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Abstract: Malignant melanoma (MM) is the most fatal form of skin cancer, accounting for 90% of all
skin cancer deaths. Multiple dysregulated cellular pathways are involved in MM, including the
MAPK/ERK and PI3K/PTEN/AKT pathways, which can be targeted with novel targeted inhibitors.
However, these blockades can be overcome through the activation of alternative pathways, leading
to treatment resistance. The high immunogenicity of MM has been exploited using checkpoint
inhibitors resulting in improved survival outcomes of patients with advanced MM. However, their
side effect profile and prohibitive cost remain a challenge and the survival outcomes for patients
with metastatic MM remain poor. Treatment resistance has been attributed to the presence of cancer
stem cells (CSCs), a small subpopulation of pluripotent, highly tumorigenic cells proposed to drive
cancer progression, metastasis, and treatment resistance. CSCs reside within the MM tumor
microenvironment (TME) regulated by the immune system, and the paracrine renin-angiotensin
system (RAS), expressed in many cancer types, including MM. This article reviews the current
treatment of advanced MM with targeted therapy and immune checkpoint blockers, highlights the
emergence of mRNA vaccine. It also discusses the MM TME and its relationship with CSCs, and the
local immune system and the paracrine RAS. It highlights the regulation of the MAPK/ERK and
PIBK/AKT/mTOR pathways by the RAS via prorenin receptor and angiotensin II receptor 1, and
how this relates to the CSCs and treatment resistance. This underscores the potential multi-modal
therapeutic strategy by concurrent targeting of multiple components of the TME.

Keywords: melanoma; cancer vaccine; mRNA vaccine; renin-angiotensin system; drug
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1. Introduction

Malignant melanoma (MM) is the most aggressive form of skin cancer accounting for 90% of all
deaths from skin cancer [1]. Its global incidence has been increasing in recent decades, particularly
among fair-skinned populations and those 60 years and older, with a projected ongoing rise [2]. MM
is classified histopathologically into superficial spreading melanoma, lentigo maligna melanoma,
nodular melanoma, and acral lentiginous melanoma subtypes. The etiopathogenesis of MM involves
environmental, genetic, and epigenetic factors. MM originates from melanocytes, pigment-producing
cells of neuroectodermal origin found in the basal layer of the epidermis of the skin, aerodigestive
and anogenital tracts, eye, leptomeninges, and inner ear [1]. The incidence of new MM cases varies
between countries, with rates of 50-60 per 100,000 in Australia, 35 per 100,000 in New Zealand, 20-30
per 100,000 in the USA, and 10-25 per 100,000 in Europe [3,4]. These geographic differences are
attributed to the exposure to ultraviolet (UV) radiation - a significant modifiable risk factor
influenced by latitude, altitude, and ozone depletion [3]. Most MMs are sporadic, with hereditary
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MM accounting for around 10% of cases. Mutations in high-risk genes such as cyclin-dependent kinase
2A (CDKN2A), POT1, TERT, and CDK4 are associated with hereditary MM. Moderate-risk genes
involved in melanin synthesis include MCIR and MITF [5]. Other important heritable risk factors are
melanocortin-1 receptor variants, large congenital nevi, increased number of common nevi, and
multiple atypical nevi [6,7].

MM exhibits high metastatic potential and mortality rates. Recent advances in the treatment of
metastatic MM include targeted therapy, and immunotherapy with checkpoint inhibitors. However,
the emergence of drug resistance, severe adverse effects, and high costs necessitate exploration of
more effective, better tolerated, and affordable treatment options. Poor outcomes of MM have been
attributed to the presence of cancer stem cells (CSCs) found in both primary [8] and metastatic MM
[9,10]. CSCs possess pluripotent and self-renewal capacities, generating identical CSCs and cancer
cells by asymmetric cell division, giving rise to heterogenous tumor cell populations as proposed by
the hierarchical model of cancer [11] (Figure 1). CSCs contribute to metastasis and resistance to
chemotherapy, radiotherapy [12] and immunotherapy [13], leading to treatment failure [11]. This is
in contrast to the stochastic model of cancer (also known as the clonal evolutional theory of cancer)
which proposes that cancer arises from the stepwise accumulation of genetic and epigenetic changes
that confer a heritable survival advantage. In this model cancer cells with advantageous survival
traits undergo clonal expansion to form a tumor [14] (Figure 1).

A Stochastic Model of Cancer
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Figure 1. (A) The stochastic model of cancer proposes that a normal somatic cell accumulates
oncogenic mutations in a stepwise manner and becomes a cancer cell that undergoes clonal expansion
to form a tumor. (B) The hierarchical model of cancer proposes the presence of a highly tumorigenic
cancer stem cell (CSC) sitting atop the tumor cellular hierarchy and divides asymmetrically to form-
non-tumorigenic cancer cells that form the bulk of the tumor, and identical CSCs that form new
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tumors like the original tumor. Figure modified and reproduced with permission from Biomedicines
[15].

MM involves multiple dysregulated cellular signaling pathways. Mutations in BRAF, NRAS,
NF1, and KIT drive the overactivation of the MAPK/ERK and PI3K/PTEN/AKT pathways, fueling
MM progression [16]. Targeting these pathways with agents such as dabrafenib (a BRAF inhibitor)
and trametinib (a MEK inhibitor) improve overall and progression-free survival in MM patients
carrying BRAF V600E or V600K mutations [17,18]. However, drug resistance emerges in most
patients within several months due to activation of alternative pathways involved in cellular
proliferation. This inevitable development of drug resistance highlights the need for an effective
multi-modal strategy [19] and has prompted the development of immunotherapy agents and small
molecule inhibitors [20]. However, these treatments are associated with significant side effects, and
their high-cost limits accessibility [21].

MM is an immunogenic tumor characterized by high tumor mutational burden and its
association with UV exposure and vitiligo [22]. Additionally, MM exhibits brisk lymphocytic
infiltration [23], with increased peritumoral lymphocyte infiltration being linked to a reduced risk of
death [24]. This high immunogenicity has been exploited in the development of vaccines, albeit
hitherto with limited outcomes. Vaccine trials for MM in the 1970s utilizing tumor lysate injections
and pathogen adjuvants displayed promising but often short-lived responses [25]. Allogenic
melanoma cells studies emerged in the 1980s, followed by attempts with ganglioside-based vaccines
a decade later [26]. The oncolytic herpesvirus-based vaccine (T-VEC) demonstrates a response rate of
26% and a complete clinical response in 11% of patients with stage IIIB-IV melanoma [27]. Clinical
trials involving cytokines such as interleukin-2 and interferon-a, along with genetically modified
tumor cell vaccines secreting cytokines such as granulocyte-macrophage colony stimulating factor
[28,29]. Until the recent development of mRNA vaccine for MM, these therapeutic approaches have
largely been abandoned because of the lack of efficacy.

It has been over a decade since checkpoint inhibitors were introduced in the treatment of MM.
The cytotoxic T-lymphocyte-associated protein (CTLA-4) blocking antibody, ipilimumab, approved
by FDA in 2011, demonstrates prolonged survival in patients with metastatic MM [30]. Another
crucial T cell immune checkpoint, programmed death 1 (PD-1), subsequently emerged as a viable
treatment target. Phase III clinical trials show that PD-1 inhibitors, nivolumab and pembrolizumab,
extend survival compared to ipilimumab and chemotherapy [31,32]. The EORTC1225-KEYNOTE-054
trial demonstrates pembrolizumab increases recurrence-free survival and distant metastasis-free
survival of patients with resected stage III MM at a 3.5-year median follow-up, compared with
placebo [33,34]. Additionally, pembrolizumab significantly reduces the risk of disease recurrence or
death in patients with completely resected stage IIB or IIC MM [35].

The renin-angiotensin system (RAS) is a key regulatory pathway involved in regulation of CSCs
through its impact on the tumor microenvironment (TME) [36,37]. Classically known for its crucial
role in cardiovascular homeostasis, the paracrine function of the RAS in regulating CSCs within the
TME is increasingly appreciated [15]. The TME consists of various components including blood
vessels, extracellular matrix, signaling molecules, soluble molecules, inflammatory and immune cells,
fibroblasts, keratinocytes, smooth muscle cells and endothelial cells [21,38]. The dynamic interplay
between CSCs and the TME is influenced by the immune system and the RAS [36,38] with phenotypic
CSCs in metastatic MM expressing components of the RAS [10,39]. This article discusses the role of
CSCs and the RAS in the TME of MM, and underscores areas of future investigation.

Spurred by the advancements catalyzed by the COVID-19 pandemic, recent advances in mRNA
technology, particularly mRNA vaccination encoding neoantigens for MM, have shown promise [40].
This article also explores initial findings involving mRNA-4157/V940 combined with pembrolizumab
and discusses the potential enhancement of observed responses by targeting the RAS to augment
local immune factors in the TME.
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2. The Role of the Renin-Angiotensin System in Malignant Melanoma

The systemic RAS is a crucial endocrine system for maintaining cardiovascular homeostasis by
controlling blood pressure, plasma volume, and electrolyte balance. Components of the RAS are
locally expressed in many tissue sites and tumors, known as the paracrine or local RAS. The paracrine
RAS plays key pathophysiological roles and is implicated in the cancer [41] by possessing a
regulatory role in cellular proliferation, carcinogenesis, angiogenesis, and metastasis [42]. It is also
involved in hematopoiesis in bone marrow [43]. Dysregulation of the RAS is common in various
cancer types, including MM. Experimental models across different cancer types have shown that
inhibition of the RAS reduces tumor growth, angiogenesis, and metastasis [44]. Despite its
dysregulation in numerous cancer types, the role of the paracrine RAS in MM remains to be fully
investigated [44].

Recent research reveals the complexity of the RAS and its downstream interactions (Figure 2).
The classical view of the RAS is that of a cascade which begins with angiotensinogen (AGT),
synthesized and secreted by the liver. When arterial pressure or plasma sodium levels decrease, the
kidney releases renin. AGT is cleaved by renin to form angiotensin I (ATI) which is converted to
angiotensin II (ATII) by angiotensin converting enzyme (ACE), also known as ACE1. ATI is also
cleaved by angiotensin converting enzyme 2 (ACE2) to form angiotensin 1-7 (Angl1-7). ATII can be
further converted into angiotensin III (ATIII) and angiotensin IV (ATIV) by aminopeptidases A and
N. These angiotensin peptides can also be generated through alternative pathways involving
enzymes such as cathepsins B, D and G, chymostatin-sensitive angiotensin II-generating enzyme, and
chymase. Upon binding to their respective receptors, these angiotensin peptides trigger cellular
signaling pathways, eliciting diverse physiological responses. Notably, ATII binds to ATII receptor 1
(ATiR) and ATII receptor 2 (AT:R), causing vascular smooth muscle contraction and stimulating
aldosterone release, thus increasing blood pressure [44].

Apart from its role on cardiovascular function, signal transduction of ATII in the paracrine RAS
is involved in a wide array of signaling pathways and multiple pathophysiological functions. These
include inflammation, end-organ damage associated with aging, and metabolic dysfunction. It is also
implicated in cancer, and heart, vascular, brain and kidney disease [45]. ATiR activation is involved
in inflammation, as reactive oxygen species (ROS) produced via NADPH oxidase activation acts as a
second messenger of ATiR, thereby imbuing ATII to function as an inflammatory cytokine [46].
Moreover, ATiR activation is pro-fibrotic, and induces hypertrophy and vasoconstriction [45].
Further, activation of pro-renin receptor (PRR), a key component of the RAS, also causes fibrosis and
renal dysfunction [45]. The effects of AT:R activation are antagonistic to that of ATiR, which causes
vasodilation, and anti-proliferative, anti-fibrotic, and anti-inflammatory effects [45]. MrgD and AT:R
also cause vasodilatation, with the later causing sodium excretion [45]. The wide-ranging impacts of
the paracrine RAS via ATII signaling highlights the potential of its inhibition in the treatment of MM.

We have observed expression of components of the RAS in metastatic head and neck MM to the
regional lymph nodes, and MM primary-derived cells. The MM tissues express PRR, ACE, and AT2R
with ACE localizing to the endothelium of the microvessels. Within metastatic head and neck MM to
regional lymph nodes, SOX2+ and OCT4+ cells are found to express PRR and AT:R, demonstrating
these phenotypic CSCs express components of the RAS [39]. Expression of components of the RAS
by phenotypic CSCs has also been demonstrated in metastatic MM to the brain [10]. Further work is
warranted to determine the regulatory impact the local RAS signaling on these CSCs, the proposed
driver of MM and treatment resistance.
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Figure 2. A schema showing the effect of the paracrine renin-angiotensin system (RAS) and its
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convergent signaling pathways on the tumor microenvironment to influence cellular proliferation,
invasiveness, and cell survival in cancer development. The RAS interacts with downstream pathways,
such as the Ras/RAF/MEK/ERK (light blue) pathway and the PI3K/AKT/mTOR (light green) pathway,
that influence cellular proliferation, migration, inhibition of apoptosis, migration, and invasion (see
text). PRR, pro-renin receptor; Cath G, cathepsin G; Cath B, cathepsin B; Cath D, cathepsin D; ACE1,
angiotensin-converting enzyme 1; ACE2,angiotensin-converting enzyme 2; AGT, angiotensinogen;
ATP, adenosine triphosphate; Ang(1-7), angiotensin (1-7); Ang(1-9), angiotensin (1-9); AP-A,
aminopeptidase-A; ATI, angiotensin I; ATII, angiotensin II; ATIII, angiotensin III; AT-eIV, angiotensin
IV; ATiR, angiotensin II receptor 1; AT2R, angiotensin II receptor 2; mTOR, mammalian target of
rapamycin. Reproduced and adapted with permission from Biomedicines [15].

2.1. The Role of the Renin-Angiotensin System in Malignant Melanoma Tumor Microenvironment

The MM TME is complex and dynamic, comprising multiple interacting components through
various signaling pathways. Of particular interest in this TME, is the paracrine RAS. PRR, a key
component of the RAS, is known to interact with several overactive signaling pathways in MM, such
as the MAPK/ERK pathway involving BRAF and the PI3K/AKT/mTOR pathways [47].

The observed heightened CpG island methylation of AGTR1, the gene encoding ATiR, and its
reduced expression in metastatic MM compared to primary MM, suggests its role as a tumor
suppressor in MM [48]. Further supporting a possible role of the RAS in MM is that antagonizing
ATiR with an angiotensin receptor blocker (ARB), or shRNA-mediated knockdown in MM cell lines,
facilitates melanoma cell proliferation in a serum-free environment [48]. Interestingly, an ATII-
independent mechanism for ATiR exists, wherein ectopic expression of AGTR1 induces cellular
proliferation in the absence of ATII ligand. This study also demonstrates that RAS inhibitors
potentiate the action of BRAF and MEK inhibitors in BRAF V600 mutated melanoma cells. Treating
melanoma cells with AT2R antagonists EMA401 and PD123319 potentiates the action of BRAF and
MEK inhibitors while inhibiting angiogenesis and melanoma growth [48]. Moreover, treatment of
melanoma cells with an AT2R agonist induces cellular proliferation under serum-free conditions,
while its blockade inhibits angiogenesis [48].


https://doi.org/10.20944/preprints202406.0054.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 June 2024 d0i:10.20944/preprints202406.0054.v1

2.2. The Renin-Angiotensin System and Cancer Metastasis

There is increasing evidence of the role of the RAS in cancer metastasis. A study by Martinez-
Meza et al [49] investigating the role of AT2R in MM metastasis demonstrates that ATz2R activation
leads to inhibition of transendothelial migration, cellular migration, and metastasis of B16F10 murine
melanoma cells. This finding is corroborated by the complete abrogation of these effects upon
silencing AT:R using shRNA. Activation of AT:R notably reduces lung metastasis of murine
melanoma cells in C57BL/6 mice, attributable to increased non-receptor protein tyrosine phosphatase
1B activity [49].

Upon injection of B16/F10 mouse melanoma cells into C57BL/6 mice, Ishikane et al, [50] observe
a greater number of lung metastases in the ATII-treated group compared to the vehicle-treated group.
Additionally, the effect of ATIl is inhibited by the ARB valsartan. Notably, in AGTRIa knockout mice,
melanoma lung metastases mediated by ATII are significantly reduced. Furthermore, ATII
upregulates mRNA expression of E-selectin, thereby promoting adherence of melanoma cells to the
vascular endothelium [50].

There is a paucity of investigations into the utilization of RAS inhibitors for treatment of
metastatic MM. Treatment with RAS inhibitors may not only result from the downstream effects of
ATiR and AT:R signaling but also from interactions with the overactive MAPK/ERK and
PIBK/AKT/mTOR pathways in MM. The observation that ATz2R antagonists potentiate the effects of
BRAF and MEK inhibitors highlights the potential benefits of combing RAS modulators with targeted
inhibitors in the treatment of MM. Further research is needed to investigate the effects of inhibiting
or modulating these pathways with current targeted inhibitors and examine the effect of RAS
inhibition on patient outcomes. Further research is warranted to explore the relationship between the
paracrine RAS and the CSCs within the TME.

3. Immunotherapy and Cancer Vaccines for Metastatic Malignant Melanoma

3.1. Immunotherapy

Targeting the immune system in the management of advanced MM has achieved significant
progress, as evidenced by the approximately 50% 5-year survival rate in patients treated with
combination immunotherapy [51]. Specifically, patients with stage III or stage IV MM receiving a
combination of nivolumab and ipilimumab have a 52% 5-year overall survival [52]. However, these
treatments are associated with significant side effects.

The effectiveness of immunotherapy in MM is partly based on the tumor-induced
immunosuppression seen in patients with metastatic MM. This immunosuppression is driven by
persistent antigenic stimulation of the immune system and the elevated expression of inhibitory
receptors on tumor antigen-specific T cells [51]. However, development of treatment resistance,
recurrence, and the adverse effects of immunotherapy in a large proportion of patients underscore
the need for better therapies.

Treatment with anti-CTLA4 monoclonal antibody ipilimumab that targets CTLA-4 significantly
improves overall survival of patients with inoperable metastatic MM [30]. Additionally, monoclonal
antibodies against PD-1 and its ligand PD-L1 have been developed. PD-1, an antigen present on APCs
and MM cells, acts as a checkpoint inhibitor, preventing T-cell activation. Targeting these checkpoints
with monoclonal antibodies allows T cells to remain active, causing anti-tumor cytotoxic effects [51].
Administration of nivolumab and pembrolizumab leads to increased survival when compared to
chemotherapy or ipilimumab [31,32]. A combination of nivolumab and ipilimumab is currently
considered the standard treatment for patients with inoperable advanced MM.

A recent phase II clinical trial demonstrates the use of pembrolizumab as a neoadjuvant
treatment in patients with advanced MM prolongs event-free survival at 2 years (72%, 95% CI, 64 to
80), compared to those receiving adjuvant pembrolizumab alone (49%, 95% CI, 41 to 59) [53]. The
cause of treatment failure in individual or combination immunotherapy treatment remains unclear.
It has been attributed to the expression of alternative immune checkpoints, including lymphocyte-
activation gene 3 (LAG-3), found on the surface of CD4+ T cells. A recent phase II/III clinical trial
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(RELATIVITY-047) demonstrates that targeting LAG-3 and PD-1 together with relatimab and
nivolumab, respectively, provides greater survival benefit compared to targeting PD-1 alone [54].
Notwithstanding the success seen with immunotherapy, significant adverse effects are observed in
both mono- and combination therapy. In the RELATIVITY-047 trial, grades three or four treatment-
related adverse effects are observed in 18.9% of patients in the combination treatment group,
compared to 9.7% in the those receiving nivolumab alone [54].

It is interesting to hypothesize whether targeting other components of the TME, such as the
paracrine RAS which inhibits tumor immunity through its effect on myeloid cells and fibroblasts [41],
could enhance the effects of immunotherapy. Nakamura et al demonstrate that inhibition of the RAS
with ARBs increases the efficacy of anti-PD-1 immunotherapy in a MM mouse model [55]. This effect
is achieved as ARB administration decreases RAS-stimulated fibroblast CC motif chemokine ligand
5 (CCL5) production in melanoma-transplanted mice. Subsequently, co-administration of anti-PD1
antibodies and an ARB is associated with greater inhibition of growth compared to monotherapy [55].
The OpACIN trial demonstrates significant survival advantages in stage III MM patients who
received neoadjuvant treatment compared to adjuvant treatment alone, using ipilimumab and
nivolumab. The 5-year overall survival was 90% (95% CI 73 to >99%) in the neoadjuvant arm, and 70%
(95% CI 47% to >99%) in the adjuvant-only arm [56].

Cancer stemness refers to the extent to which a cancer cell exhibits properties of stem cells,
including the ability to undergo self-renewal, multilineage differentiation potential, and proliferative
ability. A recent study investigating the association between cancer stemness and scRNA-Seq
datasets from patients treated with checkpoint inhibitors, shows that cancer stemness is significantly
associated with resistance to checkpoint inhibitors in patients with MM. Using a large publicly
available dataset, a signature Stem.Sig has been developed to predict which patients will benefit from
immunotherapy [57]. This study demonstrated that cells with cancer stemness are less likely to
respond to checkpoint inhibitors. This finding supports the notion that immunotherapy resistance in
MM is attributable to resident CSC populations. Therefore, specifically targeting these cells may lead
to improved survival outcomes. Further, selective targeting of CSCs using personalized neoantigens
only found in those CSCs may spare other normal somatic and stem cells and thus reducing treatment
side effects.

3.2. Cancer Vaccines

mRNA-4157 is an mRNA vaccine encoding 34 personalized tumor neoantigens. Results of the
mRNA-4157-P201KEYNOTE-942 phase II open-labeled randomized clinical trial presented at the
2023 ASCO Annual Meeting II, shows clinically significant improvement in recurrence-free survival
in patients with resected high-risk stage IIIB/C/D and stage IV MM, compared to pembrolizumab
monotherapy. This combination treatment approach reduces the risk of recurrence or death by 44%
(HR=0.561; 95% CI 0.30 to 1.017) [58]. It is interesting to speculate whether co-administration of RAS
inhibitors would further impact this result given their suppressive effect on the TME immune system,
and possible regulatory role for resident CSCs.

CSCs resist apoptosis and toxins, potentially accumulating a higher mutation burden compared
to other melanoma cells [59]. It is interesting to speculate whether mRNA vaccines based on
personalized neoantigens derived from CSCs could improve survival outcomes.

4. Concurrent Targeting of the Renin-Angiotensin System and Other Dysregulated Pathways

Primary [60] and metastatic MM to the head and neck exhibits increased expression of PRR, a
key component of the RAS [39]. PRR induces activation of the MAPK/ERK pathway upon binding to
its ligands, renin and (pro)renin. In certain cell types, PRR-induced activation of MAPK/ERK
signaling up-regulates extracellular signal-regulated kinase 1/2 (ERK 1/2), leading to the increased
production of transforming growth factor- and cellular proliferation, thereby promoting cancer
progression and metastasis [60,61]. Additionally, through an ATII-independent mechanism, PRR
induces the formation of ROS, which further increases PI3K/AKT/mTOR and MAPK/ERK signaling
[60,62]. Further research is needed to determine whether PRR expression in MM contributes to over-
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activation of MAPK/ERK and PI3K/AKT/mTOR pathways through the production of ROS. In health
these signaling pathways are integral to multiple processes of cellular function, including cell growth,
cell survival, and nutrient intake [63]. Targeting mTOR signaling in MM to overcome the inevitable
acquired resistance to BRAF and MEK inhibition has been investigated. The mTOR inhibitor
rapamycin (sirolimus) and NVP-BEZ235 induce apoptosis and cell cycle arrest in BRAF mutant
melanoma cell lines [64]. Metformin, the widely used anti-diabetic medication, targets AMPK/mTOR
signaling, reducing cellular proliferation, and displaying anti-tumor properties across multiple
cancer types [65]. In-vivo, metformin inhibits melanoma tumor development, with three of seven
metformin-treated mice not demonstrating measurable tumors [65]. PI3K, mTOR and AKT have been
shown to be overactive across a range of cancer types. These components are fundamental in
embryogenesis with their absence often resulting in failure in the development of an embryo [66-68].
Multiple studies have demonstrated that PI3K/AKT/mTOR signaling preserves the ability for
pluripotent stem cells to self-renew and differentiate. Human embryonic stem cells require PI3K/AKT
signaling to maintain an undifferentiated state, whilst inhibition of PI3K leads to the loss of
pluripotency [63]. Given the presence of CSCs within MM, it is interesting to consider what effects
inhibition of PI3K/AKT/mTOR pathways may have on the differentiation and behavior of resident
CSCs [39]. This is relevant as PRR is expressed on the phenotypic CSCs expressing SOX2, a CSC
marker, in metastatic MM [39].
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Figure 3. A schema showing how the MAPK/ERK and PI3K/AKT/mTOR pathways can be inhibited
in malignant melanoma. BRAF can be targeted by BRAF inhibitors, and MEK by MEK inhibitors. Pro-
renin receptor (PRR) and angiotensin II receptor 1 which activates Ras, can be inhibited through
inhibition of the renin-angiotensin system (RAS). PRR also increases the production of reactive
oxygen species (ROS), which contributes to overactivation of the MAPK/ERK and PI3K/AKT/mTOR
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pathways. mTORCI1 signaling can be inhibited by rapamyecin (sirolimus) and metformin. Figure
created using Biorender.

These findings suggest that PRR may contribute to carcinogenesis through its interaction with
the MAPK/ERK and PI3K/AKT/mTOR pathways, leading to aberrant cellular proliferation and
maintenance of cells in the undifferentiated state. PRR is also implicated in cancer progression
through its involvement in other signaling pathways, namely, the vacuolar H+ ATPase and Wnt/f3-
catenin signaling pathways [60]. Given the overactivity of these pathways in MM, it is interesting to
speculate whether PRR contributes to the progression of MM, considering its expression alongside
other components of the RAS. Furthermore, ATII induces phosphorylation of PI3K/AKT, resulting in
increased NF-kB activity, which promotes cancer progression, metastasis, and chemoradiotherapy
resistance [60,69]. Considering the somewhat successful targeting of these overactive pathways in
MM, we hypothesize that inhibition of the RAS as a whole or directly targeting PRR, in combination
with a targeted therapy such as a BRAF inhibitor, would further suppress the MAPK/ERK and
PIBK/AKT/mTOR pathways. Concurrent administration of personalized mRNA vaccines against
CSC neoantigens may confer further survival advantage.

Current treatment of advanced MM usually consists of single agents. Further research into a
multimodal targeting is warranted, given the numerous inter-related treatment targets. A combined
approach may lead to a more durable treatment outcomes for advanced MM.

5. Conclusions

MM is the most fatal form of skin cancer. Future treatment of MM. Historically, vaccine
approaches to MM have shown limited efficacy. Recent development of a melanoma mRNA vaccine
shows promise. Advances in targeted therapies targeting the MAPK/ERK and PI3K/AKT/mTOR
pathways, and immunotherapy, specifically checkpoint inhibitors, have led to improved survival
outcomes for Stage Il and stage IV disease. However, this is associated with a high incidence of side
effects and treatment resistance, and the treatment costs remain prohibitive. Treatment resistance of
MM has been attributed to the presence of CSCs, a small subpopulation of pluripotent, highly
tumorigenic cells proposed to drive cancer progression, metastasis, and treatment resistance. These
CSCs reside within the TME regulated by the immune system, and the paracrine RAS. This article
explores regulation of the overactive MAPK/ERK and PI3K/AKT/mTOR pathways in MM, by the
RAS via PRR and ATiR, and how this relates to CSCs and the TME. Future treatment strategies for
MM will likely continue to exploit its high immunogenicity and involve multi-modal approach that
targets CSCs and the TME. The use of combination therapies that inhibit the MAPK/ERK and
PIBK/AKT/mTOR pathways using repurposed drugs that inhibits the RAS, targeted therapies,
immunotherapy, and personalized mRNA vaccination, may improve survival outcomes of MM
patients.
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