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Introduction

Cutaneous melanoma, a malignancy originating from 
melanocytes in the skin, is challenging to treat due to its 
aggressive nature and propensity to metastasize. Despite 
the advancement of multifaceted treatment interventions, 
including targeted therapy, immunotherapy, and cellular 
therapy, the five-year-survival for patients with stage IV 
melanoma is only ~30% [1-3]. BRAF activating mutations are 
the most common genetic alteration in melanoma, comprising 
~50% of all cutaneous melanoma cases [4,5]. Despite the 
prevalence of BRAF mutations in this heterogenous disease, 
a wealth of evidence demonstrates that this alteration is 
insufficient to promote malignancy without additional 
genetic abnormalities [6,7]. Thus, the activation of other 
cellular signaling pathways cooperates with activation 
of BRAF to cause the transition from benign melanocytic 
nevi to malignant melanoma. Over the past few decades, 
substantial progress has been made in understanding the 
molecular pathways underlying melanoma progression 
and resistance mechanisms. Among these pathways, the 
phosphatidylinositol 3-kinase (PI3K)/protein kinase B 
(AKT)/mammalian target of rapamycin (mTOR) signaling 
cascade has emerged as a promising target for therapeutic 
intervention. This commentary explores the role of the PI3K/
AKT/mTOR pathway in BRAF-mutant melanoma, highlighting 
the mechanisms of action, preclinical and clinical efficacy of 

treatment options aimed at this signaling pathway, resistance 
mechanisms, and role of the immune system to uncover 
research questions that may lead to therapeutic options for 
this heterogenous disease. 

The PI3K/AKT/mTOR pathway is a central signaling cascade 
involved in regulating various cellular processes, including 
cell growth, proliferation, survival, and metabolism [8]. 
Dysregulation of this pathway, often through genetic 
mutations or aberrant signaling, contributes to the acquisition 
of aggressive traits in many cancers, including melanoma, 
enhanced proliferation and survival, as well as migration 
and invasion leading to metastasis [9,10]. PI3K enzymes are 
lipid kinases that phosphorylate phosphatidylinositol lipids, 
leading to the activation of downstream effectors such as AKT 
and mTOR. mTOR exists in two distinct complexes, mTORC1 
and mTORC2, which regulate protein synthesis, autophagy, 
and metabolism in response to various stimuli [11]. 

AKT is classically considered the central signaling node of 
the PI3K/AKT/mTOR pathway. Upon activation by upstream 
stimuli, such as growth factors binding to receptor tyrosine 
kinases, PI3K is recruited to the cell membrane, where it 
phosphorylates phosphatidylinositol 4,5-bisphosphate 
(PIP2) to generate phosphatidylinositol 3,4,5-trisphosphate 
(PIP3). PIP3 serves as a second messenger that recruits AKT 
to the cell membrane, where it becomes activated through 
phosphorylation by phosphoinositide-dependent kinase 1 
(PDK1) and mTORC2 [12]. Past research debates the necessity 
of phosphorylation by both PDK1 and mTORC2 to confer full 
activation of AKT, yet recent literature, including our own, has 
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demonstrated that phosphorylation by mTORC2 at Thr308 is 
both sufficient and necessary for activation of this protein, 
while Ser473 phosphorylation is dispensable [13,14]. Upon 
this critical activation, AKT phosphorylates a plethora of 
downstream targets involved in various cellular processes, 
including glycogen synthesis, protein synthesis, cell cycle 
progression, and cell survival. Among these downstream 
effectors, AKT phosphorylates and inhibits tuberous sclerosis 
complex 2 (TSC2), a negative regulator of mTOR complex 
1 (mTORC1). Inhibition of TSC2 relieves its suppression of 
mTORC1, leading to activation of mTORC1. Thus, AKT interacts 
directly with mTOR through each of its two complexes – via 
phosphorylation by mTORC2, which ultimately leads to 
activation of mTORC1 by regulating key effectors, including 
ribosomal protein S6 kinase (S6K) and eukaryotic translation 
initiation factor 4E-binding protein 1 (4E-BP1) [8,15]. In 
addition to its role in cancer, dysregulation of the PI3K/AKT/
mTOR pathway contributes to diabetes, neurodegenerative 
disorders, obesity, and cardiovascular diseases. 

PI3K/AKT/mTOR Inhibitors

The first pharmacological inhibitor of the PI3K/AKT/
mTOR pathway, rapamycin, was isolated in the 1970s 
from Streptomyces hygroscopicus bacteria and utilized as 
an antifungal agent [16]. It was not until the 1990s that 
mTOR was described as the target of rapamycin. Upon the 
identification of mTOR, rapamycin was studied extensively 
for its immunosuppressive and antiproliferative properties. 
This gave rise to the development of many synthetic analogs 
of rapamycin, termed “rapalogs” [17]. Rapamycin, and the 
rapalogs, primarily inhibit mTORC1, though prolonged 
exposure can also impact mTORC2. When mTORC1 is 
active, S6K phosphorylates insulin receptor substrate-1 
(IRS-1), which leads to its degradation and downregulation 
of insulin signaling through the PI3K/AKT pathway. This 
negative feedback loop prevents overactivation of PI3K/AKT 
signaling. Inhibition of mTORC1 by rapamycin suppresses S6K 
activity, reducing the phosphorylation of IRS-1. This leads to 
stabilization and accumulation of IRS-1, enhancing its ability 
to activate PI3K and, subsequently, AKT (Figure 1). Therefore, 
relief from this negative feedback can result in activation of 
the PI3K/AKT pathway despite mTORC1 inhibition [18]. This 
paradoxical activation led to the development of newer 
generation mTOR inhibitors as well as PI3K inhibitors and dual 
PI3K/mTOR inhibitors.

PI3K inhibitors function by blocking the activity of PI3K 
enzymes, responsible for phosphorylation of phosphatidyl-
inositol lipids, leading to activation of downstream effectors, 
notably AKT and mTOR. PI3K comprises three classes of 
enzymes: class I, II, and III. Furthermore, Class I PI3Ks are 
further subdivided into subclasses based on their structure 
and substrate specificity, including PI3Kα, PI3Kβ, PI3Kδ, and 
PI3Kγ. This dynamic class of small molecule inhibitors can 
target multiple or specific isoforms, of which PI3Kα is the most 

activated in human cancer [19,20]. Despite preclinical success 
of PI3K inhibitors, such as buparlisib and alpelisib, clinical trials 
have not revealed significant efficacy in melanoma patients, 
although interestingly, alpelisib has shown success in breast 
malignancies even with similar activation of the PI3K pathway 
in these cancers [21,22]. There may be potential for PI3K-
isoform-specific therapy in melanoma, however. A phase 1A 
(NCT03544905) study evaluating CYH33, a highly selective 
PI3Kα inhibitor, in advanced solid tumors revealed a well-
tolerated treatment with an objective response rate of 14.3%, 
prompting further investigation [23]. Recently, pre-clinical 
data demonstrated the use of a p110β inhibitor in combination 
with induction of RhoA, a Ras homolog family member A, 
significantly slowed melanoma growth, suggesting p110β 
inhibition may be advantageous in a combinatorial drug 
regimen [24]. Collectively, these results highlight the complex 
nature of pathway activation in different contexts. 

Despite multiple streams of evidence demonstrating that 
AKT inhibitors suppress downstream phosphorylation 
through the mTOR signaling cascade, AKT inhibitors have 
classically had little to no effect in the treatment of melanoma 
especially as standalone therapies [25]. Although numerous 
clinical trials have tested AKT inhibitors as monotherapy in 
melanoma patients, there has generally been insufficient 
efficacy to warrant their use clinically [26]. The NCI MATCH 
EAY131-Y trial, however, evaluated the use of AKT inhibitor 
capivasertib in tumors with an AKT1E17K alteration, leading to 
constitutive hyperactivation of AKT1, and found that 28.6% of 
patients had an objective response rate, and one patient with 
endometrial adenocarcinoma achieved a complete response, 
prompting optimism for use of AKT inhibition in multiple 
cancers with this alteration [27]. Combination therapy has 
shown some success, albeit limited, in other cancers as well, 
with the most promising trial being a phase II clinical trial 
evaluating ipatasertib in combination with pembrolizumab, 
a PD-1 inhibitor, showing promising antitumor activity and a 
tolerable safety profile in patients with squamous cell cancer 
[28]. Another study investigating capivasertib in combination 
with paclitaxel, a chemotherapeutic agent, demonstrated 
improved progression-free survival in patients with metastatic 
breast cancer compared with paclitaxel alone [29]. In 2023, the 
FDA approved capivasertib in combination with fulvestrant 
for adults with hormone receptor-positive, HER2-negative 
advanced or metastatic breast cancer that also harbor genetic 
alterations in PIK3CA, AKT1, or PTEN and whose cancer 
progressed after at least one hormone therapy or recurred 
within a year of finishing adjuvant therapy [30]. Overall, our 
understanding of the lack of efficacy of AKT inhibitors, as 
monotherapy or in combination therapy, in melanoma is quite 
limited. 

AKT inhibitors aim to exert their antitumor effects through 
multiple mechanisms. Firstly, allosteric small molecule 
inhibitors bind to specific sites on AKT distinct from the 
ATP-binding sites, leading to conformational changes in the 



 
 Parkman GL, Holmen SL. A Paradoxical AKT: Exploring the Promise and Challenges of PI3K/AKT/mTOR Targeted 
Therapies. J Cancer Immunol. 2024;6(3):92-99.

J Cancer Immunol. 2024
Volume 6, Issue 3 94

 

 

 

Figure 1. In melanoma cells, AKT activates mTORC1 promoting negative feedback. AKT pharmacological inhibitors relieve negative feedback 
promoting re-stimulation of the pathway through increased IRS1/2 signaling leading to cell cycle progression, cell growth, proliferation, and 
immune evasion dependent on downstream activation of mTORC1. siRNA-mediated genetic silencing of AKT1, 2, and 3 results in loss of 
AKT protein, in essence “shutting down the pathway,” resulting in cessation of signaling and thereby suppressing cell cycle progression, cell 
growth, proliferation, and immune evasion. 
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AKT protein and thereby inhibiting its enzymatic activity. 
In addition, AKT ATP-competitive inhibitors prevent the 
phosphorylation and activation of AKT, leading to the 
inhibition of downstream signaling involved in cell survival 
and proliferation [31]. Notably, ipatasertib, a pan-AKT ATP-
competitive inhibitor with some success as a combination 
therapy discussed above, leads to hyperphosphorylation of 
AKT but simultaneously locks it in an inactive conformation by 
preventing the accessibility of phosphatases [32]. 

There is significant crosstalk between the PI3K/AKT/mTOR 
and other signaling pathways, particularly the MAPK pathway. 
Thus, inhibition of one pathway often induces resistance to 
therapy due to upregulation of the other [33,34]. PI3K/AKT/
mTOR signaling has been shown to result in therapeutic 
resistance to MAPK inhibition (MAPKi) in BRAFV600E mutant 
metastatic melanoma. Activation of focal adhesion kinase 
(FAK), a vital regulator of the PI3K/AKT/mTOR pathway, 
promotes resistance to MAPKi therapies, and use of FAK 
inhibitors restores sensitivity to MAPKi, serving as a potential 
solution to overcome adaptive resistance [35,36]. 

The complexity of this signaling pathway underscores the 
difficulty in targeting any of the nodes, thus the inability to 
sufficiently halt tumor growth or induce regression in the 
disease. In addition, cancer cells often develop resistance 
to evade the effects of targeted therapies. This is further 
compounded by their bioavailability and toxicity profiles, 
particularly for those drugs targeting AKT. AKT is implicated 
in many essential cellular processes beyond those of cancer, 
notably glucose and insulin metabolism; consequently, 
inhibition can lead to significant toxicity and intolerable side 
effects [37]. 

Despite potential initial responses to PI3K/AKT/mTOR 
inhibitors, primary and acquired resistance remains 
a significant challenge in melanoma therapy. Several 
mechanisms contribute to resistance, including but not 
limited to activation of bypass signaling pathways, genomic 
alterations, and relief of negative feedback loops as well as 
compensation. Examples in melanoma include activation 
of receptor tyrosine kinases, such as HER2 and IGF-1R, via 
activation of the Forkhead Box O (FOXO) transcription factor 
family, which promote the transcription of RTKs and activation 
of pro-survival signaling cascades [38]. In breast cancer, 
acquired resistance to PI3K/AKT/mTOR pathway inhibitors 
(e.g., capivasertib) occurs through upregulation of estrogen 
receptor (ER) signaling prompting reactivation of mTORC1 
[39]. Just as PI3K/AKT/mTOR pathway activation can lead to 
MAPKi-resistance, it is well established that melanoma cells 
can upregulate alternative signaling pathways, such as the 
MAPK pathway even in the context of combined PI3K/MAPK 
inhibition [40,41]. Additionally, acquisition of secondary 
mutations or copy number alterations within the PI3K/AKT/
mTOR pathway components or upstream regulators can 
confer resistance to MAPK and PI3K inhibitors. For example, 

PIK3CA mutations in metastatic melanoma significantly 
co-occur with genomic alterations in PTEN and AKT [42]. 
Even potentially more common, inhibition of one node of a 
signaling pathway, such as mTOR, may lead to compensatory 
activation of upstream or downstream signaling components, 
allowing melanoma cells to evade inhibition. 

Genetic Silencing of AKT

A more detailed understanding of the mechanisms 
underlying the inefficacy of pharmacological inhibitors of 
the PI3K/AKT/mTOR pathway was found through genetic 
suppression. Small interfering RNAs (siRNAs) silence gene 
expression by targeting and degrading specific messenger 
RNA. Pharmacological inhibitors are more likely to have off-
target effects due to protein homology among members of 
the kinase family [43]. A critical finding in exploration of this 
mechanism revealed a scientific paradox whereby genetic 
silencing of AKT resulted in profound melanoma cell death 
but pharmacological inhibitors had negligible effects on 
melanoma cell proliferation. In our recent publication, we 
employed various molecular and cellular techniques to 
investigate the effects of AKT silencing on melanoma cell 
viability, allowing critical inquiry into the specific function 
of the three AKT paralogs. siRNAs targeted to each of the 
AKT paralogs were transfected into numerous BRAF-mutant 
melanoma cell lines. siRNA-mediated knockdown of each AKT 
paralog (AKT1, AKT2, and AKT3) individually had little to no 
effect on cell proliferation, which was also observed with both 
allosteric and ATP-competitive pan-AKT inhibitors. However, 
transfection of siRNAs against all three AKT paralogs led to 
complete cell lethality via increased caspase 3 and 7-mediated 
apoptosis [14]. 

Although the PI3K signaling pathway is most commonly 
referred to as the “PI3K/AKT/mTOR” pathway, there has been 
debate in the melanoma field regarding the necessity of AKT 
as a signaling node downstream leading to the question of 
whether there are other PI3K lipid effectors that may play an 
equally important role [44]. Based on the genetic silencing 
findings described above, AKT is clearly indispensable for 
survival in melanoma cells, and this is dependent on functional 
kinase activity. Consequently, we further sought to investigate 
the mechanisms by which these two different modes of AKT 
suppression influenced downstream PI3K effectors. 

The expression of Proline-rich Akt substrate of 40 kDa 
(PRAS40), which is directly phosphorylated by Akt, is commonly 
used as a biomarker to validate the effects of AKT inhibition 
[37]. However, other postulated downstream targets, such as 
rpS6 and 4EBP1, are not fully suppressed upon AKT inhibition 
despite confirmation of on-target action [14]. This led us to 
question whether the PI3K pathway was signaling through 
AKT or other crucial regulators leading to activity downstream. 
Interestingly, though, the answer may simply be that AKT 
pharmacological inhibitors are not sufficient to “shut down” 
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the signaling cascade due to relief of negative feedback and 
compensatory signaling. Indeed, genetic silencing of AKT via 
siRNAs targeting AKT1, 2, and 3, leading to complete loss of 
the proteins, causes suppression of downstream effectors of 
mTORC1, such as 4EBP1, p70S6K, rpS6, and mTOR itself (Figure 
1) [14]. Further work by others has demonstrated that PTEN, 
catalyzing the degradation of PIP3 into PIP2 thereby inhibiting 
PI3K signaling, regulates the AP-1 transcription factor, FRA1, 
in an AKT-dependent manner, which is dependent on mTOR 
translational control [45]. This collectively suggests that AKT 
promotes cell viability in an mTOR-dependent manner and is 
a central node of this pathway in melanoma.

Compensatory Feedback Mechanisms

Despite the reliance of the PI3K pathway on AKT, other 
downstream proteins have been found to be influential. For 
instance, serum-and-glucocorticoid kinase (SGK) may act as 
a compensatory signaling node in melanoma when AKT is 
genetically silenced [46]. SGK, which also consists of three 
paralogs and is highly homologous to AKT, consists of an 
analogous catalytic domain, and relies on similar upstream 
activation by PI3K and mTOR [47]. RNAi-mediated silencing of 
AKT1, 2, and 3 can be rescued by overexpression of activated 
forms of the SGK paralogs, suggesting that SGK is able to 
compensate for AKT loss to regulate melanoma cell signaling 
and proliferation when the PI3K/AKT/mTOR pathway has 
been fully suppressed by genetic targeting of AKT. However, 
unlike AKT, RNAi targeting of SGK 1, 2, and 3 did not lead to 
melanoma cell lethality, signifying the importance of AKT as 
the predominant mediator with signaling through SGK as an 
alternative pathway. Although pharmacological inhibitors 
against AKT or SGK show little effect as single agents, the 
combined inhibition of AKT and SGK significantly reduced 
cell proliferation, similar to genetic targeting of AKT, and this 
dual treatment was able to decrease downstream signaling 
through mTORC1 leading to the conclusion that the effects 
of both genetic targeting and combination treatment of two 
PI3K lipid effectors is dependent on mTOR [14]. 

Regardless of the inability of first generation mTOR inhibitors 
to effectively suppress melanoma cell proliferation in the clinic, 
newer generation mTOR inhibitors have been developed [48]. 
Second generation mTOR inhibitors (e.g., MLN0128 and HY-
13328) target the kinase activity whereas third generation 
mTOR inhibitors (e.g., RapaLink) are bivalent mTOR inhibitors, 
which combine rapamycin with a second-generation mTOR 
kinase inhibitor. These were developed to target both mTOR 
complexes, leading to extinguished signaling [49]. Results 
with RapaLink have shown promise in preclinical studies. Dual 
PI3K/mTOR inhibitors have been developed to circumvent 
relief of negative feedback signaling but most of these 
compounds have failed due to toxicity [33]. Paxalisib, a dual 
PI3K/mTOR inhibitor, has shown promise pre-clinically and 
even in the context of MAPK inhibitor drug-resistant disease 
[14,50]. 

Future Directions and Potential Solutions to Current 
Challenges

The melanoma field has witnessed significant efficacy 
of immunotherapy, including anti-CTLA-4 [51], anti-PD-1, 
and anti-PD-L1 immune checkpoint inhibitors, which have 
significantly improved overall survival in patients with 
advanced disease. These agents prevent the interaction 
between checkpoint proteins on tumor cells and T cells allowing 
T cells to target tumor cells for death. Most recently, the FDA 
approved tumor-infiltrating lymphocyte (TIL) therapy, a type 
of patient-specific endogenous cellular immunotherapy, for 
patients with advanced melanoma [52]. Among the various 
signaling pathways that are implicated in cancer immunology, 
the PI3K/AKT/mTOR pathway is a key regulator of immune cell 
function and tumor immune evasion. 

Activation of AKT in tumor cells promotes immunosuppressive 
features within the tumor microenvironment, such as 
upregulation of immune checkpoint molecules (i.e. PD-L1) and 
secretion of immunosuppressive cytokines, including IL-10 
and TGF-β, leading to impaired antitumor immune responses 
and immune evasion [53,54]. Moreover, AKT activation in 
immune cells, for instance T cells and dendritic cells, influences 
their differentiation, activation, and effector functions, 
thereby modulating antitumor immune responses. mTOR, 
particularly the mTORC1 complex, regulates the activation 
and differentiation of immune cells through downstream 
activation of critical regulators of protein synthesis, including 
4EBP1 and rpS6. Activation of mTOR signaling in tumor cells 
promotes metabolic reprogramming, leading to enhanced 
nutrient uptake and utilization, as well as increased 
expression of immune checkpoint molecules, creating 
an immunosuppressive tumor microenvironment [55]. 
Furthermore, mTOR activation in immune cells, particularly 
regulatory T cells (Tregs) and myeloid-derived suppressor 
cells (MDSCs), promotes their immunosuppressive functions, 
inhibiting antitumor immune responses and promoting 
tumor growth [56]. Additionally, metabolic alterations driven 
by activation of PI3K signaling influence immune cell function 
and differentiation. Tumor-associated macrophages (TAMs) 
and dendritic cells (DCs) exhibit metabolic reprogramming 
by PI3K/AKT/mTOR signaling, which impacts their antigen 
presentation and cytokine secretion [55]. Modulation of the 
PI3K/AKT/mTOR pathway in immune cells may enhance their 
antitumor activities and potentiate cancer immunotherapy. 

A recent study found that alterations in PIK3CA, AKT1, PIK3C3, 
and RPTOR, were predictive of enhanced overall survival upon 
ICI treatment in multiple cancers including melanoma, and 
attributed this to enhanced anti-tumor immunity [57], which 
provides further evidence of the importance of this signaling 
cascade in immunomodulatory effects. As there is extensive 
crosstalk with the PI3K/AKT/mTOR pathway and immune 
signaling, it is reasonable that inhibitors of the PI3K pathway 
are being investigated in combination with ICI and other 
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types of immunotherapies [58]. mTOR plays a multifunctional 
immunomodulatory role, particularly in the differentiation of 
effector regulatory T cells that suppress anti-tumor immunity 
[55,59]. Thus, preclinical studies have shown anti-tumor 
activity with the combination of mTOR inhibitors, such as 
everolimus or temsirolimus, along with checkpoint inhibitors 
[60]. In addition, other studies have explored combining 
mTOR inhibitors with cancer vaccines in melanoma. This 
combination aims to enhance the immune response against 
tumor antigens presented by the vaccine while inhibiting 
mTOR-mediated immunosuppression. Although there are 
currently no FDA-approved combination immunotherapies 
with PI3K/AKT/mTOR inhibitors, clinical trials are ongoing 
to evaluate the safety and efficacy of multiple combination 
therapies in melanoma [49]. Quite possibly the most exciting 
results have emerged from a patient case report evaluating 
the effects of temsirolimus in conjunction with dual 
nivolumab/ipilimumab therapy to treat poorly differentiated 
thyroid cancer. The patient’s tumor consisted of mutations in 
PTEN, thus warranting suppression of the aberrantly activated 
PI3K/AKT/mTOR signaling pathway. In combination with the 
dual immunotherapy combination, the patient experienced 
significant clinical improvement and disease control for six 
months despite previously failing multiple lines of therapy 
[61]. This study, although limited, represents an exciting 
avenue for a promising therapeutic strategy in cancers with 
genetic alterations in the PI3K/AKT/mTOR signaling pathway. 

Open Questions and Perspectives

The PI3K/AKT/mTOR pathway represents a key signaling 
cascade in melanoma, offering potential avenues for 
inhibiting tumor growth and overcoming resistance. Besides 
the importance of this multitudinous pathway in melanoma 
as delineated by key experimental findings, there is much 
more that remains to be discovered, including other PI3K 
lipid effectors that may also compensate in the context of 
pathway inhibition, additional negative feedback signaling, 
tissue-specific roles of each PI3K isoform and downstream 
effectors, epigenetic modulation of the pathway, as well as 
interactions between the PI3K/AKT/mTOR pathway and the 
tumor microenvironment, including neighboring immune 
and stromal cells, as well as the extracellular matrix. 

PI3K/AKT/mTOR inhibitors, albeit showing pre-clinical 
efficacy, can lead to significant adverse toxic effects 
leading to systemic ineffectiveness [40]. As this pathway 
modulates cellular metabolic functions in normal cells, in 
addition to tumor cells, inhibition can commonly lead to 
metabolic abnormalities, gastrointestinal upset, and skin 
toxicities, likely limiting the use of these therapeutic agents 
[62]. Increased potency of PI3K/AKT/mTOR inhibitors may 
lead to better target modulation at more tolerable drug 
concentrations, or through alternative delivery approaches, 
including nanoparticles, polymer-based delivery systems, 
and liposomal formulations. 

Efforts to overcome resistance and enhance the efficacy of 
PI3K/AKT/mTOR inhibitors in melanoma therapy are ongoing. 
Combination strategies involving dual pathway inhibition, 
immunotherapy, or targeted agents against resistance 
mechanisms are being explored in preclinical and clinical 
studies. Moreover, the identification of predictive biomarkers 
of response and resistance, such as genetic alterations 
or gene expression signatures, holds promise for patient 
stratification and personalized treatment approaches. While 
preclinical and early clinical data support the efficacy of 
PI3K/AKT/mTOR inhibitors in melanoma patients, challenges 
such as limited suppression of the pathway and toxicity [34] 
concerns continue to warrant further investigation. Continued 
research efforts aimed at elucidating the complex interplay 
within the PI3K/AKT/mTOR pathway and developing rational 
combination strategies hold the key to improving outcomes 
for cancer patients in the future.
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