (GEO) database. The first study involved the total RNA isolated from the
primary tumors of n = 63 UM patients (n = 24 females; n = 39 males) with an average age of
61.0 ± 12.3 years (GEO accession number: GSE22138). Systemic metastases developed in
n = 35 of these patients (55.6%). The second microarray study included the primary tumors
of n = 57 patients with n = 25 females and n = 32 males. Metastases were detected in 56.1%
(n = 32) of these patients (GEO accession number: GSE44295).

Expression of the PFKP and ZBTB20 genes was significantly altered with regard to
the metastases in the validation cohorts. PFKP (locus: 10p15.2) was positively associ-
ated with the development of metastases, whereas the ZBTB20 gene (locus: 3q13.31) was
downregulated in the metastatic tumors (p-raw < 0.05, Figure 2A).

Further analysis of the validated genes revealed significant associations between the
expression of PFKP or ZBTB20 and the survival rate and multiple prognostic factors in
the UM cohort of the TCGA study. The upregulation of PFKP and the downregulation
of ZBTB20 were correlated with shorter overall and disease-specific survival, an epithe-
lioid morphology, heavy pigmentation, and the presence of closed loops. PFKP was also
positively associated with tumor diameter and extrascleral extension whereas the tumors
with ZBTB20 deficiency exhibited a more diffuse rather than focal pattern of macrophage
infiltration (Figure 2B,C).

2.3. Anti-Proliferative and Pro-Oxidant Effects of Quercetin on the Cultured UM Cells

Based on the findings of our gene expression analysis, which highlighted glucose
metabolism as a crucial factor that may be involved in the aggressive growth of UM cells,
we next focused on the inhibitory potential of quercetin on metabolic activity, prolifera-
tion, survival, and redox state in the UM cell line 92.1. Incubation of the 92.1 cells with
quercetin for three days induced a significant, dose-dependent reduction in the number
of metabolically active cells, with an IC50 of quercetin at 44.05 μM (Figure 3A,B, p < 0.001
for all groups, Kruskal–Wallis test). This effect was associated with the down-regulation
of the proliferation marker Ki67 and a 69% decline in the incorporation of BrdU in re-
sponse to 50 μM quercetin compared to the solvent control (Figure 3C,D, p < 0.05 for all
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groups, Kruskal–Wallis test). Incubation with 50 μM quercetin also reduced the ratio of
live/dead cells by approximately 36% (Figure 3E,F, p < 0.01 for all groups, one-way analysis
of variance) and increased the accumulation of reactive oxygen species (ROS) by two-fold
(Figure 3G,H, p = 0.049, Mann–Whitney U test) compared to the solvent control.

Figure 1. Differentially expressed genes in the monosomy 3 and metastatic tumors of the TCGA-UM
cohort (n = 80 patients). (A) The tumor samples were aligned according to the copy numbers of
chromosome 3p and 3q (dark blue: normal, red: loss) as well as the metastatic status in the uppermost
three rows. The expression heatmap was constructed using the z-scores, with red and blue indicating
mRNA levels that were up to three standard deviations above or below the mean (black), respectively.
The gene symbols and loci are stated on the left. All of the genes had an adjusted p-value < 0.05 with
regard to the copy number of chromosome 3 and metastases. n/a: Not available. (B) Fold changes
(FC) of median gene expression in the monosomy 3 tumors and patients with metastases. The up- and
downregulated genes are highlighted with a red or blue background, respectively. The red lines indicate
an FC of |2|. Chr3: Chromosome 3. (C) Gene set enrichment analysis demonstrating the biological
pathways and phenotypes that were over-represented among the differentially expressed genes. All of
the p-values and false discovery rates were <0.05. For simplicity, the five most enriched processes or
pathways were demonstrated for the Gene Ontology (GO), KEGG, and Reactome databases.

2.4. Suppression of Glucose Uptake and Metabolism in the UM Cells in Response to Quercetin

Having determined the optimal concentration of quercetin for the suppression of
metabolic activity in the 92.1 cells, we next evaluated the outcomes of quercetin treatment
on different aspects of glucose metabolism, such as glucose intake, glycolytic rate, ATP
production, PPP activity, and glutathione levels. Incubation of the 92.1 cells with 50 μM
quercetin made it possible to significantly reduce the uptake of the fluorescent glucose
analog 6-NBDG by approximately 32–36% compared to the solvent or untreated controls
(p = 0.041, Kruskal–Wallis test, Figure 4A,B). Quercetin could also suppress the glycolytic
rate by approximately 45–48% within 3 h and ATP production by 21–25% after 2 days com-
pared to the untreated and solvent controls (p = 0.010 and p = 0.009, respectively, one-way
analysis of variance, Figure 4C,D). The activity of the glucose-6-phosphate dehydrogenase
(G6PDH), which serves as the rate-limiting enzyme of the PPP [17,20,21], underwent an
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approximately 20–22% decrease in response to 50 μM quercetin compared to the untreated
and solvent controls after 11–13 h (p < 0.05, Mann–Whitney U test with respect to the
untreated or solvent controls, Figure 4E). We also observed a slight but significant decline
of 8.4% in the levels of total glutathione after incubation with 50 μM quercetin for 7–10 h
compared to the untreated or solvent controls (p < 0.05, Mann–Whitney U test, Figure 4F).

Figure 2. Validation of gene expression in two independent cohorts and the correlation of validated
genes with prognostic factors. (A) The expression of PFKP and ZBTB20 with regard to the metastases
in the GSE22138 and GSE44295 cohorts is presented as boxplots. The mean values are connected by
the sloped lines. For the GSE22138 cohort, the average expression of all of the available isoforms
is presented (n = 2 isoforms for PFKP; n = 12 isoforms for ZBTB20). FC: fold change of median
gene expression in the patients with metastases. The raw p-values were determined using the
Mann–Whitney U test. Gene loci were indicated underneath the gene symbols. (B) The probability
of overall survival with regard to the expression of PFKP and ZBTB20 in the primary UMs of the
TCGA cohort is demonstrated by the Kaplan–Meier curves. The median gene expression was taken
as the cut-off value. p-values were determined via the log-rank test. (C) Expression of PFKP and
ZBTB20 with regard to the clinical and histopathological factors in the UM cohort of the TCGA study
is presented as bar charts. The fold change of median gene expression in the subgroup with the
unfavorable condition was calculated based on the classification of the prognostic factors according
to the categories indicated in parentheses. The log2(Fold Change) values above or below 0 were
depicted in pink or blue, respectively. TILS: tumor-infiltrating lymphocytes, TAMS: tumor-activated
macrophages. The raw p-values were determined using the Mann–Whitney U test. * p < 0.05,
** p < 0.005, and *** p < 0.001.
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Figure 3. Quercetin suppresses the viability and proliferation of UM cells by increasing oxidative
stress. (A) Representative light microscopy images of the UM cells after 3-day incubation with the
substances indicated above followed by the MTT dye. A group of cells were incubated in culture
medium with 0.5% fetal bovine serum (FBS) as the positive control for growth factor deprivation. A
separate group of cells were incubated with the solvent of quercetin (dimethylsulfoxide; DMSO) at the
same volume required for the administration of quercetin. (B) Quantification of the MTT assay (mean
± standard deviation (SD) of n = 4–5 independent experiments). The exponential trendlines were
fitted and indicated in a dashed pattern in dark gray or green for DMSO or quercetin, respectively.
Quercetin exhibited an IC50 of approximately 44.05 μM that was calculated from its respective
trendline. * p < 0.05 for the pairwise comparison of the quercetin treatment to the corresponding
solvent control, Mann–Whitney U test. (C) Representative images of immunofluorescence staining for
the proliferation marker Ki67 (red) after 3 days. Nuclei were counterstained with DAPI (blue). Scale
bar = 25 μm. (D) BrdU-assay demonstrating the dose-dependent anti-proliferative effect of quercetin
after 3 days (mean ± SD of n = 3 independent experiments). p-values were determined through
the use of the Mann–Whitney U or Kruskal–Wallis tests for pairwise or collective comparisons,
respectively. (E) Representative images of the live/dead assay after 3 days. Scale bar = 50 μm.
(F) Ratio of the live/dead intensity (mean ± SD of n = 3 wells from a representative experiment).
p-values were assessed using the two-sided t-test or one-way analysis of variance for pairwise or
collective comparisons, respectively. (G) Representative images demonstrating the accumulation of
reactive oxygen species (ROS) in the cells treated with 50 μM quercetin for 12–13 h. Scale bar = 50 μm.
(H) Quantification of the ROS intensity (mean ± SD of n = 3 independent experiments, Mann–Whitney
U test).
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Figure 4. Quercetin interferes with glucose uptake and metabolism in the UM cells. (A) Represen-
tative images demonstrating the uptake of the fluorescent glucose analog 6-NBDG in the cells incu-
bated with the normal medium alone (control) and with the supplementation of 50 μM quercetin
or its solvent DMSO. The overlay images of fluorescence and phase-contrast microscopy are pre-
sented to demonstrate the cell boundaries. Scale bar = 100 μm. (B) Quantification of 6-NBDG up-
take (mean ± SD of n = 3–4 independent experiments, a.u.: arbitrary units, Q50: 50 μM quercetin,).
(C) Quantification of the fluorometric glycolysis assay, demonstrating the significant reduction in the
glycolytic rate in response to quercetin after 3 h (mean ± SD of n = 3 independent experiments).
(D) The luminescent ATP-assay, demonstrating the reduction in ATP levels in the cells incubated with
50 μM quercetin for 2 days (mean ± SD of n = 3 independent experiments). (E) Activity of the glucose-6-
phosphate dehydrogenase (G6PDH), which functions as the rate-limiting enzyme of the PPP [17,20,21],
as determined by a colorimetric assay after exposing the cells for 11–13 h to the indicated treatments
(mean ± SD of n = 3 independent experiments). G6PDH activity was normalized to the amount of
total protein extracted from each group. The insignificant p-value above 0.05 is highlighted with a gray
background. (F) Quantification of the total glutathione (GSH) levels after 7–10 h (mean ± SD of n = 3
independent experiments). In panels (B–E), all of the pairwise comparisons were evaluated via the
Mann–Whitney U test whereas the collective comparisons of the three subgroups were performed with
the Kruskal–Wallis test (B,E,F) or one-way analysis of variance (C,D).

2.5. Outcomes of Quercetin Treatment on the Expression of the PFKP and ZBTB20 Proteins in the
UM Cells

To elucidate whether the validated, glucose-related genes are involved in the sup-
pressive effects of quercetin on glucose metabolism, we also analyzed the expression of
the PFKP and ZBTB20 proteins via immunocytochemistry and blotting in the UM cells
that were incubated with or without 50 μM quercetin or DMSO for 1 day. Our results
demonstrated uniform expression of both proteins regardless of the treatment, suggesting
that quercetin does not exert a significant influence on the levels of these proteins (Figure 5).
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Figure 5. Expression of the PFKP and ZBTB20 proteins in response to quercetin after 1 day.
(A) Representative images of the fluorescent immunostainings for PFKP and ZBTB20 (red). The actin
filaments were visualized via Alexa 488-phalloidin staining (green). Nuclei were counterstained
with DAPI (blue). (B) Immunoblotting for PFKP and ZBTB20. Quercetin was administered at a
concentration of 50 μM. Membranes were probed for beta-actin as a loading control. The total amount
of protein in each well is also depicted for a more comprehensive evaluation of sample loading.
kDa: Kilodalton. (C) Quantification of the PFKP and ZBTB20 levels in the immunoblots, which were
normalized to the total protein loadings in each well. The PFKP levels are stated as the percentage
of the 0.5% FBS group. a.u.: arbitrary units. Data represent the mean ± standard deviation of n = 3
independent experiments. p-values were evaluated with the Kruskal–Wallis test for the simultaneous
comparison of all subgroups.
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3. Discussion

The prevention of lethal UM metastases remains an unresolved clinical need, which
sadly leaves affected patients with a very short survival time of several months. In this
study, we provide the first evidence that primary UMs with higher metastatic potential
exhibit a greater glycolytic gene expression profile, whereas the incubation of the UM cell
line 92.1 with the dietary flavonoid quercetin could suppress cell growth by interfering
with glucose uptake and metabolism.

Our gene expression analysis demonstrated the overexpression of PFKP in the ag-
gressive UM samples from three independent cohorts, whereas the ZBTB20 gene was
significantly downregulated in the tumors that developed metastases. The PFKP gene on
chromosome 10p15.2 encodes the platelet isoform of phosphofructokinase, which serves
as the most important rate-limiting enzyme of glycolysis by catalyzing the irreversible
phosphorylation of fructose-6-phosphate to fructose-1,6-biphosphate [35,36]. Moreover,
the silencing of PFKP resulted in a reduction in PPP activity and nucleotide biosynthesis in
renal cancer cells [36]. The overexpression of PFKP may therefore be providing the UMs
with monosomy 3 a growth advantage by channeling the glucose metabolites towards
glycolysis or the PPP depending on the metabolic demands and cellular priorities. The
phosphofructokinase isoforms are also upregulated in diverse tumors and regarded as
potential therapeutic targets [35–37]. Enhanced glycolytic metabolism was also detected in
the T cells with deficiency in the transcriptional repressor ZBTB20 [38], which is encoded
by a gene on chromosome 3q13.31. However, there is conflicting evidence regarding the
function of ZBTB20 in tumorigenesis, with the overexpression of this protein noted in
hepatocellular carcinoma [39]. ZBTB20 could also promote the invasion of various tumor
cells, including glioblastoma and breast and gastric cancers [40–42]. Further research is
therefore required to elucidate the functional consequences of ZBTB20 downregulation
in UMs with monosomy 3. Interestingly, the silencing of Zbtb20 was associated with a
slight increase in the expression of phosphofructokinase in mouse liver cells, which failed
to reach significance [43]. It would therefore be interesting to analyze whether the defi-
ciency in ZBTB20 mRNA promotes the overexpression of PFKP in UM cells or whether
the upregulation of PFKP is a response to the higher rate of glucose influx into monosomy
3 tumors.

Our preliminary findings also demonstrate the anti-proliferative and toxic effects of the
dietary flavonoid quercetin in the UM cell line 92.1 via interference with glucose metabolism.
For instance, the extent of glucose uptake was lowered by approximately 25–30%, whereas
the rate of glycolysis underwent an almost 50% reduction in response to quercetin. The
more profound inhibitory effect of quercetin on the latter event suggests that this flavonoid
may be interfering with certain glycolytic enzymes or their regulators. However, we did
not observe a significant change in the expression of the PFKP and ZBTB20 proteins in
response to quercetin. It therefore remains to be determined whether the activity rather
than the total levels of these proteins or other glycolytic enzymes is influenced by quercetin
in UM cells. The suppressive effects of quercetin on glucose metabolism also deserve
further analysis with regard to the paralogous genes GNAQ or GNA11, which undergo
activating mutations in 80–90% of UMs [44,45]. The somatic mutations in GNAQ/GNA11,
which usually occur in a mutually exclusive pattern, can initiate UM tumorigenesis via the
constitutive activation of the alpha-subunits of the heterotrimeric G proteins Gq or G11,
respectively [44,45]. Remarkably, oncogenic Gq/G11 signaling was recently reported as the
major driver of metabolic reprogramming in UM cells via the promotion of glucose uptake,
glycolysis, and mitochondrial respiration [45]. Since 92.1 cells harbor the Q209L-activating
mutation in GNAQ [46], it would be very interesting to evaluate the inhibitory potential of
quercetin on the aberrant Gq signaling in UM in future studies.

Our study entails several limitations, such as the administration of quercetin at the
single dose of 50 μM in the majority of our experiments. Although this dosage was selected
as the optimal concentration based on the screening of metabolic activity via the MTT
assay, it may not have been sufficient to interfere with all of the cellular events that we
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analyzed at the same efficacy. Moreover, the incubation period with quercetin varied from
30 min to three days among the different assays, which complicated the interpretation of
the treatment outcomes. Three-day incubation was preferred to evaluate the long-term
effects of quercetin on metabolic activity, proliferation, and survival. For the remaining
assays, we incubated the cells for shorter periods based on the assay principle and/or
previous data regarding the influence of quercetin on the cellular event of interest. For
instance, the glucose uptake and glycolytic rate were evaluated through exposure of the
cells to the test conditions for 30 min or 3 h, respectively, based on the recommendations
of the assay manufacturers. To analyze G6PDH activity, glutathione reserves, and ROS
accumulation, we preferred the incubation periods of 7–13 h based on a previous study,
which reported the time-dependent effects of quercetin on glutathione levels in human
aortic endothelial cells. In the aforementioned work, quercetin resulted in a temporal
increase in the ratio of total glutathione (GSH) to the oxidized form (GSSG), which reached
a peak after 6 h despite the significant decrease in the levels of both the total and oxidized
glutathione [47]. Regarding the ATP reserves, we selected an incubation time of 2 days
to gain insight into the energetic status of UM cells after long-term exposure to quercetin.
For this assay, we also needed to normalize the results based on the amount of cellular
material, which deviated substantially among the treatment groups owing to differences in
the proliferation and survival rate over extended periods. However, we could not evaluate
the protein concentration of the cellular lysates as a control for equal cellular material due to
the interference of the lysis buffer of the ATP assay with the protein quantification reagents,
as stated by the manufacturer. We therefore quantified the number of cells in each group for
the normalization of the ATP levels. Based on these factors, we considered the incubation
period of 2 days more appropriate to reduce the confounding effects of proliferation and
survival in the ATP assay while providing the cells sufficient time to respond to the test
conditions. A further limitation of our study is the utilization of a single cell line. Future
studies with validated UM cell lines from different donors as well as normal control cells
such as choroidal melanocytes, fibroblasts, or normal skin cells would therefore provide
deeper insight into the therapeutic potential and safety of quercetin for the management of
UM. The time- and dose-dependent effects of quercetin treatment on different aspects of
glucose metabolism also deserve further investigation.

Quercetin is usually available as glycosylated isoforms which are conjugated to sugars
like glucose or rutinose. Earlier studies have reported that quercetin glycosides can compete
with glucose to pass through the energy-dependent or -independent glucose transporters
SGLT-1 or GLUT1, respectively, interfering with glucose influx [48,49]. The free, aglycone
form of quercetin, which we used in our study, could also reduce glucose uptake in Caco-2
cells, although to a lesser extent compared to the glycosylated isoforms [50]. It would
therefore be very interesting to determine the glucose transporters that are targeted by the
quercetin aglycone in UM cells in future studies, with particular focus on the GLUT family
of energy-independent transporters [11,51].

Our findings further demonstrate a reduction in ATP production of approximately
22% in response to quercetin. The magnitude of this effect also remained lower than the 50%
decrease in the glycolytic rate, suggesting that the quercetin-treated UM cells may be switching
to mitochondrial metabolism to compensate for the energy shortage. However, an earlier
study reported that UM cells with monosomy 3 exhibit a higher capacity for mitochondrial
function [52]. A certain level of mitochondrial respiration could also promote the growth
of UM cells [53]. Although these findings may initially appear to contradict our results,
hyperactivity of mitochondria for prolonged periods can intensify oxidative stress [54]. This
may also account for the almost two-fold increase in the levels of reactive oxygen species,
which mainly arise as by-products of oxidative phosphorylation, in the quercetin-treated UM
cells in our study. Although low concentrations of reactive oxygen species may promote
cell proliferation by acting as second messengers, the massive accumulation of oxidative
stress may overwhelm the repair capacity of cells, resulting in growth arrest or cell death [55].
Interestingly, the reactive oxygen species and mitochondrial activity were diminished in
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mesothelioma cells or human fibroblasts, respectively, with the inactivating mutations of
the tumor suppressor BAP1 [56,57]. Deficiency in BAP1, which is encoded by a gene on
chromosome 3, is a significant prognostic factor which is associated with a higher metastatic
risk in UM patients [5]. The influence of BAP1 depletion and quercetin treatment on the
mitochondrial activity of UM cells therefore merits future investigation.

In our study, the activity of G6PDH, which serves as the rate-limiting enzyme of
the PPP [17,20,21,58], underwent an approximately 30% decline in response to quercetin.
Interference with PPP activity may also account for the mild but significant decrease of
approximately 8.4% in the levels of total glutathione after quercetin treatment. The PPP
plays a fundamental role in the cellular defense against oxidative stress by enabling the
production of the co-factor NADPH, which acts as a reducing agent for the regeneration of
glutathione [58]. However, NADPH can also be produced by alternative mechanisms that
are mainly catalyzed by mitochondrial enzymes [59]. This compensation may therefore
account for the modest inhibitory effect of quercetin on the levels of total glutathione as
opposed to PPP activity, which deserves further examination.

In our present work, the effective dosage of quercetin on the 92.1 cell line was relatively
high, with an IC50 of 44.1 μM. This concentration was in accordance with the findings of
earlier studies, which reported the anticarcinogenic effects of quercetin at the optimal doses
of approximately 20–160 μM in diverse tumor cell lines derived from ovarian, breast, and
hepatocellular carcinomas [60–62]. In our study, quercetin was administered in RPMI-1640
medium, which is hyperglycemic with a glucose concentration of 11 mM. To simulate an
insulin-resistant rather than a diabetic environment, UM cells can be maintained under
milder or transiently hyperglycemic conditions. To mimic the regular intake of a quercetin-
rich diet in vitro, UM cells can also be exposed to lower doses of quercetin for longer
periods in future studies.

The bioavailability of quercetin has remained a concern due to the low solubility and
absorption of this flavonoid. After ingestion, the lipophilic aglycone form of quercetin can
diffuse passively from the intestinal lumen through the enterocytes, with it being absorbed
into the hepatic portal vein. In contrast, the lipophobic glycosides of quercetin need to be
converted to the aglycone form in the intestinal lumen or enterocytes before being absorbed
into the hepatic portal vein. The quercetin aglycone then undergoes further metabolization
in the liver before being distributed to other body tissues [63]. Interestingly, the hepatic
portal vein may also serve as the major entry route of the disseminated UM cells into
the liver, because the liver receives the majority of its blood supply via this vessel [64].
The regular intake of a quercetin-rich diet would therefore increase the abundance of this
flavonoid in the portal vein and liver, which may create a less permissive microenvironment
for the hepatic micrometastasis of UM.

To enhance the bioavailability of quercetin, this flavonoid can also be administered as
a dietary supplement, which usually range between doses of 150 and 5000 mg [63]. The
intake of 150–730 mg quercetin aglycone per day could indeed significantly reduce the blood
pressure of hypertensive individuals [65]. A supplement of up to 5000 mg of quercetin per
day for 4 weeks was also reported to be safe without adverse effects in clinical studies [63,66].
Assuming the complete absorption and metabolization of the ingested quercetin (molecular
weight: 302.236 g/mole), the daily intake of 76 mg of quercetin would be necessary to reach a
plasma concentration of 50 μM in a total blood volume of 5 L. It may therefore be feasible to
reach the optimal concentration of quercetin through dietary supplements, which needs to be
verified in future studies with animal models of UM metastasis.

4. Materials and Methods

4.1. Analysis of Gene Expression

The list of genes involved in glycolysis and/or the PPP was constructed using the Gene
Ontology (http://geneontology.org/) and Reactome (https://reactome.org/) databases
(accessed on 21 April 2021). The mRNA expression data of the UM cohort of the TCGA
study were downloaded from the Xena platform of the University of California, Santa Cruz
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(https://xena.ucsc.edu/; accessed on 23 April 2021). Validation of gene expression was
performed using the normalized microarray data of two independent studies available in
the GEO database (https://www.ncbi.nlm.nih.gov/geo/; accession numbers: GSE22138
and GSE44295; accessed on 10 May 2021). Gene expression was presented in log2-converted
values. Fold changes were calculated from the mean expression values. Heatmaps were
generated using the z-scores of gene expression. Kaplan–Meier curves were constructed us-
ing the UCSC Xena platform. The unbiased analysis of gene set enrichment was performed
by using the Enrichr database [67].

4.2. Cell Culture and Test Substances

The UM cell line 92.1 was kindly provided by Prof. Martine J. Jager (Leiden University
Medical Center, Leiden, the Netherlands), in whose laboratory this cell line was estab-
lished [68]. The 92.1 cells were authenticated by the profiling of short tandem repeats in
previous studies [46,69] and harbor the Q209L-activating mutation in GNAQ [46,69]. The
cells were grown under normoxic conditions at 37 ◦C with 5% CO2 in RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 units/mL peni-
cillin, and 100 μg/mL streptomycin (Life Technologies, Darmstadt, Germany) and passaged
weekly via trypsinization.

Quercetin aglycone (Sigma-Aldrich, Darmstadt, Germany) was reconstituted in DMSO
at 50 mM, stored as aliquots at −20 ◦C under light protection, and diluted in the culture
medium at the indicated concentrations for the subsequent assays. The solvent controls
were incubated with the culture medium that was supplemented with DMSO at the same
volumes of quercetin. An additional group of cells were incubated in a low-serum medium
with 0.5% FBS as a control for growth factor deprivation.

4.3. Immunocytochemistry

The cells were seeded into 8-well polycycloalkanes slides (Sarstedt, Nümbrecht, Ger-
many) at a concentration of 10,000 cells/well, allowed to attach overnight, incubated with
the test substances for 3 days at 37 ◦C with 5% CO2, fixed with 2% paraformaldehyde
in phosphate-buffered saline (PBS) for 10 min followed by 4% paraformaldehyde–PBS
for 10 min, rinsed three times in PBS, and kept in the blocking buffer (3% bovine serum
albumin in 10 mM Tris-HCl (pH = 7.5), 120 mM KCl, 20 mM NaCl, 5 mM ethylenedi-
aminetetraacetic acid, and 0.1% Triton X-100) for 30 min. The cells were incubated with
the rabbit primary antibodies against Ki67 (Abcam, Cambridge, UK, 1:1000 dilution in
blocking buffer), PFKP (Proteintech Germany GmbH, St. Planegg-Martinsried, Germany;
1:200 dilution in blocking buffer), or ZBTB20 (Proteintech Germany GmbH, 1:200 dilution
in blocking buffer) overnight at 4 ◦C followed by the Cy3-conjugated secondary anti-rabbit
antibodies (Jackson Immunoresearch, Cambridgeshire, UK, catalog number: 111-165-003,
3.75 μg/mL in blocking buffer) for 1 h at room temperature and protected from light. In
the samples that were processed for the detection of PFKP or ZBTB20, actin filaments were
stained with Alexa 488-phalloidin (Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA; 240 units/mL in blocking buffer) for 30 min. The nuclei were counterstained with
0.5 μg/mL 4′,6-diamidino-2-phenylindole (DAPI, 0.5 μg/mL in PBS) for 10 min, with the
rinsing of cells three times in PBS after each step. The cells were mounted in Mowiol and
stored at 4 ◦C. Images were acquired with a monochrome digital camera (DFC 350 FX;
Leica Microsystems, Wetzlar, Germany) that was attached to a fluorescence microscope
(Leica DMI 6000B) by using Leica Application Software (Advanced Fluorescence 2.3.0,
build 5131) and the following filter sets: A4 (excitation: 360/40 nm; emission: 470/40 nm);
L5 (excitation: 460/40 nm; emission: 527/30 nm); and Y3 (excitation: 545/30 nm; emission:
610/75 nm).

4.4. MTT Assay and IC50 Calculation

The cells were seeded into 96-well plates (5000 cells per well), allowed to attach overnight
at 37 ◦C, and incubated with the test substances in triplicate for three days at 37 ◦C. The MTT
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dye solution was added at a final concentration of 0.5 mg/mL into each well except for the
background controls, and the cells were incubated further for 3 h at 37 ◦C. The formazan
crystals were solubilized by DMSO, and the absorption at 544 nm was measured with a
spectrophotometer (FLUOstar Optima, BMG Labtech GmbH, Ortenberg, Germany). The
mean absorbance was calculated for each group after background substraction.

For the calculation of IC50, a scatter plot was constructed with the concentrations of
the test substances versus the absorbance values on the x- versus y-axes, respectively, by
using Windows Excel (Version 2402). The y-axis was converted into the logarithmic scale.
The IC50 of quercetin was calculated from the function of the exponential trendline that
was fitted onto the respective curve.

4.5. Live/Dead Assay

The cells were seeded into flat-based 96-well plates with black polystyrene frames
(Lumox® multiwell, Sarstedt, Germany) at a concentration of 8000 cells/well, allowed to
attach overnight at 37 ◦C, and incubated with the test substances in quadruplicates for
three days at 37 ◦C. The cells were then washed twice with PBS and incubated for 45 min at
room temperature with the mixture of Calcein-AM and propidium iodide (ABP Biosciences,
Beltville, MD, USA), which were diluted in PBS at the final concentrations of 2 μM and
4 μM, respectively. A single well per each group was left in PBS as the background control.
The fluorescence intensities were measured by using a fluorometer (FLUOstar Optima) at
the following wavelength settings: Calcein-AM—excitation: 485 nm, emission: 520 nm,
and gain: 1100; propidium iodide—excitation: 544 nm, emission: 590 nm, and gain: 2300.
The mean fluorescence in each group was calculated after substracting the corresponding
background signals, and the ratio of the Calcein-AM/propidium iodide intensities was
taken as the live/dead index per group. Prior to fluorescence microscopy, the nuclei were
counterstained with 10 μg/mL DAPI in PBS for 10 min. Images of the cells were acquired
by using an inverted fluorescence microscope (Leica DMI 6000B) by using the filter sets as
described in the Immunocytochemistry section above.

4.6. BrdU Assay

The cells were seeded into 96-well plates at a concentration of 8000 cells/well, allowed
to attach overnight, and incubated with the test substances for 3 days at 37 ◦C with 5%
CO2. Incorporation of BrdU into the DNA was measured with a colorimetric detection
kit (Abcam, Berlin, Germany) by following the manufacturer’s instructions. The cells
were exposed to the BrdU reagent during the final 24 h of incubation. The cells that were
incubated without the BrdU reagent served as the negative control. The absorbance values
were read at 450 nm with a spectrophotometric microplate reader (FLUOstar Optima). The
mean absorbance for each group was determined after subtracting the mean value of the
negative control.

4.7. Measurement of Reactive Oxygen Species

The cells were seeded into flat-based 96-well plates with black polystyrene walls
(Lumox® multiwell, Sarstedt, Germany) at a concentration of 30,000 cells/well, allowed to
attach overnight at 37 ◦C and treated with the test substances in triplicate for 12–13 h at
37 ◦C with 5% CO2. The cells were then incubated for 30 min at 37 ◦C with the MitoROSTM

580 reagent that was diluted in the assay buffer following the manufacturer’s instructions
(AAT Bioquest, Pleasanton, CA, USA). A single well per each group was left in normal test
medium as the background control. The fluorescence intensities were measured from the
well bottom by using a fluorometer (SpectraMax i3x; Molecular Devices, Munich, Germany)
at an excitation of 540 nm and an emission of 590 nm, with a cutoff at 570 nm. For the
normalization of cell numbers in each well, the cells were fixed with 4% paraformaldehyde
in PBS for 10 min, washed twice briefly in PBS, counterstained with 0.5 μg/mL DAPI in
PBS for 10 min, and rinsed twice in PBS. The fluorescence signals of the nuclear stainings
were measured from the well bottom by using a fluorometer (SpectraMax i3x) at the
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excitation/emission values of 360/470 nm. For each group, the mean fluorescence values
were calculated after substracting the corresponding background signals, and the intensity
of the MitoROS signals was divided by the intensity of the respective nuclear staining for
normalization based on the cell number. Images of the cells were acquired with the use of
an inverted fluorescence miscroscope (Leica DMI 6000B) by using the A4 and Y3 filter sets
as described in the Immunocytochemistry section above.

4.8. Glucose Uptake

The cells were seeded into 24-well plates at a concentration of 20,000 cells/well and
allowed to attach overnight at 37 ◦C with 5% CO2. The cells were then rinsed twice with
serum- and glucose-free RPMI-1640 medium and incubated for 30 min at 37 ◦C with
the test substances in glucose-free RPMI-1640. Afterward, 6-NBDG was introduced into
the culture medium at a final concentration of 300 μM, except for the negative control
group, and the cells were further incubated for 30 min, followed by two brief rinses
in PBS. The cells were then visualized immediately via fluorescence and phase-contrast
microscopy (Leica DMI 6000B). Quantification of the integrated density was performed in
a minimum of n = 201 cells/group using Fiji software (version 1.53t) [70]. For this purpose,
the cell contours were circumscribed on the phase-contrast images. The mean intensity
was determined by redirecting the measurements to the fluorescence images. The mean
intensity of the negative control group was subtracted from the mean intensity of each cell,
which was then multiplied with the cellular area for calculation of the integrated density.

4.9. Glycolysis Assay

The cells were seeded into flat-based 96-well plates with black, polystyrene walls
(Lumox® multiwell, Sarstedt, Germany) at a concentration of 60,000 cells/well and allowed
to attach overnight at 37 ◦C with 5% CO2. The glycolytic rate was measured by using a
fluorometric assay that was based on extracellular acidification following the manufac-
turer’s instructions (Abcam, catalog number: ab197244). Prior to the test, CO2 was removed
by incubating the plate in a humidified, CO2-free incubator at 37 ◦C for 3 h to minimize
background acidification. The cells were then treated with the test substances that were
diluted in the respiration buffer of the assay in duplicate for 3 h at 37 ◦C without CO2 in a
temperature-controlled fluorometer (SpectraMax i3x; Molecular Devices). The negative
control of each group was incubated without the glycolysis assay reagent. The fluorescence
intensity was measured at an excitation of 380 nm and an emission of 615 nm. The mean
intensity of each group was calculated after background subtraction.

4.10. ATP Assay

The cells were seeded into 96-well plates at a density of 30,000 cells/well (100 μL/well),
allowed to attach overnight, and incubated with the test substances in triplicate for 2 days.
ATP levels were measured by using a luminescence assay as instructed by the manufacturer
(Abcam, ab113849). As a control for equal cellular material, phase contrast images of the
center of each well were acquired prior to cell lysis using an inverse microscope (Leica) at
50× magnification, and cell density was quantified by using Fiji software. The contents of
each well were transferred into an opaque, white 96-well microplate, and luminescence
was measured using a multi-mode microplate reader (SpectraMax i3x). After background
subtraction, the mean ATP concentration of each group was normalized to the cell density
of the corresponding group.

4.11. G6PDH Activity

The cells were seeded into 12-well plates at a concentration of 200,000 cells/well,
allowed to attach overnight at 37 ◦C with 5% CO2, and incubated with the test substances for
11–13 h. G6PDH activity was measured by using a colorimetric assay in duplicate for each
group following the manufacturer’s instructions (Cell Biolabs Inc., San Diego, CA, USA,
catalog number: MET-5081). The background control of each group was treated without
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the G6PDH substrate. Absorbance at 450 nm was measured using a multi-mode microplate
reader (SpectraMax i3x). After background subtraction, the mean G6PDH activity of each
group was normalized to the total protein concentration of the corresponding cellular lysate
that was determined by the bicinchoninic acid (BCA) assay (Thermo Fisher Scientific).

4.12. Total Glutathione Assay

The cells were seeded into 96-well plates at a density of 10,000 cells/well (100 μL/well),
allowed to attach overnight, and incubated with the test substances in duplicate for 7–10 h.
The wells without cells served as the background control. The total glutathione levels
were measured by using a luminescence assay following the manufacturer’s instructions
(Promega, Walldorf, Germany, V6611). The contents of each well were transferred into
an opaque, white 96-well plate, and luminescence was measured by using a multi-mode
microplate reader (SpectraMax i3x).

4.13. Immunoblotting

The cells that were grown in 6-well-plates were washed twice with ice-cold PBS, kept on
ice, and lysed in ice-cold cell lysis buffer (50 mmol/L Tris-HCl, pH 7.4, 150 mmol/L NaCl,
2 mmol/L EDTA, 1% NP-40 [v/v], 0.1% SDS, 0.5% sodium deoxycholate, and 50 mmol/L NaF,
supplemented with protease and phosphatase inhibitors (Sigma-Aldrich, Munich, Germany;
1:100 each) immediately before use) for 15 min under gentle agitation on a shaker. Lysates
were cleared by centrifugation at 12,000× g, 4 ◦C for 20 min (Sigma 2-16PK; Hettich, Tuttlingen,
Germany). The supernatants were collected and stored at −80 ◦C. Protein concentration was
determined by the BCA assay (Thermo Fisher Scientific). Samples were denatured at 95–99 ◦C
for 5 min and run in 4–10% TGX stain-free polyacrylamide gels (Bio-Rad, Munich, Germany)
under denaturing and non-reducing conditions with 15 μg of protein/well. Protein loading in
the gels was visualized using ChemiDoc MP stain-free imaging (Bio-Rad) through activation
with ultraviolet light for 5 min. The gels were then equilibrated in blotting buffer (48 mmol/L
Tris, 39 mmol/L glycine, 10% methanol [v/v], and 0.04% SDS [w/v]) for 10 min and transferred
onto methanol-activated polyvinylidene fluoride (PVDF) membranes via semi-dry blotting
(Biotec-Fischer, Reiskirchen, Germany) at a constant current of 0.8 mA/cm2 for 1 h. Protein
transfer onto the membranes was visualized through the use of the ChemiDoc MP stain-free
system. Membranes were blocked in 5% non-fat dry milk in Tris-buffered saline solution
with 0.1% Tween-20 (TBST) for 1 h under gentle agitation and incubated with a mixture of
the rabbit primary antibodies against ZBTB20 (Proteintech, 1:1000) and beta-actin (Abcam,
1:1000) that were diluted in TBST with 0.5% non-fat dry milk followed by the HRP-conjugated
goat anti-rabbit secondary antibodies (Jackson Immunoresearch, Cambridgeshire, UK, 1:5000
in blocking buffer) for 1 h at room temperature. Signal detection was performed with the
Super Enhanced Chemiluminescence Kit (ABP Biosciences, Rockville, MD, USA) using the
ChemiDoc MP system. After stripping the membranes at 37 ◦C for 15 min as instructed by
the manufacturer (Thermo Fisher Scientific), the blots were reprobed with the primary rabbit
antibodies against PFKP (Proteintech, 1:2000), followed by the abovementioned secondary
antibodies and signal detection.

4.14. Statistical Analysis

Data were analyzed using NCSS statistical software (Version 2021; NCSS, Kaysville,
UT, USA) on Windows 10. The correlation between gene expression and the copy number
of chromosome 3 was assessed through the use of the Pearson and Spearman tests. The
normality of distribution and equality of variances were verified through the use of the
Shapiro–Wilk and Brown–Forsythe tests, respectively. The association between binary
factors and continuous variables was evaluated through the use of the non-paired two-sided
t-test, assuming equal variance, or the Mann–Whitney U test with normal approximation.
The categorical variables with three or more subgroups were analyzed using one-way
analysis of variance or the Kruskal–Wallis test, with tie correction for the latter performed
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when necessary. Bonferroni correction was applied for multiple hypothesis testing. p-values
less than 0.05 were considered as significant.

5. Conclusions

In conclusion, we report for the first time that aggressive UM cells with monosomy
3 exhibit a more glycolytic gene expression profile, which may confer these cells with a
growth advantage by enabling the efficient usage of glucose for the production of energy
or biomass depending on cellular priorities. Our preliminary findings also highlight the
therapeutic potential of quercetin as a novel, affordable, and immediately available therapy
approach to prevent the growth of UM cells by interfering with the glucose metabolism
of these tumors. The anti-carcinogenic potential and safety of quercetin in UM therefore
deserves further investigation in future studies by analyzing a wider range of quercetin
concentrations for different cellular events and including multiple melanoma cell lines as
well as normal melanocytes or skin cells as controls.
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Abstract: Gynecologic tract melanoma is a malignant tumor with poor prognosis. Because of the low
survival rate and the lack of a standard treatment protocol related to this condition, the investigation of
the mechanisms underlying melanoma progression is crucial to achieve advancements in the relevant
gynecological surgery and treatment. Mitochondrial transfer between adjacent cells in the tumor
microenvironment regulates tumor progression. This study investigated the effects of endothelial
mitochondria on the growth of melanoma cells and the activation of specific signal transduction
pathways following mitochondrial transplantation. Mitochondria were isolated from endothelial
cells (ECs) and transplanted into B16F10 melanoma cells, resulting in the upregulation of proteins
associated with tumor growth. Furthermore, enhanced antioxidation and mitochondrial homeostasis
mediated by the Sirt1-PGC-1α-Nrf2-HO-1 pathway were observed, along with the inhibition of
apoptotic protein caspase-3. Finally, the transplantation of endothelial mitochondria into B16F10
cells promoted tumor growth and increased M2-type macrophages through Nrf2/HO-1-mediated
pathways in a xenograft animal model. In summary, the introduction of exogenous mitochondria
from ECs into melanoma cells promoted tumor growth, indicating the role of mitochondrial transfer
by stromal cells in modulating a tumor’s phenotype. These results provide valuable insights into the
role of mitochondrial transfer and provide potential targets for gynecological melanoma treatment.

Keywords: melanoma; endothelial cells; mitochondrial transplantation; Nrf2; tumor microenvironment;
M2-type macrophage; tumor growth
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1. Introduction

Melanoma, the most aggressive type of skin cancer, grows rapidly and can metastasize
to other organs. In particular, gynecologic tract melanoma has a poor prognosis, with a
5-year survival rate lower than 25%. Because of the low survival rate and the lack of a
standard treatment approach related to gynecologic tract melanoma [1–3], elucidation of
the mechanisms underlying melanoma progression is crucial for achieving advancements
in relevant gynecological surgery and treatment. Studies have indicated that extracellular
signal-regulated kinase (ERK) and phosphoinositide 3-kinase/protein kinase B (AKT)
pathways play major roles in the progression of melanoma [4–6]. In addition, genes
implicated in cell cycle progression, including cyclin D1 and cyclin E, are commonly
amplified in melanoma [7]. Furthermore, the progression of melanoma involves interactions
with surrounding stromal cells in the tumor microenvironment (TME). Interactions between
melanoma cells and endothelial cells (ECs) are crucial in tumor biology and enable tumor
cells to undergo proliferation and metastasis [8]. In addition, such interactions—which
occur through paracrine communication, direct contact, or gap junctions—facilitate the
release of various signaling molecules—including growth factors, extracellular vesicles, and
mitochondria—into the TME [8,9]. In the TME, M1-type antitumor macrophages expressing
inducible nitric oxide synthase (iNOS) are polarized into M2-type macrophages expressing
arginase 1 (Arg1), thereby promoting cancer cell proliferation and metastasis. Furthermore,
cancer cells stimulate the differentiation of nonactivated macrophages into an M2-like
tumor-associated macrophage (TAM) phenotype through the action of transforming growth
factor β (TGF-β) [10–13].

Mitochondria, also regarded as endosymbiotic organelles, not only produce the ma-
jority of cellular energy, but also are involved in cellular exchanges, modulating the fate
and function of cells [14,15]. Nuclear respiratory factor 2 (Nrf2) is a key modulator of
peroxisome proliferator-activated receptor-gamma coactivator 1-α (PGC-1α)-mediated
mitochondrial activity and protects against reactive oxygen species (ROS) generation and
oxidative damage [16,17]. Mitochondrial transfer between adjacent cells occurs through
tunneling nanotubes, microvesicles, gap junctional intercellular communication, and extru-
sion [9,15] the transfer of mitochondria from vascular smooth muscle cells to mesenchymal
stem cells (MSCs) enhances cell proliferation [18]. In addition, the mitochondria from MSCs
alleviate stress in patients with osteoarthritis [19]. Furthermore, the mitochondria obtained
from bone-marrow-derived MSCs can rescue cardiomyocytes from ischemia-induced ox-
idative stress and cell death [20]. MSCs donate their healthy mitochondria to damaged
cells, thereby enhancing the recipient cells’ oxidative stress resistance, proliferation, and an-
tiapoptotic capability [21]. In addition, such intercellular mitochondrial transfer is involved
in the regulation of cancer progression [21–24]. Nevertheless, the mechanisms through
which endothelial mitochondria affect melanoma progression, and subsequently regulate
TAMs to promote tumor growth after their transfer, remain to be elucidated.

In recent years, mitochondrial transplants have emerged as a method for examining
the functions of recipient cancer cells after their uptake of mitochondria from donor cells in
the TME [25,26]. A common approach to mitochondrial transplants involves co-culturing
recipient cells with isolated mitochondria from donor cells [27,28]. In the present study, we
transplanted mitochondria from ECs into melanoma cells and used signaling pathways
and tumor xenograft animal models to investigate the role of mitochondrial transfer in
melanoma progression.

2. Results

2.1. Transplanted Endothelial Mitochondria Upregulated Mitochondrial Biogenesis with Mediation
by the Redox-Sensitive Transcription Factor Nrf2

Silent mating-type information regulation 2 homolog (Sirt1), an NAD+-dependent
class III histone deacetylase, plays a key role in both mitochondrial biogenesis and cellular
redox homeostasis through the PGC-1α and Nrf2 pathways [29]. Nrf2, a redox-sensitive
transcription factor, subsequently induces heme oxygenase-1 (HO-1) expression. Upregula-
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tion of HO-1 is vital for protecting cancer cells against oxidative stress [30]. To investigate
the intracellular effects of endothelial mitochondrial transplantation, mitochondria isolated
from human umbilical vein ECs (HUVECs; 5 × 106 cells) were incubated with 5 × 106

B16F10 melanoma cells. After 24 or 48 h of coincubation, we examined the expression
levels of Nrf2, HO-1, PGC-1α, Sirt1, and autophagic biomarker LC3B. The results indicated
time-dependent increases in the levels of Nrf2, HO-1, PGC-1α, and Sirt1 proteins and a
reduction in the level of LC3B (Figure 1).

Figure 1. Transplanted HUVEC mitochondria upregulated the expression of antioxidant and mito-
chondria biogenesis proteins in B16F10 cells. (A) Western blot analysis demonstrating the protein
expression levels of Nrf2, HO-1, PGC-1α, Sirt1, and LC3B in B16F10 cells with or without HUVEC
mitochondrial transplantation at 24 and 48 h. (B) Quantitative analysis of Nrf2, HO-1, PGC-1α, Sirt1,
and LC3B expression levels in B16F10 cells after the transplantation of HUVEC mitochondria, as
determined through Western blotting at 24 and 48 h. Data are presented as the mean ± standard
error after ≥3 independent experiments. Statistical significance was assessed using Student’s t test:
* p < 0.05, ** p < 0.01, *** p < 0.005.

2.2. Transplanted Endothelial Mitochondria Enhanced Melanoma Cells’ Viability through
Activation of ERK and AKT Signaling and Suppression of Apoptosis

After confirming that HUVEC mitochondria can be transplanted into B16F10 cells, a
process that affects both mitochondrial biogenesis and cellular redox homeostasis, we iden-
tified the proteins involved in cancer cell proliferation and apoptosis. The results revealed
that the transplantation of HUVEC endothelial mitochondria significantly enhanced the
phosphorylation capabilities of ERK and AKT in a time-dependent manner (Figure 2A,B).
The expression of cyclin D1 and cyclin E, which regulate cell proliferation, is deregulated
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in many cancers, including melanoma [31]. We observed upregulated expression of both
cyclin D1 and cyclin E (Figure 2C,D). Moreover, the transplantation of endothelial mito-
chondria enhanced the viability of B16F10 cells (Figure 2E). The cleaved caspase-3 was
increased at 24 h and then reduced the level of apoptotic protein cleaved caspase-3 at 48 h
(Figure 2F,G).

Figure 2. Transplanted HUVEC mitochondria-activated proliferative signaling and inhibited apoptosis
in B16F10 cells. (A) Western blot analysis demonstrating the activation of the ERK and AKT signaling
pathways at 1, 2, and 8 h following HUVEC mitochondrial transplantation. (B) Quantitative analysis of
the phosphorylation ratios of ERK and AKT after treatment with HUVEC mitochondria, as determined
through Western blotting. (C) Expression levels of cyclin D1 and cyclin E in B16F10 cells treated with
HUVEC mitochondria for 48 h, as determined through Western blotting. (D) Quantitative analysis
of cyclin D1 expression and cyclin E expression. (E) Viability of B16F10 cells at 24 and 48 h after
treatment, as evaluated using the CCK8 assay. (F) Caspase-3 and cleaved caspase-3 levels in B16F10
cells, analyzed through Western blotting at 24 and 48 h after treatment with HUVEC mitochondria.
(G) Quantification of the cleaved caspase-3-caspase-3 expression ratio. Data are presented as the mean
± standard error of the mean after ≥3 independent experiments. Statistical significance was assessed
using a two-tailed Student’s t-test: * p < 0.05, ** p < 0.01, *** p < 0.005.

2.3. Transplanted Endothelial Mitochondria-Suppressed AKT, Oxidative Stress and Apoptosis
of Melanoma Cells through Activation of Nrf2-Mediated Signaling

To determine whether Nrf2 plays a pivotal role in AKT or ERK signaling, oxidative
stress adaption, or apoptosis in melanoma cells after the uptake of endothelial mitochondria,
we used brusatol, an Nrf2 inhibitor, and AI-1, an Nrf2 activator, to evaluate the activities of
AKT, ERK, ROS, and apoptotic protein caspase-3. As shown in Figure 3, treatment with
brusatol (40 nM) for 48 h revealed that the suppression of Nrf2 inhibited AKT signaling,
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increased ROS, and promoted apoptosis. By contrast, AI-1-activated AKT signaling reduced
ROS and inhibited apoptosis, specifically AI-1- or brusatol-regulated AKT phosphorylation
but not ERK (Figure 3).

Figure 3. Effects of AI-1 and brusatol on B16F10 Cells. (A) Western blot analysis comparing the ratio
of p-AKT/AKT in B16F10 cells treated with AI-1 (10 μ) and brusatol (40 nM) at 48 h. (B) Quantitative
analysis of the p-AKT/AKT ratio after treatment with AI-1 and brusatol, as determined through
Western blotting at 48 h. (C) Western blot analysis comparing the ratio of p-ERK/ERK in B16F10
cells treated with AI-1 (10 μ) and brusatol (40 nM) at 48 h. (D) Quantitative analysis of the p-
ERK/ERK ratio after treatment with AI-1 and brusatol, as measured through Western blotting at
48 h. (E) Cellular ROS levels of B16F10 cells treated with AI-1 (10 μ) and brusatol (40 nM) at 48 h, as
determined through flow cytometry. (F) Quantification of ROS levels in B16F10 cells treated with
AI-1 (10 μM) and brusatol (40 nM) at 48 h, as determined through flow cytometry. (G) Evaluation of
caspase activity in B16F10 cells treated with AI-1 (10 μM) and brusatol (40 nM) at 48 h, as determined
through flow cytometry. (H) Quantitative analysis of caspase activity in B16F10 cells treated with
AI-1 (10 μ) and brusatol (40 nM) at 48 h, as determined through flow cytometry. Data are presented
as the mean ± standard error of the mean after ≥3 independent experiments. Statistical significance
was assessed using a two-tailed Student’s t-test: ** p < 0.01, *** p < 0.005.

2.4. Transplantation of Endothelial Mitochondria-Promoted Melanoma Tumor Growth through
Nrf2-Mediated Pathway in a Tumor Xenograft Animal Model

Mice were inoculated with B16F10 cells containing HUVEC mitochondria. After
10 days, the tumors in these mice were larger than those in the mice injected with B16F10
cells without HUVEC mitochondria (Figure 4A,B). Protein expression in the tumors in
these mice was similar to that observed in melanoma cells after the uptake of endothelial
mitochondria (Figure 4C–F). These results indicate that the uptake of endothelial mitochon-
dria by melanoma cells promotes tumor growth through AKT/ERK and Nrf2-mediated
pathways.
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Figure 4. Xenograft analysis of melanoma tumor growth. (A) Mice were inoculated with B16F10 cells
that underwent HUVEC mitochondrial transplantation and were monitored for 10 days. (B) Tumor
size analysis in six mice. (C) Western blot analysis comparing the protein expression levels of
Nrf2, HO-1, PGC-1α, Sirt1, and LC3B in B16F10 tumors with or without HUVEC mitochondrial
transplantation at 10 days. (D) Quantification of the protein expression levels of Nrf2, HO-1, PGC-1α,
Sirt1, and LC3B in B16F10 tumors with or without HUVEC mitochondrial transplantation at 10 days.
(E) Western blot analysis of AKT or ERK signaling in B16F10 tumors with or without HUVEC
mitochondrial transplantation at 10 days. (F) Quantitative analysis of p-AKT/AKT and p-ERK/ERK
ratios in B16F10 tumors with or without HUVEC mitochondrial transplantation at 10 days. Data are
presented as the mean ± standard error of the mean after ≥3 independent experiments. Statistical
significance was assessed using a two-tailed Student’s t-test: * p < 0.05, *** p < 0.005.

2.5. Transplant of Endothelial Mitochondria to Melanoma Upregulated Matrix Metallopeptidase 9,
TGF-β1 and Induced M2-Type TAM in a Tumor Xenograft Animal Model

Nrf2 activates several oncogenes, including matrix metallopeptidase 9 (MMP9). MMP9
is the main enzyme able to remodel the extracellular matrix by favoring the tumor invasive
processes [32,33]. Protein expression in the tumors and melanoma cells revealed the
upregulation of MMP-9 and TGF-β1 after the transplantation of endothelial mitochondria
(Figure 5A–D). The TGF-β signaling pathway plays a role in melanoma metastasis and
macrophage polarization. TGF-β induces macrophage polarization into M2-like TAMs.
These cells expressed the enzyme Arg1 display tumorigenic functions with increased
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metastatic potential and tumor cell proliferation [10–13,34]. TGF-β induces macrophages
to express the M2-type marker Arg1 and downregulates the expression of the M1-type
marker iNOS. In the mitochondrial transplantation groups, Arg1 was upregulated not only
in a tumor xenograft animal model, but also in a B16F10 melanoma cell model. However,
iNOS was downregulated in the mitochondrial transplant groups but not in the control
groups (Figure 5E,F). Finally, TGF-β-induced macrophage Arg1 expression was confirmed
in TGF-β1-treated RAW264.7 macrophage cells (Figure 5G,H).

Figure 5. Xenograft analysis of melanoma tumor growth. (A) Western blot analysis comparing
the protein expression levels of MMP-9 and TGF-β1 in B16F10 tumors with or without HUVEC
mitochondrial transplantation at 10 days. (B) Quantitative analysis of MMP-9 and TGF-β1 protein
expression levels in B16F10 tumors with or without HUVEC mitochondrial transplantation at 10 days.
(C) Western blot analysis comparing the protein expression levels of MMP-9 and TGF-β1 in B16F10
cells with and without HUVEC mitochondrial transplantation at 24 or 48 h. (D) Quantification of
MMP-9 and TGF-β1 expression after treatment with HUVEC mitochondria, as measured through
Western blotting at 24 or 48 h. (E) Western blot analysis comparing iNOS and Arg1 protein levels in
B16F10 tumors with or without HUVEC mitochondrial transplantation at 10 days. (F) Quantitative
analysis of iNOS and MMP-9 protein levels in B16F10 tumors with or without HUVEC mitochondrial
transplantation at 10 days. (G) Western blot analysis comparing iNOS and Arg1 protein expression
levels in RAW264.7 cells treated with or without TGF-β1 (20 ng/mL) at 48 h. (H) Quantification of
iNOS and MMP-9 protein levels in RAW264.7 cells treated with or without TGF-β1 (20 ng/mL) at
48 h. Data are presented as the mean ± standard error of the mean after ≥3 independent experi-
ments. Statistical significance was assessed using a two-tailed Student’s t-test: * p < 0.05, ** p < 0.01,
*** p < 0.005.
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2.6. Transplant of Endothelial Mitochondria into Melanoma Cells Upregulated TGF-β Expression
through the Nrf2-Mediated Pathway

To determine whether Nrf2 also plays a role in TGF-β expression, we used SB431540, a
TGF-β inhibitor, and brusatol to evaluate the expression of TGF-β in B16F10 cells containing
HUVEC mitochondria. SB431540 inhibited TGF-β1 expression but did not affect Nrf2
expression (Figure 6A,B). By contrast, brusatol inhibited the expression of both Nrf2 and
TGF-β1 (Figure 6C,D), indicating that Nrf2 plays a role in TGF-β expression in melanoma
containing endothelial mitochondria.

Figure 6. Effects of SB431540 and brusatol on B16F10 Cells. (A) Western blot analysis comparing
Nrf2 and TGF-β1 protein levels in B16F10 cells with or without SB431540 (10 μM) treatment at 48 h.
(B) Quantification of Nrf2 and TGF-β1 expression levels after treatment with or without SB431540,
measured through Western blotting at 48 h. (C) Western blot analysis comparing Nrf2 and TGF-β1
in B16F10 cells treated with or without brusatol (40 nM) at 48 h. (D) Quantification of Nrf2 and
TGF-β1 expression levels at 48 h after treatment with or without brusatol, as determined through
Western blotting. Data are presented as the mean ± standard error of the mean after ≥3 independent
experiments. Statistical significance was assessed using a two-tailed Student’s t-test: ** p < 0.01.

3. Discussion

The TME plays a vital role in cancer development. Melanoma cells rely on their
interactions with various other cells in their TME because such interactions are crucial for
acquiring the characteristics typical of solid cancers. ECs are among the key interacting
cell types in the gynecologic melanoma microenvironment. Studies have highlighted that
although several mechanisms facilitate crosstalk between cancer and stromal cells, mito-
chondrial transfer supports cancer progression [22,35]. Thus, other studies have extensively
investigated the effects of mitochondrial transfer on cell survival and antiapoptotic pro-
cesses [24,35]. Cancer-associated fibroblasts (CAFs), which are predominant in the stromal
compartment of many solid cancers, contribute to both tumor initiation and tumor pro-
gression. In particular, CAFs promote prostate cancer malignancy through mitochondrial
transfer and metabolic reprogramming [36]. However, the role of endothelial mitochondria
in melanoma progression remains unclear. Multiple methods for delivering exogenous
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mitochondria to recipient cells have been developed. Mitochondrial transplantation is one
such method used to specifically examine the functional changes in recipient cancer cells af-
ter the uptake of mitochondria from donor cells in the TME. Various approaches—including
coculturing, direct injection, and intracoronary vascular infusion in animal models—can
be employed for mitochondrial transplantation [28]. Coculturing is the simplest approach
for investigating the effects of mitochondrial uptake on the function of recipient cells. In
addition, exogenous mitochondria can be introduced into cells through cell fusion, actin-
dependent endocytosis, or micropinocytosis [37]. The present study investigated the effects
of endothelial mitochondrial transplantation on melanoma progression.

Specifically, this study demonstrated that transplanting exogenous heterologous mito-
chondria from HUVECs into B16F10 melanoma cells resulted in the successful uptake of
these mitochondria, thereby promoting the survival and proliferation of melanoma cells.
However, the intricate mechanisms underlying this process remain unclear. Melanoma
cells exhibit a high proliferative capacity mainly because of the constitutive activation
of the ERK and AKT pathways, which results in rapid cell growth through the upregu-
lation of cyclin D1 and cyclin E [38–40]. The increased expression of cyclin D1 in both
primary and metastatic melanoma [41] indicates its crucial role in tumor progression. Al-
though the caspase-3 increased and then decreased at 48 h, in the present study, after the
transplantation of HUVEC mitochondria, B16F10 cells exhibited enhanced ERK and AKT
signaling and increased cyclin D1 and cyclin E expression, suggesting that the transfer
of endothelial mitochondria from the TME supports the growth of melanoma, a finding
corroborated by relevant studies. Mitochondrial transfer between ECs and cancer cells
causes phenotypic changes and induces chemoresistance in cancer cells [22]. In addition,
one study demonstrated that stem cells donate their mitochondria to neighboring cells,
aiding oxidative stress resistance and improving metabolic conditions, and thus promoting
cell proliferation and enhancing antiapoptotic capability [42]. For instance, the introduction
of healthy mitochondria into human prostate cancer PC-3 cells promoted cell proliferation
and rescued cells from cisplatin-induced death [23]. Moreover, the engulfment of foreign
somatic-derived mitochondria by MSCs increased the expression of the cytoprotective
enzyme HO-1 and stimulated mitochondrial biogenesis [42].

HO-1 is a downstream protein of Nrf2 [30]. In this study, after the transplantation
of HUVEC mitochondria, we observed increases in Nrf2, HO-1, PGC-1α, and Sirt1 levels.
Sirt1 plays a key role in metabolic control and regulates the proliferation and viability of
melanoma cancer cells [43]. It also contributes to mitochondrial biogenesis and maintains
cellular redox homeostasis by increasing PGC-1α expression [44] and promoting Nrf2
activation [45]. Nrf2 activation promotes the transcription of cytoprotective genes and
antioxidant enzymes, thereby protecting against oxidative stress in melanoma [46]. Our
findings revealed that the autophagic marker LC3B was downregulated in melanoma
cells and in a xenograft tumor animal model. Autophagy modulation occurs through an
ROS-dependent mechanism. Inhibition of the antioxidant protein HO-1 induced autophagy
in cancer cells [47]. As depicted in Figure 3E, the ROS level was reduced by the Nrf2
inhibitor. These results suggest that autophagy is inhibited through Nrf2/HO-1-mediated
ROS elimination in melanoma cells containing endothelial mitochondria. In addition, AKT
phosphorylation activates Nrf2-dependent mitochondrial biogenesis [48]. In the present
study, the Nrf2 inhibitor suppressed AKT signaling (Figure 3C), suggesting that Nrf2
regulates AKT activity in melanoma cells through a positive feedback loop after the uptake
of endothelial mitochondria. TGF-β promotes MMP-9-mediated tumor invasion [49]. In
addition, TGF-β1not only promotes cancer cell invasion and metastasis, but also induces
M2-type TAM polarization. Macrophages in primary malignant melanoma may contain
the melanin pigment [50]. M2-type TAMs are recognized as a predictor of poor prognosis
in patients with cutaneous malignant melanoma [51]. Finally, brusatol suppressed TGF-
β (Figure 6C), indicating that Nrf2 may play a role in TGF-β1-induced M2-type TAM
polarization after the uptake of mitochondria from ECs in the TME of melanoma cells.
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The present study observed a time-dependent increase in AKT phosphorylation fol-
lowing mitochondrial transplantation, suggesting that endothelial mitochondrial trans-
plantation contributes to melanoma proliferation by enabling AKT-mediated PGC-1α–
Nrf2-dependent mitochondrial biogenesis and cellular redox homeostasis, which in turn
promotes cell proliferation and inhibit apoptosis. Nrf2 was involved in endothelial mito-
chondria transfer-mediated melanoma growth (Figure S1). Moreover, Nrf2 plays a role
in TGF-β1-induced M2-type TAM polarization after the uptake of mitochondria from
ECs in the TME of melanoma cells. Xenograft experiments revealed that tumors in the
experimental group were significantly larger than those in the control group. These results
indicated that melanoma cells became more proliferative following the incorporation of
exogenous mitochondria into their mitochondrial network (Figure 7). This finding further
supports the role of the endothelium in tumor development in the TME.

Figure 7. Schematic depicting how exogenous mitochondria from ECs can regulate melanoma tumor
growth by activating proliferative signaling pathways, upregulating antioxidant molecules, and
subsequently inhibiting apoptosis. Exogenous endothelial mitochondria activate the ERK/AKT and
Sirt1/PGC-1a/Nrf2/HO-1 signaling pathways in melanoma cancer cells. The activated ERK/AKT
signaling induces cyclin D1/cyclin E1-mediated cell proliferation. Upregulation of Sirt1/PGC-
1a/Nrf2/HO-1 signaling inhibits ROS and caspase-3 activation and induces M2 macrophage po-
larization (by Arg-1 upregulation and iNOS downregulation) by Nrf-2/TGF-β signaling, thereby
promoting tumor growth.

4. Materials and Methods

4.1. Cell Culture and Reagents

B16F10 melanoma cells, purchased from Merck (Darmstadt, Germany), were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, Waltham, MA, USA) supple-
mented with 10% FBS. Human umbilical vein ECs (HUVECs), purchased from Thermo
Fisher Scientific (Waltham, MA, USA), were cultured in the M199 medium supplemented
with 20% fetal bovine serum (FBS). Mouse monocyte macrophage RAW264.7, purchased
from ATCC (Manassas, VA, USA), were cultured in DMEM (Gibco, Waltham, MA, USA)
supplemented with 10% FBS. These cells were incubated at 37 ◦C in a growth chamber
containing CO2 (5%). Brusatol (MedChemExpress, NJ, USA), AI-1 (Focus biomolecules, Ply-
mouth Meeting, PA, USA), and SB431542 (Sigma-Aldrich, St. Louis, MO, USA) in dimethyl
sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA) were prepared and dissolved in a
culture medium before treatment. Recombinant Human TGF-β1 (Cell Guidance Systems;
GFH39-5, Cambridge, UK) was prepared and dissolved in a culture medium.
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4.2. Isolation of Mitochondria and Mitochondrial Transplantation

Mitochondria were isolated following the protocol provided by Abcam. The cells
were subjected to trypsinization and then collected through centrifugation. Lysis was
performed using 500 μL of cytosol extraction buffer followed by moderate shaking for
20 min. The mixture was then centrifuged at 700× g for 20 min, after which the supernatant
was transferred to a new tube. Additional centrifugation at 10,000× g was performed
to precipitate the mitochondria. The mitochondria isolated from 5 × 106 HUVECs were
co-incubated with B16F10 cells for a specified duration.

4.3. Cell Viability Analysis

B16F10 melanoma cells were seeded in 96-well dishes in quadruplicate at 6000 cells/well
and cultured for 24 h before mitochondrial transplantation. Cell viability was analyzed
using Cell Counting Kit-8 (Sigma–Aldrich, St. Louis, MO, USA) and absorbance was
measured at 450 nm by using a microplate reader.

4.4. Cellular ROS Assay

The cells were harvested and washed with phosphate-buffered saline (PBS) and
stained with 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA; Med Chem Express,
Monmouth Junction, NJ, USA) for 15 min. The cells were then washed twice with cold PBS,
and analyzed through flow cytometry.

4.5. Caspase Activity Analysis

The cells were harvested, washed with PBS, and stained with a Cleaved Caspase-3
Staining Kit (Abcam, Cambridge, UK). The stained cells were then analyzed through flow
cytometry.

4.6. Western Blot

Total proteins from the B16F10 cells into which HUVEC mitochondria were trans-
planted were extracted using a lysis buffer composed of HEPES (50 mM, pH 7.7), EDTA
(1 mM), neocuproine (0.1 mM), and CHAPS (0.4%, w/v). Forty micrograms of proteins
were mixed with a sample buffer containing Tris-HCl (62.5 mM, pH 6.8), SDS (3%, w/v),
2-mercaptoethanol (5%, v/v), and glycerol (10%, v/v). The proteins were then separated
through SDS–polyacrylamide gel electrophoresis and transferred to a PVDF membrane
(Millipore, Billerica, MA, USA). The membrane was incubated with primary antibodies
against Nrf2 (1:1000; ABclonal, Woburn, MA, USA), PGC-1α (1:1000; NOVUS, CO, USA),
sirt1 (1:1000; ABclonal, Woburn, MA, USA), HO-1 (1:1000; Cell Signaling, Danvers, MA,
USA), LC3B (1:1000; Cell Signaling, Danvers, MA, USA), AKT (1:1000; Cell Signaling,
Danvers, MA, USA), p-AKT (1:1000; Cell Signaling, Danvers, MA, USA), ERK (1:1000; Cell
Signaling, Danvers, MA, USA), p-ERK (1:1000; Cell Signaling, Danvers, MA, USA), cyclin
D1 (1:1000; Cell Signaling, Danvers, MA, USA), Cyclin E (1:1000; Cell Signaling, Danvers,
MA, USA), caspase-3 (1:1000; Cell Signaling, Danvers, MA, USA), cleaved caspase-3 (c-
caspase-3) (1:1000; Cell Signaling, Danvers, MA, USA), MMP9 (1:1000; arigo Biolaboratories,
Hsinchu City, Taiwan), TGF-β1 (1:1000; Abcam, Cambridge, UK), iNOS (1:1000; ABclonal,
Woburn, MA, USA), Arg-1 (1:1000; Proteintech, Planegg-Martinsried, Germany), or β-actin
(1:1000; Cell Signaling, Danvers, MA, USA) at 4 ◦C. Subsequently, the membranes were
incubated with secondary antibodies at room temperature for 1 h and analyzed using an
electrochemiluminescence detection system.

4.7. Xenograft Tumor Experiments

After the HUVEC endothelial mitochondria had been transplanted into the B16F10
cells, these cells were then harvested and subcutaneously inoculated (5 × 106 cells/0.1 mL
in PBS) into 6-week-old BALB/c nude mice (BioLASCO, Taipei City, Taiwan). The tumor
volume was calculated using the formula V = L × W2/2 (L, length; W, width) and the
tumors were harvested after 10 days.
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4.8. Statistical Analysis

All data were analyzed using GraphPad Prism version 8 (GraphPad Software, San
Diego, CA, USA). Results are presented as the mean ± standard error of the mean. Statistical
significance was determined using Student’s t-test, with the significance threshold set at
p < 0.05.

5. Conclusions

The present study demonstrates that exogenous mitochondria from ECs can regulate
the growth of melanoma tumors. This regulatory effect is achieved through the activation
of proliferative signaling pathways, the upregulation of antioxidant molecules, and the
subsequent inhibition of apoptosis. These results provide valuable insights into the role
of mitochondrial transfer from ECs to melanoma cells in the regulation of the TME, and
highlight potential targets for the treatment of gynecologic tract melanoma.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms25031857/s1.

Author Contributions: Conceptualization, writing F.-C.K., B.H. and M.-W.L.; methodology, B.H. and
M.-W.L.; validation, H.-Y.T., B.-L.C., P.-C.C. and K.-J.T.; investigation, H.-Y.T., B.-L.C., P.-C.C., K.-J.T.
and C.-J.L.; resources, D.-C.W.; data curation, H.-Y.T., B.-L.C., P.-C.C., K.-J.T., C.-J.L. and M.-C.W.;
writing—original draft preparation, F.-C.K., B.H. and M.-W.L.; writing—review and editing, B.H. and
M.-W.L.; visualization, M.-C.W.; supervision, D.-C.W. and Y.-B.H.; project administration, H.-Y.T.;
funding acquisition, B.H., M.-C.W. and D.-C.W. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by Kaohsiung Medical University (KMU-TC112A02, 105-P032,
106-P009, kmtth 106-031, kmtth 107-030, kmtth 108-012) and the National Science and Technology
Council of Taiwan (former Ministry of Science and Technology MOST 109-2314-B-037-118, MOST
110-2314-B-037-140, 111-2314-B-037-008).

Institutional Review Board Statement: The studies involving animal participants were reviewed
and approved by the Affidavit of Approval of the Animal Use Protocol IACUC of E-Da Hospital
(approval code: 112015).

Data Availability Statement: All data sets generated or analyzed in this study are included in the
published article. Detailed data sets supporting the current study are available from the co-responding
author upon request. This study did not generate new codes.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mitra, D.; Farr, M.; Nagarajan, P.; Ho, J.; Bishop, A.J.; Jhingran, A.; Farooqi, A.S.; Frumovitz, M.; Amaria, R.N.; McQuade, J.L.;
et al. Gynecologic tract melanoma in the contemporary therapeutic era: High rates of local and distant disease progression.
Gynecol. Oncol. 2022, 167, 483–489. [CrossRef] [PubMed]

2. Bai, S.; Wu, Q.; Song, L.; Wu, W. Treatment of primary vaginal malignant melanoma and review of previous literature: A case
report. Medicine 2023, 102, e36128.

3. Khayyat, A.; Pour, M.A.E.; Mousavi, S.; Khalili-Toosi, A.-R.; Amin, A. Primary Malignant Melanoma of the Genitourinary System:
A Systemic Review and Report of Eight Cases. Cureus 2022, 14, e30444. [CrossRef]

4. Yajima, I.; Kumasaka, M.Y.; Thang, N.D.; Goto, Y.; Takeda, K.; Yamanoshita, O.; Iida, M.; Ohgami, N.; Tamura, H.; Kawamoto, Y.;
et al. RAS/RAF/MEK/ERK and PI3K/PTEN/AKT Signaling in Malignant Melanoma Progression and Therapy. Dermatol. Res.
Pract. 2011, 2011, 354191. [CrossRef]

5. Davies, M.A. The Role of the PI3K-AKT Pathway in Melanoma. Cancer J. 2012, 18, 142–147. [CrossRef]
6. Savoia, P.; Fava, P.; Casoni, F.; Cremona, O. Targeting the ERK Signaling Pathway in Melanoma. Int. J. Mol. Sci. 2019, 20, 1483.

[CrossRef]
7. Ramirez, J.A.; Guitart, J.; Rao, M.S.; Diaz, L.K. Cyclin D1 expression in melanocytic lesions of the skin. Ann. Diagn. Pathol. 2005, 9,

185–188. [CrossRef]
8. Villanueva, J.; Herlyn, M. Melanoma and the tumor microenvironment. Curr. Oncol. Rep. 2008, 10, 439–446. [CrossRef]
9. Lou, E. A Ticket to Ride: The Implications of Direct Intercellular Communication via Tunneling Nanotubes in Peritoneal and

Other Invasive Malignancies. Front. Oncol. 2020, 10, 559548. [CrossRef] [PubMed]

55



Int. J. Mol. Sci. 2024, 25, 1857

10. Boutilier, A.J.; Elsawa, S.F. Macrophage Polarization States in the Tumor Microenvironment. Int. J. Mol. Sci. 2021, 22, 6995.
[CrossRef] [PubMed]

11. Wu, K.; Lin, K.; Li, X.; Yuan, X.; Xu, P.; Ni, P.; Xu, D. Redefining Tumor-Associated Macrophage Subpopulations and Functions in
the Tumor Microenvironment. Front. Immunol. 2020, 11, 1731. [CrossRef]

12. Arlauckas, S.P.; Garren, S.B.; Garris, C.S.; Kohler, R.H.; Oh, J.; Pittet, M.J.; Weissleder, R. Arg1 expression defines immunosuppres-
sive subsets of tumor-associated macrophages. Theranostics 2018, 8, 5842–5854. [CrossRef]

13. Zhang, F.; Wang, H.; Wang, X.; Jiang, G.; Liu, H.; Zhang, G.; Wang, H.; Fang, R.; Bu, X.; Cai, S.; et al. TGF-β induces M2-like
macrophage polarization via SNAIL-mediated suppression of a pro-inflammatory phenotype. Oncotarget 2016, 7, 52294–52306.
[CrossRef] [PubMed]

14. Al Amir Dache, Z.; Thierry, A.R. Mitochondria-derived cell-to-cell communication. Cell Rep. 2023, 42, 112728. [CrossRef]
[PubMed]

15. Eugenin, E.; Camporesi, E.; Peracchia, C. Direct Cell-Cell Communication via Membrane Pores, Gap Junction Channels, and
Tunneling Nanotubes: Medical Relevance of Mitochondrial Exchange. Int. J. Mol. Sci. 2022, 23, 6133. [CrossRef]

16. Spiegelman, B.M. Transcriptional control of mitochondrial energy metabolism through the PGC1 coactivators. Novartis Found
Symp. 2007, 287, 60–63.

17. Wu, Z.; Puigserver, P.; Andersson, U.; Zhang, C.; Adelmant, G.; Mootha, V.; Troy, A.; Cinti, S.; Lowell, B.; Scarpulla, R.C.; et al.
Mechanisms Controlling Mitochondrial Biogenesis and Respiration through the Thermogenic Coactivator PGC-1. Cell 1999, 98,
115–124. [CrossRef] [PubMed]

18. Vallabhaneni, K.C.; Haller, H.; Dumler, I. Vascular Smooth Muscle Cells Initiate Proliferation of Mesenchymal Stem Cells by
Mitochondrial Transfer via Tunneling Nanotubes. Stem Cells Dev. 2012, 21, 3104–3113. [CrossRef] [PubMed]

19. Fahey, M.; Bennett, M.; Thomas, M.; Montney, K.; Vivancos-Koopman, I.; Pugliese, B.; Browning, L.; Bonassar, L.J.; Delco,
M. Mesenchymal stromal cells donate mitochondria to articular chondrocytes exposed to mitochondrial, environmental, and
mechanical stress. Sci. Rep. 2022, 12, 21525. [CrossRef] [PubMed]

20. Han, H.; Hu, J.; Yan, Q.; Zhu, J.; Zhu, Z.; Chen, Y.; Sun, J.; Zhang, R. Bone marrow-derived mesenchymal stem cells rescue injured
H9c2 cells via transferring intact mitochondria through tunneling nanotubes in an in vitro simulated ischemia/reperfusion model.
Mol. Med. Rep. 2016, 13, 1517–1524. [CrossRef] [PubMed]

21. Yang, X.; Ning, K.; Wang, D.-E.; Xu, H. Progress of Bone Marrow Mesenchymal Stem Cell Mitochondrial Transfer in Organ Injury
Repair. Stem Cells Dev. 2023, 32, 379–386. [CrossRef]

22. Pasquier, J.; Guerrouahen, B.S.; Al Thawadi, H.; Ghiabi, P.; Maleki, M.; Abu-Kaoud, N.; Jacob, A.; Mirshahi, M.; Galas, L.;
Rafii, S.; et al. Preferential transfer of mitochondria from endothelial to cancer cells through tunneling nanotubes modulates
chemoresistance. J. Transl. Med. 2013, 11, 94. [CrossRef]

23. Nikoo, A.; Roudkenar, M.H.; Sato, T.; Kuwahara, Y.; Tomita, K.; Pourmohammadi-Bejarpasi, Z.; Najafi-Ghalehlou, N.; Roushandeh,
A.M. Mitochondrial transfer in PC-3 cells fingerprinted in ferroptosis sensitivity: A brand new approach targeting cancer
metabolism. Hum. Cell 2023, 36, 1441–1450. [CrossRef]

24. Nakhle, J.; Khattar, K.; Özkan, T.; Boughlita, A.; Moussa, D.A.; Darlix, A.; Lorcy, F.; Rigau, V.; Bauchet, L.; Gerbal-Chaloin, S.; et al.
Mitochondria Transfer from Mesenchymal Stem Cells Confers Chemoresistance to Glioblastoma Stem Cells through Metabolic
Rewiring. Cancer Res. Commun. 2023, 3, 1041–1056. [CrossRef]

25. Caicedo, A.; Fritz, V.; Brondello, J.-M.; Ayala, M.; Dennemont, I.; Abdellaoui, N.; de Fraipont, F.; Moisan, A.; Prouteau, C.A.;
Boukhaddaoui, H.; et al. MitoCeption as a new tool to assess the effects of mesenchymal stem/stromal cell mitochondria on
cancer cell metabolism and function. Sci. Rep. 2015, 5, 9073. [CrossRef]

26. Clemente-Suárez, V.J.; Martín-Rodríguez, A.; Yáñez-Sepúlveda, R.; Tornero-Aguilera, J.F. Mitochondrial Transfer as a Novel
Therapeutic Approach in Disease Diagnosis and Treatment. Int. J. Mol. Sci. 2023, 24, 8848. [CrossRef] [PubMed]

27. Liu, Q.; Liu, M.; Yang, T.; Wang, X.; Cheng, P.; Zhou, H. What can we do to optimize mitochondrial transplantation therapy for
myocardial ischemia-reperfusion injury? Mitochondrion 2023, 72, 72–83. [CrossRef] [PubMed]

28. Liu, Z.; Sun, Y.; Qi, Z.; Cao, L.; Ding, S. Mitochondrial transfer/transplantation: An emerging therapeutic approach for multiple
diseases. Cell Biosci. 2022, 12, 66. [CrossRef] [PubMed]

29. Wang, Z.; Yuan, S.; Li, Y.; Zhang, Z.; Xiao, W.; Tang, D.; Ye, K.; Liu, Z.; Wang, C.; Zheng, Y.; et al. Regulation on SIRT1-PGC-
1α/Nrf2 pathway together with selective inhibition of aldose reductase makes compound hr5F a potential agent for the treatment
of diabetic complications. Biochem. Pharmacol. 2018, 150, 54–63. [CrossRef] [PubMed]

30. Nitti, M.; Piras, S.; Marinari, U.M.; Moretta, L.; Pronzato, M.A.; Furfaro, A.L. HO-1 Induction in Cancer Progression: A Matter of
Cell Adaptation. Antioxidants 2017, 6, 29. [CrossRef]

31. Bales, E.S.; Dietrich, C.; Bandyopadhyay, D.; Schwahn, D.J.; Xu, W.; Didenko, V.; Leiss, P.; Conrad, N.; Pereira-Smith, O.; Orengo,
I.; et al. High Levels of Expression of p27KIP1 and Cyclin E in Invasive Primary Malignant Melanomas. J. Investig. Dermatol. 1999,
113, 1039–1046. [CrossRef] [PubMed]

32. Napoli, S.; Scuderi, C.; Gattuso, G.; Bella, V.D.; Candido, S.; Basile, M.S.; Libra, M.; Falzone, L. Functional Roles of Matrix
Metalloproteinases and Their Inhibitors in Melanoma. Cells 2020, 9, 1151. [CrossRef] [PubMed]

33. Zimta, A.-A.; Cenariu, D.; Irimie, A.; Magdo, L.; Nabavi, S.M.; Atanasov, A.G.; Berindan-Neagoe, I. The Role of Nrf2 Activity in
Cancer Development and Progression. Cancers 2019, 11, 1755. [CrossRef] [PubMed]

56



Int. J. Mol. Sci. 2024, 25, 1857

34. Sumitomo, R.; Menju, T.; Shimazu, Y.; Toyazaki, T.; Chiba, N.; Miyamoto, H.; Hirayama, Y.; Nishikawa, S.; Tanaka, S.; Yutaka, Y.;
et al. M2-like tumor-associated macrophages promote epithelial-mesenchymal transition through the transforming growth factor
β/Smad/zinc finger e-box binding homeobox pathway with increased metastatic potential and tumor cell proliferation in lung
squamous cell carcinoma. Cancer Sci. 2023, 114, 4521–4534. [PubMed]

35. Borcherding, N.; Brestoff, J.R. The power and potential of mitochondria transfer. Nature 2023, 623, 283–291. [CrossRef]
36. Goliwas, K.F.; Libring, S.; Berestesky, E.; Gholizadeh, S.; Schwager, S.C.; Frost, A.R.; Gaborski, T.R.; Zhang, J.; Reinhart-King, C.A.

Mitochondrial transfer from cancer-associated fibroblasts increases migration in aggressive breast cancer. J. Cell Sci. 2023, 136,
jcs260419. [CrossRef] [PubMed]

37. Patel, D.; Rorbach, J.; Downes, K.; Szukszto, M.J.; Pekalski, M.L.; Minczuk, M. Macropinocytic entry of isolated mitochondria in
epidermal growth factor-activated human osteosarcoma cells. Sci. Rep. 2017, 7, 12886. [CrossRef]

38. Jiang, L.; Campagne, C.; Sundström, E.; Sousa, P.; Imran, S.; Seltenhammer, M.; Pielberg, G.; Olsson, M.J.; Egidy, G.; Andersson,
L.; et al. Constitutive activation of the ERK pathway in melanoma and skin melanocytes in Grey horses. BMC Cancer 2014, 14,
857. [CrossRef]

39. Dhawan, P.; Singh, A.B.; Ellis, D.L.; Richmond, A. Constitutive activation of Akt/protein kinase B in melanoma leads to
up-regulation of nuclear factor-kappaB and tumor progression. Cancer Res. 2002, 62, 7335–7342. [PubMed]

40. Ciołczyk-Wierzbicka, D.; Gil, D.; Laidler, P. Treatment of melanoma with selected inhibitors of signaling kinases effectively
reduces proliferation and induces expression of cell cycle inhibitors. Med. Oncol. 2017, 35, 7. [CrossRef]

41. Gammon, B.; Ali, L.; Guitart, J.; Gerami, P. Homogeneous Staining Regions for Cyclin D1, a Marker of Poor Prognosis in Malignant
Melanoma. Am. J. Dermatopathol. 2012, 34, 487–490. [CrossRef]

42. Mahrouf-Yorgov, M.; Augeul, L.; Da Silva, C.C.; Jourdan, M.; Rigolet, M.; Manin, S.; Ferrera, R.; Ovize, M.; Henry, A.; Guguin,
A.; et al. Mesenchymal stem cells sense mitochondria released from damaged cells as danger signals to activate their rescue
properties. Cell Death Differ. 2017, 24, 1224–1238. [CrossRef]

43. Ohanna, M.; Bonet, C.; Bille, K.; Allegra, M.; Davidson, I.; Bahadoran, P.; Lacour, J.P.; Ballotti, R.; Bertolotto, C. SIRT1 promotes
proliferation and inhibits the senescence-like phenotype in human melanoma cells. Oncotarget 2014, 5, 2085–2095. [CrossRef]
[PubMed]

44. Scarpulla, R.C. Metabolic control of mitochondrial biogenesis through the PGC-1 family regulatory network. Biochim. Biophys.
Acta 2011, 1813, 1269–1278. [CrossRef] [PubMed]

45. Aquilano, K.; Baldelli, S.; Pagliei, B.; Cannata, S.M.; Rotilio, G.; Ciriolo, M.R. p53 Orchestrates the PGC-1α-Mediated Antioxidant
Response Upon Mild Redox and Metabolic Imbalance. Antioxidants Redox Signal. 2013, 18, 386–399. [CrossRef] [PubMed]

46. Carpenter, E.L.; Becker, A.L.; Indra, A.K. NRF2 and Key Transcriptional Targets in Melanoma Redox Manipulation. Cancers 2022,
14, 1531. [CrossRef] [PubMed]

47. Ahmad, I.M.; Dafferner, A.J.; Salloom, R.J.; Abdalla, M.Y. Heme Oxygenase-1 Inhibition Modulates Autophagy and Augments
Arsenic Trioxide Cytotoxicity in Pancreatic Cancer Cells. Biomedicines 2023, 11, 2580. [CrossRef] [PubMed]

48. Gureev, A.P.; Shaforostova, E.A.; Popov, V.N. Regulation of Mitochondrial Biogenesis as a Way for Active Longevity: Interaction
Between the Nrf2 and PGC-1α Signaling Pathways. Front. Genet. 2019, 10, 435. [CrossRef]

49. Festuccia, C.; Angelucci, A.; Gravina, G.L.; Villanova, I.; Teti, A.; Albini, A.; Bologna, M.; Abini, A. Osteoblast-derived TGF-beta1
modulates matrix degrading protease expression and activity in prostate cancer cells. Int. J. Cancer 2000, 85, 407–415. [CrossRef]

50. Khalbuss, W.E.; Hossain, M.; Elhosseiny, A. Primary malignant melanoma of the urinary bladder diagnosed by urine cytology: A
case report. Acta Cytol. 2001, 45, 631–635. [CrossRef]

51. Asai, Y.; Yanagawa, N.; Osakabe, M.; Yamada, N.; Sugimoto, R.; Sato, A.; Ito, K.; Koike, Y.; Tanji, T.; Sakuraba, M.; et al. The
clinicopathological impact of tumor-associated macrophages in patients with cutaneous malignant melanoma. J. Surg. Oncol.
2024, 129, 381–391. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

57



 International Journal of 

Molecular Sciences

Article

Kinase Suppressor of RAS 1 (KSR1) Maintains the Transformed
Phenotype of BRAFV600E Mutant Human Melanoma Cells

Zhi Liu 1, Aleksandar Krstic 1, Ashish Neve 1, Cristina Casalou 2, Nora Rauch 1, Kieran Wynne 1, Hilary Cassidy 1,3,

Amanda McCann 4,5, Emma Kavanagh 4, Brendan McCann 1, Alfonso Blanco 5, Jens Rauch 1,3,* and

Walter Kolch 1,4,*

1 Systems Biology Ireland (SBI), School of Medicine, University College Dublin, D04 V1W8 Dublin, Ireland;
09liuzhi@sina.com (Z.L.); aleksandar.krstic@ucd.ie (A.K.); ashish.neve@ucd.ie (A.N.);
nora.rauch@ucd.ie (N.R.); kieran.wynne1@ucd.ie (K.W.); hilary.cassidy@ucd.ie (H.C.);
brendan.mccann@cantab.net (B.M.)

2 Charles Institute of Dermatology, School of Medicine, University College Dublin, D04 V1W8 Dublin, Ireland;
cristina.casalou@ucd.ie

3 School of Biomolecular & Biomedical Science, University College Dublin, D04 V1W8 Dublin, Ireland
4 School of Medicine, University College Dublin, D04 V1W8 Dublin, Ireland; amanda.mccann@ucd.ie (A.M.);

emma.kavanagh@ucdconnect.ie (E.K.)
5 Conway Institute, University College Dublin, D04 V1W8 Dublin, Ireland; alfonso.blanco@ucd.ie
* Correspondence: jens.rauch@ucd.ie (J.R.); walter.kolch@ucd.ie (W.K.);

Tel.: +353-1-716-6337 (J.R.); +353-1-716-6303 (W.K.)

Abstract: Kinase Suppressor of RAS 1 (KSR1) is a scaffolding protein for the RAS-RAF-MEK-ERK
pathway, which is one of the most frequently altered pathways in human cancers. Previous results
have shown that KSR1 has a critical role in mutant RAS-mediated transformation. Here, we examined
the role of KSR1 in mutant BRAF transformation. We used CRISPR/Cas9 to knock out KSR1 in a
BRAFV600E-transformed melanoma cell line. KSR1 loss produced a complex phenotype charac-
terised by impaired proliferation, cell cycle defects, decreased transformation, decreased invasive
migration, increased cellular senescence, and increased apoptosis. To decipher this phenotype, we
used a combination of proteomic ERK substrate profiling, global protein expression profiling, and
biochemical validation assays. The results suggest that KSR1 directs ERK to phosphorylate substrates
that have a critical role in ensuring cell survival. The results further indicate that KSR1 loss induces
the activation of p38 Mitogen-Activated Protein Kinase (MAPK) and subsequent cell cycle aberrations
and senescence. In summary, KSR1 function plays a key role in oncogenic BRAF transformation.

Keywords: melanoma; KSR1; apoptosis; senescence; proliferation

1. Introduction

The RAS-RAF-MEK-ERK pathway (hereafter called the ERK pathway) is a central
signalling pathway in the cell. It is mutationally altered in 30–40% of all human cancers and
may be hyperactivated in the majority of cancers due to crosstalk with other pathways [1].
The ERK pathway has a bewildering array of functions [2], and this versatility is tightly
coordinated by activation dynamics and scaffolding proteins [3,4]. The scaffold protein
Kinase Suppressor of RAS 1 (KSR1) has emerged as a major facilitator of normal and
oncogenic RAS signalling by binding all three kinases in the pathway, i.e., RAF, MEK, and
ERK. Originally, KSR1 was considered a platform that facilitates RAF phosphorylation of
MEK and MEK phosphorylation of ERK by bringing the kinases into physical proximity.
However, a more nuanced view of KSR1 functions is emerging [5]. KSR1 not only binds
to these kinases but also regulates their activation. For instance, MEK binding to KSR1
stimulates its binding to BRAF, resulting in the allosteric activation of BRAF’s kinase activity
towards MEK [6]. Similarly, KSR1 preferentially binds to ERK dimers and directs them to
cytosolic substrates [7].
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Perhaps the most intriguing finding is that KSR1 knockout mice are healthy, but
resistant to oncogenic RAS tumorigenesis [8]. While this protection may not be complete
in all cancer types [9], it has sparked substantial interest in finding out more about KSR1
functions in oncogenic transformation. As a result, we now know that KSR1 regulates
several aspects of oncogenic RAS and RAF transformation, including cell proliferation [10],
apoptosis [11], senescence [12,13], and the epithelial–mesenchymal transition (EMT) [14].
Most of these KSR1 functions facilitate RAS transformation, and KSR1 has become a
plausible drug target for combating RAS-driven cancers [15].

However, how KSR1 may contribute to transformation by mutant, oncogenic BRAF is
not well understood. Therefore, KSR1 was knocked out in BRAFV600E-driven melanoma
cells. The knockout resulted in a complex phenotype with features of cell cycle aberration,
senescence, invasion, and enhanced apoptosis. Analysis of the molecular mechanisms
suggests a multi-layered mechanism that includes KSR1 control of ERK substrate specificity.

2. Results

2.1. Knocking Out KSR1 in BRAFV600E-Mutated SK-MEL-239 Cells Does Not Impact Bulk
RAF-ERK Signalling

To knock out KSR1 gene expression in SK-MEL-239 cells, we used the CRISPR/Cas9-
OFP system with three crRNAs [16] that target exon 5 of KSR1 (Figures 1A and S1A). This
exon is common to different KSR1 splice variants and located close to the start of the coding
sequence. Its disruption is expected to result in a complete loss of KSR1 protein expression.
After isolating successfully transfected, i.e., OFP-expressing, cells, KSR1 knockout clones
were identified by Genomic Cleavage Detection (GCD) assays and Sanger sequencing
(Figure S1B). We selected three clones with homozygous indels in KSR1 exon 5 that cause a
complete loss of KSR1 protein expression, as detectable by Western blotting (Figure 1B).
There was no compensatory upregulation of KSR2 expression, and the KSR1 knockout did
not affect the protein levels of BRAF, CRAF, MEK, or ERK. Interestingly, we only observed
a slightly increased activation of MEK and ERK, suggesting that KSR1 function is not
required to sustain MEK-ERK activity in these cells. To ensure the lineage fidelity, we
genotyped the parental and KSR1 knockout cells and found that they all retained the same
genotype (Table S2).

2.2. The Biological Phenotype of KSR1 Loss

In order to test the biological consequences of the KSR1 knockout, we assayed different
biological traits. KSR1 knockout cells proliferated significantly slower than the parental
cells (Figure 2A). Cell cycle analysis showed that KSR1 loss did not prevent cells from
exiting interphase (G0/G1) but retarded their progression through late S (by 4–10%) and
G2/M phases (by 7–16%) (Figures 2B and S2), suggesting that KSR1 function is needed to
complete the cell cycle after DNA replication.

We noticed that KSR1−/− cultures contained large, flat cells that resembled the pheno-
type of senescent cells. Performing a stain for acidic β-galactosidase confirmed an increase
in the number of senescent cells in KSR1 KO1-3 clones (Figure 3A,B). The expression of the
proliferation marker Ki67 was attenuated in the phenotypically senescent cells (Figure 3C).
Interestingly, most of the non-proliferative, acidic β-galactosidase-positive cells were multi-
nucleated, further supporting the interpretation of the cell cycle data that KSR1−/− cells
can replicate DNA but are unable to complete mitosis and cell fission. Cells that arrest in
mitosis for a prolonged time typically die by apoptosis or exit mitosis without dividing,
causing a multinucleated phenotype [17]. Indeed, all KSR1 KO clones showed increased
rates of apoptosis (Figure 3D) and DNA damage, as indicated by increased phosphory-
lation of pCHK1 (Figure 3E). Taken together, these data suggest that the decrease in cell
proliferation is caused by a combined increase in senescence and apoptosis.
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Figure 1. Knockout of KSR1 in BRAFV600E-mediated SK-MEL-239 cells does not impact bulk RAF-
ERK signalling. (A) Schematic of KSR1 exon 1–5 structure and sequence of sgRNAs targeting exon 5.
Untranslated exons are shown in light blue, and translated exons are in dark blue. Translation start
(ATG) and stop (TAG) codons are indicated. Genomic target sites of the three crRNAs and corresponding
PAM sites are shown in blue and red, respectively. (B) KSR1/2 and RAF-MEK-ERK pathway proteins
were detected by Western blotting in wildtype (WT) cells and three KSR1 knockout clones (KO1-3). MEK
and ERK activation was assessed using phosphospecific antibodies (pMEK and pERK).

Figure 2. KSR1 loss decreases proliferation by retarding cell cycle progression through late S and
G2/M phases. (A) Cell proliferation. (B) Cell cycle analysis. * p < 0.05, ** p < 0.01, *** p < 0.001
(Student’s t-test).
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Figure 3. KSR1 loss increases senescence, apoptosis, and DNA damage. (A) Increased expression
of the senescence marker acidic β-galactosidase in KSR1−/− cells. Shown are representative acidic
β-galactosidase stains; red arrowheads indicate β-galactosidase-positive cells. (B) Quantification
of relative β-galactosidase activity. (C) Ki-67 stain indicating proliferative cells. Red arrowheads
indicate multinucleated cells with senescent morphology. (D) Percentage of early- and late-stage
apoptotic cells measured by the YO-PRO™-1 Iodide assay. (E) Western blot validation of key protein
expression changes involved in DNA damage. ** p < 0.01, *** p < 0.001 (Student’s t-test).

These results indicate that KSR1 may have a role in sustaining the transformed pheno-
type of melanoma cells. Therefore, we tested the effects of KSR1 knockout on the ability of
cells to grow in 3D soft agar cultures, which is a reliable in vitro indicator of tumorigenicity
in vivo [18]. KSR1−/− cells failed to grow in soft agar, whereas parental cells formed
readily visible colonies (Figure 4A). Similarly, KSR1 knockout severely compromised the
ability of SK-MEL-239 cells to migrate through a Transwell membrane (Figure 4B,C). In
addition, 3D tumour spheroid invasion was assessed by plating cells into Ultra Low At-
tachment (ULA) 96-well round-bottom plates (Figure 4D,E) or agarose-coated 96-well
round-bottom plates (Figure S3). Spheroids were embedded into growth-factor-reduced
Matrigel, allowing melanoma cells to invade and spread out of the spheroid. While a
clear and homogeneous invasive cell front was only visible in parental SK-MEL-239 cells,
loss of KSR1 resulted in non-homogeneous fronts of invasion. The quantification of 3D
spheroid invasion clearly indicates a significant impairment of the invasion capacity in
all KSR1−/− clones (Figures 4E and S3B). In conclusion, KSR1 loss interferes not only
with cell proliferation and cell cycle progression but also with several traits of oncogenic
transformation, including the ability to undergo anchorage-independent growth in soft
agar and invasive migration.
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Figure 4. KSR1 loss inhibits growth in soft agar, migration, and 3D invasion. (A) A representative as-
say showing that KSR1−/− cells fail to form colonies in soft agar. (B) Transwell migration assay. Cells
were stained with Giemsa, and cells able to migrate through the membrane were counted. Shown
are representative images. (C) Quantification of cells that have migrated through the membrane.
(D) Three-dimensional spheroid formation. SK-MEL-239 cells and KSR1−/− cells were grown in
96-well ultra-low-attachment surface plates and embedded in Matrigel, and invasion distance was
monitored over a 4-day period of incubation. Representative images showing spheroid formation
(0 days) and invasion after 4 days (upper panel). Expanded regions of invasion areas (lower panel).
Scale bar 100 μm. (E) Three-dimensional spheroid formation was quantified by subtracting the cell-
covered area from the spheroid core area (fold change). The graph shows the relative representation
of the invasion areas in each condition ± SD; n = 6; ordinary one-way ANOVA test was used to test
significance. * p < 0.05; *** p < 0.001; **** p < 0.0001.

2.3. ERK Substrateomics

The above results suggest that KSR1 plays an important role in maintaining the
transformed state of BRAF mutant melanoma cells. As ERK activation is considered a
main effector of mutant BRAF signalling, we re-examined the role of ERK in more depth.
Given the lack of impact of KSR1 loss on global ERK activity (Figure 1B), we hypothesised
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that KSR1 may direct ERK to specific substrates rather than being required for general
ERK activation. ERK fulfils its pleiotropic biological functions via almost 500 bona fide
substrates [19], whose phosphorylation plausibly needs to be selective in order to achieve
specific biological outcomes. Therefore, we assessed the impact of KSR1 loss on the
phosphorylation of ERK substrates.

For this, we enriched ERK substrates using an antibody that recognises sites phos-
phorylated by ERK (P-X-pS-P and pS-X-R/K) and identified and quantified the immuno-
precipitated ERK substrates by mass spectrometry (MS) (Figure 5A). Consistent with the
observation that KSR1 knockout did not impact global MEK and ERK activation, the
pattern of ERK-phosphorylated proteins resolved by gel electrophoresis was highly simi-
lar between WT and KSR1 KO cells (Figure 5B). However, MS analysis revealed a small
number of ERK substrates that were differentially phosphorylated (Figure 5C,D; Table S3).
Of 399 proteins specially immunoprecipitated (i.e., enriched >2-fold over a control im-
munoprecipitation with an isotype-matched IgG) in KSR1 KO1-3 cells, 85 were known
ERK substrates [20]. Analysing differences between parental and KSR1−/− cells using a
fold change of >2 and p-value of <0.05 as the cut-off for differential phosphorylation, we
identified 29–34 substrates showing enhanced and 28–33 substrates showing decreased
phosphorylation in the KSR1 KO1-3 clones versus parental cells. This finding supports
our hypothesis that KSR1 may direct ERK to specific substrates. Interestingly, only six up-
and four downregulated substrate phosphorylations were shared between all three KSR1
knockout clones, suggesting that cells can adapt to KSR1 loss via different mechanisms that
share common core processes (Figure 5C,D).

These core adaptations include a very significant increase in the phosphorylation of
caspase 3, BAG3 (Bcl-2-associated athanogene 3), VAPA (VAMP-Associated Protein A),
VPS26A (Vacuolar Protein Sorting-Associated Protein 26A), CEP41 (Centrosomal Protein
41), and PRPS2 (Phosphoribosyl Pyrophosphate Synthetase 2). Caspase 3 integrates both
extrinsic and intrinsic apoptosis pathways and is a key effector of apoptosis [21]. Caspase 3
has an ERK docking site, and ERK can activate caspase 3 [22], which could help explain the
enhanced apoptosis in KSR1−/− cells. BAG3 is a multifunctional protein that is involved
in protein folding, autophagy, and apoptosis [23]. Interestingly, ERK phosphorylation neu-
tralises its protective function against oxidative-stress-induced apoptosis [24], suggesting
that the enhanced BAG3 phosphorylation common to KSR−/− cells can contribute to their
increased apoptosis rates. VAPA and VPS26A function in vesicle transport [25,26]. CEP41
is a centrosomal protein that regulates the function of cilia [27]. PRPS2 functions in the
deoxynucleotide synthesis pathway, and its overexpression stimulates the proliferation and
metastatic capacity of melanoma cells [28]. Proteins whose phosphorylation at ERK target
sites was significantly downregulated in all KSR1−/− clones include PPP2R1A (Protein
Phosphatase 2 Regulatory Subunit A α), PTMA (Prothymosin α), NEDD4L (NEDD4 Like
E3 Ubiquitin Protein Ligase), and BOLA1 (BolA Family Member 1). PPP2R1A is a subunit
of the serine/threonine phosphatase PP2, which directs PP2 to specific substrates and func-
tions as a tumour suppressor in endometrial cancer [29]. PTMA is an immunomodulatory
protein that can enhance T-cell responses to tumours [30]. On the other hand, PTMA expres-
sion in melanoma cells enhances their growth and aggressiveness in a preclinical mouse
model [31]. These different actions could conceivably be dependent on posttranslational
modifications, such as phosphorylation. NEDD4L is an E3 ubiquitin ligase, which can be
overexpressed in melanoma and promote tumour growth [32]. ERK can phosphorylate
NEDD4L on S448, and this phosphorylation is reduced in melanoma cells that are resis-
tant to the RAF inhibitor PLX4720 [33]. Phosphorylation of this site disrupts substrate
binding and is an effective inhibitor of NEDD4L function [34]. BOLA1 helps maintain the
mitochondrial redox balance by counteracting the effects of glutathione depletion [35].
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Figure 5. ERK substrateomics. (A) Workflow. (B) Western blot of ERK substrate immunoprecipitation
(IP) stained with ERK substrate antibody. Lysates were blotted for activated MEK (pMEK) and
ERK (pERK). HSP90 served as loading control. (C,D) Proteins whose phosphorylation was up- or
downregulated in KSR1−/− cells. The changes shared by KSR1 KO1-3 clones are shown as bar graphs
from 3 biological replicates.* p < 0.05; ** p < 0.01; *** p < 0.001 (Student’s t-test).

Of these 10 proteins, only two are listed in the “Compendium of ERK targets” [20],
specifically, BAG3 and NEDD4L. In both cases, ERK phosphorylation inhibits their function.
The effects are consistent with the phosphorylation changes observed in KSR−/− cells, i.e.,
the increase in BAG3 phosphorylation, reducing cell survival, and the decrease in NEDD4L
phosphorylation, blocking invasive cell migration. The distinct phosphorylation changes in
ERK substrates in KSR1 knockout cells require further investigation in dedicated functional
studies. They, however, support our hypothesis that KSR1 can direct ERK substrate
phosphorylation.

2.4. KSR1-Dependent Global Changes in Protein Expression

The specific changes in ERK substrate phosphorylation caused by KSR1 knockout
prompted us to investigate whether KSR1 knockout also alters protein expression. We
used label-free quantitative proteomics to profile global protein expression in parental
SK-MEL-239 cells and the three KSR1−/− clones (Figure 6A). The expression of several
proteins was differentially regulated between parental and KSR1−/− SK-MEL-239 cells
(Figures 6B and S4, Table S4). The expression of 36/21 proteins was up/downregulated,
respectively. The proteins downregulated in KSR1−/− cells are involved in tetrahydrofo-
late and pyrimidine (deoxythymidine) synthesis (Figure 6C), which may contribute to the
S-phase delay in KSR1−/− cells (Figures 2B and S2). The upregulated proteins mapped
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onto signalling pathways for apoptosis, senescence, autophagy, and the p53 network,
among the top hits (Figure 6C). These mappings correspond well to the observed pheno-
type of the KSR1−/− cells. While ERK substrateomics provided plausible explanations
for the apoptosis and migration phenotype, the senescence and cell cycle phenotypes
remained elusive.

Figure 6. Global proteomic expression profiling. (A) Workflow. (B) Venn diagram of proteins
differentially regulated in the KSR1 KO1-3 clones vs. parental SK-MEL-239 cells. (C) ENRICHR
analysis of the differentially expressed proteins. The combined score is the log p-value multiplied
by the Z-score of the deviation from the expected rank. (D) Western blot validation of key protein
expression changes found by MS-based proteomic expression profiling.

Given that the global expression proteomics highlighted senescence and p53, and
that p53 is a major player in both senescence and cell cycle regulation [36], we examined
the status of the p53 pathway in the KSR1−/− cells in more detail using the Western
blot analysis of key proteins (Figure 6D). These proteins were chosen based on existing
knowledge of pathways that connect cell cycle, senescence, and p53. Surprisingly, Western
blot analysis showed no changes in p53 abundance or the phosphorylation of sites that
regulate p53 activity. However, the protein expression of the cell cycle inhibitor p21, a
classic transcriptional p53 target gene, was upregulated. The p38 kinase can stabilise
the p21 mRNA and thereby enhance p21 protein expression independently of p53 [37],
and p38 is also implicated in senescence [38]. Indeed, p38 was activated in the KSR1−/−
cells. The many roles of p38 in senescence induction include the activation of p16INK
induction [39]. The p16INK protein is encoded by the CDKN2A gene, which also encodes
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the p14ARF tumour suppressor protein. MS analysis showed that p16INK was upregulated
in KSR1−/− cells, and this result was confirmed by the Western blot analysis. The p14ARF
protein, which regulates p53 protein stability, was downregulated in the KSR1−/− cells.
This is consistent with the observation that p53 levels did not change in the KSR1−/−
cells. The p16INK protein binds to and inhibits the cell cycle kinases CDK4 and CDK6,
which promote cell cycle entry by phosphorylating and inactivating the retinoblastoma
protein RB1. The expression levels of CDK4 and CDK6 were similar in parental and
KSR1−/− cells, suggesting that the KSR1 knockout affects their regulation rather than
their expression. Interestingly, phosphorylation of the RB1 protein at S780 was enhanced
in the KSR1−/− cells. This phosphorylation is critical for the inactivation of RB1 and
the progression of cells into the S phase [40]. While the enhanced inactivation of RB1
in KSR1−/− cells seems counterintuitive, it fits the observed phenotype. KSR1−/− cells
can still synthesise DNA and enter the S phase, before being slowed down in the late S
and G2 phases (Figures 2B and 3B). S780 can be phosphorylated by CDK4/6 and several
other kinases, including p38, in the context of proapoptotic signalling [41]. Alternatively,
at low concentrations, p21 serves as a scaffold that promotes the assembly of CDK4/6
complexes with cyclin D, enhancing CDK4/6 activity before it inhibits it at high p21
concentrations [42]. These possibilities are not mutually exclusive and will be interesting to
dissect in future studies.

In addition to these effects on the cell cycle, apoptosis, and senescence, we also found
protein expression changes that suggest a role for KSR1 in cell differentiation and adhesion
(Figure S4). The expression of the tumour suppressor protein PDCD4 (Programmed Cell
Death 4) correlates with a good prognosis in melanoma [43] and is upregulated in KSR1−/−
cells. Likewise, CAV1 (Caveolin) is slightly overexpressed in KSR1−/− cells. It functions as
tumour suppressor in melanoma and restricts cell growth and motility [44]. In mouse em-
bryo fibroblasts, CAV1 associates with KSR1 and enhances KSR1 functions [13]. Similarly,
MITF (Melanocyte-Inducing Transcription Factor) is upregulated in KSR1−/− cells. MITF is
a transcription factor that initiates and maintains the melanocyte lineage [45]. By contrast,
TYRP1 (Tyrosinase-Related Protein 1) protein expression is severely downregulated in
KSR1−/− cells. TYRP1 functions in melanin synthesis, although high expression is associ-
ated with a poor prognosis due to sequestration of the tumour suppressor miRNA-16 [46].
Likewise, β-catenin expression is strongly suppressed in KSR1−/− cells. β-Catenin is part
of the classic WNT signalling pathway and increases tumorigenicity, metastasis, and drug
resistance in melanoma [47]. Interestingly, enhanced WNT signalling in melanoma cells
also inhibits T-cell infiltration and response to immunotherapies [48]. These molecular
changes are largely consistent with the observed phenotypical changes in response to KSR1
knockout. However, further investigations are required to determine the exact roles of
these multiple changes in the KSR1−/− phenotype.

In order to corroborate the observed key changes in RAF-ERK signalling and senes-
cence upon KSR1 depletion in other melanoma cell lines, BRAFV600E-driven melanoma
cell lines SK-MEL-28 and A375 were transfected with KSR1 siRNA, and adaptations were
analysed by Western blotting (Figure S5). The results confirm that the reduced expression
of KSR1 in these cells does not impact RAF-ERK signalling and activation. Furthermore,
KSR1 knockdown resulted in the increased expression of PDCD4, MITF, and p16INK4a,
while p14ARF expression was downregulated. Thus, knocking down KSR1 by siRNA in
two other BRAFV600E-driven melanoma cell lines results in the same key adaptations as
observed in the KSR1−/− SK-MEL-239 cells. Importantly, these results suggest that the
adaptive changes are KSR1-specific rather than cell-line-specific.

3. Discussion

Our study confirms the emerging intricacy of KSR1 functions [5]. Knocking out KSR1
in the BRAFV600E-driven melanoma cell line SK-MEL-239 resulted in a complex phe-
notype that shows features of aberrant cell cycle regulation, enhanced senescence, and
increased apoptosis. Interestingly, KSR1 seems to support BRAFV600E-driven transforma-
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tion through different functions, which are not fully explainable by known mechanisms.
The decrease in proliferation caused by KSR1 knockout is mainly due to a slowing down
of S-phase exit and G2-phase completion. Examining the activity of cell cycle checkpoints
showed an upregulation of p21 and p16INK4A in KSR1−/− cells. These proteins are classic
inhibitors of S-phase entry and should decrease the phosphorylation and inactivation
of RB1, which controls G1/S progression. Our results show that RB1 phosphorylation
increased in the KSR1−/− cells. This is consistent with the cells being able to replicate
DNA but does not explain why they have difficulties progressing through the late S and
G2 phases. We did not find any changes in the expression of mitotic CDK inhibitors,
such as p27, but a recent report suggests that p21 can also control later stages of the cell
cycle [49]. An alternative and non-mutually exclusive explanation could be that the p38
MAPK, which is activated in KSR1−/− cells, can phosphorylate and inactivate RB1 inde-
pendently of CDKs [41]. Moreover, the decrease in the expression of proteins involved in
pyrimidine synthesis (Figure 6C) may decelerate the late S phase by causing cells to run
out of nucleotides for DNA synthesis.

The increase in senescence caused by KSR1 knockout is also unorthodox. KSR1−/−
cells showed a clear increase in cells with the classic senescent morphology and expres-
sion of the classic senescence marker acidic β-galactosidase, as well as an increase in the
expression of p21 and p16INK. However, they did not show other hallmark features of
senescence, such as the upregulation of p53, p27, and proteins typical of the senescence-
associated secretory phenotype (SASP). As DNA replication occurred in KSR1−/− cells,
with multinucleated cells appearing that mainly also had a senescent appearance, it is pos-
sible that senescence is triggered by endoreplication [50]. Nevertheless, it is an unorthodox
senescence phenotype, as judged by the usual criteria [51].

The clearest explanation can be provided for the increase in apoptosis and DNA
damage. KSR1−/− cells exhibited an increase in the inactivation of BAG3 and presumably
the activation of Caspase 3 phosphorylation. This would remove a protective mechanism
and activate an apoptosis executioner molecule, which could plausibly account for the
increase in apoptosis and DNA damage in KSR1−/− cells.

How does this all fit together? Within the limitations that more detailed studies of
each aspect will be required to fully disentangle the molecular mechanisms underpinning
the KSR1 knockout phenotype, we propose the following model (Figure 7). Our results
suggest that KSR1 regulates the ERK substrate choice. When KSR1 is lost, ERK activates the
executioner Caspase 3 and inactivates the apoptosis antagonist BAG3 to promote apoptosis
in our BRAFV600E-driven melanoma models. In the p53 and RB1 networks, the increase in
p21 and p16INK could be due to the direct effects of the p38 MAPK, which can increase
the expression of both proteins [39,41]. Thus, our results indicate that KSR1 might have
a multi-layered role in facilitating transformation by oncogenic BRAF mutants and that
some of these traits could lend themselves to therapeutic interference in the future.

Figure 7. Summary model of KSR1 functions in BRAF mutant melanoma cells. See text for details.
Arrows indicate activation; blunt lines indicate inhibition; broken lines indicate that the regulatory
mechanism is not entirely clear.
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4. Materials and Methods

Cells. SK-MEL-28 and A375 were obtained from ATCC. SK-MEL-239 cells
(RRID:CVCL_6122) were obtained from Dr Poulikos Poulikakos, Memorial Sloan-Kettering
Cancer Center, New York, NY, USA. All cells were cultured in RPMI-1640 complete medium
(Gibco™, Thermo Fisher Scientific, Waltham, MA, USA, Cat# 21875034) containing 10%
FBS and 2 mM L-Glutamine (Gibco, Cat# 25030081). Cells were authenticated using the
AmpFlSTR® Identifiler® Plus PCR Amplification Kit (Thermo Fisher Scientific, Waltham,
MA, USA, Cat# A26182; Figure S1).

CRISPR/Cas9 knockout. Three crRNAs (Table S1) that target exon 5 of KSR1 (Ensembl
transcript ID ENST00000509603.6) were designed using GeneArt (https://www.thermofisher
.com/ie/en/home/life-science/genome-editing/geneart-crispr/geneart-crispr-search-and-d
esign-tool.html; accessed on 1 September 2015) and cloned into the GeneArt™ CRISPR Nucle-
ase Vector with OFP (orange fluorescent protein) Reporter (Thermo Fisher Scientific, Waltham,
MA, USA, Cat# A21174). Twenty-four hours after transfection, 288 single cells expressing
OFP were sorted for each crRNA using a FACSAria III instrument (BD Biosciences, San Jose,
CA, USA). Twenty-four surviving single-cell clones for each crRNA were tested for indels
using the GeneArt™ Genomic Cleavage Detection Kit (Thermo Fisher Scientific, Waltham,
MA, USA, Cat# A24372). Positive clones were Sanger-sequenced, and the sequence containing
mixed base calls from different KSR1 alleles was decomposed by using the Synthego webtool
(https://ice.synthego.com/#/; accessed on 1 March 2019) (Figure S1).

Cell proliferation was measured using the Cell Counting Kit-8 (Sigma-Aldrich, Burling-
ton, MA, USA, Cat# 96992-500) according to the manufacturer’s instructions.

Cell senescence was measured using the Senescence β-Galactosidase Staining Kit
(Cell Signaling Technologies, Danvers, MA, USA, Cat# 9860). Senescent (β-Galactosidase
positive) cells were counted manually from three randomly taken fields.

Anchorage-independent growth was measured using soft agar assays as previously
described [52]. Colonies were stained with 0.005% crystal violet solution for two hours and
manually enumerated.

Cell cycle analysis. Cells at 80% confluence were collected and resuspended in 1 mL
of phosphate-buffered saline (PBS) containing 10 μM BrdU (BD Biosciences, San Jose, CA,
USA, Cat# 556028) for 1 h. Cells were then fixed in 70% ethanol for 30 min and labelled
with 10 μg/mL propidium-iodide (Sigma, Burlington, MA, USA, Cat# P4864) for 30 min
prior to cell cycle analysis using a BD Accuri C6 Flow Cytometer® (BD Biosciences).

Cell apoptosis. When the cells reached 70–80% confluence, they were gently washed
with PBS and resuspended in PBS containing 0.1 μM YO-PRO-1 (Thermo Fisher Scientific,
Waltham, MA, USA, Cat# Y3603) and 1 μM propidium-iodide (Sigma, Burlington, MA,
USA, Cat# P4864) for 20 min prior to analysis on a BD Accuri C6 Flow Cytometer®.

Transwell cell migration was measured using Corning® Transwell® 8 μm pore poly-
carbonate membrane cell culture inserts (Corning Inc., Corning, NY, USA, Cat# CLS3422).
A total of 1 × 106 cells in serum-free RPMI medium were added to the inserts with RPMI
containing 10% FBS serving as a chemoattractant in the bottom chamber. After 24 h, cells
migrating through the membrane were fixed with 70% ethanol, stained with Giemsa,
and counted.

Three-dimensional (3D) invasion assay. SK-MEL-239 and KSR1−/− cells were used to
generate spheroids (2000 cells/sphere) using two distinct approaches. Briefly, the distinct
cells were distributed in 96-well low-attachment surface plates (Nunclon sphera 96-well
plates; Thermo Fisher Scientific, Waltham, MA, USA) or in 1.5% agarose-coated 96-well
round bottom plates and cultured in standard culture conditions, and spheroids were
allowed to form for 5 days. Every other day, 75 mL of medium was carefully replaced, and
after 48 h, this change of media was made with the supplement of 3 μg/mL rat tail collagen
I (Gibco™ Thermo Fisher Scientific, Waltham, MA, USA; Cat# A10483-01) to promote
spheroid formation. For the 3D invasion assay, each spheroid was embedded in 4.2 mg/mL
Matrigel (Corning Inc., Corning, NY, USA, Cat#3542380), and plates were incubated for
30 min under standard culture conditions for Matrigel solidification. Spheroids were
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overlaid with 100 μL of complete culture media, and invasion was followed for a total
period of 5 days. For each of the 2 independent experiments, 3–6 spheroids were generated
by each cell line, and spheroid invasion was registered using brightfield images with an
Olympus CKX41 microscope equipped with a Leica DFC295 camera. Invasion areas were
quantified by image analysis using ImageJ/FijI software (v. 2.14.0). To calculate invasion
areas, digital images (300 pixels/inch) were converted to 8 bits, and the total area of invaded
cells leaving the core spheroid was measured [53,54]. Data were further analysed using
GraphPad Prism.

Immunocytochemistry. Cells were fixed with ice-cold methanol (Sigma-Aldrich, Cat#
24229) and stained with Ki67 antibody (Thermo Fisher Scientific, Waltham, MA, USA, Cat#
MA5-15690, RRID:AB_10979995, 1:1000 dilution) using the Novolink Polymer Detection kit
(Leica Biosystems, Wetzlar, Germany, Cat# RE7140-CE). Cells were counterstained with
haematoxylin (Reagecon Diagnostics, Ltd., Shannon, Ireland, Cat# RBA-4201-00A).

Western blotting. Proteins were separated by SDS-polyacrylamide gel electrophoresis
and transferred to a polyvinylidene difluoride membrane using the XCell SureLock® Mini-
Cell chamber wet transfer system according to the manufacturer’s instructions (Thermo
Fisher Scientific, Waltham, MA, USA). Membranes were blocked with 5% non-fat dry
milk in TBST (20 mM TrisHCl, pH 7.4; 150 mM NaCl, 0.1% Tween 20) for 30 min and
washed 3 × 5 min in TBST buffer. Then, membranes were incubated overnight with
primary antibody in TBST with 4% bovine serum albumin, washed 3 × 5 min in TBST
buffer, and incubated with secondary antibody (horse radish peroxidase-conjugated) in
TBST with 5% non-fat dry milk for 1 h. After three 5-min washes, the membrane was
briefly rinsed with water and developed with Pierce-ECL (enhanced chemiluminescence)
reagent (Thermo Fisher Scientific, Waltham, MA, USA, Cat# 32109). Bands were visualised
using the ChemiImager (Advanced Molecular Vision, London, UK, accompanied with
Chemostar software v. 0.3.23) or iBright™ CL750 Imaging System (Invitrogen™ Thermo
Fisher Scientific, Waltham, MA, USA). To re-use membranes, antibodies were removed by
incubation in stripping buffer for 15 min (0.2 M glycine, pH 2.5, 1% SDS).

Antibodies used for Western blotting were from the following vendors: Cell Signal-
ing Technologies, Danvers, MA, USA: KSR1 (Cat# 4640, RRID:AB_10544539), pMEK1/2
(Cat# 9121, RRID:AB_331648), MEK1/2 (Cat# 9122, RRID:AB_823567), GAPDH (Cat# 2118,
RRID:AB_561053), HSP90 (Cat# 4877, RRID:AB_2233307), p-p38 (Cat# 9211, RRID:AB_331641),
p38 (Cat# 9212, RRID:AB_330713), p53 and p53 phospho-forms pS15 and pS392 (Phospho-p53
Antibody Sampler Kit #9919, RRID:AB_330019), Rb1 pS780 (Cat# 9307, RRID:AB_330015), E-
Cadherin (Cat# 3195, RRID:AB_2291471), MITF (Cat# 97800S, RRID:AB_2800289), p14ARF (Cat#
74560S, RRID:AB_2923025), PDCD4 (Cat# 9535, RRID:AB_2162318), phospho-CHK1 (Ser345)
(Cat# 2348, RRID:AB_331212), Histone H2A.X (Cat#7631, RRID: AB_10860771), phospho-
Histone H2A.X (Ser139) (Cat#9718, RRID: AB_2118009), horse radish peroxidase-linked anti-
mouse IgG (Cat#7076, RRID:AB_330924), horse radish peroxidase-linked anti-rabbit IgG
(Cat#7074, RRID:AB_2099233); Santa Cruz (Dallas, TX, USA): KSR2 (Cat# sc-100421,
RRID:AB_1124518), BRAF (Cat# sc-5284, RRID:AB_626760), CRAF (Cat# sc-133,
RRID:AB_632305), p21 (Cat# Sc-6246, RRID:AB_628073), CDK4 (Cat# sc-23896, RRID:AB_627239),
CDK6 (Cat# sc-7961, RRID:AB_627242), Caveolin 1 (Cat# sc-894, RRID:AB_2072042); Sigma-
Aldrich (Burlington, MA, USA): pERK1/2 (Cat# M8159, RRID:AB_477245), ERK1/2 (Cat#
M5670, RRID:AB_477245); BD Biosciences (San Jose, CA, USA), p16INK4A (Cat# 550834,
RRID:AB_2078446); Abcam (Cambridge, UK): TYRP1 (Cat# Ab235447, RRID:AB_2923026).

Immunoprecipitation. Cells were lysed in 20 mM Tris-HCl (pH 7.5), 150 mM NaCl,
0.5% NP-40, 1 mM EDTA, and 1 mM EGTA containing protease inhibitor cocktail (cOm-
plete™ Mini Protease Inhibitor Cocktail, Roche Diagnostics (Rotkreuz, Switzerland, Cat#
11836170001) and phosphatase inhibitor cocktail (PhosSTOP, Roche Diagnostics, Rotkreuz,
Switzerland, Cat# 4906837001). Cell lysates were cleared by centrifugation at 15,000× g at
4 ◦C for 10 min. The protein concentration of the lysates was determined by Pierce® BCA
Protein Assay (Thermo Fisher Scientific, Waltham, MA, USA, Cat# 23225). Potential ERK
substrates were immunoprecipitated using Phospho-MAPK/CDK Substrates sepharose
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beads (Cell Signaling, Danvers, MA, USA, Cat# 5501) from cell lysates at 4 ◦C for 6 h. The
immunoprecipitates were washed 3× with lysis buffer and processed for mass spectrometry
as described previously [19].

Mass spectrometry analysis of immunoprecipitates was performed as previously
reported [55]. Total protein expression profiling was performed as previously reported [56]
and a detailed description has been submitted to PRIDE (PXD036265). The raw data were
analysed by MaxQuant and Perseus [57].

Lysate-based proteomics. Cells were resuspended in 100 μL of 8 M urea, 50 mM
Tris-HCl pH 8.0, supplemented with cOmplete™ Mini Protease Inhibitor Cocktail (Roche
Diagnostics, Rotkreuz, Switzerland, Cat# 11836170001), and phosphatase inhibitor cocktail
(PhosSTOP, Roche Diagnostics, Rotkreuz, Switzerland, Cat# 4906837001). Samples were
sonicated for 2 × 9 seconds at a power setting of 15% to disrupt cell pellets (Syclon
Ultrasonic Homogeniser). Samples were reduced by adding 8 mM dithiothreitol (DTT)
for 60 min and subsequently carboxylated using 20 mM iodoacetamide for 30 min in
the dark while mixing (Thermomixer 1200 rpm, 30 ◦C). The solution was diluted with
50 mM Tris-HCl pH 8.0 to a final urea concentration of 2 M. Sequencing Grade Modified
Trypsin (Promega, Madison, WI, USA, Cat# V5111) was resuspended in 50 mM Tris-HCL
at a concentration of 0.5 ug/μl and added at a 1:100 enzyme-to-protein ratio. Samples
were digested overnight with gentle shaking (thermomixer 850 rpm, 37 ◦C). The tryptic
digest was terminated by adding formic acid to 1% final concentration, and samples were
desalted using C18 HyperSep™ SpinTips (Thermo Fisher Scientific, Waltham, MA, USA,
Cat# 60109-412).

Geneset Enrichment analysis (GSEA) was performed using EnrichR [58].
Statistics. Two-tailed, paired, or unpaired Student’s T-Test was performed to analyse

the significance of differences between two groups. Ordinary one-way ANOVA test was
used to analyse the significance in 3D invasion assays. GraphPad Prism version 5.01
(RRID:SCR_002798) was used to create graphs. Error bars represent standard error of the
mean (SEM) or standard deviation (SD) as indicated; 1–4 asterisks indicate significance
at the 0.05, 0.01, 0.001, and 0.0001 probability levels, respectively; n.s. indicates non-
significant. As the work focuses on the molecular mechanistic analysis of KSR1 loss in cell
lines, blinding, power analysis, randomisation, and considerations regarding differences
between males and females were not required for the study.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi
.com/article/10.3390/ijms241411821/s1.
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Abstract: Immune checkpoint inhibitors (ICIs) have transformed cancer treatment by enhancing
anti-tumour immune responses, demonstrating significant efficacy in various malignancies, includ-
ing melanoma. However, over 50% of patients experience limited or no response to ICI therapy.
Resistance to ICIs is influenced by a complex interplay of tumour intrinsic and extrinsic factors. This
review summarizes current ICIs for melanoma and the factors involved in resistance to the treatment.
We also discuss emerging evidence that the microbiota can impact ICI treatment outcomes by mod-
ulating tumour biology and anti-tumour immune function. Furthermore, microbiota profiles may
offer a non-invasive method for predicting ICI response. Therefore, future research into microbiota
manipulation could provide cost-effective strategies to enhance ICI efficacy and improve outcomes
for melanoma patients.

Keywords: ICI; melanoma; treatment resistance; epigenetic regulation; microbiota; anti-tumour
immune response; predicting treatment outcomes

1. Introduction

Immune checkpoint molecules (ICMs), such as CTLA-4 and PD-1, are key immune
checkpoint regulators involving T cell exhaustion and tolerance to prevent excess immune
response and pathology [1]. However, tumours often hijack these regulatory mechanisms
to evade immune detection [2]. ICIs are monoclonal antibodies designed to block these
signalling pathways, thereby countering T cell exhaustion and tolerance, leading to a pro-
longed anti-tumour immune response [3]. ICIs have significantly transformed the treatment
of advanced melanoma, leading to substantial improvements in long-term progression-free
survival for many patients [4,5]. These therapies target immune checkpoint molecules
(ICMs) such as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and programmed cell
death protein 1 (PD-1), which are involved in T cell exhaustion and tolerance. By inhibiting
these checkpoints, ICIs restore the ability of T cells to attack tumour cells. Despite these
advancements, over 50% of patients experience limited or no benefit from these therapies,
highlighting a major challenge in current cancer treatment [6,7]. Recent research has em-
phasised the significant role of the gut microbiota in influencing cancer development and
response to treatment [8]. Although the precise molecular mechanisms underlying these
effects are not yet fully understood, emerging research suggests that the composition and
function of the gut microbiota influence the anti-tumour immune responses and treatment
outcomes of ICI [9,10]. This manuscript explores the complexities of resistance to ICI
therapy in melanoma, with a focus on how the microbiota affects tumour biology and the
anti-tumour immune response. By examining the impact of the microbiota on ICI efficacy
and investigating potential mechanisms for incorporating microbiota-based approaches
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into clinical treatment, this study aims to provide new insights and identify future research
avenues to enhance ICI immunotherapy through microbiota modulation.

2. Overview of ICI Therapy in Melanoma

Clinical research on ICI therapy is advancing (Table 1), starting with the most well-
known ICMs CTLA-4 and PD-1, where blocking signalling through these molecules has
been shown to promote T cell infiltration and expansion at the tumour site and to acti-
vate intratumoral natural killer (NK) cells [11–14]. Since 2011, the U.S. Food and Drug
Administration (FDA) has approved several ICIs as first-line treatments for metastatic
melanoma, including Ipilimumab, a monoclonal antibody against CTLA-4, and Nivolumab
and Pembrolizumab, which block PD-1. These ICIs have become standard first-line treat-
ments for advanced melanoma, demonstrating better response rates than other therapies
such as IL-2 and interferons (IFN)-α immunotherapies. Dual targeting of CTLA-4 and
PD-1 has been explored in both preclinical and clinical studies. A 2015 phase 3 trial of
combined ICI therapy in 945 patients with unresectable stage III and IV melanomas found
that those receiving both Ipilimumab and Nivolumab had longer median progression-free
survival (11.5 months) compared to those receiving Ipilimumab (2.9 months) or Nivolumab
(6.9 months) alone [15]. Another trial reported a higher 3-year overall survival (OS) rate in
the combination therapy group (58%) compared to 52% and 34% in the Nivolumab and
Ipilimumab groups, respectively [16]. Additionally, the FDA has approved Ipilimumab,
Nivolumab, and Pembrolizumab for use as adjuvant therapy in high-risk melanoma, show-
ing improved recurrence-free survival (RFS) and OS compared to high-dose IFN-α2b in
resected high-risk melanoma [17]. However, combination therapy was associated with a
higher incidence of treatment-related grade 3 or 4 adverse events (59%) compared to 16.3%
and 27.3% in patients receiving only Nivolumab and Ipilimumab, respectively [16].

Lymphocyte activation gene 3 (LAG-3) is another checkpoint target that is expressed
on activated T cells 3–4 days post-activation, where it suppresses T cell activation and
prevents autoimmunity [18,19]. Blocking LAG-3 can restore T cell function and increase
tumour infiltration. Research has demonstrated that anti-LAG-3 therapy can improve
T cell proliferation, rejuvenate exhausted cytotoxic T lymphocytes, and increase tumour
infiltration in murine cancer models [19]. Melanoma patients who responded to the combi-
nation therapy of anti-LAG-3 and anti-PD-1 were found to have higher NK cell levels in the
tumours and greater transcriptional changes associated with IFN-γ responses, cytotoxicity,
and degranulation [20]. Several anti-LAG-3 antibodies (e.g., Relatlimab) are now in clinical
trials, both as monotherapies and in combination with other ICI therapies. A clinical
study of Relatlimab/Nivolumab combination therapy (Opdualag) reported a significant
improvement in progression-free survival (PFS) to 10.2 months versus 4.6 months with
Nivolumab alone [21]. At 12 months, PFS was 48.0% for the combination therapy versus
36.9% for Nivolumab monotherapy [21]. Based on these results, the FDA approved this
combination therapy in 2022, making LAG-3 the third checkpoint inhibitor approved for
cancer treatment [22]. Post-treatment analysis of biospecimens from patients with advanced
melanoma demonstrated that dual blockade of LAG-3 and PD-1 leads to enhanced capacity
for CD8+ T cell receptor signalling and cytotoxicity, despite the retention of an exhaus-
tion profile [23]. However, the increased anti-tumour immune response with combined
anti-LAG-3 and anti-PD-1 therapies comes with the cost of higher immune-related adverse
events (irAEs), with 21.1% of patients on combination therapy experiencing grade 3 or
4 events compared to 11.1% with anti-PD-1 monotherapy [21]. Thus, optimizing dosages
to balance survival benefits and treatment safety remains an active area of research on
combined ICI therapies [24,25].

T cell immunoglobulin and mucin domain-containing protein 3 (TIM-3) is a type I
transmembrane protein that is upregulated on exhausted NK cells, monocytes, and ex-
hausted CD8 T cells, and its expression was found to be associated with poorer prognoses
in melanoma patients [26]. While no anti-TIM-3 antibodies are currently FDA-approved,
clinical and pre-clinical trials are underway to evaluate their efficacy in combination with
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other immune checkpoint inhibitors [27]. Treatment with a soluble TIM-3 blocking antibody
has been shown to reverse the exhausted phenotype of NK cells isolated from melanoma
patients [26]. Additionally, using a mouse glioma model, dual treatments with anti-TIM-3
antibody and either stereotactic radiosurgery (SRS) or anti-PD-1 were shown to improve
survival of the tumour-bearing animals compared with anti-TIM-3 alone; triple therapy
also resulted in a significant survival improvement compared to either dual therapy [28].
These results suggest that anti-TIM-3 is most effective as part of a combination therapy
aimed at alleviating T cell and NK cell exhaustion.

Moreover, research is also investigating the co-administration of autologous natural
killer cells and oncolytic viral adjuvants like TILT-123 or MEM-288 (which is a monoclonal
antibody that targets TIM-3) to enhance immune cell activity and improve the anti-tumour
response. Clinical studies are also exploring the combination of ICIs with small molecule
inhibitors such as Dabrafenib and Trametinib, which target the BRAF-MEK pathway in
BRAF-mutated tumours. Furthermore, novel ICI targets are under investigation, including
anti-TIGIT (T cell immunoreceptor with Ig and ITIM domains) and anti-ILT4 (Inhibitory
Ligand Tool 4) antibodies, which address immune evasion, and anti-CD40 and anti-CD27
antibodies, which aim to stimulate T-cell activation and proliferation. The dual-action ICI
M7824, a bifunctional fusion protein targeting both Programmed Death-Ligand 1 (PD-L1)
and Transforming Growth Factor-beta (TGF-β), is also being studied to inhibit immune
suppression and enhance immune responses [29]. These innovative approaches are being
tested across various cancers, including melanoma, with the goals of reducing treatment-
related toxicity and improving objective response rates, progression-free survival, and OS.
Overall, combination therapies often yield improved response rates but also increase the
severity of irAEs, which can affect both OS and PFS [30]. Despite these advances, treatment
resistance, which occurs in almost all anti-cancer therapies, remains a major challenge that
limits the clinical outcomes of cancers.

Table 1. The development of ICI therapies over the last 2 decades.

Clinical Trial Target Stage of Melanoma/Study Phase Key Findings

Ipilimumab (NCT00094653, 2004) [31] anti-CTLA-4 phase 3 study in advanced melanoma. Ipilimumab improved OS and provided
durable responses in some patients

Nivolumab (NCT00730639, 2008) [32] anti-PD-1 Phase 1 study in advanced melanoma
Nivolumab demonstrated an acceptable

long-term safety profile and durable
tumour regression

Pembrolizumab (KEYNOTE-001,
NCT01295827, 2011) [33] anti-PD-1

Phase 1 study in advanced melanoma
that progressed after 2 doses of

Ipilimumab therapy

Pembrolizumab was well tolerated and
demonstrated significant anti-tumour
effects in patients previously treated

with Ipilimumab

Pembrolizumab (KEYNOTE-002,
NCT01704287, 2012) [34] anti-PD-1 Phase 2 study in advanced melanoma

that progressed after Ipilimumab therapy

Pembrolizumab had a higher rate of
progression-free survival compared

standard-of-care chemotherapy

Nivolumab (CheckMate 037,
NCT01721746, 2012) [35] anti-PD-1 Phase 3 study in advanced melanoma

that progressed after Ipilimumab therapy

Nivolumab demonstrated higher
objective response rate compared

to chemotherapy.

Pembrolizumab, Ipilimumab
(KEYNOTE-006, NCT01866319,

2013) [36]

anti-PD-1,
anti-CTLA-4

Phase 3 study in advanced melanoma
with no more than one prior

systemic therapy

Pembrolizumab improved
progression-free survival and OS with

lower rates of high-grade toxicity
compared to Ipilimumab.

Nivolumab, Ipilimumab (CheckMate 064,
NCT01783938, 2013) [37]

anti-PD-1,
anti-CTLA-4

Phase 2 study in advanced melanoma,
without prior treatment or with

progression after prior systemic therapy

Sequential treatment with Nivolumab
followed by Ipilimumab enhanced

efficacy but higher frequency of adverse
events, compared to the reverse order.

Nivolumab (CheckMate 066,
NCT01721772, 2013) [38] anti-PD-1 Phase 3 study in advanced melanoma

without prior treatment
Nivolumab conferred a significant OS

benefit compared to chemotherapy.
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Table 1. Cont.

Clinical Trial Target Stage of Melanoma/Study Phase Key Findings

Nivolumab, Ipilimumab (CheckMate 067,
NCT01844505, 2013) [15].

anti-PD-1,
anti-CTLA-4

Phase 3 study in untreated and
unresectable advanced melanoma

Nivolumab, with or without Ipilimumab,
showed longer progression-free survival
and better objective response rates than

Ipilimumab alone, especially in
PD-L1-negative tumours.

Pembrolizumab, Ipilimumab
(KEYNOTE-029, NCT02089685,

2014) [39]

anti-PD-1,
anti-CTLA-4

Phases 1 & 2 study in advanced
melanoma with no prior ICI therapy

standard-dose Pembrolizumab
combined with reduced-dose

Ipilimumab offers a manageable toxicity
profile and robust anti-tumour activity

Nivolumab, Ipilimumab (CheckMate 238,
NCT02388906, 2015) [40]

anti-PD-1,
anti-CTLA-4

Phase 3 study as an adjuvant treatment
in complete resection of stage IIIB, IIIC,

or IV melanoma

Adjuvant Nivolumab significantly
improved 12-month recurrence-free

survival compared to Ipilimumab and
was associated with fewer severe

adverse events.

Pembrolizumab (KEYNOTE-054,
NCT02362594, 2015) [41] anti-PD-1

Phase 3 study as an adjuvant treatment
in completely resected stage III

melanoma with no other prior treatment

Adjuvant Pembrolizumab significantly
improved recurrence-free survival

compared to placebo, with a manageable
safety profile

Ieramilimab, Spartalizumab
(NCT02460224, 2015) [42]

anti-PD-1,
anti-LAG-3

Phase I/II study in advanced melanoma
that progressed after, or were unsuitable

for, standard-of-care therapy

Ieramilimab, alone or with
spartalizumab, was well tolerated, with
modest anti-tumour activity and a safety

profile similar to spartalizumab alone.

Pembrolizumab (KEYNOTE-151,
NCT02821000, 2016) [43] anti-PD-1

Phase 1 study in Chinese patients with
advanced melanoma that progressed

after first-line chemotherapy or
targeted therapy

Pembrolizumab therapy was well
tolerated in Chinese populations where
acral or mucosal subtypes of melanoma

are more prevalent and led to
durable responses.

Nivolumab, Sotigalimab, Cabiralizumab
(NCT03502330, 2018) [44]

anti-PD-1,
anti-CD40L,
anti-CSF-1R

Phase 1 study in advanced melanoma
progressing after prior

anti-PD-1/PD-L1 therapy

Combination of sotigalimab and
cabiralizumab with or without

Nivolumab is well tolerated in patients
with anti-PD-1/PD-L1-resistant

advanced melanoma.

Nivolumab, Relatlimab
(RELATIVITY-047, NCT03470922,

2018) [45]

anti-PD-1,
anti-LAG-3

Phases 2 & 3 studies in advanced
melanoma with no prior anticancer

treatment

Combination of Relatlimab and
Nivolumab demonstrated longer

progression-free survival than
Nivolumab alone.

Nivolumab, Ipilimumab (CheckMate 238,
NCT02388906, 2020) [46]

anti-PD-1,
anti-CTLA-4

Phase 3 trial in resected stage IIIB-C or
IV melanoma

Nivolumab showed a superior
recurrence-free survival benefit

compared to Ipilimumab, with similar
OS rates and a more favourable

safety profile

Nivolumab and Ipilimumab (CheckMate
238, 2023) [47]

anti-PD-1,
anti-CTLA-4

Resected Stage III/IV Melanoma: 5-Year
Efficacy

At 5 years, Nivolumab demonstrated
superior recurrence-free survival and

distant metastasis-free survival
compared to Ipilimumab

Ieramilimab, spartalizumab, 2023 [48] anti-PD-1,
anti-LAG-3

phase 2 study in advanced solid tumours
including melanoma, lung cancer, and
TNBC with or without receiving prior

anti-PD-1/L1 therapy

The combination therapy was well
tolerated, showing durable responses,

particularly those naive to
anti-PD-1/L1 therapy.

3. Resistance to ICI Therapy in Melanoma

ICIs can be categorized into two subgroups: primary (innate) resistance and acquired
resistance. Primary resistance occurs when patients never respond to treatment, typically
due to a lack of tumour-reactive T cell infiltration, which is essential for the effectiveness of
ICIs [49]. Acquired resistance, on the other hand, develops after an initial response and is
often attributed to intratumoral heterogeneity and tumour diversification [49]. A preclinical
study using combined genomic, transcriptomic, and high-dimensional flow cytometric
profiling identified several distinct resistance programs involving both tumour-intrinsic
and extrinsic factors, leading to multiple resistance mechanisms in melanoma [50].
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3.1. The Involvement of Tumour-Intrinsic Factors

Several tumour-intrinsic factors are involved in treatment resistance to ICIs, including
genetic mutations, altered antigen presentation, signalling pathways, tumour heterogeneity,
and expression of other immunosuppressive molecules by the tumour cells. Key fac-
tors include mutations in the phosphatase and tensin homolog (PTEN), activation of the
WNT/β-catenin signalling pathway, cytokine IFN-γ signalling, loss of heterozygosity in
human leukocyte antigen (HLA) genes, and levels of neoantigen expression. PTEN loss or
mutation is linked to reduced IFN-γ, granzyme B, and CD8+ T cell infiltration [51], while
β-catenin signalling activation can result in T cell exclusion in melanoma [52]. WNT/β-
catenin signalling activation has also been found to correlate with poor T cell infiltration
and a “cold tumour” phenotype. Other contributing factors include dendritic cells (DCs),
interleukin-10 (IL-10), transforming growth factor-β (TGF-β), regulatory T cells (Tregs),
and reduced CD8+ T cell priming and infiltration, all leading to immune evasion and
decreased cancer immunosurveillance [53,54]. Additionally, Hugo et al. (2017) identified a
set of innate anti-PD-1 resistance signature (IPRES) genes involved in the mesenchymal
transition, cell adhesion, extracellular matrix (ECM) remodelling, angiogenesis, and wound
healing, which also control the MAPK signalling pathway and inhibit T cell function [55].
This study showed that prior anti-CTLA-4 treatment modifies genomic and transcriptomic
features predictive of anti-PD-1 response, highlighting differences in baseline melanoma
tumours across immunotherapy trials. Phenotypic switching in melanoma also plays a
role in immune evasion, with non-responding tumours showing genes related to undif-
ferentiated and neural crest-like states, while responding tumours display transitory and
melanocytic gene signatures [56,57]. Furthermore, mutations in the tumour suppressor
p53 (TP53) are associated with reduced efficacy of anti-CTLA-4 therapy, possibly due to
downregulation of Fas transcription, decreasing susceptibility to CTL-induced apoptosis
and reducing anti-CTLA-4 treatment effectiveness [58].

Epigenetic mechanisms, which involve DNA and RNA methylation as well as chro-
matin remodelling, are intrinsic cellular processes that regulate gene expression without
altering the DNA sequence itself [59]. These mechanisms play a crucial role in cancer
development and anti-tumour immune responses [60]. Changes in DNA methylation can
affect the expression of immune checkpoint genes such as PD-1, PD-L1, PD-L2, and CTLA-4,
leading to CD8+ T cell exhaustion and altered immune cell recruitment [61]. In melanoma,
global hypomethylation is linked to persistent PD-L1 expression and inhibitory cytokine
production, contributing to immunosuppression and resistance to ICI therapy [62]. At the
molecular level, DNA methyltransferase 3 (DNMT3) mediates new methylation during ther-
apy, while PD-1 promoter demethylation can sustain CD8+ T cell exhaustion [63]. DNMT
and lysine methyltransferase 6A (KMT6A/EZH2) also suppress Th1-type chemokines like
CXCL9 and CXCL10, crucial for T cell recruitment [64]. Global loss of methylation, espe-
cially in immunomodulatory genes related to Major Histocompatibility Complex (MHC)
and cytokine interactions, correlates with chromosomal instability and reduced anti-tumour
immune activity [65]. Chromosomal instability can impact tumour immune infiltration
and inflammation via the activation of the cyclic guanosine monophosphate–adenosine
monophosphate (GMP–AMP) synthase–stimulator of interferon genes (cGAS–STING) path-
way [66], leading to suppression of anti-tumour immunity [67]. STING agonists, which
stimulate both innate and adaptive immune responses, represent a novel class of cancer
immunotherapy agents [68]. Notably, the expression of STING is epigenetically regulated
by histone H3K4 lysine demethylases KDM5B and KDM5C and is activated by opposing
H3K4 methyltransferases. Recent research has shown that inhibitors of KDM5 can induce
STING expression, suggesting a potential new approach for cancer immunotherapy [68].

Epigenetic dysregulation of transposable elements (TEs) and human endogenous
retroviruses (HERVs) can cause inappropriate immune gene activation. Research by Ye et al.
highlights that TEs enriched in immune cells are vital for immune regulation [69]. Dysreg-
ulation affecting TE-derived enhancers can lead to the inappropriate activation of immune
genes during disease progression. HERVs are typically cleared by endogenous immune
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responses [70], but their reactivation can stimulate immune responses and upregulate viral
defence mechanisms, correlating with immune-infiltrating CD8+ T cells [71,72]. Conversely,
HERV-encoded oncogenes, such as Rec and NP9, can upregulate immunosuppressive
pathways like β-catenin, inhibiting immune surveillance [73].

3.2. The Involvement of Tumour-Extrinsic Factors

Tumour-extrinsic mechanisms of immune evasion include the influence of immune
cells, host microbiota, tumour stroma, and alterations in the local tumour microenvironment
(TME), all of which contribute to resistance to ICIs [51,74]. The heterogeneity of immune
cell composition in the TME of non-responders, particularly an increased presence of
M2 macrophages, is associated with remodelling of the ECM and suppression of the
immune system [75]. Even though CD8+ T cells may be abundant during ICI therapy,
they may lose their cytotoxic effectiveness due to mechanisms such as loss of tumour
antigen recognition or tolerance to tumour-associated antigens (TAAs) [76]. Tumour-
infiltrating macrophages also contribute to an immunosuppressive TME by secreting factors
such as TGF-β, prostaglandins, and IL-10 [77]. These effectors promote the expansion of
Treg populations and further recruit and polarize immunosuppressive tumour-associated
macrophages (TAMs) [78]. Macrophages also facilitate melanoma progression, as evidenced
by their increased density at the invasive front of melanoma lesions [79], and facilitate
metastasis through the secretion of metalloproteinases like MMP-9, which remodel the
ECM [78]. The ECM, a complex network of secreted molecules, defines tissue architecture
and stiffness and influences cell behaviour by supporting cell adhesion, survival, and
migration [80]. In melanoma, the ECM becomes highly heterogeneous and dysregulated,
incorporating tumour cells, cancer-associated fibroblasts (CAFs), and newly formed blood
vessels [80]. ECM molecules also promote TAM infiltration during tumorigenesis and
regulate the spatial positioning of TAMs within the TME [81]

Cancer resistance arises from various factors that allow tumour cells to adapt to a
changing environment. Therefore, a multifaceted approach may be necessary to address
the diverse mechanisms of resistance in treating resistant cancers. Current clinical trials
are tackling this issue by incorporating additional factors, such as patient ethnicities and
delivery methods, to better evaluate treatment toxicity and efficacy. Moreover, recent
studies in the microbiome have identified a significant role of gut or intratumoral microbiota
in influencing cancer intrinsic factors, and anti-tumour immune responses, influencing the
treatment efficacy and associated irAEs.

4. The Role of Microbiota in ICI Therapy

4.1. The Association between Microbiota and Cancer

The microbiota that inhabits the human body plays a crucial role in the well-being
of its host [82]. Recent research has increasingly focused on its impact on health and
disease, revealing that gut microbiota significantly modulates inflammation and immune
defence [83,84]. Indeed, intratumoral microbiota can affect therapeutic outcomes by influ-
encing both tumour-intrinsic and extrinsic factors, including genetic and epigenetic expres-
sion in tumour cells, signalling pathways like Wnt/β-catenin and NF-κB, metabolism of
anti-cancer drugs, and immune cell infiltration and function [85]. Interactions between
the host and gut microbes are mostly mediated by the gut metabolome. For example, a
study of metabolomic profiles from patients with advanced colorectal adenomas, matched
controls, and colorectal cancer (CRC) found that elevated levels of specific bioactive lipids
could serve as early indicators of cancer development [86]. Additionally, analysis of the
gut microbiome using 16S rRNA gene and shotgun metagenome sequencing revealed
that higher microbial community richness and specific microbiome compositions were
associated with longer PFS in melanoma patients undergoing immunotherapy [87]. These
findings underscore the significant role of gut microbiome interactions in early cancer
pathogenesis and therapeutic response.
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4.2. The Effects of Microbiota on Tumour Genetic and Epigenetic Expression

Research indicates that intratumoral microbiota may contribute to carcinogenesis
by releasing toxic byproducts that cause DNA damage, cell cycle arrest, and genomic
instability [88]. Gut microbiota can also produce metabolites such as short-chain fatty
acids (SCFAs) butyrate and propionate, to modulate host epigenetic machinery. These
interactions influence the activity of epigenetic enzymes involved in gene regulation,
ultimately affecting immune responses and cancer progression. A study on CRC utilized
metagenomic and 16S rRNA gene sequencing to analyse microbiomes in faecal and tissue
samples from CRC patients and healthy controls [89]. The study revealed significant
differences in DNA methylation patterns between CRC tumours and adjacent normal
tissues, with specific microbial-related pathways influencing these changes. Notably,
microbial-associated DNA methylation was more evident in adjacent normal tissues but
absent in tumours, indicating that gut microbiota and pathogenic bacteria play a crucial
role in altering DNA methylation and contributing to CRC development. While the effects
of microbiota and their byproducts on epigenetic modifications in melanoma need further
investigation, these findings highlight the critical role of host–microbiome interactions in
cancer progression.

4.3. The Effects of Microbiota in Anti-Tumour Immune Response

The mechanisms by which microbiota enhance anti-tumour immune responses include
the upregulation of helper T cell (Th1) and DC functions and the downregulation of
regulatory T cells (Tregs), thereby reducing immunosuppression and reinforcing immune
activation against tumour cells [90]. By influencing the immune system, microbiota can also
affect the efficacy of vaccines and cancer therapies, including ICIs [91,92]. For example, the
MIND-DC phase III trial, which randomized 148 stage IIIB/C melanoma patients to receive
either autologous DC therapy or a placebo, found that significant baseline differences in
gut microbiota and metabolomic profiles affected treatment outcomes [93]. Specifically,
the study observed baseline biases in gut microbial composition and metabolic profiles,
such as lower levels of F. prausnitzii and perturbations in bile acids and acylcarnitines,
which were correlated with prognosis and influenced the effectiveness of the dendritic
cell therapy [93]. In addition, SCFAs pentanoate and butyrate from microbes can act as
enhancers of anti-tumour immunity by modulating cytotoxic T lymphocytes and Chimeric
Antigen Receptor (CAR) T cells through metabolic and epigenetic reprogramming, thus
improving their efficacy in treating melanoma and pancreatic cancer [94]. The presence of
polyclonal neoantigen-specific T cells is also a crucial determinant of effective anti-PD-1
therapy [95]. Interestingly, pre-resection antibiotics administration targeting anaerobic
bacteria was found to substantially improve disease-free survival by 25.5% in patients
with CRC [96]. Using a mouse CRC model, the authors found that antibiotic treatment
generated microbial neoantigens that elicited anti-tumour CD8+ T cell response [96]. Gut
microbiota can also independently generate epitopes that resemble tumour neoantigens,
which can enhance anti-tumour immune responses and contribute to more favourable
long-term outcomes with immune checkpoint inhibitors [97].

Microbiota diversity is also a critical determinant of anti-tumour response. Differences
in microbiome diversity and composition, along with enhanced systemic anti-tumour
immune responses, were observed in melanoma patients who responded to anti-PD-1
ICI compared to non-responders [98]. In a melanoma animal model, the abundance of
the commensal microbiota Bifidobacterium was associated with increased production of
proinflammatory cytokines by DCs, leading to enhanced priming and recruitment of
cytotoxic CD8+ T cells into the TME [99]. Oral administration of Bifidobacterium alone
improved tumour control to a degree comparable to that achieved with PD-L1-specific
antibody therapy (checkpoint blockade), and combined treatment nearly abolished tumour
outgrowth [99]. Similarly, in a preclinical melanoma model, Lactobacillus reuteri, found
in the gastrointestinal (GI) tract of humans and animals, migrated to the tumour and
released the dietary tryptophan catabolite indole-3-aldehyde (I3A). This promoted IFN-
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γ-producing CD8+ T cells and enhanced ICI efficacy [100]. In addition, intratumoral
microbiota, particularly the Lachnoclostridium genus, positively correlates with CD8+ T cell
infiltration and chemokine expression and influences survival in cutaneous melanoma [101].
The benefit of microbiota on ICI treatment efficacy is further supported by evidence that
faecal microbiota transplantation (FMT) from cancer patients who responded to ICIs
improved the anti-tumour effects of PD-1 blockade in germ-free and antibiotic-treated
mice [102].

However, intratumoral microbiota can also promote cancer development by inducing
genetic mutation, affecting epigenetic modifications, promoting inflammatory response,
evading immune destruction, and activating invasion and metastasis. Abnormal gut micro-
biome composition, associated with dysbiosis, has also been linked to primary resistance
to ICIs in patients with advanced cancer [103]. A clinical study analysed microbiomes from
1526 tumours across seven cancer types, including melanoma, and found that each type
had a unique microbial profile [104]. Interestingly, intratumor bacteria, mostly intracellular
within cancer and immune cells, correlated with tumour characteristics, smoking status,
and immunotherapy responses [104]. The mechanisms by which intracellular bacteria
within the tumour affect tumour biology and immune responses, and how they differ from
extracellular bacteria within the tumour, are currently unknown and require further re-
search. Nevertheless, these findings suggest that modulating the intratumoral microbiome
could potentially enhance patient outcomes in immunotherapy.

It is fascinating how gut microbiota can influence anti-tumour immune responses
at various sites in the body. Several pathways have been identified through which gut
bacteria and their products can reach tumours in different organs. These pathways include
passage through the intestinal mucosal barrier into the mesenteric lymph nodes, entry
into the systemic circulation, or migration to distant organs due to increased intestinal
wall permeability [105]. A recent study using a mouse model of subcutaneous melanoma
has uncovered a novel mechanism by which gut microbiota translocation and modulation
affect anti-tumour immune responses during ICI therapy [106]. The study demonstrated
that ICI treatment induces DC activation, leading to the translocation of gut microbiota
to the mesenteric lymph nodes (MLNs) and subsequent remodelling of these nodes. This
remodelling facilitates the migration of gut bacteria to tumour-draining lymph nodes
(TDLNs) and the subcutaneous primary tumour [106]. This process enhances the activation
of effector CD4+ and CD8+ T cells in both the TDLNs and the tumour, as well as increases
leukocyte infiltration and the proportion of IFN-γ and Granzyme B-producing CD8+ T
cells in the tumour. The presence of MLNs is crucial for the translocation of gut bacteria to
extraintestinal tissues. Intestinal DCs are essential for transferring bacteria from the gut to
the MLNs but are not required for the subsequent movement from MLNs to TDLNs and
the tumour. These findings suggest a complex pathway for microbiota migration beyond
the gut, with MLNs serving as a central hub and intestinal DCs acting as transporters to
facilitate gut bacterial translocation under specific conditions.

5. Predicting Treatment Response to ICI Therapy

Predicting patient responses to ICIs remains a significant challenge in oncology. Sev-
eral key biomarkers have been explored for this purpose. PD-1 expression on T cells and
PD-L1 expression on tumour cells are well-established indicators for predicting responses
to anti-PD-1 and anti-PD-L1 therapies. Higher baseline levels of PD-L1 expression generally
correlate with improved responses to ICIs [107]. However, PD-L1 expression alone may
not always accurately predict outcomes, as its levels can vary across different tumour
regions or over time. Increased infiltration of CD8+ T cells and other pro-inflammatory
immune cells is generally associated with better responses to ICIs [108]. Conversely, high
levels of myeloid-derived suppressor cells (MDSCs) correlate with resistance to therapy;
reducing these cells enhanced anti-PD-1 therapy in a mouse model of melanoma [109].
Gene expression profiles related to T cell inflammation are also valuable for predicting
treatment response. A gene profile associated with T cell inflammation has been connected
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to improved responses to anti-PD-1 therapy [110]. Variations in expression levels of spe-
cific genes, particularly those involved in immune signalling pathways, can help predict
patient responses to treatment. Additionally, inflammation-related gene signatures (IRGS)
in the TME can distinguish between “cold” and “hot” tumours and predict responses to
immunotherapy [111]. Interestingly, High IRGS scores are associated with reduced CD8+

T cell infiltration, increased M2 macrophage infiltration, more stroma-activated molecular
subtypes, hypoxia, enriched myofibroblast-related signalling, and greater benefit from
gemcitabine chemotherapy in prostate cancer [112].

Tumour mutational burden (TMB) is another important predictive factor [107]. The
composition and density of immune cell populations within the TME can influence ICI
efficacy. In patients with advanced melanoma, high TMB and high inflammatory gene
expression scores were associated with longer survival; this was consistent across either
Nivolumab and Ipilimumab alone, or in combination [113]. However, TMB alone is not
always a reliable predictor of ICI response, as it has been less effective in predicting out-
comes for ICIs in various other cancers [114,115]. For instance, ICI responders were found
to have more frequent hypomethylation in specific genes, suggesting that methylation
profiles could serve as potential predictors of ICI efficacy [116].

Additionally, Microbiota composition has been linked to treatment outcomes. A meta-
analysis of four published shotgun metagenomic studies in metastatic melanoma patients
identified a faecal microbiome signature associated with responders [117]. The authors
found that specific microbial features, such as Faecalibacterium and Barnesiella intestinihominis,
were associated with treatment response. Another meta-analysis study of anti-PD-1
ICI in melanoma patients identified two distinct microbial signatures that differentially
affected treatment response [118]. Patients enriched for Actinobacteria and the Lach-
nospiraceae/Ruminococcaceae families of Firmicutes showed favourable clinical responses.
In contrast, Gram-negative bacteria such as Streptococcaceae spp were associated with an
inflammatory gene signature, increased blood neutrophil-to-lymphocyte ratio, and poor
outcomes with distinct immune-related adverse effects [118]. Moreover, longitudinal mi-
crobiome profiling by Weersma et al. revealed several microbial species-level genome bins
(SGBs) and pathways that could differentiate patients who achieved PFS of 12 months or
longer from those with shorter PFS after ICI treatment [119].

Taken together, predicting responses to ICI therapy involves a multifaceted approach
that includes tumour-intrinsic factors, immune cell infiltration, epigenetic profiles, and
microbiota signatures. By leveraging these predictive biomarkers, clinicians can better tailor
treatment strategies and improve outcomes for melanoma patients undergoing ICI therapy.

6. Summary and Future Perspective

In conclusion, the development of ICIs is advancing with a focus on identifying new
targets and optimizing combination therapies tailored to individual patients. This progress
involves balancing the therapeutic efficacy of ICIs with the management of irAEs [120].
Emerging research on the microbiome underscores its potential role in influencing can-
cer epigenetics, immune responses, and ICI outcomes (see Figure 1). The concept of a
“symbiotic microecosystem” within tumours comprising intratumoral microbiota, tumour
cells, and immune cells highlights a fundamental interplay in cancer development and
treatment success [121]. Recent findings indicate that specific microbiota profiles can
enhance responses to PD-1 inhibitors, suggesting promising interventions such as FMT,
probiotics, and dietary adjustments [8,122]. These strategies could improve the presence
of anti-tumour microbiota and, consequently, treatment outcomes. In addition, further
research is needed to elucidate their role in tumour progression, identify strategies to pro-
mote anti-tumour microbiota infiltration into the tumours, and the molecular mechanisms
behind these processes. Taken together, the field of anti-cancer therapy is evolving rapidly,
with significant promise for both ICI and microbiome-based treatments. These approaches
potentially offer more cost-effective and efficient strategies to improve cancer treatment
outcomes in the future.
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Figure 1. Synergistic response of ICI and gut microbiota. Inflammation-induced by ICI stimulates
gut microbiota uptake by and activation of intestinal DCs, accompanied by the upregulation of MHC,
CD86, and CCR7. This process facilitates the translocation of bacterial-retaining DCs into the MLNs,
leading to bacterial translocation to the TDLNs and the tumour, where they alter epigenetic expression
of the tumour cells, and upregulate the production of pro-inflammatory cytokines by effector immune
cells, such as CD8 T cells and NKT cells. This procedure also results in increased leukocyte infiltration
into the tumour and secretion of Granzyme B and perforin to initiate tumour elimination.
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Abstract: Immune checkpoint inhibitors (ICIs) demonstrate durable responses, long-term survival
benefits, and improved outcomes in cancer patients compared to chemotherapy. However, the
majority of cancer patients do not respond to ICIs, and a high proportion of those patients who do
respond to ICI therapy develop innate or acquired resistance to ICIs, limiting their clinical utility.
The most studied predictive tissue biomarkers for ICI response are PD-L1 immunohistochemical
expression, DNA mismatch repair deficiency, and tumour mutation burden, although these are
weak predictors of ICI response. The identification of better predictive biomarkers remains an
important goal to improve the identification of patients who would benefit from ICIs. Here, we
review established and emerging biomarkers of ICI response, focusing on epigenomic and genomic
alterations in cancer patients, which have the potential to help guide single-agent ICI immunotherapy
or ICI immunotherapy in combination with other ICI immunotherapies or agents. We briefly review
the current status of ICI response biomarkers, including investigational biomarkers, and we present
insights into several emerging and promising epigenomic biomarker candidates, including current
knowledge gaps in the context of ICI immunotherapy response in melanoma patients.

Keywords: melanoma; immunotherapy; PD-L1 expression; mutation burden; neoantigens; DNA
methylation; m6A RNA methylation; long non-coding RNAs

1. Introduction

Firstline therapy for cancer patients involving immune checkpoint inhibitors (ICIs) is
now the standard of care for several late-stage cancers, such as melanoma, colorectal cancer,
head and neck cancers, as well as non-small cell lung cancer (NSCLC) [1–3]. Generally, ICI
therapies disrupt cancer immune tolerance through immune regulatory checkpoints and
strengthen the anti-tumour immune response [1]. Ipilimumab (an anti-CTLA-4 antibody),
Nivolumab and Pembrolizumab (both anti-PD-1 antibodies), and Atezolizumab (an anti-
PD-L1 antibody) act by targeting specific immunosuppressive checkpoints [4]. Ipilimumab
targets cytotoxic T lymphocyte antigen 4 (CTLA-4) on T cells, while Nivolumab and Pem-
brolizumab target programmed cell death protein 1 (PD-1) on T cells, and Atezolizumab
targets programmed cell death ligand 1 (PD-L1) on tumour cells and tumour-infiltrating
immune cells [4]. T cells can be divided into two main groups: CD4+ T cells, which are
highly versatile and polyfunctional, and CD8+ cytotoxic T lymphocytes (CTLs). CTLA-4
is an inhibitory protein receptor expressed by both CD4+ and CD8+ T cells that directly
competes with CD28 for the ligands CD80 and CD86 and interrupts T-cell priming, lead-
ing to immunosuppression [5–8]. The binding of anti-PD1 or anti-PD-L1 antibodies to
PD-1 or PD-L1, respectively, prevents the interaction between PD-1 and PD-L1 and re-
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sults in the prolonged activation of T-cell responses, including potent tumour-specific
immune responses [9].

Anti-PD-1 therapy in melanoma promotes the increased presence of tumour-infiltrating
lymphocytes (TILs), as well as restoring functionality in exhausted T cells [9]. However,
cancer immunotherapy has several limitations, including an inability to predict the efficacy
or response to treatment, the development of cancer immunotherapy resistance, inadequate
measures to reduce toxicity, and overall high treatment costs [10]. Nevertheless, combining
immune checkpoint (e.g., CTLA-4 and PD-1) blockers has a synergistic effect in increas-
ing the patient response by activating anti-tumour immune responses in dual pathways.
Clinical data show that 20–40% of melanoma patients respond to these monotherapies,
whereas around 60% of patients respond to treatment with a combination of CTLA4 and
PD-1 blockers [11]. Anti-CTLA-4 activates Treg cells (Tregs), which suppress dendritic
cells (DCs) in lymph nodes, and simultaneous anti-PD-1 treatment inhibits effector T cell
(Teff) and natural killer cell (NK) activation in peripheral tissues, inducing regulatory T cell
(Treg) differentiation, meanwhile facilitating anti-tumour response rates. The combination
of Ipilimumab and Nivolumab therapy has accordingly been approved for the treatment of
melanoma and several other cancers, including tumours with microsatellite instability [12].

Diagnostic, prognostic, and predictive biomarkers are essential tools used in the
clinical management of melanoma patients. Diagnostic biomarkers such as fluorescence in
situ hybridization (FISH), comparative genomic hybridization (CGH), and myPath (Myriad
Genetics, Salt Lake City, UT, USA) are used to assist in melanoma diagnosis [13]. Prognostic
biomarkers help to estimate whether the tumour is likely to progress or remain indolent
in the absence of treatment. Predictive biomarkers help to predict how well a patient will
respond to treatment [14].

One important predictive biomarker, known as PD-L1, CD274, or B7–H1, is a trans-
membrane protein that is frequently expressed on tumour cells. PD-L1 interacts with the
PD-1 receptor on T cells, leading to host immune system evasion [7]. However, as a single
biomarker, PD-L1 expression is imperfect and has marked limitations in predicting the
response to ICI anti-PD1/PD-L1 therapy [15]. The expression of PD-L1 on at least 50%
of tumour cells in immunohistochemistry (IHC) on formalin-fixed, paraffin-embedded
(FFPE) tissue sections is a mandatory test used in some medical centres for prescribing
Pembrolizumab as first-line monotherapy in NSCLC [16].

Additional investigations on PD-L1 expression and its role in tumour biology were
reviewed elsewhere [17–20]. As a PD-1 blockade is dependent on T-cell recognition of
tumour antigens, it may prove ineffective in cases where T cells lack TCRs corresponding to
tumour antigens, where tumours fail to present antigens via their MHC, or where there is a
lack of tumour-infiltrating lymphocytes (TILs) [21]. Furthermore, focal PD-L1 expression
in IHC may sometimes be overlooked in small biopsy samples such as needle biopsies.
PD-L1 expression can vary among different tumour lesions in the same patient over time
and depending on the location. Additionally, PD-L1 can be expressed by various cell
types within the tumour microenvironment, complicating the scoring and interpretation
process [22]; therefore, it has been recommended that PD-L1 expression should not be used
to guide the choice of combined (anti-CTLA-4 and anti-PD-1) ICI therapy for patients [23].

To improve the prediction of patient responses to ICI treatment, additional information
regarding indicators or markers in patients who respond positively is required. Molecular
biomarkers are considered a powerful tool for the prediction of treatment response in
patients, because they potentially correlate strongly with pathological changes occurring
in cells [23,24]. Identifying effective biomarkers for metastatic melanoma immunotherapy
has become a primary challenge and remains a critical priority to optimize personalized
medication with ICI therapy for patients who are responsive to treatment, while patients
not responsive to ICI treatment could proceed with other therapies to receive significant
treatment outcomes, avoiding severe side effects and minimizing treatment costs [11]. A
recent study conducted a systematic review on the most recent findings on the development
or validation of prognostic biomarkers in malignant melanoma treatments [25]. In the
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present review, we are focused exclusively on cutaneous melanoma tissue-based biomarker
studies related to ICI therapy.

In the following sections we discuss the genomic biomarkers associated with the
response to ICI therapy, after which we discuss the growing field of epigenomic biomarkers
of response to ICI therapy, including DNA and RNA methylation and non-coding RNAs,
and how these could impact patient outcomes associated with ICI therapy (Table 1).

Table 1. Biomarkers for predicting the response to immunotherapy treatment in metastatic
melanoma patients.

Biomarkers Mechanistic Insights Ref.

Genomic Biomarkers

PD-L1 expression in IHC

Epithelial cells can be induced to express PD-L1 in response to inflammatory cytokines, such as
interferon-gamma, thus protecting these cells at sites of immune activation. PD-L1 may be
expressed on tumour cells as well as inflammatory cells. The binding of PD-L1 with PD-1 or CD80
downregulates the response of activated T cells by inhibiting T-cell proliferation, cytokine
production, and cytolytic activity, leading to the functional inactivation or exhaustion of T cells.
Higher PD-L1 expression is often linked to better responses to ICI therapy. However, a lack of
PD-L1 expression does not necessarily exclude the possibility of a response. Thus, the effectiveness
of IHC detection of PD-L1, as a predictive biomarker in melanoma, is limited.

[15,16]

TMB

The evaluation of TMB is based on the hypothesis that a high number of mutations in exonic
regions will lead to an increase in neoantigen production, which could then be recognized by CD8+
T cells, resulting in improved immune responses.
Several variables may affect TMB determination: the depth of sequencing, length of sequencing
reads, type of fixative agent, and fixation time, the latter of which influences the degree of
formaldehyde-fixed, paraffin-embedded (FFPE), deamination-induced artifacts, all of which
impact the analysis of TMB. In addition, a low tumour purity resulting from sampling errors may
lead to reduced TMB assay sensitivity.

[26,27]

Neoantigen

Tumour types with a high TMB are theoretically often associated with a high neoantigen load. This
is because a high TMB enhances the formation and presentation of immune neoantigens, leading to
effective anti-tumour immune responses. It is speculated that tumours with a higher mutation
burden possess more tumour-specific neoantigens, which in turn stimulates an increase in TILs due
to the overexpression of immune checkpoint modulators such as PD-1 or PD-L1.
However, TMB is not equivalent to a neoantigen load. One study found that half of oncogenic
mutations did not result in neoantigens, indicating that TMB alone is not a reliable surrogate
marker of immunogenic neoantigens.

[28–30]

dMMR and MSI-H

Tumours with mismatch repair deficiency (dMMR), either due to an inherited mutation or sporadic
mutation, have a defect in one of the MMR genes (MLH1, PMS2, MSH2, or MSH6), resulting in the
failure to repair errors in DNA replication. These errors are particularly prevalent in regions of
repetitive DNA sequences known as microsatellites, resulting in high levels of microsatellite
instability (MSI-H).

[31]

Epigenomic Biomarkers

DNA methylation
Aberrant DNA methylation can alter the chromatin structure and gene transcription without
altering the DNA sequence. Recent work revealed that DNA methylation affects tumourigenesis by
regulating the tumour microenvironment.

[32]

Non-coding RNAs

Non-coding RNAs (ncRNAs) are involved in the regulation of the transcriptional activities of
single genes, transcriptional programs, as well as the cell cycle, apoptosis, and differentiation.
Malfunctions of ncRNAs could be involved in cancer progression, tumour growth, metastasis, and
resistance to therapy by controlling the downregulation or upregulation of numerous genes. In
general, ncRNAs are frequently altered in cancer tissues and are involved in innate and adaptive
immunity in cancer.

[33–35]

RNA methylation

RNA methylation is a biologically reversible process and has been found to occur frequently in the
mRNAs responsible for immune regulation. Moreover, RNA methylation influences
immunogenicity, innate immune components, and regulates tumour immunity, making it a
potential candidate as a predictive biomarker for ICI immunotherapy response.

[36]

2. Genomic Biomarkers of ICI Treatment Response in Melanoma Patients

Genomic characteristics that are associated with an improved ICI response in cancer
patients help to distinguish biomarkers for an improved prediction of the response to
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immunotherapy. In this section, we discuss three widely studied genomic biomarkers
associated with ICI response: tumour mutational burden, neoantigen expression, and
mismatch repair deficiency/high microsatellite instability.

2.1. Tumour Mutational Burden (TMB)

ICI therapy exhibits a higher efficacy in tumours with enriched clonal genetic abnor-
malities and a higher mutation burden, which suggests that tumour mutational burden
(TMB) acts as a potential biomarker for predicting responses to ICIs [37]. TMB is defined
as the total number of somatic mutations per megabase of DNA or of non-synonymous
mutations in tumour tissues, including replacement and insertion–deletion mutations [38].
The relevance of this biomarker is based on the hypothesis that an elevated number of
exonic mutations in tumours leads to an increase in neoantigen production, which could
then be recognized by CD8+ T cells, resulting in improved immune responses [26,27]. This
phenomenon is thought to be evident in melanoma, where high levels of UV-induced muta-
tions are thought to lead to an increased level of tumour neoantigens, thereby contributing
to a higher immunogenic tumour microenvironment [39].

However, TMB is limited as a predictive biomarker for differentiating a complete or
partial response from a progressive disease. The interplay between the T-cell response
and neoantigens generated from clonal mutations [40] and the copy number alterations
(CNAs) [41,42] significantly influences this limitation. For instance, driver mutations and
CNAs can activate or suppress pathways that interact with tumour–immune signalling
channels [43] such as the IFN-γ signalling pathway, resulting in acquired resistance to
anti-PD1 therapy in metastatic melanoma [44].

Miao et al. (2018) [42] correlated gene-specific mutations and response or resistance
to ICI therapy within a cohort of 249 ICI therapy-treated patients with multiple cancer
types, revealing an association between KRAS and EGFR mutation statuses. This study
demonstrated that a response to immunotherapy is influenced not only by mutational
burden but also by mutational signature and mutational clonality [42]. Furthermore,
immune activity against cancer cells depends on various factors, including mutations in
the transporter associated with antigen processing (TAP) protein or in β-2-microglobulin,
which may affect optimal peptide presentation to HLA class I molecules, thereby reducing
the efficacy of ICI therapy despite a high TMB [40].

Additionally, an HLA-I genotype with two alleles with divergent sequences can enable
the presentation of an increased diversity of neoantigens, suggesting that the HLA type
also influences ICI efficacy [45]. A dominant mutational signature (such as dMMR) could
be responsible for enhanced intra-tumoural heterogeneity, as it generates a large proportion
of the mutational burden. Thus, the TMB itself might not directly mediate the ICI response,
but may serve as a proxy for an underlying biological process that increases tumour
immunogenicity and promotes the accumulation of somatic mutations [42].

Although associations between a high TMB and a response to ICIs have been reported
in various cancer types, some studies fail to demonstrate a clear correlation between the
TMB and ICI response. Therefore, further studies focusing on defining a predictive TMB
cutoff, establishing sequencing strategies for comparable TMB detection across different
laboratories, and exploring combinations of TMB with other potential markers are necessary
to facilitate its routine clinical implementation.

2.2. Neoantigen Expression

The presence of somatic mutations in metastatic melanoma is widely acknowledged.
These mutations, particularly if they are nonsynonymous mutations, result in amino acid
sequence changes in proteins, leading to the generation of neoantigens. Thus, tumours with
higher TMBs carry a larger number of neoantigens that theoretically increase tumour im-
munogenicity, thereby improving the likelihood of patient response and survival following
treatment with ICI therapy [27,46,47].
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Neoantigen formation begins when polypeptides are transported into the endoplasmic
reticulum (ER) via a TAP complex. These peptides then bind to major histocompatibil-
ity complex (MHC) class I molecules with different affinities in the ER, and finally, the
peptide-MHC class I complex gets recognized by CD8+ cytotoxic T cells, initiating the host
anti-tumour immune response [30]. Various factors such as somatic mutations, alternative
splicing, fusion genes, non-coding RNAs, and circular RNAs can produce tumour-specific
antigen polypeptides, which, when mutated, become highly immunogenic and are ex-
pressed in malignant tumour cells [48,49].

However, the efficacy of treatment for patients with a high mutational load also
depends on the subsequent recruitment of T cells into the tumour microenvironment
(TME) [50]. While a high TMB increases the likelihood of tumour-specific neoantigen
formation [39] and augments the number of TILs [30], it is important to note that the
TMB alone (frequency per non-synonymous mutation) is not equivalent to the presence
of neoantigens [27], since many oncogenic mutations do not give rise to neoantigens,
underscoring the significance of neoantigen prediction as a distinct biomarker [29].

Nevertheless, the relationship between the neoantigen load and clinical outcomes from
ICI therapy is not consistent among multiple cancer types. This inconsistency may arise
because certain gene expression changes or genomic alterations, such as the upregulation
of immune checkpoints [51], loss of HLA haplotypes [52], and somatic mutations in HLA
or JAK1/JAK2 genes, which reduce neoantigen presentation [44] during ICI therapy, can
lead to potential changes in the neoantigen load and ultimately contribute to resistance to
anti-PD1 therapy [53].

2.3. Mismatch Repair Deficiency (dMMR) and High Microsatellite Instability (MSI-H)

Microsatellite instability (MSI) is a rare event in most solid tumour types, except
colorectal and endometrial carcinomas. MSI is characterized by variability in repetitive
DNA sequences known as microsatellites and is caused by the inactivation of genes in-
volved in the DNA mismatch repair (MMR) pathway, either through germline or somatic
mutations [54]. The MMR system is crucial for maintaining DNA integrity by repairing base
mismatches and other DNA errors [55]. Mismatch repair is necessary when nucleotide bases
are mis-incorporated, leading to non-complementary base pairs, or when chemically damaged
nucleotides are incorporated opposite undamaged ones, causing sequence misalignment.

The MMR system comprises DNA mismatch repair enzymes and four key genes:
methylguanine methyltransferase (MLH1), postmeiotic segregation increased 2 (PMS2),
mutS homologue 2 (MSH2), and mutS homolog 6 (MSH6) [56]. Errors detected by the
MMR system may occur through strand slippage or the formation of secondary structures
within repetitive sequences during replication, recombination, or repair [57]. Generally,
MMR detects and repairs these anomalies and activates damage signalling pathways to
initiate cell cycle arrest and apoptosis when the DNA damage is irreparable [58].

Defects in MMR are associated with an increase in mismatch errors and are responsi-
ble for MSI [59]. Microsatellite sequences, abundant and heterogeneous throughout the
genome, are valuable for gene mapping and allele discrimination analyses due to their
distinctive lengths [60]. MSI is associated with sporadic colorectal cancer and can result
from the hypermethylation of the promoter region CpG islands in the DNA repair gene,
MLH1, leading to its epigenetic silencing [60]. Thus, sporadic MMR-deficient tumours may
be caused by either somatic mutation or epigenetic silencing of MLH1 [61,62].

Tumours exhibiting mismatch repair deficiency (dMMR), whether due to an inherited
or sporadic mutation, have a defect in one of the MMR genes (MLH1, PMS2, MSH2,
or MSH6), resulting in the failure to repair errors in DNA replication. These errors are
particularly prevalent in regions of repetitive DNA sequences known as microsatellites,
resulting in high levels of MSI (MSI-H) [31]. MMR deficiency results in a 10- to 100-fold
increase in somatic mutations [63,64], which in turn results in a high TMB and elevated
tumour neoantigens [37,65]. This promotes the release of proinflammatory cytokines,
eliciting the recruitment and activity of cytotoxic T cells [66,67].
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Moreover, tumours with MSI-H/dMMR are associated with higher levels of CD8+
tumour-infiltrating lymphocytes, and they express higher levels of immune checkpoint
proteins, including PD-1, PD-L1, CTLA-4, and LAG3, compared to microsatellite stable
tumours [31]. MSI-H and dMMR are often used interchangeably due to a high consistency
(90–95%) between dMMR and MSI-H in many tumours [68]. In this context, the FDA
accelerated the approval of Pembrolizumab in 2017 as a second- or first-line treatment
option for patients with unresectable or metastatic dMMR/MSI-H-positive solid tumours,
irrespective of the tumour type or site [56]. Nivolumab is also approved for patients with
dMMR/MSI-H metastatic colorectal cancer [69]. (see Figure 1).

Figure 1. Depiction of epigenomic and genomic features in tumour cells that may impact the response
to ICI therapy. As a result of exposure to mutagens, tumour cells generate mutations, including
dMMR/MSI-H, which are incorporated into proteins and cause neoantigen production. Dendritic
cells capture these neoantigens and activate naïve T cells through the presentation of neoantigens
onto the major histocompatibility complex (MHC) and the subsequent binding with T-cell receptors
(TCRs). Tumour cells frequently express PD-L1, which inhibits the immune activity by binding to
PD-1. Tumour cells may also undergo epigenetic changes, including DNA and RNA methylation,
which can influence non-coding RNA (ncRNA) and mRNA expression, leading to innate or acquired
resistance to ICI therapy. Regulatory T cells (Tregs) may also inhibit T-cell activity and lead to
“exhausted” effector T-cell (Teff) phenotypes. PD-1 inhibitors and PD-L1 inhibitors enhance the
anti-tumour immune response by interrupting binding between tumour cell PD-L1 ligands and T-cell
PD-1 receptors. This image was generated using BioRender.com (accessed on 1 April 2024).

3. Epigenomic Biomarkers with the Potential to Predict ICI Therapy Response

Emerging evidence suggests that epigenetic regulation plays a central role in tumour
immunosurveillance, including tumour antigen production, the interaction between tu-
mour cells and immune cells, and T-cell development, priming, activation, and exhaustion.
On the other hand, tumours commonly hijack various epigenetic mechanisms to evade
immune detection [70], therefore highlighting the potential for manipulating or modu-
lating epigenetic regulators to normalize impaired immunosurveillance and/or induce
anti-tumour immune responses.

Epigenetic modifications often produce stable changes in gene expression without
disrupting the DNA sequence, and they can remain preserved after cell division [71]. Epige-
netic modifications include DNA or RNA methylation, post-translational modifications of
histone proteins, and altered chromatin remodelling, as well as non-coding RNA (ncRNA)
or microRNA (miRNA) expression, which can interact at all stages of cancer development
and cancer progression [71]. In addition to the comprehensive modifications observed in
the tumour cell epigenome, the reconfiguration of the TME and the tumour-driven rewiring
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of immune cell chromatin landscapes play pivotal roles in modulating the magnitude and
efficacy of the anti-tumour immune response. These alterations can substantially impact
the potential response of a patient to immunotherapy and ultimately influence the overall
disease outcome [72].

The long-term maintenance of transcription factor accessibility to gene regulatory
elements is partly regulated by covalent modifications to histones and DNA which, in
turn, affects the chromatin structure, resulting in an “epigenetic memory” of gene expres-
sion programs in dividing cell populations [73]. A recent study demonstrated that T-cell
exhaustion is associated with a general increase in chromatin accessibility, with many
accessible regions retained after PD-1 blockade therapy [74]. Additionally, several studies
demonstrated that changes in epigenetic programming are coupled to transcriptional re-
programming during CD8+ T-cell effector and memory differentiation [73,75]. However,
it remains unclear whether these reprogramming events play a direct role in regulating
the effector properties in functional and exhausted CD8+ T cells. Ghoneim et al. (2017)
demonstrated that progressive genome-wide de novo DNA methylation programming is
critical for establishing T-cell exhaustion. Such DNA-methylation programming reinforces
the repression of key genes involved in the effector function, proliferation, metabolic activ-
ity, and tissue homing in exhausted T cells. This study also revealed that these long-lived,
exhaustion-associated epigenetic programs serve as a major cell-intrinsic barrier limiting
the rejuvenation of antigen-specific CD8+ T cells during anti-PD1 therapy, highlighting
epigenetic programs among exhausted T cells as a potential mechanism to cause anti-PD1
therapeutic failures [73]. Furthermore, DNA methylation enzymes, such as DNMT1 and
DNMT3B, are upregulated in exhausted CD8+ T cells, and DNMT3A-mediated genome-
wide de novo methylation can promote terminal exhaustion [73]. However, it is important
to note that most studies to date describe biomarkers in bulk tissue preparations, and
further investigation is required to elucidate biomarkers at the cellular level.

4. Understanding the Tumour Microenvironment from an Epigenetics Perspective

Carcinogenesis is a multifaceted process driven by genetic and/or epigenetic alter-
ations within specific cells, as well as by the microenvironment in which the cells reside.
The TME comprises an extracellular matrix enriched in stromal and immune cells em-
bedded within a network of cytokines and chemokines. It has significance as a reactive
platform, composing various aspects of tumour initiation, progression, metastatic spread,
altered immune response, therapeutic resistance, and cancer recurrence.

At the cellular level, the process of carcinogenesis involves evading T cell-mediated
immune surveillance by creating an immune-suppressive environment. Briefly, dendritic
cells (DCs) capture the human leukocyte antigens (HLAs) generated by cancer cells and
present them on major histocompatibility complex (MHC, MHCI, and MHCII) molecules to
antigen-presenting cells (APCs). This causes the priming and activation of effector T cells
(Teffs), while the regulatory T cells (Tregs) can regulate an immune response against tumour
cells [76,77]. CD4+ T cells secrete different tumouricidal cytokines, such as interferon-γ
(IFNγ) and TNFα to support CTLs in the disruption of primary tumour cells [78]. Epi-
genetic mechanisms such as DNA methylation are essential for CTL differentiation, with
the transition from naïve CTLs to effector cells requiring a shift from the methylated
to the demethylated states of biologically relevant gene promoters, enhancing the anti-
tumoural effects [79].

Tumour-associated macrophages (TAMs) within the malignant stroma are a critical
immune cell subpopulation responsible for cancer-associated inflammation, matrix remod-
elling, tumour immune escape, growth, invasion, angiogenesis, metastasis, cancer cell
stemness, and drug resistance. Macrophage polarization between M1 (pro-inflammatory
and tumouricidal) and M2 (anti-inflammatory and protumourigenic) phenotypes is reg-
ulated by distinct TMEs [80]. Pro-inflammatory CD16+ macrophages (M1) release T-cell
recruiting chemokines, interact with anti-CTLA-4 antibodies, and have been associated with
a positive response to combination immune therapy (anti-PD-1 and anti-CTLA-4) [81,82].
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Moreover, M1 macrophages, which are PD-L1+ and localized close to cytotoxic T cells,
are highly correlated to ICI-responsive patients [83]. Additionally, M1 macrophages are
enriched in melanocytic “hot” melanomas, whereas M2 macrophages are enriched in neural
crest-like “cold” melanomas [84], where “hot” versus “cold” tumours are characterized by
a high infiltration of TILs. Notably, epigenetic regulation also influences macrophage activa-
tion and polarization, with DNMT3B knockdown promoting an alternatively activated M2
phenotype and DNMT3B overexpression acting as a negative regulator of M2 macrophage
polarization [85]. Ishii et al. [86] reported that chromatin remodelling is mechanistically
important in the acquisition of the M2-macrophage phenotype. M2-macrophage marker
genes are epigenetically regulated by reciprocal changes in histone H3 lysine-4 (H3K4) and
histone H3 lysine-27 (H3K27) methylation; the latter methylation marks are removed by
the H3K27 demethylase Jumonji domain-containing 3 (Jmjd3).

Cytokines and chemokines are critical for immune cell communication and TME
recruitment, and their promoters are often epigenetically regulated. For instance, the
overexpression of HDAC11 inhibits IL-10 expression and induces inflammatory APCs that
can prime naïve T cells and restore the responsiveness of tolerant CD4+ T cells; conversely,
a lack of HDAC11 causes the impairment of antigen-specific T cell responses [87]. More
recently, HDAC11 was described as an essential regulator of IL-10 levels in myeloid cells in
MDSC expansion [88]. Chemokines such as CXCL9, CXCL10, and CXCL11, which recruit
CD8+ T cells, have been associated with improved responses to ICI therapy and better over-
all patient survival [82]. Epigenetic regulation of chemokine production can establish an
immune-suppressive TME. For instance, trimethylation at H3K27 represses the production
of CXCL9 and CXCL10 in ovarian cancer, establishing an immune-suppressive TME [89],
while DNMT1 is responsible for the decreased CXCL12 in osteosarcomas, resulting in
reduced CTL recruitment at the cancer site [90].

These findings indicate that exploring epigenetic biomarkers to predict responses to
immune checkpoint inhibitor therapy potentially holds significant promise in improving
patient outcomes.

5. Currently Studied Epigenomic Biomarkers of ICI Response

In the previous paragraphs, we described the crosstalk between epigenetic alterations
and the immune system in cancer. Since it is possible that epigenetic predisposition and
immune response translate into a favorable tumourigenic environment and outcome, the
search for and identification of epigenomic alterations could provide an approach to identify
biomarkers of response to ICI treatment strategies. Moreover, epigenetic biomarkers such
as DNA methylation are often more stable in fluids and formalin-fixed, paraffin-embedded
(FFPE) biospecimens as compared to mRNAs [35].

5.1. DNA Methylation and Epigenomic Signatures

DNA methylation plays an important role in modulating gene activity and gene silenc-
ing [91], as well as maintaining genomic stability. DNA methylation also facilitates genomic
imprinting, X-chromosome inactivation, chromosome stabilization, and the repression of
transposable elements [92–94]. However, cancer cells often exhibit global hypomethylation
and promoter-specific hypermethylation of tumour suppressor genes during tumourigen-
esis, which is associated with gene silencing [95]. For example, the promoter of tumour
suppressor gene CDKN2A, encoding p16INK4a, has been shown to be hypermethylated in
metastatic melanoma, leading to p16 silencing [96]. Furthermore, methylation within the
gene itself can induce mutational events [95]. Thus, sites of CpG DNA hypermethylation or
hypomethylation in cancer [97] could be potential epigenetic signatures or biomarkers for
evaluating the prognosis, diagnosis, or response to treatment in different types of cancer [92].

The comprehensive profiling of DNA methylation can be achieved using either
microarrays (e.g., Infinium HumanMethylation450 BeadChip and Illumina Methyla-
tionEPIC BeadChip) or next generation sequencing (e.g., WGBS and RRBS). The Methyla-
tionEPIC BeadChip is capable of quantitatively analyzing the methylation levels at over
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850,000 methylation sites across the genome with single-nucleotide resolution. This high-
throughput approach provides comprehensive coverage of the methylome and offers the
advantage of not being restricted to fresh tissue samples; it can also be effectively applied to
formalin-fixed, paraffin-embedded (FFPE) tissue specimens. This capability is particularly
advantageous for retrospective studies or when access to fresh tissue samples is limited.

Filipski et al. (2021) [98] used the Illumina MethylationEPIC BeadChip technology to
investigate methylation signatures across the genomes of 61 stage IV melanoma patients
who were treated with anti-PD-1-ICI during the course of their disease, along with Illumina
450 K methylation bead chip array data from a further 396 melanoma patients (stages
I–IV, skin, soft tissue, central nervous system, peripheral, non-central nervous system
organs, and lymph nodes) from The Cancer Genome Atlas (TCGA). This study performed
a reference-free latent methylation components (LMC)-based DNA methylation data analy-
sis technique. The authors showed that LMC proportion-based clustering in ICI-treated
melanomas could predict durable long-term outcomes from ICI therapy. Moreover, since
genome-wide methylation undergoes slower and sustained transformations within a dy-
namic tumour microenvironment, DNA methylation is thought to denote comparatively
more stable signatures. This study also performed the deconvolution of DNA methylation
data to identify immune cell methylation patterns that may serve as reliable biomarkers for
the prediction of a successful ICI therapy response. However, this study was associated
with several limitations, probably the most important of which was that the cutaneous
melanoma tissues were collected after the ICI treatment had started, and so the tissues used
for analysis had very likely undergone molecular alterations in response to the treatment.
These molecular alterations could represent a confounding factor towards the identification
of a biomarker for predicting the response to ICI therapy prior to starting treatment.

In another study, Ressler et al. [99] addressed this limitation by performing a similar
approach to identify a set of CpG sites using pre-treated samples from metastatic melanoma
patients to predict the response to ICI therapy. This study identified specific DNA methyla-
tion signatures, which revealed three distinct clusters based on the 500 most differentially
methylated genes. These clusters allowed for the identification of responders (cluster 1 and
cluster 2) from non-responders (cluster 3), and the findings from this study underscored
the potential of DNA methylation profiling as an efficient predictive tool in the context of
immunotherapy for metastatic melanoma.

Another group [100] conducted single methylation analysis of the CTLA-4 promoter
using samples from 50 patients with metastasized malignant melanoma who were treated
with anti-PD-1/CTLA-4 therapy. These authors used a methylation-specific quantitative
real-time PCR technique. The findings revealed a significant correlation between low
CTLA-4 methylation levels and both the response to therapy and overall survival.

5.2. Non-Coding RNAs

The ENCODE database reveals that the majority (~76%) of the human genome is
transcribed, while only 2–3% of the genome consists of protein-coding genes; the remaining
transcribed sequences comprise non-coding RNAs (ncRNAs) such as microRNAs (miRNA),
small RNAs, PIWI-interacting RNAs, and various classes of long non-coding RNAs (lncR-
NAs). These ncRNAs are not only involved in the regulation of the transcriptional activities
of single genes but also of entire transcriptional programs [33] as well as the cell cycle,
apoptosis, and differentiation through acting as signals, scaffolds, molecular decoys, and
sponges [34]. Malfunctions of ncRNAs could be involved in cancer progression, tumour
growth, metastasis, and resistance to therapy by controlling the downregulation or upregu-
lation of numerous genes [35], and indeed, ncRNAs are frequently altered in cancer tissues
and are involved in innate and adaptive immunity in cancer. For example, lncRNAs interact
with several immune microenvironment components, such as nuclear factor (NF)-κB, in
the case of NF-κB-interacting lncRNA (NKILA), in tumour-specific cytotoxic T-lymphocytes
(CTLs), or in tumour cells. Another example is a hypoxia-inducible factor 1α-stabilizing
lncRNA in tumour-associated macrophages that is responsible for poor prognosis [101,102].
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Yu et al. (2020) [103] identified novel lncRNA-based immune classes associated with
cancer immunotherapy, and they recommended that immunotherapy would be more
beneficial for patients in the active immune group. A cohort of 419 cancer patients from
the TCGA (IMvigor210 trial cohort) was used to predict the association between lncRNAs
and ICI therapy. Patients were grouped into four different classes such as “immune
active”, “immune exclusion”, “immune dysfunctional”, and “immune desert” based on
the presence of CTLs and lncRNA signatures. Patients with low lncRNA scores had longer
survival compared to patients with high lncRNA scores. The “immune dysfunctional”
class showed that dysfunctional lncRNAs were associated with closed interactions and,
ultimately, immune escape, while, for example, NKILA expression involved an interaction
with the NF-κB pathway, promoting an immunosuppressive microenvironment. This study
therefore identified the potential of non-coding RNAs (particularly lncRNAs) as biomarkers
for immunotherapy.

Chromatin modifications are associated with altered coding or non-coding RNA
expression but aside from EZH2 and ARID2, relatively few chromatin modifiers have been
investigated as biomarkers of ICI response in melanoma to date [97–99].

5.3. RNA Methylation

The most common post-transcriptional mRNA modification, N6-methyladenosine
(m6A), regulates RNA splicing, nuclear export, stability, translation, DNA damage repair,
the initiation of miRNA biogenesis, and immunogenicity. These processes affect cellular
differentiation, embryonic development, spermatogenesis, sex determination, learning and
memory, the immune response, and the occurrence and development of cancer [104]. RNA
methylation is a biologically reversible process [36], occurring mostly in the mRNAs re-
sponsible for immune regulation. Moreover, RNA methylation influences immunogenicity
and innate immune components and regulates tumour immunity, making it a potential
candidate as a predictive biomarker for immunotherapy response. For example, by affect-
ing inhibitor proteins in Tregs, m6A-modified mRNAs were found to help maintain the
inhibitory function of Tregs [105]; without m6A modification, the Tregs lost their ability to
inhibit T-cell proliferation [105].

In melanoma, m6A-marked mRNAs regulate neoantigen-specific immunity through
YTH N6-Methyladenosine RNA Binding Protein 1 (YTHDF1) present in DCs. The binding
of YTHDF1 to these transcripts increased the translation of lysosomal cathepsins in DCs,
and the inhibition of cathepsins markedly enhanced cross-presentation by wild-type DCs.
Therefore m6A plays an important role in the efficacy of tumour immunotherapy [39]. The
loss of YTHDF1 was shown to increase neoantigen-specific CD8+ T cells and enhance the
anti-tumour response of anti-PD1 therapy [106].

The inactivation of m6A regulators is associated with cancer metastasis in the liver,
colon, kidney, and pancreas [107]. In addition, hypoxic conditions in breast cancer induce
m6A demethylation and stabilize pluripotency factor NANOG, thereby promoting breast
cancer stem cell phenotypes [108].

6. Limitations and Future Directions

Several studies have been carried out over the past few years to stratify patients as
responders and non-responders to ICI therapy and to facilitate personalized medicine ap-
proaches in melanoma patients [98–100]. Understanding the dynamic nature of biomarkers
in relation to ICI therapy response patterns could provide novel insights into overcoming
resistance and tailoring treatment strategies for melanoma. Dynamic events occurring
in the TME underpin the dynamic nature of predictive biomarkers, for which greater
understanding is needed.

The TME plays a vital role in driving melanoma cells to switch their phenotype.
Within the same melanoma tumour bed, melanoma can coexist in a range of phenotypic
states; some cells may be differentiated and reflect the specialized function of the cell of
origin [109]. A proportion of tumour cells may be actively cycling and, thus, fuel tumour
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growth, and a third class of cells may be invasive, some of which may have the potential
to seed new metastases. Finally, dormant cells may lie quiescent for many years before
their reactivation, when they may initiate a new tumour (i.e., metastatic lesion) or give rise
to relapse after an apparently successful therapy [109,110]. Simultaneously, the immune
components in the TME can also adapt to extrinsic stimuli, based on oxygen tension, glucose
availability, or oxidoreduction pathways [111], leading to reprogramming of the TME [112].

The phenotypic status of melanoma cells in the melanoma tumour bed is influenced by
and can influence the TME through interactions that involve both local and systemic effects.
For example, local interactions through the regulation of melanin expression [113,114] result
in the secretion of melanin into the TME, which can inhibit immune cell function, and lead
to formation of cancer-associated fibroblasts, contributing to melanoma progression and
aggressiveness [115]. The expression of melanin is characteristic of relatively differentiated
melanoma cells, but ultimately, it promotes tumour progression. At a systemic level, TME
interactions can occur through the secretion of neuroendocrine hormones from tumour
cells [116]. For example, alpha melanocyte stimulating hormone (α-MSH) is a molecule
highly expressed by melanoma cells, with autoregulatory effects mediated through its
binding to melanocortin type 1 receptor (MC1R) [117]. Ultimately, neuroendocrine factors,
as well as other extrinsic environmental factors including ultraviolet radiation [118], can
influence the immune system, which may then impact melanoma progression.

To address our limited understanding of the TME, it is important to determine how
different melanoma phenotypic states are initiated and maintained, how they influence
tumour progression, and whether they exhibit any unique therapeutic vulnerabilities.
Multi-faceted lines of enquiry in the future are likely to impact the prediction of ICI im-
munotherapy response in melanoma patients. More research is needed to better understand
the implicit tumour heterogeneity in the TME. With further research, biomarkers present
in the TME could significantly correlate with outcomes of melanoma ICI immunotherapy
response. Investigating biomarkers in individual cells in the TME could further help in
identifying aggressive emerging tumour cell subpopulations [119]. While initially rare,
these aggressive melanoma cells could expand significantly. For this sort of approach,
methodologies like single-cell sequencing [119], including single-cell DNA methylation
sequencing, would be useful.

Ultimately, an integrated approach to evaluate both genomic and epigenomic biomark-
ers simultaneously, whereby an optimal combination of genomic and epigenomic biomark-
ers may improve the precision of ICI response prediction, could generate the most useful
biomarker panels. However, irrespective of the development of genomic, epigenomic,
or integrated genomic/epigenomic panels, the findings derived from biomarker studies
should be validated in larger patient cohorts to ensure the development of the most robust
biomarker panels that are both sensitive and accurate. Furthermore, mechanistic under-
pinnings of biomarkers that are eventually chosen to undergo development should be
explored to enhance their clinical utility.

7. Conclusions

In summary, the most promising candidate predictive biomarkers for ICI response
have not yet been identified. In this review, we outlined the published biomarkers for
ICI therapy response, with a focus on genomic and epigenomic markers. This review
highlights knowledge gaps in the potential identification of candidate biomarkers, which
could be addressed in future research. The key reason for the limitations associated with
currently available biomarkers is an absence of a proper understanding of the complex
network of interactions of the TME that influence the efficacy of ICI response. The lack of
an effective predictive biomarker impacts a significant fraction of patients who experience
innate and acquired resistance followed by hyper-progression.

Despite evidence that epigenetic drugs like Decitabine, when used in combination
with ICI therapies, lead to improved cancer patient outcomes, and also the potential
promise regarding epigenetic regulation (involving both DNA and RNA modifications)
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for reprogramming events occurring during tumour immune evasion, few studies to date
have reported the identification of either chromatin-associated or CpG-site- or m6A mRNA-
specific epigenetic biomarkers of ICI response in human melanoma patients [120,121]. In
this regard, DNA methylation stands out as a putative mechanism for the maintenance of
the exhaustion of immune cells during ICI therapy. Detailed investigations into epigenetic
regulators and their association with the clinical outcomes of ICIs in future work could
reveal new biomarkers, while additionally, a greater understanding of the mechanisms of
action of ICI therapy would also support the identification of new predictive biomarkers.
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Abstract: Studying primary melanoma and its corresponding metastasis has twofold benefits. Firstly,
to better understand tumor biology, and secondly, to determine which sample should be examined in
assessing drug targets. This study systematically analyzed all the literature on primary melanoma
and its matched metastasis. Following PRISMA guidelines, we searched multiple medical databases
for relevant publications from January 2000 to December 2022, assessed the quality of the primary-
level studies using the QUIPS tool, and summarized the concordance rate of the most reported
genes using the random-effects model. Finally, we evaluated the inter-study heterogeneity using
the subgroup analysis. Thirty-one studies investigated the concordance of BRAF and NRAS in 1220
and 629 patients, respectively. The pooled concordance rate was 89.4% [95% CI: 84.5; 93.5] for BRAF
and 97.8% [95% CI: 95.8; 99.4] for NRAS. When high-quality studies were considered, only BRAF
mutation status consistency increased. Five studies reported the concordance status of c-KIT (93%,
44 patients) and TERT promoter (64%, 53 patients). Lastly, three studies analyzed the concordance of
cancer genes involved in the signaling pathways, apoptosis, and proliferation, such as CDKN2A (25%,
four patients), TP53 (44%, nine patients), and PIK3CA (20%, five patients). Our study found that the
concordance of known drug targets (mainly BRAF) during melanoma progression is higher than in
previous meta-analyses, likely due to advances in molecular techniques. Furthermore, significant
heterogeneity exists in the genes involved in the melanoma genetic makeup; although our results are
based on small patient samples, more research is necessary for validation.

Keywords: concordance; primary cutaneous melanoma; metastasis; BRAF; NRAS; c-KIT

1. Introduction

Cutaneous melanoma (CM) is an aggressive tumor arising from the pigment-producing
cells (melanocytes) located in the skin. The incidence of melanoma has steadily increased
in many susceptible populations over the past five decades [1]. Patients diagnosed with
localized disease undergo surgical resection with a favorable prognosis [2]. However, 40%
of those patients develop metastatic disease, reducing the 5-year overall survival to less
than 30% [3,4]. Unraveling the molecular biology of CM has revolutionized treatment
with targeted therapy (BRAF and MEK inhibitors) and immunotherapy (anti-PD1 and anti-
CTLA-4 agents) [5–10]. Patients with metastatic tumors undergo molecular testing for the
BRAF V600 mutation to determine treatment options with BRAF/MEK inhibitors [7,11,12].
With the discovery of additional melanoma driver genes, strong efforts were made to
develop targeted therapies for BRAF wild-type tumors [13]. Several researchers investi-
gated potential targeted treatments for NRAS Q61 mutant melanomas. Ongoing clinical
trials tested the new treatments with MEK and CD147i inhibitors in advanced melanoma
after immunotherapy failure [14,15]. Moreover, further inhibitors are also available for
melanoma harboring an amplified c-KIT gene [16,17]. The mutations in BRAF V600, NRAS
Q61, and c-KIT occur early in melanoma development [18,19]. Consequently, if a patient
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develops a metastasis, the absence of these alterations in the primary tumor may be suf-
ficient to exclude the patient from the targeted therapies. Otherwise, an invasive biopsy
of the metastatic deposit needs to be performed. However, a meta-analysis conducted in
2017 showed an overall discrepancy rate of 13.4% of the BRAF status between the primary
melanoma and the matched metastasis [20]. Hence, it is advised to determine the BRAF
status in the metastasis deposit [21].

With advances in sequencing techniques for mutation detection, additional studies
addressed the concordance of the mutation status of primary CM and matched metas-
tasis in multiple cancer genes. However, the sensitivity of these methods for mutation
detection has not yet been compared to older techniques. Therefore, collecting up-to-date
information on the concordance status of BRAF and additional driver genes, along with
assessing the quality of the new studies, may help to redirect the diagnosis and therapeutic
decisions for CM patients. Additionally, understanding how CM tumors evolve and differ
between primary and metastatic sites is important. Thus, in this study, we aimed to sys-
tematically review all the literature and undertake the meta-analysis where appropriate in
order to determine the mutation concordance rate between primary CM and its matched
metastatic sites.

2. Methods

We conducted this systematic review and meta-analysis in accordance with the
Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) guide-
lines. The preregistered protocol is available at PROSPERO under the protocol number
CRD42022327641, accessed on 15 May 2022 and available from: https://www.crd.york.ac.
uk/prospero/display_record.php?ID=CRD42022327641.

2.1. Search Strategy and Eligibility Criteria

A comprehensive search strategy was employed to ensure the inclusion of relevant
studies. We performed an initial search in Embase to detect the relevant keywords in
the titles and the abstracts. The primary search terms used in Embase were “genetic
features”, “primary cutaneous melanoma” and “metastatic melanoma”. The obtained
synonymous terms from Embase were then added to enhance the search strategy. Articles
published from 2000 to December 2022 were searched in the following databases: Medline,
Embase, Web of Science, and the Cochrane Central Register of Controlled Trials. The
search strategies are available in Supplementary Material Table S1. Two independent
reviewers (C.Z. and T.K.) evaluated the titles and abstracts of the identified studies in
separate EndNote libraries. Discrepancies were discussed with a third reviewer (A.M.).
Inclusion criteria consisted of studies that compared the genetic patterns between primary
CM and the matched metastasis within the same patient. Studies that only included uveal
and mucosal melanoma were excluded, as well as conference abstracts and case studies.

2.2. Data Extraction and Quality Assessment

Full-text screening of all the relevant articles was conducted by two reviewers (C.Z.
and T.K.). Data extraction was independently performed by the two reviewers (C.Z. and
T.K.) using a customized data extraction Excel sheet. The following information was
extracted from each study: The first author’s name and their affiliated country, the year
of the publication, the technique used to determine the mutation status, the analyzed
genes, the total number of patients, and the number of patients with concordant status
for each gene. To assess the quality of each included study, one reviewer (T.K.) used the
Quality in Prognosis Studies (QUIPS) tool [22] and discussed the outcomes with a second
reviewer (A.M.) to ensure consensus. This tool consists of six domains: Study participation,
study attrition, prognosis actor measurement, study confounding, statistical analysis, and
reporting. For each domain, the score was assigned: High risk of bias = 0, moderate risk of
bias = 0.5, and low risk of bias = 1. Studies with a total score of ≥4 were considered high
quality, whereas studies with a total score of <4 were considered low quality.
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2.3. Outcome of Interest

The outcome of interest in the meta-analysis is defined as the concordance rate of
the mutation status between the primary cutaneous melanoma and their paired distant
metastasis in each single gene. For this study, we considered meta-analysis only for the
genes that were reported in more than ten studies. Therefore, we conducted the meta-
analysis for BRAF V600 and NRAS Q61 mutations. We reported the available data regarding
additional genes in a systematic manner.

2.4. Pathway Analysis

To determine if the mutations are associated with pathways that may be involved
in the metastasis progression, we used the web-free server g:profiler [23] to identify the
possible pathways associated with the mutated genes that we mutated in both primary and
metastasis. We selected the top three pathways with the highest p-value. g:profiler output
list details are presented in Supplementary Material Figure S1.

2.5. Statistical Analysis

Differences in the concordance of BRAF status between male and female patients were
assessed using a Student’s t-test. Random-effects meta-analysis models were used to pool
the concordance rate and the confidence interval (CI) across all the studies for each gene
(BRAF and NRAS) because combining all the genes may be biased. Freeman–Tukey double
arcsine transformation was applied to weigh the individual studies [24]. To assess the
heterogeneity across the studies, we performed a chi-square test to estimate the I2 statistic
(0–100%, 0% indicated no heterogeneity).

To explain potential sources of heterogeneity, pre-specified potential effect modifiers,
such as the technique of detecting the mutation (molecular vs. immunohistochemistry) and
the study quality (QUIPS total score), were considered. Subgroup analyses were used to
calculate the concordance rates for each group. Small study effects and publication bias
were assessed using funnel plots and Egger’s test (Supplementary Material Figure S2). The
analyses were performed using the meta [25] and the metaphor packages [26]. All the
analyses were done in R version 4.2.13.

3. Results

3.1. Search Results and Studies Characteristics

The PRISMA flowchart of the selection process is presented in Figure 1. A total
of 2466 studies (after excluding duplicates) were identified from the selected databases.
Screening and evaluation of eligibility criteria resulted in 40 studies being considered for
qualitative assessment, with 31 included in the quantitative assessment. The majority of
studies included in the meta-analysis (25) focused mainly on BRAF concordance status. For
the studies that included mucosal or uveal melanomas, we only extrapolated the mutation
data of patients with CM.
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Database searched:

Embase:1878                             Medline All:1451

Web of Science Core: 1632        Cochrane central Register of Controlled Trails: 365

Total nonduplicated records
reviewed for title and abstract

screening: 2644

Full-text articles assessed for
eligibility: 55

Articles excluded, with reasons: 2589.

Disease is not cutaneous melanoma:
1836.
Cell lines: 364.
Conference abstracts: 68.
Studies before 2000: 325.

Qualitative synthesis:
40

Qualitative synthesis:
31

Full-text articles excluded:

Unmatched primary and metastasis
melanoma samples: 7.
Mucosal melanoma: 1.

Case report studies: 3.
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Figure 1. PRISMA flow diagram of the literature search.

3.2. The Genetic Concordance between Primary Cutaneous Melanoma and Matched Distant Metastasis

The concordance in patients with cutaneous melanoma was reported mainly in the
melanoma driver genes. Twenty-five studies [27–51] compared the mutation status of BRAF
with the median concordance rate of 88% (range 56–100, total patients = 1220) (Table 1).
BRAF was mainly reported as either muted in position V600 or wild type. NRAS status
was the second most highly reported gene in 14 studies [28,30,32,38,43,45,48–55] (Table 2),
with a median concordance of 97% (range 85–100, total patients = 629), and the mutation
site was mainly focused on the protein position Q61. c-KIT concordance was reported in
3 studies [32,38,49] with a median concordance rate of 100% (range 88–100, total patients = 44)
(Table 3). Finally, the concordance of the TERT promoter was reported in two studies [45,50],
and the media concordance was 64% (range 55–68, total patients = 53) (Table 4).
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Table 1. Characteristics of the studies included in the meta-analysis for BRAF concordance rate.

Study Country Technique
Total

Cohort (n)

Patients with
Concordant Status

(n)

Risk of Bias
Score (Study

Quality)

Omholt et al., 2003 [27] Sweden PCR 50 48 5 (high)

Yancovitz et al., 2012 [29] USA MS-PCR 18 10 4 (high)

Colombino et al., 2012 [28] Italy ADS 99 87 2.5 (low)

Heinzerling et al., 2013 [31] Germany PCR 11 7 1 (low)

Zebary et al., 2013 [32] Sweden PCR 16 16 4 (high)

Colombino et al., 2013 [30] Italy ADS 236 208 3 (low)

Saroufim et al., 2014 [33] Lebanon PCR 27 20 4.5 (high)

Nardin et al., 2015 [36] France Pyrosequencing 25 23 6 (high)

Satzger et al., 2015 [39] Germany Ultra-deep NGS 75 71 6 (high)

Riveiro-Falkenbach et al., 2015 [37] Spain Cobas + IHC 140 117 5 (high)

Bradish et al., 2015 [34] USA PCR 25 21 5 (high)

Eriksson et al., 2015 [35] Sweden IHC 63 59 4 (high)

Sakaizwa et al., 2015 [38] Japan DS 25 22 3 (low)

Yaman et al., 2016 [40] Turkey Pyrosequencing + IHC 47 40 5 (high)

Bruno et al., 2017 [41] Italy PNA, IHC, capillary seq 14 9 2 (low)

Hannan et al.,2017 [42] Ireland PCR and IHC 42 36 5.5 (high)

Kaji et al., 2017 [43] Japan MassARRAY 17 9 3.5 (low)

Yang et al., 2018 [45] USA IHC and direct + Sanger
sequencing 43 42 6 (high)

Cormican et al., 2018 [46] Ireland PCR and IHC 53 53 5.5 (high)

Nielsen et al., 2018 [44] Denmark Cobas test and IHC 80 79 5.5 (high)

Manca et al., 2019 [48] Italy Targeted NGS 41 39 5.5 (high)

Ito et al., 2019 [47] Japan IHC 31 28 4 (high)

Mejbel et al., 2019 [49] USA NGS 3 3 2.5 (high)

Pellergrini et al., 2020 [51] Italy PCR and IHC 30 26 5.5 (high)

Chang et al., 2020 [50] USA SNaPshot assays, Sanger
sequencing, MS PCR 12 10 4 (high)

ADS: automated direct sequencing, DS: direct sequencing, IHC: immunohistochemistry, MS-PCR: methylation
specific PCR, NGS: next-generation sequencing.

Three studies [43,48,49] compared the mutational status between primary melanoma
and their matched metastasis tumors in multiple cancer genes. Details of each gene are
described in Table 4. Most of the reported mutated genes were reported in both the primary
and metastasis tissues, except KRAS G12A and NEK E379K mutations that were found in
primary tumors and CCND1 G103R in the metastasis tumor. To understand the role of these
mutations, we looked at their possible association with pathways known in cancer progres-
sion. Most of the genes are involved in proliferation, cell cycle, and cellular senescence.
The details of the pathways analysis are reported in Supplementary Material Figure S1.
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Table 2. Characteristics of the studies included in the meta-analysis for NRAS concordance rate.

Study Country Technique Total Cohort (n)
Patients with

Concordant Status (n)
Risk of Bias

Score

Demunter et al., 2001 [52] Belgium DOP-PCR 9 9 1

Omholtet al., 2002 [53] Sweden PCR and SSCP 54 53 5

Akslenet al., 2005 [54] Germany SSCP 15 15 3

Colombino et al., 2012 [28] Italy ADS 99 94 2.5

Colombino et al., 2013 [30] Italy ADS 233 226 3

Zebary et al., 2013 [32] Sweden PCR 16 16 4

Uhara et al., 2014 [55] Japan PCR 35 34 2.5

Sakaizawa et al., 2015 [38] Japan DS 25 24 3

Kaji et al., 2017 [43] Japan
Sequenom
MelaCarta

MassARRAY
17 17 3.5

Yang et al., 2018 [45] USA Direct and Sanger
sequencing + IHC 43 42 6

Manca et al., 2019 [48] Italy Targeted NGS 41 35 5.5

Mejbel et al., 2019 [49] USA NGS 3 3 2.5

Pellergrini et al., 2020 [51] Italy PCR and IHC 30 26 5.5

Chang et al., 2020 [50] USA
SNaPshot assays,

Sanger sequencing,
MS PCR

12 12 4

ADS: automated direct sequencing, DS: direct sequencing, IHC: immunohistochemistry, DOP-PCR: degenerate
oligonucleotide-primed polymerase chain reaction, MS PCR: methylation-specific polymerase chain reaction,
SSCP: single-strand conformational polymorphism.

Table 3. Characteristics of the studies reporting the c-KIT status.

Study Name Country Technique
Population
Cohort (n)

Patients with
Concordant Status (n)

Risk of Bias Score

Zebary et al., 2013 [32] Sweden Sequencing 16 16 4

Sakaizawa et al., 2015 [38] Japan DS 25 22 3

Mejbel et al., 2019 [49] USA PCR 3 3 2.5

DS: direct sequencing, PCR: polymerase chain reaction.

Table 4. Reported additional genes for the concordance between the primary melanoma and
matched metastasis.

Study
Total

Patient
Gene Mutation

N Mutated
Primary

N Mutated
Metastasis

N Mutated
Samples

N
Concordant

Patients

Chang et al., 2020 [50] 11 TERT promoter
(146 C > T) 4 11 * 15 6

Yang et al., 2018 [45] 41 TERT promoter N/A N/A N/A 28

Kaji et al., 2017 [43]

17 CDK4 R24C 1 2 3 0

17 KRAS G12A 1 0 1 0

17 NEK10 E379K 1 0 1 0

17 EPHB6 G404S 2 1 3 1
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Table 4. Cont.

Study
Total

Patient
Gene Mutation

N Mutated
Primary

N Mutated
Metastasis

N Mutated
Samples

N
Concordant

Patients

Manca et al., 2019 [48]

41 TP53 V216M 0 2 2 0

41 TP53 R158C 0 1 1 0

41 MAP2K1 Q46Tter 0 1 1 0

41 MAP2K1 Q110Ter 0 1 1 0

41 PTEN G127 0 1 1 0

41 PTEN Q110ter 0 1 1 0

41 CCND1 G103R 0 1 1 0

41 CDKN2A G23S 1 0 1 0

41 CDKN2A R131H 1 0 1 0

41 PIK3CA T1031I 1 0 1 0

41 PIK3CA G1049S 1 0 1 0

41 TP53 E286K 1 2 3 0

41 TP53 R196L 1 0 1 0

41 MAP2K1 Q383ter 1 0 1 0

41 MAP2K1 Q243Ter 1 0 1 0

41 MAP2K1 Q354ter 1 1 2 0

41 RB1 Q354ter 1 1 2 0

41 PTEN G165R 1 0 1 0

41 CDKN2A A40V 1 1 2 1

41 PIK3CA V344M 1 1 2 1

41 TP53 R196Ter 1 1 2 1

41 TP53 P278L 1 1 2 1

41 TP53 P278S 1 1 2 1

41 PIK3CA V344A 2 0 2 0

Mejbel et al., 2019 [49]

3 RAC1 P29S 0 1 1 0

3 CTNNB1 S37F 1 0 1 0

3 HNFA1 A269T 1 0 1 0

3 TP53 H179Y 1 1 * 2 1

* (patients with multiple metastases).

3.3. The Genetic Concordance between Primary Cutaneous Melanoma and Matched Distant
Metastasis According to Metastatic Site and Gender

To determine the impact of the metastatic site and gender on the concordance rate
between primary melanoma and metastatic deposit, we extracted data on the tissue type of
the metastasis (Table 5) and patient gender (Table 6) from each study. However, due to the
unavailability of data for NRAS and KIT, we could only report the data for BRAF.

The lymph node (excluding sentinel lymph node) was the most commonly reported
metastatic site, with eight studies encompassing 262 patients. The skin was the second most
frequently reported site, with six studies comprising 84 patients. Other metastatic sites,
including visceral, brain, and subcutaneous locations, were reported in limited studies,
with 50, 29, and 18 patients, respectively. The concordance rates for BRAF according to
gender were reported in 5 studies. Although males represented a slightly larger proportion,

113



Int. J. Mol. Sci. 2023, 24, 16281

no statistically significant difference in the concordance rate between females and males
was observed (p-value = 0.19).

Table 5. Concordance studies by metastatic site.

Study

Lymph Node
Metastasis

Brain
Metastasis

Visceral
Metastasis

Subcutaneous
Metastasis

Skin
Metastasis/
Other Type

Concordance Rate % (Concordant Cases/Total Cases)

Heinzerling et al., 2013 [31] - - - - 100 (7/7)

Zebary et al., 2013 [32] 100 (15/15) - - - 100 (1/1)

Colombino et al., 2013 [30] 90 (109/120) 92 (22/24) 93 (37/40) - 77 (40/52)

Saroufim et al., 2014 [33] 89 (16/18) - - 67 (4/6) 50 (2/4)

Nardin et al., 2015 [36] 100 (14/14) - 80 (4/5) 92 (11/12)

Bradish et al., 2015 [34] - 50 (2/4) - - 92 (11/12)

Yaman et al., 2016 [40] 83 (34/41) - - - -

Kaji et al., 2017 [43] 53 (9/17) - - - -

Manca et al., 2019 [48] 94 (17/18) - 100 (3/3) - -

Pellergrini et al., 2020 [51] 89 (17/19) 100 (1/1) 50 (1/2) - 88 (7/8)

Total samples in all studies 262 29 50 18 84

Table 6. BRAF concordance rate by gender in the reported studies.

Study
Risk of

Bias Score
Total

Cohort (n)
Total

Females (n)
Total Males (n)

Concordant
Female

Patients (n)

Concordant
Male

Patients (n)

Heinzerling et al., 2013 [31] 1 11 7 5 4 4

Saroufim et al., 2014 [33] 4.5 27 7 19 5 15

Bradish et al., 2015 [34] 5 25 13 11 11 9

Yaman et al., 2016 [40] 5 47 18 29 14 26

Kaji et al., 2017 [43] 3.5 17 9 8 3 5

Total 127 54 72 37 59

Concordance rate %
(p-value = 0.19) 68.5 81.9

3.4. Meta-Analysis of the Concordance Rate for BRAF and NRAS

We assessed the concordance rate for BRAF in 1220 patients and for NRAS in 629 patients
(Figures 2 and 3). We calculated the concordance rate separately for wild-type versus
mutated status for each gene. Because we focused on cutaneous melanoma in this study,
we excluded uveal and mucosal melanoma patients in five studies [23,25,28,35,38].

The pooled random effects concordance rate for BRAF was 89.4% [95% CI: 84.5; 93.5]
and 97.8% [95% CI: 95.8; 99.4] for NRAS. The heterogeneity between studies was high for
the BRAF concordance rate (I2 = 74%, p < 0.01). However, for NRAS, the risk of bias was
low (I2 = 7%, p = 0.38).
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Figure 2. Results of the BRAF meta-analysis. Twenty-five studies were included to pool the concor-
dance rate of BRAF status [27–51], red square: point estimate of each study, and grey diamond: sum-
mary estimate of the total studies.

Figure 3. Results of the meta-analysis NRAS. Fourteen studies were included to pool the concordance
rate of NRAS status [28,30,32,38,43,45,48–55], red square: point estimate of each study, and grey
diamond: summary estimate of the total studies.
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3.5. Subgroup Analysis According to the Technique and QUIPS Tool Score

The mutation status of BRAF and NRAS in the reported studies may be affected by
the study design and the techniques used for mutation detection. For BRAF detection,
16 studies utilized molecular-based techniques, two utilized IHC, and seven used both.
The pooled BRAF concordance rate was 86.4% [95% CI 79.6; 92.1] with a molecular-based
technique, 92.8% [95% CI: 86.3; 97.5] with IHC, 81.9% [95% CI: 82.2; 98.4] with IHC, and
a molecular-based technique combined. However, these differences were statistically
insignificant (p-value = 0.24) (Figure 4). We did not perform subgroup analyses based on
detection techniques on NRAS concordance because most of the studies used molecular-
based techniques.

Figure 4. Subgroup analysis for BRAF concordance rate based on mutation detection methods.
Studies with molecular-based technique only [27–34,36,38–40,43,48–50], studies with molecular-based
+ immunohistochemistry-based technique [37,41,42,44–46,51], studies with immunohistochemistry-
based technique only [35,47], red square: point estimate of each study, and black rhomb: summary
estimate of each subgroup.
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Other confounders, such as sample collection, analysis interpretation, and the type
of statistical tests in the individual studies, may affect the mutation detections and, subse-
quently, the concordance rate. Therefore, we performed a subgroup analysis based on the
QUIPS score for BRAF and NRAS concordance rates (Figures 5 and 6). The pooled concor-
dance rate for BRAF was 91.4% [95% CI: 86.7; 95.3] for studies with a high QUIPS score
(≥4) and 81.0 [95% CI: 68.1; 91.6] for studies with a low QUIPS score (<4), (p-value = 0.03).
The pooled concordance rate for NRAS was 95.7% [95% CI: 89.7; 99.5] for studies with a
high QUIPS score (≥4) and 99.1% [95% CI: 97.3; 100] for studies with a low QUIPS score
(<4). This difference was statistically insignificant (p-value = 0.38).

Figure 5. Subgroup analysis of the BRAF concordance rate based on QUIPS score. Low-risk bias
studies were [27,29,32–37,39,40,42,44–48,50,51], high-risk bias studies were [28,30,31,38,41,43,49], red
square: point estimate of each study, and black rhomb: summary estimate of each subgroup.
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Figure 6. Subgroup analysis of the NRAS concordance rate based on QUIPS score. High-risk bias
studies were [28,30,38,43,49,52,54,55], low-risk bias studies were [32,45,48,50,51,53], red square: point
estimate of each study, and black rhomb: summary estimate of each subgroup.

4. Discussion

In this study, we comprehensively analyzed the current knowledge on the concordance
of mutated genes between primary CM and their matched metastasis. Most of the reviewed
studies focused on the concordance of BRAF mutation status because it has clinical value in
the treatment decision for BRAF inhibitors. The second-most studied gene was NRAS. The
overall pooled concordance rates for BRAF and NRAS status were high (88.8% and 97.2%,
respectively). However, the reported concordance rates in the individual studies varied
widely, ranging from 56% to 100% for BRAF and 85% to 100% for NRAS. Among the factors
that could explain this wide range are: Mutation detection technique, gender, metastatic
site type, and study quality. We observed that all these factors were of influence on the
concordance rate. First, we explored the impact of mutation detection techniques. For
BRAF, the concordance rate was higher when an IHC-based technique was used (92.8%)
and lower when molecular-based techniques were used (86.4%). Although we could not
explore the effects of gender and metastatic sites with significant power, we did see for
BRAF concordance rate the most discordant cases in the direction of female sex and skin as
a metastatic site.

Only five studies [43,45,48–50], with study sizes ranging from 3 to 41 participants,
analyzed the variability in the mutation profiles using panel cancer driver genes. The
alterations in TERT, CDKN2A, TP53, RPPIK3CA, and EPHB6 were simultaneously detected
in matched primary and metastasis tumors, albeit in only a small subset of patients. In
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contrast, other mutated genes were found exclusively in either primary or metastatic tu-
mors. Predominantly, the majority of the genes displaying alterations were associated
with critical pathways involved in tumor invasion, including those regulating prolifera-
tion, cell cycle, and apoptosis. This is in line with the current knowledge on melanoma
progression [56–58]. In essence, investigating the sequential acquisition of mutations will
be required to fully identify the key driver mutations that are responsible for the processes
of invasion, adaptation, and, ultimately, melanoma metastasis dissemination [59].

CM presents cancer with a very high tumor mutational burden (TMB) [60]. This
characteristic may lead to polyclonal formation within the individual primary melanoma
tumor. In other words, a primary tumor can comprise a mixture of cells presenting different
genetic profiles of the same gene, with the ability to metastasize to other tissue organs [61].
Two studies showed intratumoral heterogeneity within the same melanoma samples for
BRAF and TERT mutation status using different micro-dissected regions of the same
sample [29,50]. A meta-analysis reported similar observations when investigating EGFR
and KRAS mutation status in matched primary tumors and distant metastasis of non-small
cell lung cancer, which is also considered a tumor with a TMB [62]. Thus, intratumoral
heterogeneity may be a common feature of high-TMB tumors. In our study, we also
showed that additional mutations in genes such as KRAS and NEK10 were likely to be seen
in primary melanoma. In contrast, mutations in genes such as TERT and CCND1 were
likely present in metastasis. Thus, we highlight the need to investigate the clonality of
more melanoma-specific genes, especially in the case of building metastasis risk prediction
models that are based on the genetic profile of primary tumors, as the primary tumors may
contain driver genes that are irrelevant for the recurrence of the metastasis. For example,
Chang et al. have shown that within the same melanoma patients, the primary tumor had
a BRAF mutant status, but the metastatic tumor had lost this mutation and acquired a new
mutation in the TERT promoter [50]. As a result, a metastasis risk prediction model based
on the BRAF mutation status of the primary tumor would not be accurate for this patient.
Therefore, it is essential to develop metastasis risk prediction models that take into account
the intratumoral heterogeneity of melanoma tumors. This could be done by sequencing
multiple regions of the primary tumor or by sequencing both the primary and metastatic
tumor tissues.

The accuracy of the mutation detection technique may have an effect when comparing
the mutation status [63,64]. Bruno et al. tested the concordance of BRAF status between
25 paired primary and matched melanoma samples by applying both IHC and real-time
PCR. Their study showed that IHC was more effective in detecting the signal of mutated
BRAF V600E [41]. This finding suggested that IHC is the stable method for the BRAF
testing method, especially for detecting the most common BRAF mutation, V600E. From
a molecular point of view, IHC is subject to some limitations. For instance, IHC can
be subjective as the pathologist’s interpretation affects the results. IHC may not detect
mutations in all cases, particularly when the tumor sample is small or if the mutation
is present in only a small percentage of tumor cells [65]. At the same time, molecular-
based techniques such as real-time PCR are more objective and sensitive than IHC [66].
In the daily practice of BRAF testing, molecular techniques are considered the golden
standard [67].

The tumors can evolve over time, and new mutations can arise in the metastases.
Thus, the time to metastasis, which is defined as the time between the primary tumor
and the metastasis tumor biopsy, may also affect the mutation concordance rate. In our
study, we were unable to analyze the impact of time on metastasis as there were not
enough eligible studies. It is essential to mention that no new studies have reported more
extensive information on the timing of metastasis since the previous meta-analysis of
BRAF [20]. In colorectal cancer, the concordance rate of KRAS status decreases when the
time to metastasis increases [68,69]. Thus, it is recommended to perform more frequent
surveillance for patients with a longer time to metastasis, as they may be at higher risk for
developing metastases with a different KRAS mutation status [68].
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The metastatic site plays a crucial role in changing the mutation status between
matched primary and metastasis melanoma tumors. Firstly, the microenvironment of the
metastasis site can exert a unique selection pressure on the melanoma cancer site. In other
words, the metastasis tissue site can offer distinct biochemical, immune, and structural
conditions that differ from the skin site. This means the melanoma cells can adapt and
acquire new mutations to thrive in the specific microenvironment of the metastasis site.
For example, the melanoma cells that metastasize to the brain may develop mutations
that evade the immune system, as the brain is an immune-privileged site [70]. Melanoma
that metastases to the lung may develop mutations that allow it to resist the effects of
chemotherapy, as the lung is a vascularized organ [71].

The overall study quality had no significant effect on the concordance rates of NRAS
mutation status. Yielding that the reliability of NRAS mutation status determination
was fairly consistent across studies, regardless of their quality ratings. However, we
observed higher concordance rates for BRAF mutation status in studies rated as high
quality compared to studies rated as low quality. These findings suggest that beyond
mutation detection techniques, other factors such as patient selection and time and type
of fixation, as well as improper tumor sampling, may affect the concordance rate of the
mutation profile [72]. From a biological standpoint, it is worth noting that both BRAF
and NRAS mutations are present in nevi, suggesting that such mutations might represent
early events that could already be present in all tumor cells. This is also supported by the
results seen in immunohistochemistry (IHC) [29,73]. It appears that, based on the available
data, discrepancies in the current literature may be attributed to sample management and
mutation detection techniques rather than being solely due to tumor heterogeneity. Refining
and standardizing sample collection and analysis procedures are crucial to enhancing the
accuracy and consistency of mutation profiling in melanoma cancer research. Ultimately,
this leads to more reliable insights into this complex disease.

Our study has several limitations; firstly, the original studies that we included in our
meta-analysis for BRAF and NRAS status were relatively small, which limited the power of
our study to detect statistically significant results. Secondly, most of the included studies
used different criteria to select patients, mainly for the metastasis tumor (lymph node or
distant metastasis). Lastly, we did not have access to clinical data for all of the patients
in the original studies, which prevented us from analyzing the effect of clinical variables,
such as the tumor thickness and the presence of the ulceration, on the concordance rate.
Despite these limitations, our study presents the first meta-analysis that pooled the NRAS
concordance rate in matched primary and metastasis of cutaneous melanoma. This is
an important finding, as NRAS mutations are responsible for a significant proportion of
melanomas, but no well-established NRAS-targeted therapies are yet known. In addition to
the updated data about the pooled BRAF concordance rate from the previous meta-analysis.

Our results consolidate the evidence of the mutation concordance between primary
melanoma and matched metastasis. We demonstrated a high concordance for BRAF and
NRAS mutation status. We observed that the BRAF concordance rate is higher than reported
in the last systematic review. This finding may suggest that advances have been made in
molecular techniques and IHC techniques. Nevertheless, further investigations are required
to comprehend the intricacies of melanoma, including its genetic heterogeneity and the
complex interaction of multiple genes driving the metastatic progression. Expanding
the scope of our study is essential to attaining a comprehensive understanding of tumor
heterogeneity and the genetic changes that take place throughout the metastatic evolution
of melanoma. This should include not only a wider range of genes but also the integration
of more clinical information, as these multi-faceted forms of research will aid in uncovering
the complexities of the genetic landscape of melanoma.

5. Conclusions

The complete explanation of the genomic background behind melanoma pathogenesis
remains elusive. This study presents a summary of current understanding regarding
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the clonal relatedness of mutated genes in primary cutaneous melanoma and matched
tumors. We draw attention to the knowledge gap regarding the genetic heterogeneity
of melanoma-specific genes, which could serve as a valuable tool in identifying suitable
patients for trials testing possible new targeted therapies. Furthermore, we found that
CM presents a significant concordance in BRAF status between primary and metastatic
tumors than in previous meta-analyses, probably due to technical advances, although a
minority of patients showed inconsistencies. Therefore, we propose that molecular testing
in metastatic tissue is a more appropriate method for determining BRAF status to tailor
the treatment decision, although it is still reasonable to use the primary tumor in cases of
difficulty. Further research should investigate the factors causing these discrepancies and
the feasibility of using other molecular markers with BRAF status to better stratify patients
for melanoma treatment.
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Simple Summary: Precision oncology is emerging as a viable option to improve survival in patients
who fail to remain disease-free even after the employment of currently available treatments. Such an
alternative is particularly essential for patients with melanoma, where recurrence and progression of
the disease following the development of acquired resistance are common. In this review, we aim
to address the treatments available to patients diagnosed with melanoma and discuss promising
treatment options that rely on specific and individualized approaches to treatment, particularly for
the subset of patients who experience therapy failure due to acquired resistance.

Abstract: Melanoma is the most severe and fatal form of skin cancer, resulting from multiple gene
mutations with high intra-tumor and inter-tumor molecular heterogeneity. Treatment options for
patients whose disease has progressed beyond the ability for surgical resection rely on currently
accepted standard therapies, notably immune checkpoint inhibitors and targeted therapies. Acquired
resistance to these therapies and treatment-associated toxicity necessitate exploring novel strategies,
especially those that can be personalized for specific patients and/or populations. Here, we review
the current landscape and progress of standard therapies and explore what personalized oncology
techniques may entail in the scope of melanoma. Our purpose is to provide an up-to-date summary of
the tools at our disposal that work to circumvent the common barriers faced when battling melanoma.

Keywords: melanoma; metastatic treatment; precision oncology; targeted therapy; vaccine;
immunotherapies; adoptive cell therapy; personalized medicine

1. Introduction

Cutaneous melanoma remains the most aggressive and deadliest form of skin cancer,
with a survival rate of less than 10%, despite recent advances in therapy [1]. Four major
subtypes of cutaneous melanoma have been established according to the presence of
specific somatic mutations occurring in different oncogenes (Figure 1): (1) the B-Raf proto-
oncogene serine-threonine kinase (BRAF) mutant, (2) the NRAS proto-oncogene GTPase
(NRAS) mutant, (3) the neurofibromin-1 (NF1) tumor suppressor mutant, and (4) the triple
BRAF/NRAS/NF1 wildtype (WT) form that does not contain mutations in any of the three
oncogenes [2,3]. An overwhelming proportion of melanomas harbor hotspot mutations in
either the BRAF or NRAS oncogenes—over 50% and approximately 20–25% of melanomas,
respectively [4–6]. Patients with metastatic BRAF-mutant melanoma have an estimated
survival of 6–10 months after diagnosis without current drug therapy intervention [7].

Each melanoma case is categorized based on the 2009 TNM (Tumor, Node, Metastasis)
staging system derived by the American Joint Committee on Cancer (AJCC). The AJCC
system stages disease on a scale of stage I–V, where patients may present with solely a
primary tumor/local disease (I–II), node-positive disease (III), or advanced or metastatic
disease (IV). These stages consider the extent of the primary tumor in terms of thickness and
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the possible presence of ulceration (T), an investigation of spread to nearby lymph nodes
(N), and metastatic spread (M) [1,8]. Although surgical resection can successfully treat
patients with melanoma in the earlier stages [3], those diagnosed with stage IV/late-stage,
metastatic, or unresectable melanoma have historically faced limited treatment options and
dismal prognoses. An optimal treatment strategy is based on somatic mutational status
and the patient’s clinical presentation (e.g., toxicity profiles, disease dissemination, serum
lactate dehydrogenase) [4,9]. To date, two types of systemic therapies have been identified
as the most efficacious treatment option for advanced and high-risk early-stage melanoma:
targeted therapy and immune checkpoint inhibitors (ICIs). Targeted therapy employs small-
molecule inhibitors, notably BRAF kinase and mitogen-activated protein kinase inhibitors
(BRAFis and MAPKis), selectively designed to inhibit targets in the MAPK pathway [10].
Meanwhile, the development of ICIs allows for the pharmacological manipulation of the
immune response, reactivating T cells to inhibit tumor cell evasion [9].

Figure 1. Melanoma development and progression are driven by multiple driver gene mutations.
Four major subtypes of cutaneous melanoma have been established according to specific somatic
mutations in different oncogenes, including BRAF, NRAS, NF1, c-KIT4, and GNAQ/11. These
somatic mutations activate the phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) and mitogen-
activated protein kinase (MAPK) pathways, resulting in melanoma development and progression.
Mutations in BRAF can impact the MAPK pathway and have downstream effects on cell proliferation
and cell cycle control. Mutations in NRAS can affect both the MAPK and the PI3K/AKT pathways,
which regulate cell survival, proliferation, invasion, and metabolic programming. Overactivation
of these pathways can contribute to the tumorigenesis, proliferation, invasion, and metastasis of
melanoma cells, as well as drug resistance to applied therapies.

Cutaneous melanomas have high mutational burdens, making this disease a prime
candidate for adoptive cellular therapy (ACT) of either tumor-infiltrating lymphocytes
(TILs) or chimeric antigen receptor T (CAR-T) cells [1,11–14]. From a treatment perspective,
TIL therapy is behind MAPKi targeted therapy and ICI therapy, especially for treatment-
refractory patients. CAR-T therapy may be particularly helpful for metastatic and targeted-
therapy-resistant melanoma patients [1,11,12]. However, while it has higher specificity than
MAPKi targeted therapy, CAR-T therapy has more dangerous potential side effects, such as
cytokine release syndrome (CRS) [11,12,14]. The review aims to recapitulate an up-to-date
overview of where we stand regarding the scope of precision oncology techniques, describe
what we can expect in terms of the future landscape by challenging what is already known
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in the field, and provide recommendations for ways to circumvent the crucial dead ends
we currently face in the treatment of advanced melanoma.

2. Biomarkers for Personalized Targeted Therapy

The molecular composition of the tumor and the tumor microenvironment (TME)
play an important role in the progression of cutaneous melanoma. The different subtypes
of melanoma can vary widely in their properties, consequently affecting treatment and
patient survival benefits.

2.1. BRAF and MEK-Related Biomarkers

BRAF, along with CRAF, is a member of the Raf family protein and plays a role
in the MAPK signaling pathway via downstream activation of MEK and, subsequently,
ERK. BRAF is a serine-threonine-specific kinase whose most common mutation occurs
at codon 600 in melanoma. Approximately 80% of these missense mutations involve the
substitution of a Valine (V) for a Glutamate (E) in the activation loop, known as BRAFV600E

mutations [4]. The remaining portion of mutations can include V600 substitutions for a
Lysine (K) (BRAFV600K) or an Arginine (R) (BRAFV600R) [4]. Importantly, these substitu-
tions initiate a constitutional activation of the MAPK pathway, leading to the overactive
growth of BRAF-mutant melanoma cells. BRAF mutations typically develop from external
environmental causes (e.g., UV radiation from the sun), and as such, it is very rare for this
to be an inherited mutation [15].

Patients with BRAF-mutant melanomas have historically demonstrated an initial
benefit from the pharmacological inhibition of mutant BRAF and/or MEK. Current targeted
therapies include the first FDA-approved BRAF inhibitors (BRAFis) vemurafenib (PLX-4032,
approved in 2011) and dabrafenib (GSK2118436, approved in 2013) [16]. These BRAFis
can be taken orally and have high selective binding to the ATP-binding site of BRAF
mutants V600E, V600D, V600K, and V600R [15]. Multiple studies have shown that both
vemurafenib and dabrafenib improved patient outcomes when used as monotherapies
against BRAFV600E unresectable or metastatic melanoma relative to the prior therapy
standard of chemotherapy [17,18]. The most recent BRAFi to gain FDA approval was
encorafenib in 2018 [19]. In tandem with BRAFis, MEK inhibitors (MEKis) have been
developed to target a downstream molecule of the BRAF kinase and produce a longer-
lasting effect on progression-free survival (PFS). There are currently three main FDA-
approved MEKis: trametinib (2013), cobimetinib (2015), and binimetinib (2018) [16,20].
MEKis can target both forms of MEK (MEK1 and MEK2), generally through allosteric
binding that inhibits MEK recruitment, phosphorylation, release, or affinity with BRAF [21].
As with BRAFi monotherapy, pharmacological inhibition by the MEKi trametinib has been
shown to have a significant survival benefit compared to chemotherapy [22]. Treatment
with BRAFis and MEKis is not without difficulty, as patients typically fail to remain disease-
free long term due to the development of resistance to these inhibitors. Using BRAFis
and MEKis in combination has yielded some improvements—common combinations
include dabrafenib and trametinib, vemurafenib and cobimetinib, and encorafenib and
binimetinib [23]. However, drug resistance is still prevalent and has become a critical factor
in the search to develop new immunotherapies.

Furthermore, clinicians have found that having a BRAF mutation alone is insufficient
to cause melanomagenesis; an inactivating PTEN (phosphatase and tensin homolog deleted
from chromosome 10) mutation is also required [24,25]. PTEN, a protein that works in
opposition to PI3K to dephosphorylate PIP3 to PIP2, is also known to inhibit BRAF’s
kinase expression and therefore regulate downstream MAPK signaling [25,26]. Evidence
indicates an association between BRAF and PTEN mutations, with PTEN inactivation
being one of the most common causes of resistance to BRAF inhibitors [27–30] (Figure 2).
Catalanotti et al. [31] observed similar findings where patients with PTEN loss-of-function
melanoma had reduced survival and response rates. Moreover, melanomas with inactiva-
tion of PTEN or activated PI3K/AKT have a higher potential of metastasis [32–34]. These

127



Int. J. Mol. Sci. 2024, 25, 5023

results highlight the potential of PI3K inhibitors, in combination with BRAF and MEK
inhibitors, to treat BRAF-mutant patients regardless of their PTEN status.

 
Figure 2. Targeted therapy and mechanism of resistance. Treatment with BRAFis causes programmed
cell death in melanoma patients whose cancer has a BRAFV600E mutation. Resistance to BRAFis can
arise as tumor cells overexpress EGFR, PDGFRβ, and IGF1R, creating an alternative survival pathway.
Treatment with a combination of BRAFis–MEKis can result in programmed cell death but may also
lead to double resistance to these therapies. The molecular mechanism mediating resistance may
depend on PTEN status in BRAF-mutant melanoma. In melanoma with wild-type PTEN, AXL and
AKT activation are elevated and can confer resistance to BRAFis; treatment with AXLi and AKTi can
block further tumor growth. In contrast, melanoma with impaired PTEN is associated with decreased
AKT activation; the MAPK/ERK pathway is reactivated as the core drug resistance pathway and is
responsive to treatment with PERKis and MEKis.

To circumvent BRAFi and MEKi double resistance, their upstream and downstream
targets are also a focus for clinicians. For example, SHP2 (Src homology region 2 domain-
containing phosphatase-2), linking receptor tyrosine kinases, and the MAPK signaling
pathway have been reported to increase in melanoma samples [35]. Specifically, within the
melanoma microenvironment, Zhang et al. [36] reported that SHP2 positively regulates
ERK and AKT signaling and, therefore, melanoma proliferation and survival. When SHP2
is targeted in vivo by an inhibitor such as 11a-1, melanoma xenograft tumor growth is
suppressed. SHP2 is upstream of the alternate pathways, such as AKT and mTOR, and
is employed by BRAFi–MEKi double-resistant melanoma samples, suggesting that SHP2
inhibition can effectively treat BRAFi and MEKi double-resistant cells.

While BRAF and MEK inhibition is a common tactic for treating melanoma, ERK-
specific targeting has been rare despite its placement downstream of both BRAF and MEK,
which has a more direct effect on the genetic and proliferative effects of the MAPK signaling
pathway. Some researchers have developed ERK inhibitors (ERKis), such as SCH772984,
which are highly selective and can be used as a viable supplement in combination with
BRAFis and MEKis or replace them in subsequent acquired BRAFi–MEKi double resistance.
Morris et al. [37] noted that SCH772984 effectively treated melanoma cells with and without
BRAFi and MEKi resistance because the alternate pathways used in double resistance are
often associated with ERK reactivation. However, if ERKi resistance develops, the resulting
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melanoma samples may prove to be even more challenging to treat due to the limited
knowledge of alternate pathways subsequent to ERK.

An additional factor in BRAF mutation melanoma survival is the level of autophagy
present in melanoma samples. Abnormal rates of autophagy and its related genes such as
Atg5 and Sqstm1/p62 have been found within BRAF-mutant melanoma samples [38]. For
example, although both genes are known to promote autophagy, Karras et al. [39] found
Atg5 to decrease with heterozygous deletions, while Sqstm1/p62 expression was amplified
in proliferative melanoma. However, the relationship between melanoma proliferation and
autophagy is not solely based on genetics. Many factors, such as ER stress, can influence
autophagy. Ma et al. [40] showed that the addition of BRAF inhibitors to melanoma cells
caused an increase in autophagy due to the binding of mutant BRAF to the ER stress
gatekeeper GRP78. Subsequent BRAF and autophagy inhibition via hydroxychloroquine
caused a reduction in tumors in BRAFi-resistant cells. Other studies have noted that
autophagy may be tumor-suppressive in the early stages of tumor development and then
become tumorigenic in later stages [41].

Another approach that could be considered to improve the current state of BRAF
and MEK inhibitory therapies is the use of predictive biomarkers to guide treatment
decisions between patients [42]. For example, markers of tumor burden, such as serum
lactate dehydrogenase levels and the number of organ sites with metastatic features, were
correlated with better outcomes in PFS and overall survival (OS) in patients that received
combination therapy of dabrafenib and trametinib [43]. The discovery of new oncogenic
driver mutations as potential biomarkers may help predict responses for targeted therapies
in certain patient populations.

2.2. Non-BRAF and MEK-Related Biomarkers

Melanomas with mutations in NRAS, the second most prevalent mutated proto-
oncogene in melanoma, are characteristically more aggressive and susceptible to develop-
ing resistance to treatment when compared to BRAF mutants [2,5]. Unlike BRAF mutants,
melanoma harboring an NRAS mutation alters GTP hydrolysis to consequently activate
the MAPK, PI3K, and RAS-like protein guanine nucleotide exchange factor (GEF) signaling
pathways [5]. In total, 90% of NRAS mutations in melanomas are NRASQ61R [44]. In these
melanomas, MAPK is activated via CRAF, not BRAF, and these tumors also have aberrant
cyclin-dependent kinase (CDK) 4/6 expression and hyperactivated PI3K/AKT signaling.
Currently, the standard of care for NRAS-mutant patients involves anti-PD-1-based im-
munotherapy (see below) as the first line of treatment, with the second line of treatment
including MEK and CTLA-4 inhibitors, albeit with varying degrees of success [45]. The
lack of druggable pockets within RAS makes it hard to develop RAS-specific inhibitors [2],
although recent structural studies of mutant KRAS offer promising new therapeutic strate-
gies [46]. Another study using the FAK inhibitor defactinib, Del Mistro et al. [47] demon-
strated that the inhibition of FAK can desensitize melanoma cells regardless of BRAF/NRAS
mutational status. While the efficacy of defactinib is not certain, clinical trials are currently
being conducted employing defactinib to treat metastatic melanoma and other cancers in a
phase II trial (NCT04270417) [48].

Other non-V600 BRAF mutants, which have been reported in up to 14% of melanoma
patients, are very rare, and therefore, little is known about their available treatment [49].
Since these melanomas can often activate the MAPK pathway through uncommon means,
such as CRAF, pan-RAF inhibitors, like sorafenib and AZ628, have been explored on non-
V600 BRAF-mutant melanoma samples [50]. Molnár et al. [50] reported that a combination
of sorafenib or AZ628 and selumetinib, an MEK inhibitor, can effectively combat non-V600
BRAF-mutant melanoma in preclinical mouse models. Furthermore, recent clinical trials,
such as the phase I trial (NCT01425008) by Rasco et al. [51], investigated the safety and anti-
tumor activity of tovorafenib, another pan-RAF inhibitor and showed encouraging results.
In all, these studies represent promising steps forward for the use of pan-RAF inhibitors on
not only BRAFV600E but also BRAF-wild type and CRAF-wild type melanoma patients.

129



Int. J. Mol. Sci. 2024, 25, 5023

CDK4/6 is another molecule involved in the development of melanoma [52]. The com-
mon role of CDK4/6 is to bind with Cyclin-D1, enter the nucleus, and hyperphosphorylate
the retinoblastoma (RB) protein; this results in the release of the transcription factor E2F,
which drives the transcription of genes for cell cycle progression. In melanoma, multiple
mutations can affect CDK4/6 activity and increase proliferation by promoting the G1-S
transition [53]. Interestingly, CDK4/6 can be activated beyond the MAPK pathway via the
estrogen receptor (ER) signaling pathway, which is common in breast cancer [54,55]. Be-
cause CDK4/6 inhibitors have already been developed and effectively used to treat breast
cancer tumors, clinicians are testing the efficacy of CDK4/6 inhibitors in combination with
other inhibitors to combat melanoma. For example, Yoshida et al. [56] discovered that
vemurafenib-resistant tumors were still sensitive to palbociclib (a CDK4/6 inhibitor). This
has been further explored by Jost et al. [57], who found that palbociclib induced cell cycle
arrest in melanoma cells when used in combination with radiotherapy. These findings
have identified CDK4/6 as another potential path for treating patients with BRAFi- and
MEKi-resistant melanoma.

AXL, a tyrosine kinase receptor, is another potential target due to its notable elevated
expression in many cancers, including melanoma [29,58]. Once bound by a ligand, AXL
will activate downstream signaling pathways that affect cell cycle progression, including
the PI3K/AKT pathway. AXL is involved in many crucial roles in cancer development,
including cell movement, immunosuppression, and epithelial–mesenchymal transitions
(EMTs) [59]. AXL expression is also correlated with acquired MAPK resistance [29], in-
cluding BRAFi/MEKi double resistance, and targeting AXL cooperatively inhibited tumor
growth with BRAF/MEK inhibitors in patient-derived xenografts [60]. Recent in vitro
studies have shown that the knockdown of AXL by siRNA or its inhibitor bemcentinib in
melanoma cells decreased migration and invasion [58,61]. A phase II study (NCT02872259)
comparing the efficacy of the standard melanoma treatment of dabrafenib, trametinib, and
pembrolizumab with or without bemcentinib in patients with phase III or IV melanoma is
currently ongoing [62].

Notably, most of the NF1 mutations associated with melanoma result in loss of func-
tion in the NF1 gene, classifying it as a tumor suppressor [63]. Approximately 12–18%
of melanoma patients have mutations in NF1, which are most common in elderly and
sun-exposed individuals. This protein has a GTPase-activating protein-related domain
that negatively regulates RAS-GTP to the inactive RAS-GDP form, thus inhibiting the
progression of the MAPK pathway. Current treatments of NF1-mutant melanomas rely on
targeting other proteins, such as MEK and anti-PD-1 therapy [64,65].

Met (mesenchymal–epithelial transition factor receptor), along with its paracrine-
induced ligand HGF (hepatocyte growth factor), is another signaling pathway that has
been targeted for melanoma therapy [66,67]. Like with other kinase receptors, abnormal
activities of Met and HGF have been associated with cancers such as melanoma. What
is unique about Met in melanoma cell lines is that HGF is secreted via autocrine and
paracrine signaling [68], often leading to a positive feedback loop of growth [69]. Drug
inhibitors for the Met/HGF signaling pathway, such as crizotinib, tivantinib, and quercetin,
are undergoing experimental trials with promising results [70]. For example, using tumor
samples from melanoma patients, Das et al. [71] demonstrated that a combination of
crizotinib and a tyrosine kinase inhibitor, afatinib, reduced melanoma tumor growth,
regardless of BRAF/NRAS mutational status. Additionally, PHA665752, a drug that blocks
MET phosphorylation, has shown to be effective in targeting NRAS-mutant cells during
in vitro studies, indicating the broader effectiveness of Met inhibitors in treating various
melanoma subtypes, not only the common BRAFV600E mutant [72].

2.3. Melanoma-Stem-Cell (MSC)-Related Biomarkers

With recent advancements in our growing knowledge of stem cells, general biomarkers
associated with melanoma stem cells (MSCs) have been elucidated, including CD133 [73],
CD271 [74], and ABCB5 [75]. Targeting MSC biomarkers is expected to benefit patients
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with melanoma. For example, CD133, a critical biomarker of MSC to maintain stemness
properties and drug resistance, is reported to be upregulated in melanoma and involved
in tumor growth, angiogenesis, and metastasis via mechanisms of PI3K/AKT and MAPK
activation [76], suggesting inhibition of PI3K/AKT and/or MAPK signaling pathways not
only targets melanoma with BRAF and NRAS or other gene mutations but also battles
MSCs [29,30,33,76]. Knockdown of CD133 expression in NRAS-mutant melanoma pro-
moted cell apoptosis and improved trametinib efficacy in the NRAS-mutant cells [77]. A
recent study reported that a vaccine against MSCs (CD44+CD133+ cells) stimulates immune
response and inhibits melanoma growth and metastasis in vivo [78]. However, due to these
biomarkers exhibiting other types of cancer as well as normal stem cells, studies should
assess tolerability and efficacy.

2.4. Non-Genomic Biomarkers in the Melanoma Microenvironment

Beyond a high mutation rate, melanoma often rewires its metabolism program through
non-genomic regulation to provide a favorable tumor microenvironment (TME) for support-
ing tumor cell growth and suppressing immune surveillance [11,12,79]. Targeting the vul-
nerabilities of metabolism may improve melanoma therapy. For example, NRAS-mutated
melanoma cells reprogram a quiescent metabolic program to avoid MEK-inhibition-induced
cell apoptosis [80] with increased reactive oxygen species (ROS) levels, making these cells
highly sensitive to ROS induction. Thus, treatment with an ROS inducer and an MEK
inhibitor inhibited tumor growth and metastasis [80]. Studies have shown that melanoma
patients with high levels of lactate dehydrogenase (LDH) often have a worse prognosis
and low response to checkpoint therapy, implicating that inhibition of LDH may provide
an opportunity to modulate the TME favorably. Treating patient-derived melanoma with
a lactate dehydrogenase A (LDHA) inhibitor, GSK2837808A, showed T-cell antitumor
cytotoxicity. Recently, a compound AZD3965 developed to target MCT1 and MCT4 of
LDH transporters is under investigation in a clinical trail (NCT01791595) [81]. Within
the TME, fibroblasts also make functional shifts to cancer-associated fibroblasts (CAFs),
which are known to support melanoma immune evasion and tumor growth via many
proteins, including FBLN1 and COL5A1 [82]. Inhibiting the expression of FBLN1 and
COL5A1 by mifepristone and dexamethasone drugs has potentially improved patient
outcomes [82]. Furthermore, antibody–drug conjugate ABBV-085 against LRRC15 of the
new CAF biomarker showed significant antitumor activity with minimal toxicity [83]. In
addition to melanoma in the TME, circulating tumor cells (CTCs) are proposed to have
dominant mitochondria-mediated oxidative phosphorylation (OXPHOS) [84], suggesting
anti-OXPHOS may prevent melanoma metastasis.

3. Advances in Immunotherapy

3.1. Immune Checkpoint Inhibitors (ICIs)

Currently, the preference for the clinical treatment of advanced and high-risk, early-
stage melanoma is ICI therapy [85]. This systemic therapy offers a unique advantage by
not only inducing cancer cell eradication but also by extending survival through anti-
cancer maintenance that improves overall survival with some first-line ICIs, making it the
preferential treatment for most metastatic melanoma cases [86]. ICIs can ultimately block
the tumor’s ability to escape the immune system.

The first immune checkpoint to be identified in treating cancer was cytotoxic T
lymphocyte-associated protein 4 (CTLA-4), which competes with the costimulatory molecule
CD28 for ligands CD80 and/or CD86 (collectively known as B7 ligands) [19,87]. In contrast
to CD28, CTLA-4 has a greater binding affinity and avidity for these two ligands. The
ensuing deprivation of costimulatory signals to T cells was eventually linked to the finding
that anti-CTLA-4 antibodies result in tumor regression in preclinical mouse models [88].
Ipilimumab, tremelimumab, and BCD-145 are the three major anti-CTLA-4 human mon-
oclonal antibodies for use against metastatic melanoma and are currently undergoing
preclinical and clinical trials [19,89].
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Secondly, programmed cell death protein 1 (PD-1) and its ligand programmed cell
death ligand 1 (PD-L1) are other immune checkpoints for standard melanoma immunother-
apy. CD8+ exhausted T (TEX) cells lose effector function during the antigen stimulation
process for malignancies. By blocking PD-1 and, by extension, PD-L1, the effector func-
tions of CD8+ T cells can be restored, resulting in improved tumor control [87]. In 2014,
anti-PD-1 antibodies pembrolizumab and nivolumab were granted FDA approval for
clinical use against metastatic melanoma. These ICIs have been joined by several other
anti-PD-1/PD-L1 antibodies, including avelumab, durvalumab, cemiplimab, atezolizumab,
and cosibelimab [19]. Additionally, while ICIs were initially approved for use as monothera-
pies, recent evidence has shown that combining multiple immunotherapies can result in an
augmented anti-tumor response and a greater degree of long-term efficacy. Thus, there has
been increasing interest in a combined anti-PD-1/PD-L1 and anti-CTLA-4 checkpoint block-
ade for the treatment of melanoma [90]. For example, a phase Ib/2 trial (NCT02535078)
found that the combination of tebentafusp with durvalumab and/or tremelimumab is ef-
fective in treating advanced or metastatic melanoma [89]. The current landscape regarding
anti-CTLA-4 and anti-PD-1/PD-L1 therapy focuses on optimizing dosages and reducing
associated toxicity events, which are not insignificant in the clinic. A significant phase III
trial testing the combination of ipilimumab and nivolumab indicated that it was effective
in treating both advanced melanoma and melanoma that has metastasized to the brain [91].
Interestingly, patients in this study with BRAF mutations fared better than those with wild-
type BRAF. van Zeijl et al. [91] report that this was most likely due to BRAF-mutant patients
also receiving BRAFi and MEKi (dabrafenib and trametinib, respectively) treatment.

Success surrounding the use of the aforementioned ICIs has led to the continuing iden-
tification of novel immune checkpoint molecules. Lymphocyte activation gene-3 (LAG-3,
also named CD223) is a surface inhibitory receptor with structural similarities to CD4 and
is a promising new target for immune checkpoint blockade [9,87,92]. The suppressive
function of LAG-3 is contributed to by its constitutive overexpression on regulatory T cells
(TREGS) [92]. At present, relatlimab is the most developed anti-LAG-3 antibody, and a
randomized double-blind phase II/III trial (NCT03470922) is currently investigating its
effectiveness in combination with anti-PD-1 antibodies, principally nivolumab, in several
tumor models, including melanoma [93]. According to the study’s findings, relatlimab
paired with nivolumab results in improved PFS compared to nivolumab monotherapy [94].
It remains unclear which combination ICI therapy has better antitumor efficacy while
simultaneously decreasing toxicity levels. Further clinical trials, such as the phase I trial
(NCT04140500) investigating the effect of a bispecific anti-PD-1 and anti-LAG-3 antibody
(RO7247669) on solid tumors, may validate the above conclusions and expand the treatment
options for patients with melanoma [95,96].

While the management of advanced solid tumors has been significantly impacted by
the increasing availability of ICIs [97], many patients either do not respond to immunother-
apy or experience adverse outcomes. Thus, it is also important to explore other potential
biomarkers and develop further combination treatments that may improve response rates
and outcomes [97]. B7 homolog 3 protein (B7-H3) is currently being explored as a target
for next-generation cancer immunotherapy, entering many clinical trials as a therapeutic
target [98]. B7-H3 has been found to be overexpressed in many solid cancers (includ-
ing melanoma) and is a biomarker of disease severity and recurrence [99]. MGC018, a
duocarmycin-based antibody–drug conjugate targeting B7-H3, has displayed potential
antitumor activity in preclinical melanoma models with a favorable pharmacokinetic safety
profile [99]. In the phase I/II clinical trial, the dual blockade of B7-H3 and PD-1 with
enoblituzumab and pembrolizumab has demonstrated acceptable safety and antitumor
activity in patients with solid tumors [97]. However, there has been a limited response
in patients with cutaneous melanoma, with only one out of thirteen patients exhibiting a
partial response.

T-cell immunoreceptors with immunoglobulin and the immunoreceptor tyrosine-
based inhibition motif domain (TIGIT) and its ligand CD155 are also being explored as a
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new immune checkpoint target for their role in delivery inhibition signals to T cells, NK cells,
and regulatory T cells [100]. TIGIT expression can be closely associated with melanoma
occurrence, development, and prognosis; consequently, decreased TIGIT expression is
associated with inhibited tumor growth in melanoma patients. The TIGIT/CD155 axis
has also been implicated in mediating resistance to ICIs, where TIGIT blockade or CD155
deletion in activated T cells has aided in overcoming ICI resistance [101]. CD96, a receptor
protein that can regulate NK cell effector function and metastasis, is also of note as it
can interact with CD155, and blocking CD96 can suppress primary tumor growth in
mouse tumor models [102]. The addition of anti-CD96 in combination with anti-PD-1,
anti-CTLA-4, anti-TIGIT, or doxorubicin chemotherapy resulted in superior antitumor
responses by enhancing T-cell activity and suppressing tumor growth [102,103].

T-cell immunoglobulin domain and mucin domain-3 (TIM-3) is another biomarker of
interest, as its ligand (Galectin-9), along with PD-L1, are both upregulated during tumor
progression [104]. Prokopi et al. [104] found that boosting DC in combination with anti-PD-1
and anti-TIM-3 therapy improved T-cell function within tumors and delayed tumor growth.
A phase I/Ib clinical trial has demonstrated that the combination treatment of sabatolimab
(MBG453) and spartalizumab, monoclonal antibodies that can bind to TIM-3 and PD-1,
respectively, can be well tolerated and show preliminary signs of antitumor activity in
advanced solid tumors, including one patient with malignant perianal melanoma [105].
Additionally, a novel melanoma-stem-cell vaccine has been developed that can suppress
the expression of CTLA-4, PD-1, and TIM-3 and delay the progression of melanoma by
inducing antitumor immune responses [78].

Human leukocyte antigen G (HLA-G) is also of note as it is one of the genes found to
be commonly upregulated in premetastatic brain-metastasis-initiating cells (BMICs) [106].
HLA-G was found to function in an HLA-G/SPAG9/STAT3 axis that promotes the estab-
lishment of brain metastatic lesions. Overall, identifying clinically relevant biomarkers
can inform the development of next-generation immunotherapies [106]. Characterizing a
patient’s relevant biomarkers can reveal the optimal treatment strategy for each patient.

3.2. Adoptive Cellular Therapy (ACT)

In the scope of advanced cutaneous melanoma, adoptive cellular therapy (ACT) is
a relatively new treatment approach that is geared toward treatment-refractory patients
who have exhausted all approved therapy options [13,107–109]. ACT is a subsection of
immunotherapy that relies on the internal and external manipulation of patients’ immune
systems to construct a personalized approach to treating metastatic or unresectable solid
tumors [13,108]. In brief, endogenous immune (T or NK) cells are isolated from the patient,
selected, and expanded ex vivo before reintroduction into the patient [108]. The current
state of the ACT field can be broken down between the growing developments of two major
techniques: tumor-infiltrating lymphocyte (TIL) and chimeric antigen receptor (CAR-T)
therapies. One of the significant differences between TIL-based ACT and CAR-T therapy is
the type of cells that are ultimately reintroduced to the patient. TILs express unmodified
endogenous T-cell receptors (TCRs), while CAR-T therapy uses TCRs that have been
synthetically modified to recognize a specific antigen [13,108].

3.2.1. Tumor-Infiltrating Lymphocytes (TILs)

The transformation from normal to malignant cells is facilitated by a multitude of
genetic mutations and changes to the TME that result in heterogeneity differences between
the tumors of patients, even in those diagnosed with similar malignancies [108]. Developing
personalized therapies that account for these tumor-specific characteristics is of utmost
importance. Recently, autologous tumor-infiltrating lymphocytes (TILs), or TIL-based
ACT, have been developed based on this concept. TIL-based ACT follows a three-step
workflow: (i) isolation of TILs from tumor excision, (ii) rapid ex vivo expansion of TILs, and
(iii) infusion of TILs back into the lymphodepleted patient during hospitalization [13,108].
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While TILs can recognize many targets in cancer and TIL-based therapy remains the
preferential treatment option for most metastatic melanoma cases, some significant limita-
tions prevent TIL-based ACT from expanding as a widely used treatment option for patients.
These challenges include the manufacturing requirements of TILs, treatment-related toxicity
events, and treatment resistance. First, TIL production is both labor-intensive and complex,
and thus only available primarily to well-funded medical centers that can accommodate
the necessary technology to handle the TIL workflow and potential treatment-emergent
adverse events (TEAs) that could occur during patient hospitalization. It is imperative
to centrally expand the manufacturing process of TIL products as it could allow for a
widespread application of TIL-based ACT that is both cost-effective and accessible, such
as Iovance Biotherapeutics and their development of a central manufacturing facility that
produces Lifileucel, a cryopreserved, autologous TIL product [108,109]. Encouragingly, the
FDA has recently approved lifileucel (Amtagvi) for advanced melanoma.

Second, reinfusion also requires the patient to undergo a pre-conditioning regimen—the
side effects of which make up most reported treatment-related toxicities. These toxic-
ities can either be cytokine-related toxicities, resulting from the high levels of IL-2 fre-
quently given with TIL therapy to enhance the lymphocytes’ antitumor activity, or rare
autoimmune-related toxicities, commonly caused by the non-specific expression of tumor-
associated antigens on non-cancer cells that can become targeted by reintroduced lympho-
cytes [110,111]. This preparative lymphodepleting regimen, comprising a combination
of cyclophosphamide and fludarabine, has been shown to increase the effectiveness of
TIL-based ACT, although the cellular mechanisms are not fully understood at this time and
the tradeoff in terms of severe toxicities is substantial [13].

Finally, the use of TILs, as in many cases, is vulnerable to resistance. Both innate and
acquired resistance are prevalent, where innate resistance refers to observed unrespon-
siveness following the initial therapy administration, and acquired resistance refers to a
developed resistance that presents itself after a patient’s previous positive response [108].
The mechanisms resulting in these resistance types can be broken down into four main
distinctions: (1) curated T cells fail to recognize tumor cells effectively, (2) interference from
immunosuppressive cells in the TME, (3) TME-driven T-cell dysfunction and/or exhaus-
tion, and (4) restrictions in T-cell migration to the tumor [13,108]. While the mechanisms
underlying these resistance phenomena are becoming better understood, work remains to
be done to further optimize the curation of TILs. Promisingly, current work has focused on
combining TIL therapy with other therapies, such as the prospective randomized phase
II trial (NCT02621021) currently in progress that seeks to understand if the addition of
pembrolizumab with TIL/IL-2 therapy can improve response rates in metastatic melanoma
patients [112].

3.2.2. Chimeric Antigen Receptor (CAR) T-Cell Therapy

Chimeric antigen receptor (CAR) T-cell therapy, one of the first personalized tech-
niques commercially available to the clinical population, involves three main stages to
generate clinically utilizable CAR T cells: selection, expansion, and harvesting [113]. During
the selection stage, T cells collected from the patient via leukapheresis undergo monocyte
elutriation to remove other cell types (e.g., myeloid, natural killer, erythroid, and malignant
cells) and allow for efficient extraction and isolation [113]. The selected T-cell product is
then activated and genetically transduced with a viral vector that encodes for the tumor-
antigen-specific CAR construct. The T-cell product is then expanded ex vivo to generate a
high yield of engineered cells before being harvested to form the final CAR-T cell product
that is reinfused back into the patient [113]. Like TIL-based ACT, patients must receive
conditioning chemotherapy to deplete autologous lymphocytes and immunosuppressive
cells [114]. Two CAR-T cell constructs for the CD19 protein—tisagenlecleucel (Kymriah,
Novartis, Basel, Switzerland) and axicabtagene ciloleucel (Yescarta, Kite, Foster City, CA,
USA)—have recently been approved for the treatment of B cell lymphoma. Axicabtagene
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was noted to have a slightly higher 12-month overall survival than tisagenlecleucel (51%
and 47%, respectively), but they both had similar efficacy [115].

CAR-T cell research currently focuses on translating this success to solid cancer tu-
mors. CAR constructs can recognize whole surface proteins on cancer cells without relying
on the presentation of the major histocompatibility complex (MHC) and antigen process-
ing [1]. The ability of these constructs to function in a non-MHC-restricted manner makes
this subset of adoptive cell therapy a promising option for the immunogenic features of
melanoma [116]. CAR constructs express chimeric antigen receptors with three main do-
mains of interest: extracellular, transmembrane, and intracellular. The extracellular domain
houses the single-chain variable fragment (scFv), which is composed of an antibody-
variable heavy chain (VH) and an antibody-variable light chain (VL) that have been fused
together by a peptide linker [116]. This scFv domain is further linked to the intracellular
CD3ζ domain through the transmembrane domain. CAR constructs are classified into
generations, where first-generation constructs contain only the CD3ζdomain while ensuing
generations have increasing numbers of additional co-stimulatory molecules (i.e., CD28,
4-1BB, OX-40) [1]. While CAR-T cell therapy has shown promising results for hematological
malignancies [1,116], initial attempts at using CAR-T cell therapy to treat other cancers have
not been as successful [117–119]. Specifically in metastatic melanoma, challenges include
(1) selecting an optimal antigen target and (2) the influence of the immunosuppressive
TME [116].

First, selecting an optimal antigen target has the dual goal of inducing an anti-tumor
immune response while producing the lowest amount of off-target toxicity and immune
side effects for patients. This off-target toxicity is commonly observed when the target
antigen is expressed in both healthy tissue and malignant tumor tissue; consequently,
multiple targets whose expression is limited to malignant tissues alone have been identi-
fied [12,120,121]. For example, CD248 is a type I transmembrane glycoprotein that is either
not expressed or minimally expressed in healthy tissues [1,121]. Interestingly, CD248 has
been reported to play a role in tumor vasculature and was expressed in 86% of metastatic
melanoma samples analyzed by tumor microarrays [120]. Another potential target is
chondroitin sulfate proteoglycan 4 (CSPG4), also known as melanoma chondroitin sulfate
proteoglycan (MSCP), which is expressed in 90% of melanomas as well as in sarcomas
and gliomas but rarely expressed in healthy tissues [122,123]. Whether CD248 and CSPG4
could be optimal antigen targets for metastatic melanoma in CAR-T cell therapy remains to
be validated. Thus, future preclinical investigations for potential use in a clinical setting
remain necessary to select the proper target antigens. Immune side effects of CAR-T cell
therapies include cytokine release syndrome (CRS), encephalopathy syndrome (CRES), and
immune effector cell-associated neurotoxicity (ICANS), which—with appropriate treatment
and observation by clinicians—can be minimized and even reversible [124].

Second, the TME refers to the complex environment surrounding each cancer cell.
Several properties of the TME (e.g., extracellular matrix, cytokines, growth factors, hypoxic
conditions, common cell types such as fibroblast and immune cells) are unfavorable for
CAR-T cell therapy as they can reduce the potency of the anti-tumor response and allow
for continued tumor growth and invasion [1,125,126]. To combat this, significant attempts
have been made to modify the CAR constructs in solid tumors like melanoma by block-
ing the activation of inhibitory immune checkpoint receptors on T cells, with the most
common of these receptors being PD-1 and CLTA-4. Successful attempts include stable
knockouts of the inhibitory receptors via CRISPR/Cas-9 and the development of CAR-T
cells that are capable of constitutively secreting immune checkpoint inhibitors [127–129].
For example, Marotte et al. [130] designed PD-1 knockout TCR-engineered T cells specific
for the Melan-A antigen. Their findings revealed these engineered T cells garnered higher
anti-tumor efficacy and delayed PD-L1-positive melanoma tumor progression in mouse
models. Given the already established role of immune checkpoint blockade as standard
therapy in advanced melanoma cases, there is the potential for combination therapy that
pairs anti-PD-1 and anti-CTLA-4 antibodies with ACT to produce better clinical outcomes;

135



Int. J. Mol. Sci. 2024, 25, 5023

some studies with lymphoma and malignant plural disease patients have already begun to
move in this direction [131,132].

CAR-T cell therapy brings an innovative technique to the multifaceted space of cancer
immunotherapy. Still, various barriers continue to prevent this from becoming a standard
therapy in the treatment of melanoma and other solid tumors. The use of newly engineered
CAR-T cells, the discovery of suitable target antigens, and combination therapy techniques
to alter the TME aim to eliminate these obstacles and guide the future clinical use of
CAR-T cell therapy in melanoma. Additionally, natural killer cells with chimeric antigen
receptors (CAR-NK cells) are a recent development in immunotherapy [11,12]. Unlike CAR-
T cell therapy’s high immunologic systemic toxicity, CAR-NK cell therapy displays lower
toxicity because it has a shorter in vivo duration [133]. Uniquely, NK cells are dependent
on a balance between activating and inhibitory germline-encoded signals which are not
susceptible to downregulation in cancerous cells [12]. Furthermore, CAR-NK therapy
can be allogeneic and therefore safer and manufactured “off-the-shelf”, indicating a high
potential for successful future treatments [134]. For example, a phase I clinical trial using
CAR-NK cell therapy against anti-PDL1/MUC1, a glycoprotein known to be overexpressed
in melanoma and promote metastasis, was shown to display a stable response in a majority
of patients with a range of solid tumors [135,136]. This may indicate a path forward for
CAR-NK therapy’s effectiveness as a personalized treatment for patients with melanoma.

3.3. Vaccine Development

Ideally, like the prevention of infectious diseases, administering a cancer vaccine could
help the immune system detect and eliminate tumors. Unfortunately, hundreds of at-
tempts have not made significant improvements in patients’ health. However, one notable
study reported that personalized vaccines for melanoma targeting mutated proteins using
mRNA increased T-cell infiltration that led to antitumor activity across patients, providing
optimism for the future success of this approach [137]. Vaccines can potentially create a
targeted and tumor-specific immune response whose long-term memory may aid in cases
of subsequent metastasis for treatment-refractory patients, especially in melanoma with
high immunogenicity. The combination of vaccines with other immunotherapies also offers
greater tumor control. Regardless of vaccine type and antigen or adjuvant choice, the
backbone of vaccine development is the injection of tumor antigens in an immunostimula-
tory space to prime tumor-specific T cells or induce antibodies while breaking tolerance
to self-antigens and causing tumor cell death [138]. Currently, vaccines developed for
melanoma treatment have been whole-cell vaccines, peptide-based vaccines, dendritic cell
(DC) vaccines, ganglioside vaccines, DNA vaccines, and RNA vaccines [139,140].

3.3.1. Whole-Cell Vaccines

Whole-cell vaccines can be split into two subtypes: autologous and allogeneic tumor
cell vaccines [140]. Autologous whole-tumor cell vaccines are manufactured using either
excised tumor cells or from autologous tissue culture that has undergone ex vivo irradiation
to eliminate the ability to replicate [138,139]. Although this autologous subtype is patient-
specific because the components are derived from the recipient, this technique lacks broad
applicability. Additionally, the process is both time- and labor-intensive, requiring an
adequate amount of tumor tissue from each patient, and attempts at quality vaccine
preparation have been met with high degrees of failure [141].

Allogeneic vaccines derived from whole-tumor cells refer to those generated from
melanoma tumor cells derived from patients who are not the intended vaccine recipient
and may contain more than one tumor cell line to augment the antigen expression pro-
file [138,139]. Like autologous whole-cell vaccines, the tissue requires prior irradiation to be
rendered replication-deficient. Advantages include an expanded range of available tumor
antigens, broad applicability to multiple patients, and lack of requirement for a patient’s
specific tumor tissue. However, there is the possibility of a lack of patient specificity. The
response of allogeneic whole-cell vaccines relies on how well the tumor cells in the vaccine
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match the tumor cells of the treated patient. Two well-known examples of allogeneic
whole-cell vaccines are Canvaxin™ (CancerVax Corporation, Carlsbad, CA, USA) and
Melacine® (Corixa Corporation, Seattle, WA, USA) [138,139]. Canvaxin is composed of
three melanoma cell lines, boasting over 20 melanoma-associated tumor antigens, and is
administered with Bacillus Calmette–Guerin (BCG) as an immunoadjuvant; unfortunately,
multiple phase III trials failed to reveal the benefit of Canvaxin over the investigated
placebo [142]. Melacine comprises two melanoma cell lines that are paired with immunoad-
juvant “detoxified Freund’s adjuvant” (DETOX); moreover, like Canvaxin, Melacine failed
to demonstrate a significant benefit in disease-free survival once reaching phase III trial
stage [138,139,143].

3.3.2. DNA Vaccines

DNA vaccines comprise naked DNA expression plasmids that possess a gene encod-
ing for the target antigen(s) from melanoma tumor cells [144]. Therefore, DNA vaccines
immunize patients using plasmid-encoding antigens rather than with the antigen. The
administration is commonly given through parenteral routes (i.e., intramuscular, subcu-
taneous, transdermal, or intradermal). However, some attention has been recently given
to mucosal routes (i.e., intranasal, vaginal, and oral) due to the advantage of generating
local immunity at specific sites [144,145]. DNA vaccines are traditionally low-cost, highly
stable, and less laborious when compared to other vaccine therapy options. However,
disadvantages include the low immunogenicity of plasmid DNA, the possibility of virus
reversion, and tolerance against autoantigens if the vaccine is administered without an
immunoadjuvant [138,144].

Tyrosinase, a glycoprotein that is necessary for melanin synthesis and can promote an
immune response against melanogenesis-related antigens, has been a target of interest for
DNA vaccines. Some studies have reported that administering tyrosinase could induce
antigen-specific T-cell responses, and several DNA vaccines based on the tyrosinase antigen
have been developed [144,146]. For example, the Oncept melanoma vaccine—a DNA
vaccine that is used to treat melanoma in canines—uses human-DNA-encoding tyrosinase
to elicit an immune response in dogs; however, while the vaccine appears to be safe, its
efficacy is limited [147].

Additionally, the melanoma antigen-1 (MAGE-A1) family is known to have increased
expression in human cancer types, including melanoma, and has also become a target of
interest for DNA vaccines. Duperret et al. [148] found that targeting any member of the
MAGE-A family, not just the commonly upregulated MAGE-A3, via DNA vaccination
effectively produced a robust immune response that slowed tumor development and
prolonged the median survival of mice. By targeting a wider range of proteins, the treatment
is more generalized to the heterogeneity of the TME while reducing toxicity. Although some
progress has been made in the treatment of melanoma with DNA vaccines at the preclinical
animal model stage, more clinical studies are needed to validate DNA vaccine efficacy.

3.3.3. RNA Vaccines

Tumor-associated antigens (TAAs)—commonly cancer germline antigens or lineage-
specific differentiation markers—have become the core of cancer immunotherapy and are
attractive targets for RNA vaccines because they can cause cells to synthesize TAAs that
are recognized by T cells and subsequently trigger a targeted immune response [140,149].
In the past however, this strategy has been clinically ineffective in many vaccine trials due
to a central T-cell tolerance to TAAs [150], with this ineffectiveness especially prevalent in
advanced-stage patients with lower mutational burdens [151].

Sahin et al. [149] report a novel intravenously administered nanoparticulate-liposomal
RNA (RNA-LPX) vaccine known as melanoma FixVac (BNT111) that has been introduced
in the first-in-human phase I trial (Lipo-MERIT, NCT02410733) using an RNA vaccine.
The RNA-LPX vaccine contains optimized RNA targeting immature DC in lymphoid
tissues. It is composed of four TAAs that are present on both MHC class I and class
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II molecules—NY-ESO-1, MAGE-A3, tyrosinase, and TPTE—which express at restricted
levels in normal tissues but have a high prevalence and immunogenicity in melanoma. Pre-
liminary results have shown that patients experienced increased spleen metabolic activity,
indicating the TLR activation of lymphoid-tissue-resident immune cells. ELISpot analyses
confirmed that most patients had a strong T-cell response to at least one of the four TAAs,
mostly being CD4+ or a combination of CD4+ and CD8+ T-cell de novo responses [149,150].
These effector T cells remained stable in cohorts that received a continuing vaccine dosage,
and long-term memory T cells persisted in patients who did not receive any further vacci-
nation beyond the initial doses. Interestingly, some of the patients who had prior anti-PD1
therapy failure showed signs of tumor regression following vaccination doses and after-
ward responded to an ensuing round of anti-PD1 therapy [149,150]. Taken as a whole,
these study results mark the beginning of what may be a promising therapeutic option for a
vaccine targeting TAAs, especially when employed in combination with other immunother-
apies in patients with lower mutational tumor burdens and previously treatment-refractory
tumors. For example, the combination of the individualized neoantigen mRNA vaccine
mRNA-4157 (V940) with pembrolizumab showed longer recurrence-free survival with a
manageable safety then pembrolizumab monotherapy in resected melanomas [152].

At its current stage, vaccine therapy is not considered a standard treatment option
for advanced cutaneous melanoma. Vaccines must show proven clinical efficacy against
melanoma to bridge the gap from experimental therapy to standard treatment. Factors that
need a more thorough investigation include optimal timing for the start of vaccine therapy
and the type of adjuvant that may be considered adequate. It is largely agreed upon that
the success of vaccine therapy for melanoma patients will rely on a multimodal combined
approach whose actual clinical effect is yet to be elucidated.

4. Thinking Innovatively—Where to Go Next?

Although there are multiple treatment options for melanoma, significant barriers still
hinder the survival rate of melanoma patients due to the nature of its various mutations
and heterogeneity. Thus, it is important to consider how further research may expand on
prevention, early diagnosis, disease prediction, and advancing personalized options.

4.1. scSeq Techniques

Single-cell sequencing (scSeq) techniques are a new and increasingly popular tool for
identifying biomarkers in specific cell types. This technique involves isolating individual
cells and analyzing the gene expression of each cell [153]. This information is especially
helpful for analyzing melanoma samples due to their high tumor heterogeneity [154].

With scSeq, each patient cell can be analyzed to identify seemingly minute differences
between tumor cells that can identify potentially more efficient molecular targets. More
specific targets can be identified with this extensive and detailed analysis of cells to limit
unnecessary damage and toxicity. However, as with many new technologies, greater
specificity also corresponds with a high price and longer analyzing times. Additionally,
as scSeq requires isolated cells, procedures to disassociate cells from each other remain
challenging. However, as scSeq continues to be developed and refined, more efficient
and cheaper options should become available to make this analytical method accessible to
all patients beyond highly funded research institutions to minimize socioeconomic-based
disparities [155]. Many also predict that the emerging Human Cell Atlas project, a common
database of all cell types, will help better identify mutant and/or tumorigenic cells. Studies,
such as Davidson et al. [156], have used single-cell RNA-sequencing (scRNA-seq) to further
define the melanoma TME landscape and serve as a resource to identify drug candidates in
a manner that other researchers can employ. Furthermore, Ho et al. [157] used scRNA-seq
to analyze melanoma patient samples and identify the role of CD58 in tumor cell immune
evasion. They used samples of patients before and early on in their treatment plans of
nivolumab with or without ipilimumab to identify the expression of CD58 in each patient’s
cells. Utilizing scRNA-seq, Ho et al. discovered that the loss of CD58 confers cancer
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immune evasion in melanoma cells and that higher expression of CD58 is associated with
anti-tumoral immunity. With this expanding database and potential applications, scSeq and
its related exploratory data could be leveraged during therapeutic development. Moreover,
further innovations will be needed for it to become more widely utilized [158].

4.2. AI and ML Development

More recently, artificial intelligence (AI) and machine learning (ML) are gaining atten-
tion in the field of oncology [159]. AI translates human problem-solving and comprehension
skills to computers and can use ML to learn how to analyze and distill large amounts of
data in less time than humans [160]. Deep learning (DL), a subset of ML, can also simulate
human neural networks in order for machines to understand data automatically similarly
to how humans instantaneously process sensory images to see the world.

AI/ML approaches comprise aspects that can be qualitatively as well as quantitatively
superior to human analysis. In oncology, these technologies could allow clinicians to make
precision-based predictions, diagnoses, and treatment decisions solely from analyzing
patient data. Additionally, these technologies have the potential to improve accuracy,
minimize patient sample volume collection, and detect melanoma and metastasis pro-
gression earlier [160,161]. For example, Marchetti et al. [162] demonstrated the use of an
AI algorithm (ADAE) to analyze dermatoscopy images of skin lesions and subsequently
predict melanoma risk. It was found that dermatologists had a significant improvement in
their ability to assess melanoma risk after ADAE exposure.

With the high amounts of cellular heterogeneity in melanoma and a unique presen-
tation in each patient, AI can be a necessary tool for clinicians to quickly analyze vast
and complex information. Interestingly, the application of AI/ML/DL to existing patient
data has created an improved, noninvasive method for predicting patients’ intracranial
BRAFV600E mutational status [163]. Moreover, using radiometric imaging data of patient
samples, AI was able to better predict future disease progression and pembrolizumab
effectiveness on early-stage melanoma samples from their baseline CT images than the stan-
dard clinician-based prediction method [164]. As a result, treatment plans can be further
specified to target AI-predicted biomarkers and reduce “trial-and-error” drug therapies
and resistance.

In summary, AI is a highly useful tool that can extend clinicians’ knowledge and scope
to give patients a higher number of accurate precision medicine treatment options. This
can result in earlier diagnosis, more precise treatment plans, and better overall outcomes
and quality of life for cancer patients.

4.3. AAV-Mediated Gene Delivery System for Targeting Melanoma (CRISPR-Based (AAV))

Since cancer is commonly developed from genetic mutations, gene editing is an area of
medicine with high potential for it. Gene editing technology using the Clustered regularly
interspersed short-palindromic repeat (CRISPR)-Cas 9 system is a recent development
for treating many diseases, with the first human clinical trials conducted in 2016 [165].
The CRISPR-Cas9 system involves two main components: guide RNA sequences that
bind to the target gene with high specificity and the Cas9 endonuclease that allows for
genome modifications by causing a double-stranded DNA break [166]. Ideally, through the
CRISPR-Cas9 system, scientists and clinicians aim to restore a patient’s mutated cancerous
DNA to a natural, non-tumorigenic state by altering the mutated gene, editing the mutated
gene to the normal gene, or knocking out an amplificated oncogene [167].

One of the biggest hurdles to the use of CRISPR-Cas9 as a treatment is its delivery to
patients. Recent studies have demonstrated that an adeno-associated virus (AAV) system
could overcome this barrier [168]. AAV is a small, enveloped virus that can pack up to
5.0 kb of single-stranded DNA (ssDNA). With AAV’s inverted terminal repeats (ITRs) of
0.3 kb and the commonly used Cas9 consisting of 4.2 kb DNA, less than 0.5 kb of space
is left for gene regulatory elements that guide gene editing. This limited available space
causes larger gene targets of CRSIPR-Cas9 to be less commonly used than smaller cancerous
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gene targets [169]. Because of this, variables such as tissue specificity, off-target editing, and
inducible expression are more difficult to control. To account for this, dual-vector delivery
methods are being investigated in which two different AAV vectors are used, but this can
reduce overall efficiency [169]. Additionally, smaller-sized Cas9 proteins, such as Cas9
from Staphylococcus aureus, are also being investigated as an alternative [170]. Fortunately,
the use of AAV in vivo for smaller-sized melanoma-associated targets, like the proteins
sBTLA+HSP70 for metastatic melanoma and the GM3(Neu5Gc) ganglioside for melanoma
and breast cancer, has proven successful for anti-tumor activity in mouse models, indicating
potential future translational and clinical success [171,172].

The clinical application of AAV vectors for CRISPR has been approved by employing
AAV-CRISPR delivery directly to the eye to target the CEP290 gene containing the mutation
for blindness [173]. Many other CRISPR treatment protocols should start to gain clinical
approval, suggesting that they will be implemented as a reliable treatment option for
melanoma mutations—such as BRAFV600E—in the future.

4.4. Oncolytic Therapy Using Microorganisms (T-VEC)
4.4.1. Bacteria

The hypoxic and necrotic regions that arise within the TME have proven to be a barrier
to many treatments [174]. These regions are often poorly accessible to systemically delivered
therapies. Low oxygen levels can reduce the efficacy of certain treatments and can affect the
function of immune cells in vivo. However, therapy involving live tumor-targeting bacteria
may present a unique option in overcoming these obstacles due to their ability to thrive and
colonize within these niches. Historical evidence has shown that bacterial infections could
induce anti-tumor responses, but this has only recently been pursued due to the current
advances in genetic engineering for creating safer, attenuated strains of bacteria [174].
Because they have a high affinity for hypoxic and necrotic cell environments, bacteria could
be used to deliver cytotoxic agents, prodrug-converting enzymes, and immunomodulators
directly to tumor nodes in order to decrease immunosuppression, improve tumor-targeting
specificity that decreases toxicity, and disrupt the tumor vasculature [175]. Bacteria may
also induce an immune response that activates specific types of host immune cells—such
as T cells and inflammatory cytokines (e.g., IL-1β, GM-CSF and TNF-α)—in order to
recognize cancer cells as antigens, mark them for destruction, increase inflammation,
and promote antitumor activity [176]. Unfortunately, this therapy still requires further
research due to complications with translating in vivo models to human studies and
health concerns regarding the use of potentially infectious bacteria populations. Wang
et al. [177] note that some bacteria are tumor-associated and killing these bacteria in cancer
mouse models improved immune recognition of tumor cells via the release of cancer-
specific microbial neoantigens. However, even with the few clinical studies, such as the
bacillus BCG administration of Canvaxin mentioned previously, this method can be best
utilized in combination with other therapies, such as radiation or ICIs [178]. This was
recently shown in mouse models by Chen et al. [179], who demonstrated that modified
Staphylococcus epidermidis in combination with ICIs can reduce growth in localized and
metastatic melanoma tumors.

4.4.2. Viruses

Direct intralesional cancer immunotherapy is another treatment method that has
been explored over the years, with a goal of inducing an effective control of disease in
the injected lesions while also triggering a systemic immunological response [180]. Tal-
imogene laherparepvec (T-VEC) marks the first oncolytic viral immunotherapy that has
successfully gained FDA approval for the localized treatment of recurrent metastatic
melanoma after surgery [181]. T-VEC is constituted by a genetically modified herpes
simplex virus type I (HSV-1) that selectively replicates in tumor cells and transfects them
with a granulocyte–macrophage colony-stimulating factor (GM-CSF) encoding plasmid,
resulting in increased concentrations of GM-CSF in the TME. Locally, T-VEC causes the in-
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fected tumor cell to undergo increased antigen presentation for the recruitment of immune
cells, causing lysis and a systemic polyclonal antitumor response [181,182]. T-VEC has
been confirmed by pre-clinical studies to preferentially infect melanoma cells; additionally,
clinical trials have demonstrated that it has promising efficacy in both monotherapy and in
combination with ICIs [10,180]. When used in combination therapies, T-VEC may poten-
tially improve the efficacy of ICIs due to its antitumor effects on the TME. This potential
improvement in efficacy further supports the theory that combining immunotherapies
with complementary modes of action may augment antitumor responses [183,184]. Studies
remain ongoing to confirm the feasibility and efficacy of these combination strategies while
producing low levels of clinical side effects [185].

5. Conclusions

Due to differences in mutational status, other genetic and non-genetic considerations
that drive a patient’s cancer specificity, there is not a “one-size-fits-all” solution for cancer
treatment (Figure 3 and Table 1). Notably, melanoma is characterized by a higher rate of
multiple gene mutations with strong intra-tumor and inter-tumor molecular heterogeneity,
which makes treatment challenging. Individualized approaches are needed to determine
which treatment or combination of strategies is best for each patient. Recent advances in
translational treatment options, such as CAR-T cell therapy and vaccine development, are
beginning to address this need for individualized therapy options. Still, more development
is necessary to apply this universally to patient populations. Additionally, with emerging
technologies, such as AI and CRISPR-Cas9, the coming decade of melanoma treatment
research holds great promise in individualizing treatment options to improve melanoma
patient outcomes and survival.

Figure 3. Optimization and personalization of treatment strategy for melanoma therapy. Due to dif-
ferences in mutational status and other genetic considerations that drive a patient’s cancer specificity,
there is not a “one-size-fits-all” solution for cancer treatment. The treatment options for melanoma
include surgical resection, targeted therapy (e.g., BRAFis and MEKis), immunotherapy (e.g., anti-
CTLA-4 and anti-PD-L1), radiation therapy, chemotherapy, advanced immunotherapy (e.g., CAR-T,
CAR-NK, TILs, ACT), and innovative approaches that can be personalized to the patient’s disease.
The ideal approach will depend on the mutational status and other genetic considerations that can
drive a patient’s melanoma progression.
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Table 1. Current clinical and pre-clinical drugs for treatment of melanoma.

Drug Name Target Status Notes Reference

Vemurafenib Binds to one of the
ATP-binding sites of B-RAF FDA Approved, 2011 Approved in Combination

with Cobimetinib in 2015 [16]

Dabrafenib
Is an ATP-competitive

inhibitor in a ATP-binding site
of B-RAF

FDA Approved, 2013 Approved with Trametinib
in 2022 [16,51]

Encorafenib
Binds to B-RAF and other
kinases including CRAF

and JNK1
FDA Approved, 2018 Approved in combination

with Binimetinib in 2018 [20]

Trametinib
Targets an allosteric pocket
adjacent to the ATP-binding

site of MEK1 and MEK2
FDA Approved, 2013 Approved with Dabrafenib

in 2022 [16,51]

Cobimetinib
Targets an allosteric pocket
adjacent to the ATP-binding

site of MEK1 and MEK2
FDA Approved, 2015 Approved in combination

with Vemurafenib in 2015 [16]

Binimetinib Reversibly inhibits MEK1
and MEK2 FDA Approved, 2018 Approved in combination

with Encorafenib in 2018 [20]

Defactinib Inhibits the phosphorylation
of FAK

Clinical trial phase ii for uveal
melanoma (with combination of

RAF/MEK inhibitor VS-6766)
[47,48]

Sorafenib Pan-RAF inhibitor targeting
CRAF and BRAF

Success in pre-clinical mouse
models and phase i study with
selumetinib on hepatocellular

carcinoma patients

[50]

AZ628 Pan-RAF inhibitor targeting
CRAF, BRAF, and BRAFV600E

Success in pre-clinical
mouse models [50]

Selumetinib Non-ATP competitive MEK1
and MEK 2 inhibitor Success in clinical trials

Phase I trial with sorafenib
on hepatocellular carcinoma

patients shows
promising effects

[50]

Tovorafenib CNS-penetrant, type II
pan-RAF inhibitor

Successful safety profile in phase
I trial for patients
with melanoma

[51]

Bemcentinib
Blocks AXL

autophosphorylation and
induce apoptosis

Phase 1b/2 clinical trial
comparing its efficacy with

pembrolizumab or
dabrafenib/trametinib alone on

stage III or IV
unresectable melanoma

Also known as BGB324
or R428 [61,62]

Crizotinib ATP competitive inhibitor of
Met and ALK kinases

Shown to be effective with
afatinib on cutaneous melanoma

patient cell models

Has FDA approval for
NSCLC, and combination
studies with crizotinib on

lung cancer and
mesothelioma showed

strong efficacy

[70,71]

Tivantinib Non-ATP competitor that
inhibits MET selectively

A phase I trial with sorafenib on
melanoma and other solid

tumors showed
promising results

[70]

Quercetin
STAT3 inhibitor that inhibits

MET activation through
FAS inhibition

Shows promising success in
pre-clinical melanoma models [70]
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Table 1. Cont.

Drug Name Target Status Notes Reference

Afatinib
Irreversibly inhibits ERBB

family receptors
including ERBB3

Shown to be effective with
crizotinib on cutaneous

melanoma patient cell models

Combination studies with
crizotinib on lung cancer and

mesothelioma showed
strong efficacy

[71]

PHA665752 Blocks MET phosphorylation
Showed success with pre-clinical
studies from melanoma patient

tumor samples
[72]

11a-1
Specifically inhibits SHP2,

blocking ERK1/2 and
AKT activation

Showed success with pre-clinical
tests from melanoma cell lines [36]

SCH772984
Potent ATP-competitive

compound that inhibits ERK1
and ERK2

Successfully blocked
proliferation in melanoma

models, including those with
BRAFi/MEKi resistance

[37]

Hydroxychloroquine
Inhibitor of autophagy

by impairing
lysosomal function

Phase 1 trial testing
hydroxycholorquine and

vemurafenib in melanoma
is completed

[40]

Palbociclib
Highly selective

ATP-competitive inhibitor of
CDK4 and CDK6

Preclinical trial combination
with irradiation on donor skin

cancer cells showed cell
cycle arrest

FDA approved for
breast cancer [56,57]

Pembrolizumab

Monoclonal antibody that
blocks programed

death-ligand 1 (PD-1) on
T-cell surfaces

FDA approval for metastatic
melanoma in 2014 and stage

iib/c melanoma in 2021
[87]

Ipilimumab Human monoclonal antibody
against CTLA-4

Approved by FDA for
unresectable, metastatic

melanoma in 2011 and in
combination with nivolumab

in 2015

Many clinical trials in
combination with other

drugs are in progress
[19]

Tremelimumab Human monoclonal antibody
against CTLA-4

Multiple phase I combination
clinical trials showed

effectiveness in
advanced melanoma

[19,89]

BCD-145 Human monoclonal antibody
against CTLA-4

Multiple phase i clinical trials of
solo or combination BCD-145

treatments on advanced
melanoma are undergoing

[19]

Nivolumab

Monoclonal antibody that
blocks programed

death-ligand 1 (PD-1) on
T-cell surfaces

Approved solo for metastatic
melanoma in 2014 and in

combination with ipilimumab
in 2015

Shows success with
relatimab in a phase ii/iii

clinical trial
[19,87]

Avelumab Human monoclonal antibody
against PD-L1

A phase I trial showed
promising results in melanoma

Approved by FDA to treat
Merkel cell carcinoma [19]

Drurvalumab Human monoclonal antibody
against PD-L1

Multiple phase I combination
clinical trials showed

effectiveness in
advanced melanoma

[19,89]

Cemiplimab Human monoclonal antibody
against PD-1

Multiple clinical trials retesting
the efficacy of cemiplimab

in melanoma

Approved by FDA in 2018
for cutaneous squamous

cell carcinoma
[19]
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Table 1. Cont.

Drug Name Target Status Notes Reference

Atezolizumab Human monoclonal antibody
against PD-1

Approved in combination with
cobimetinib and vemurafenib for

advanced melanoma in 2022
[19]

Cosibelimab Human monoclonal antibody
against PD-L1

Phase iii trials in cutaneous
squamous cell carcinoma are

being investigated for
their efficacy

[19]

Tebentafusp A bispecific gp100
T-cell engager

Multiple phase I combination
clinical trials showed

effectiveness in
advanced melanoma

[89]

Relatlimab Anti-LAG-3 antibody

A phase ii/iii trial in
combination with nivolumab on

advanced melanoma shows
promising results

[87,93]

RO7247669 Anti-PD-1 and LAG-3
bispecific antibody

A phase I clinical trial is
evaluating its efficacy in solid

tumors such as melanoma
[95,96]

Lifileucel Autologous TIL
therapy product

FDA approved in 2024 to treat
patients with unresectable or

advanced melanoma
Also known as Amtagvi [109]

Canvaxin
Allogenic whole-cell

melanoma vaccine made of
three cell lines

Multiple phase iii trials failed to
show benefit over placebo [142]

Melacine
Allogenic whole-cell

melanoma vaccine made of
two cell lines

Multiple phase iii trials failed to
show significant benefit [139]

Oncept Xenogenic DNA caxxine
targeting tyrosinase

USDA approved for stage ii/iii
canine oral melanoma but has

limited efficacy
[147]

FixVac
Encodes RNA targeting 4

TAAs: NY-ESO, MAGE-A3,
tyrosinase, and TPTE

A phase I trial showed
promising results in advanced

melanoma patients
[149]

mRNA-4157 Encodes 34 neoantigens A phase 2b for
resected melanoma [152]

Aldesleukin
(IL-2)

Stimulates immune cells with
IL-2 receptors

FDA approved for melanoma in
1998, commonly used with ACT

to improve response rates
[112]

Talimogene
Laherparpvec

Oncolytic viral therapy that
selectively replicates in tumor
cells, injecting with GM-CSF

Approved by FDA in 2015 for
local treatment of unresectable

stage iii/iv melanoma
[180]

Dacarbazine Chemotherapy drug that
targets cancer cell’s DNA

Approved by FDA for
melanoma in 1975 [22]
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Abbreviations

AI: artificial intelligence; AJCC: American Joint Committee on Cancer; ACT: adoptive cellu-
lar therapy; BCG: bacillus Calmette–Guerin; BRAF: Raf proto-oncogene serine-threonine protein;
CAR: chimeric antigen receptor; CLTA-4: cytotoxic T lymphocyte-associated protein 4; CSPG4: chon-
droitin sulphate proteoglycan 4; DC: dendritic cell; DETOX: detoxified Freund’s adjuvant; GM-
CSF: granulocyte–macrophage colony-stimulating factor; ICI: immune checkpoint inhibitor; LAG-3
(CD223): Lymphocyte activation gene-3; MHC: major histocompatibility complex; MAPK: mitogen-
activated protein kinase; ML: machine learning; NF1: neurofibromin-1 mutant; NRAS: NRAS
proto-oncogene GTPase; OS: overall survival; PD-1: programmed cell death protein; PD-L1: pro-
grammed cell death-ligand 1; PFS: progression-free survival; scFv: single-chain variable fragment;
RFS: relapse-free survival; TAAs: tumor-associated antigens; TEX: exhausted T cells; TREGS: regula-
tory T cells; TCRs: T-cell receptors; TEAs: treatment-emergent adverse events; TILs: tumor-infiltrating
lymphocytes; T-VEC: talimogene laherparepvec; TME: tumor microenvironment; UV: ultraviolet;
VH: antibody-variable heavy chain; VL: antibody-variable light chain; WT: wildtype.
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