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Melanoma is a malignant tumor originating from melanocytes, characterized by its high invasiveness and metastasis, leading to
poor prognosis and high mortality. Early-stage melanoma is primarily treated with surgery; however, due to its metastatic nature,
surgery becomes challenging in advanced stages. Treatment strategies for advanced or metastatic melanoma include chemother-
apy, radiation therapy, and targeted therapy. However, melanoma’s propensity for rapid drug resistance remains a significant clin-
ical challenge. This review summarizes the developments in the treatment of drug-resistant melanoma over the past decade and
discusses the advantages and disadvantages of various therapeutic approaches and their clinical significance implications.
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INTRODUCTION

Mutations in melanocytes are one of the primary causes of
melanoma [1]. Melanoma, a cancer originating from mela-
nocytes, accounts for a small proportion of skin cancers but
is the leading cause of skin cancer-related deaths [2,3]. The
high mortality rate of melanoma is attributed to its invasive
and metastatic potential, making treatment increasingly dif-
ficult as the disease progresses [4]. Currently, surgery is the
primary treatment for early-stage melanoma; however, as tu-
mor metastasis occurs, surgical treatment becomes increas-
ingly difficult. Chemotherapy and targeted therapies are used
for the treatment of advanced melanoma, but their clinical
efficacy is often limited by the widespread drug resistance in
melanoma [5-7].

Proto-oncogene proteins B-raf (BRAF) is one of the most
common oncoproteins mutated in melanoma, with the V600E
mutation being the most prevalent [8]. This mutation typically
leads to constitutive activation of the BRAF/mitogen-activated
protein kinase kinase (MEK)/extracellular signal-regulated
kinases signaling pathway [9,10]. In 2011, the US Food and
Drug Administration (FDA) approved vemurafenib, the first
targeted therapy for melanoma with a BRAF mutation [11].
Its introduction improved the overall survival of patients with
BRAF-mutant melanoma. However, the inevitable develop-

ment of resistance has led to treatment failure [12]. Even with
advanced therapies like BRAF and MEK inhibitors that have
revolutionized melanoma treatment, the rapid emergence of
resistance severely undermines their long-term effectiveness,
resulting in patients’ lifespan being limited.

In this review, we will discuss the development in treatment
strategies for drug-resistant melanoma over the past decade
and summarize the current research landscape.

Application of BRAF and MEK inhibitors

In the past decade, targeted therapies for patients with BRAF
V600 mutations, such as vemurafenib and dabrafenib, have
significantly improved treatment outcomes. The combination
of these therapies with MEK inhibitors has further delayed the
onset of resistance. However, most patients receiving mono-
therapy develop secondary resistance within 6 to 7 months
[13,14]. According to Robert et al.’s [15] study, patients with
metastatic BRAF-mutant melanoma who received a combi-
nation of dabrafenib and trametinib experienced a 33% rela-
tive reduction in the risk of death compared to those receiving
vemurafenib alone. Additionally, combination therapy can
delay the emergence of tumor resistance, thereby improving
overall survival. However, nearly all patients undergoing com-
bination treatment experience adverse reactions, with the
incidence of grade 3 to 4 adverse events from various com-
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binations of BRAF inhibitors and MEK inhibitors ranging from
46% to 69% [15].

Mechanisms of resistance
While targeted therapies inhibit BRAF VG600E or other key
driver mutations, resistance often develops through new or
bypass mutations in other genes. Some tumor cells achieve
resistance by losing the BRAF V600E mutation or truncating
the BRAF protein (Fig. 1), thereby activating other members
of the rat sarcoma virus (RAS) family, such as RAF proto-on-
cogene serine/threonine-protein kinase, to continue signaling
[16]. Additionally, N-RAS mutations represent a classic exam-
ple of novel mutations. After BRAF-targeted therapy, tumor
cells may acquire mutations in the N-RAS gene (e.g., Q61R
and Q61K), leading to the reactivation of the mitogen-activat-
ed protein kinase pathway and resistance to treatment [17].
Research by Irvine et al. [18] suggests that overexpression
or mutations of proteins such as epidermal growth factor
receptor, HER2, and hepatocyte growth factor receptor can
enhance resistance by activating downstream signaling path-
ways, such as the phosphoinositide 3-kinases/protein kinase
B pathway. Similarly, phenotypic switching has also been im-
plicated in mediating resistance. Studies have shown that the
high-proliferation, low-invasion microphthalmia-associated
transcription factor (MITF)-high phenotype can convert to the
low-proliferation, high-invasion MITF-low phenotype, enhanc-
ing cellular drug resistance [19]. Beyond the MITF axis, other
forms of phenotypic plasticity, such as transitions toward neu-
ral crest-like states or dedifferentiation to a stem-cell-like phe-
notype, have also been associated with increased resistance
to therapy and immune evasion, thereby further complicating
treatment outcomes. These transitions often promote resis-
tance by reducing tumor cell dependency on specific onco-

genic pathways targeted by therapy [20,21].

Drug efflux and autophagy, processes occurring within the
cells, have recently attracted significant attention in resistance
studies. In drug-resistant melanoma, tumor cells increase
drug efflux by upregulating ATP-binding cassette (ABC)
transporters, such as ABCB1, which lowers intracellular drug
concentrations and contributes to resistance. ABCB1, also
known as P-glycoprotein, is a membrane-associated multi-
drug transporter that pumps various anticancer drugs out of
cells, reducing drug accumulation within the cells and thereby
diminishing therapeutic efficacy [22].

Tumor cells activate autophagy to cope with drug-induced
stress, enhancing survival and contributing to resistance. Au-
tophagy plays a dual role in cancer treatment. Most chemo-
therapy drugs induce autophagy in tumor cells by activating
endoplasmic reticulum stress, and excessive autophagy can
lead to apoptosis, exerting anti-tumor effects. However, auto-
phagy also serves a protective function for tumor cells, main-
taining their viability by degrading and recycling damaged
organelles, thus reducing sensitivity to chemotherapy drugs.
Therefore, regulators that either promote or inhibit autophagy,
in combination with chemotherapy agents, may hold develop-
ment potential in cancer therapy [23,24]. Targeting autophagy
through inhibitors such as chloroquine or hydroxychloroquine
in combination with standard therapies could enhance treat-
ment responses. For example, preclinical models of melano-
ma have demonstrated that autophagy inhibitors can sensi-
tize resistant tumor cells to BRAF/MEK inhibitors, reducing
cell viability and tumor growth [25]. These findings suggest
that modulating autophagy could represent a promising ave-
nue for overcoming resistance, although clinical validation is
still required.
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Figure 1. BRAF inhibitor treatment
activates the bypass pathway, ul-
timately inducing drug resistance.
After treatment with BRAF inhibitor,
BRAF V600-mutated melanoma ac-
tivates specific signaling pathways
through various proteins, ultimately
inducing drug-resistant melanoma.
BRAF, proto-oncogene proteins B-raf;
NRAS, oncogene homolog; MAPK, mi-
togen-activated protein kinase; EGFR,
epidermal growth factor receptor; MET,
hepatocyte growth factor receptor;
PI3K, phosphoinositide 3-kinases; AKT,
protein kinase B pathway; MITF, micro-
phthalmia-associated transcription fac-
tor; MDSC, myeloid-derived suppressor
cell; Tregs, regulatory T cells; IL, inter-
leukin; ABC, ATP-binding cassette.
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Recent advances and challenges in the
treatment of drug-resistant melanoma

Over the past decade, significant progress has been made
in the treatment of drug-resistant. The combination of im-
mune checkpoint inhibitors, such as programmed cell death
1 receptor (PD-1) and cytotoxic T-lymphocyte associated
protein 4 inhibitors, has shown enhanced efficacy in over-
coming resistance [26]. However, this approach may lead to
an increased incidence of immune-related adverse events,
necessitating careful monitoring of patients [27]. At the same
time, innovative therapies, such as tumor-infiltrating lympho-
cyte therapy, have demonstrated promising results in the
treatment of advanced melanoma [28]. For example, in Feb-
ruary 2024, the US FDA approved lifileucel (Amtagvi) for the
treatment of patients with unresectable or metastatic mela-
noma who had previously received PD-1 blocking antibodies
[29]. This represents the first cell therapy approved for adult
patients with melanoma that cannot be surgically removed
(unresectable) or has spread to other parts of the body (met-
astatic) [30,31].

Recent studies have also highlighted the potential of com-
bining immune checkpoint inhibitors with small molecule ther-
apies to overcome resistance (Fig. 2). One approach that has
gained attention is the combination of PD-1/PD-L1 inhibitors
with BRAF/MEK inhibitors. This combination targets both the
immune response and the tumor’s signaling pathways, show-
ing promise in overcoming the adaptive resistance mech-
anisms that often develop when BRAF inhibitors are used
alone. Recent trials have shown that the combination of pem-
brolizumab (PD-1 inhibitor) and dabrafenib/trametinib (BRAF/
MEK inhibitors) significantly improves overall survival and
progression-free survival compared to single-agent therapies,
especially in patients with BRAF V600E-mutant melanoma
[32].

Tumor microenvironment (TME) plays a critical role in re-
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sistance mechanisms (Fig. 3) and its modulation is important
in improving treatment outcomes for drug-resistant melano-
ma patients. In the stroma of TME, cancer-associated fibro-
blasts (CAFs) secrete factors like TGF-f and interleukin (IL)-
6, which activate anti-apoptotic pathways in tumor cells [33].
Additionally, myeloid-derived suppressor cells (MDSCs) and
regulatory T cells suppress anti-tumor immune responses
by secreting immune-suppressive factors such as IL-10 and
TGF-B [34].

Both CAFs and MDSCs contribute to the formation of an
immunosuppressive TME, promoting tumor progression and
treatment resistance. Targeting CAFs and MDSCs to modu-
late the TME is a promising strategy to enhance anti-tumor

Tumor microenvironment

Figure 2. Treatment approaches for drug-resistant melanoma.
Treatments for drug-resistant melanoma include targeting immune
checkpoint and the tumor microenvironment, and the latest research
mentions tumor-infiltrating lymphocyte therapy.
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Figure 3. Role of CAF-derived EVs in
cancer chemoresistance. Exosomes
derived from CAFs can transport a va-
riety of biomolecules, including microR-
NAs, long non-coding RNAs, circular
RNAs, and proteins. These exosomal
components contribute to the devel-
opment of chemotherapy resistance in
cancer by modulating multiple cellular
processes, such as cell cycle progres-
sion, DNA repair mechanisms, oxida-
tive stress response, EMT, apoptosis,
autophagy, stemness of cancer cells,
angiogenesis, immune cell infiltration,
and the regulation of diverse signaling
pathways. CAF, cancer-associated
fibroblast; EV, extracellular vesicles;
EMT, epithelial-mesenchymal transi-
tion.

Oxidative
stress

Apoptosis

Autophagy

http:/Awww.jcpjounal.org 9



Huang and Kim

immunity and overcome resistance. Recent studies have
focused on disrupting the interactions between these cells
and tumor cells to improve therapeutic efficacy. For instance,
research has explored targeting CAF-derived exosomes and
MDSC-mediated immune suppression to enhance the effec-
tiveness of cancer treatments [35]. These approaches repre-
sent multifaceted efforts to combat drug-resistant melanoma,
aiming to improve patient outcomes through personalized
and combination therapies.

CONCLUSION

In conclusion, we have summarized and discussed the recent
research and therapeutic developments for drug-resistant
melanoma over the past decade. We have further highlight-
ed studies focused on the mechanisms of resistance, which
provide direction for future treatments of drug-resistant mela-
noma and hold clinical significance. Additionally, we explored
the latest treatment strategies for drug-resistant melanoma,
with combination immunotherapy and adoptive cell therapy
emerging as the two most effective approaches to date. Their
development requires ongoing attention. Overall, this review
offers new insights into the treatment of drug-resistant mel-
anoma and contributes to the advancement of therapeutic
strategies.
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