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RESISTANCE

The PI3K/AKT/mTORC (PAM) signaling pathway involves numerous feedback loops, compensatory pathways, and crosstalk nodes with other signal transduction axes that hamper the inhibition of PI3K, AKT, mTORC1, mTORC2, and PDK1 in cancer. Indeed, recent studies have reported that short administration of drug inhibitor therapies can determine feedback loop inductions that consecutively reduce the overall response rate (ORR). Additionally, chronic administration of inhibitor-based therapies can lead to the accumulation of slow-cycling cells that can possibly gain genetic mutation contributing to drug resistance (1). The major mechanisms of resistance to PAM signalling-targeted inhibitors are revised below.

MECHANISMS OF RESISTANCE TO PI3K INHIBITORS

Even though PAM-targeted agents, particularly PI3K drug inhibitors, have demonstrated significant therapeutic activity in human cancer, acquired and intrinsic resistance has hindered their clinical efficacy. Thus, a rationale for alternative clinical strategies could be provided by an accurate understanding of the biochemical mechanisms whereby resistance to PI3Ki occur. Various targeted therapies can induce several possible mechanisms of resistance to PI3Ki as described below.

Insulin signalling and PI3K reactivation

Altered glucose metabolism is a typical characteristic of tumor cells, which feature an enhanced uptake of glucose, and a glycolytic transformation into lactate. The latter is an aerobic glycolysis, also known as the Warburg effect (2), which produces several intermediate metabolites necessary for important cellular functions, including protein production, and provides ATP-generated energy to tumor cells (3). Growth factor-induced insulin-like growth factor 1 receptor (IGF1R) and insulin receptor (InsR) lead to the successive phosphorylation of insulin receptor substrate (IRS) adaptor molecules, usually IRS1, which subsequently determines activation of PI3K. (Phosphorylated) insulin receptor substrate 1 (IRS1)-induced activation of PI3K occurs through binding to the two SH2 domains on the PI3K p85 subunit, alleviating its connection to the catalytic PI3K p110 subunit, thereby triggering the induction of PAM signaling axis (4). Coversely, when in surplus to the PI3K p110 subunit, PI3K p85 subunit also forms a sequestration complex with IRS1, which determines the transfer of phosphorylated IRS1 into the cytosol, distant from the site where PIP3 is produced on the cell membrane, thereby preventing IRS1-induced activation of PAM pathway (5). This mechanism can result in the inhibition of insulin signaling through the preservation of PI3K p85 subunit basal inhibition on PI3K p110 subunit, and concurrently, could further lead to insulin resistance if expressed in excess. Upon induction, the PI3K p110α subunit is then capable of mediating intracellular response-insulin stimulation, triggering growth and glucose homeostasis in the majority of tissues (6). In line with this, alterations to the PIK3CA gene-encoded PI3K p110 subunit are often linked to several types of cancer (7).



Altered cell metabolism

Recently a mechanism of resistance to dual PI3K/mTORi that depends on alterations of cell metabolism has been reported. A metabolic switch associated with mitochondrial DNA mutation has been shown as a mechanism of resistance to dactolisib in lung tumor cells. Indeed, these cancer cells present featues of increased glycolysis, including elevated level of glucose, glutamine, lactate, GLUT1 expression, glucose dependence, reduced levels of reactive oxygen species (ROS), and rates of oxygen consumption (8). Moreover, enhanced Notch activity associated with increased mitochondrial metabolism and fibroblast growth factor receptor 1 (FGFR1) signalling have been proposed as a mechanism of resistance to PI3K/mTOR inhibitors, occurring through the activation of a drug resistant cancer stem cell (CSC)-like population (9). Furthermore, it has been reported that patient-derived leukemia cells resistant to dual PI3K/mTORi exhibit substantial difference with regard to their metabolomic profile compared to sensitive cells. In fact, major alterations are detected in molecules mainly involved in energy, amino acid, and arachidonic acid metabolism (10).

Interactions between PAM pathway and other pathways

The PAM axis is highly interconnected with the Ras/MEK/ERK signaling pathway (11). Indeed, overexpression and mutation of Ras family protein HRAS decreases vulnerability to PI3K inhibitors, whereas its knockdown improves susceptibility to PI3K inhibitors (12). In addition, cooperations between MAP2K4 and NEK9 can play a mediating role in tumor cell proliferation as well as resistance to PI3K inhibitors (13). Interestingly, amplifications of both MYC and eIF4E have been found to mediate resistance to dual PI3K/mTORi (14). Indeed, MYC is known to affect proliferation, growth, differentiation, and tumor cell metabolism. Also, knockdown of MYC has been shown to reverse the resistance to dual PI3K/mTORi. Since eIF4E is a MYC-regulated target, their interactions may be implicated in the regulation of mechanisms that enhance dual PI3K/mTORi resistance (15). Suppression of PI3K with pan-PI3Ki pilaralisib or pictilisib, or dual PI3K/mTORi dactolisib, has been reported to enhance the expression of HER2/HER3, resulting in compensatory activation of the ERK signaling pathway (16) (17). Moreover, PIK3CA mutant cells are able to secrete factors activating Ras/MEK/ERK signaling, thereby endorsing cancer growth (18). Notably, MEK inhibitors can overcome resistance to dual PI3K/mTORi in human tumors (19) although the intolerability is the major problem in phase 1 clinical trials co-targeting these two signaling pathways (20) (21). Dysregulation of WNT/β-catenin signaling pathway has also been associated with dual PI3K/mTORi resistance (22) since β-catenin in the nucleus drives resistance to FOXO3a-induced apoptosis determined by PI3K inhibitors and AKT inhibitors (23). Notably, dual inhibition of PI3K/mTOR generates a positive feedback response that determines increased induction of JAK2/STAT5 and production of several cytokines including IL-8, thereby promoting PI3K inhibitor resistance (24). Suppression of PI3K/mTOR upregulates the JAK/STAT5 signaling pathway within 4 hours post-treatment, and for approximately 20 hours (25). Additionally, IL6-STAT3 loop has been found to mediate resistance to PI3K inhibitors by triggering epithelial-mesenchymal transition (EMT) and increasing cancer stem cell population in human breast cancer cells (26). Interestingly, JAK/STAT signaling pathway regulates PIM1 expression through direct binding of STAT3 and STAT5 to PIM1 promoter, which consequently leads to its transcription (27). PIM1, which is notoriously overexpressed in multiple malignancies, can confer resistance to PI3K inhibitor by promoting the induction of downstream PI3K effectors in an AKT-independent manner (28). Moreover, PIM1 can regulate the activity of mTORC1 and eIF4B to increase NRF2/ARE activeness and reduce ROS production to diminish PI3K/AKT inhibitor-induced cytotoxic effects (29). Furthermore, at earlier time points IRS1 accumulation precedes JAK/STAT5 phosphorylation, suggesting that IRS1 could mediate the signalings of JAK/STAT, leading to a reduction in PI3K inhibitor susceptibility (25). Besides, dual suppression of PI3K/mTOR can also result in the induction of the Notch-MYC pathway (15) (30). Nonetheless, overexpression of HEY1, HEY2, or HES1, three NOTCH canonical target genes, displays no significant resistance to PI3K inhibitors (31). Dysregulation of hormone estrogen receptor (ER) signaling pathway has also been correlated with resistance to PI3K inhibitors. In fact, the majority of breast cancers express ER, which has been reported to remarkably correlate with mutations in PIK3CA (32). Increased PI3K activity, mainly due to its upregulation or hyperactive mutations, leads to endocrine therapy resistance (33). Indeed, PAM signaling pathway has been detected to strongly suppress ER-induced transcription through direct AKT1-mediated phosphorylation of KMT2D, thereby blocking its enzymatic activity and transcription. Upon drug-mediated PI3K suppression, induction of KMT2D endorses chromatin accessibility, which is necessary for ER activation, resulting in PI3K inhibitor resistance (34). Besides, serum and SGK1 protein, which is involved in phosphorylating consensus AKT motifs, downregulates KMT2D through a negative feedback loop. In fact, PI3K inhibition activates ER, which directly binds to SGK1 promoter, and thus, promotes its transcription. Consequently, SGK1 upregulation leads to phosphorylation/downregulation of KMT2D, thereby reducing and blocking ER signaling (35).

Cellular plasticity

Downregulation of some RTKs related to PAM signaling pathway can determine the production of genetically independent transcriptional programs, leading to cell populations tolerant to PI3K inhibitors or other inhibitory agents (36). Contrary to primary drug resistance, in this case cancer cells can transiently survive but are not capable to proliferate while drugged. These inhibitor-tolerant populations are able to escape initial therapy, but howbeit own no genetic mechanism to gain complete resistance necessary to consent cancer progression. Still, these populations can represent a source of carcinogenic cells with moderate cycling activity where a secondary genetic mechanism of acquired resistance to inhibitors may evolve from (37). Importantly, secondary resistance to targeted drug therapy and targeted immunotherapy is known to originate from these cancer cells (38). This protective feature is related to a phenotypic characteristic known as cell plasticity, where epithelial cancers gradually transit to a mesenchymal state (39) (1) (40) (41). Notably, this state can be reversed upon drug withdrawal, highlighting the absence of genetic mutations promoting this drug tolerance (37). Therefore, this EMT state has been closely related to chemoresistance by several studies during the last decades (42) (43). Nevertheless, upon PAM signaling pathway inhibition, there are still doubts regarding the initial mechanism/s inducing EMT reversal, since PI3K signalings are involved in both activating and inhibiting various EMT-related transcription factors. Further studies are necessary to unravel the individual factors to define the exact signaling network that regulates epigenome changes leading to EMT and chemoresistance (37). Notoriously, under selective pressure, tumor cells can further enter drug-tolerant state diapause, an environment-mediated changeful state occuring when the embryo is under hostile conditions (e.g. delayed blastocyte implantation). Interestingly, autophagy is enhanced prior to diapause initiation, and thus, is considered a crucial mediator of diapause. Notably, mTOR can inhibit autophagy (44), mainly by phosphorylation of ATG13 and ULK1, thereby preventing or interrupting its interaction with AMPK (45). Indeed, in patient-derived colorectal cancer models treated with ATP-competitive mTORi sapanisertib, cells enter a diapause drug-tolerant state, which is demonstrated by downregulation of mTOR and concurrent upregulation of autophagy. During discontinued treatment cells continue their proliferation, emphasizing the plasticity characteristics of these drug tolerant states. Interestingly, combination of autophagy inhibitors and chemotherapy significantly reduces cell survival, highlighting a possible novel therapy to contribute to targeting diapause-like state tumor cells. Importantly, both in EMT change-mediated drug-tolerant population, and in diapause-induced drug-tolerant population, cells cannot enter complete latency or dormancy, but instead continue in a moderate cycling-state, comparable to pluripotency. Therefore, using differentiation therapy, including leukaemia inhibitory factor (LIF) inhibitors or TGFβ inhibitors, may represent a beneficial potential strategy for future combinatorial targeted therapies with PAM signaling pathway inhibitors (46).

Other mechanisms of resistance
 
Since non-coding RNA (ncRNA) can modulate PAM signaling pathway and other parallel pathways including Ras/MEK/ERK (47), WNT/β-catenin (48), JAK/STAT (49), and Notch (50), ncRNA can also exert a critical role in PI3K inhibitor resistance (51) (52) (53). Indeed, several studies have emphasised that altered ncRNA expression is associated with cancer drug resistance (54) (55) (56) (57). Moreover, E3 ubiquitin ligase Skp2 correlates with the resistance of PI3K inhibition through the activation of AKT (25). Importantly, this resistance effect is reduced when either mTORC2 or PDK1 activity is suppressed (58), and results independent of PIP3 production, or PI3K activity. Since Skp2-induced ubiquitination of AKT is necessary for its recruitment to plasma membrane, Skp2 can thus increase the required localization of AKT, along with the cooperation of PDK1 and mTORC2, to result in its complete activation (59). Furthermore, macrophages in microenvironment also contribute to the resistance of PI3K inhibitors through the induction of NF-κB signaling pathway (60). Additionally, overexpression or amplification of RSK3 (61), RSK4 (61), PAK1 (62), CDK4 (63), CDK6 (63), MSK1 (64), IGFBP5 (65), and  KDM6B (65), can contribute to PI3K inhibitor resistance. Likewise, upregulation of DNA methyltransferases, which decrease PPP2R2B and PTEN expression, is also considered another mechanism of acquired resistance towards dual PI3K/mTOR inhibitors (66). 

MECHANISMS OF RESISTANCE TO mTORC INHIBITORS

Other mechanisms of resistance to allosteric mTORi

Rapalogs also determines activation of Ras/MEK/ERK signaling pathway through several mechanisms. Induction of ERK can occur via PI3K-mediated Rac/PAK1 activation, which consequently increases Raf induction, thereby promoting MEK/ERK overactivation (67). Alternatively, the adaptor protein GAB1 is recruited, leading to the activation of GRB2-SOS, and thus, resulting in Ras/Raf activation (68). Rapamycin, possibly through mTORC1/S6K inhibition, can activate c-Src, which trans-activates epidermal growth factor receptor (EGFR), leading to the induction of ERK pathway (69). Additionally, rapamycin-induced enhanced expression and phosphorylation of platelet-derived growth factor receptor-β (PDGFRβ) is also able to activate ERK signalling in hepatocellular carcinoma (70). Moreover, induction of ERK is often detected in aromatase inhibitor-resistant breast cancer cells displaying acquired everolimus resistance (71). mTORC2 contains mTOR kinase, as well as Rictor, GβL, and SIN1 subunits. S6K phosphorylation on Rictor reduces mTORC2 function, but conversely, mTORC1/S6K inhibition by rapamycin or similar agents can ultimately determine the re/activation of mTORC2 (72). Notably, mTORC2 phosphorylates and activates AKT (73), and as a result, loss of negative feedback on mTORC2 can produce induction of AKT, and upregulation of HIF (72) (74). Moreover, mutations in the FKBP12-rapamycin-binding (FRB) domain, including phenylalanine 2108 leucine substitution (F2108 L), and the alanine 2034 valine substitution (A2034 V), are involved in mediating rapalog resistance by obstructing cooperation between mTOR and FKBP12-rapamycin complex. Indeed, these types of mutations are generally present in tumor patients who relapsed during/after everolimus-based therapy (75). 

Other mechanisms of resistance to ATP-competitive mTORi

In several tumor models, dual inhibition of mTORC1 and mTORC2 induces IGF1R/InsR-dependent PI3K activation, promotes AKT phosphorylation, and reorganises the integrin and focal adhesion kinase-mediated adhesomes, through an integrin/FAK/IGF1R-dependent signaling process (76). ATP-competitive mTORi can also activate a transcriptional response mediated by FOXO transcription factors that causes transcription of receptor tyrosine kinases RTKs. Indeed, AKT-induced phosphorylation of FOXO produces docking sites for 14-3-3 proteins, allowing the translocation of FOXO proteins from nucleus to cytoplasm. Conversely, inhibition of AKT induces nuclear localization of FOXO transcription factors, thereby promoting their transcriptional activity (77). 


ABBREVIATIONS 

CSC: Cancer stem cell 
EGFR: Epidermal growth factor receptor (ErbB-1) (HER1)
EMT: Epithelial-mesenchymal transition
ER: Estrogen receptor 
FGFR1: Fibroblast growth factor receptor 1
FRB: FKBP12-rapamycin-binding 
IGF1R: Insulin-like growth factor 1 receptor 
InsR: Insulin receptor 
IRS: Insulin receptor substrate
IRS1: Insulin receptor substrate 1
LIF: Leukaemia inhibitory factor
ncRNA: Non-coding RNA
ORR: Overall response rate
PAM: PI3K/AKT/mTORC
PDGFRβ: Platelet-derived growth factor receptor beta
ROS: Reactive oxygen species
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