SUPPLEMENTARY INFORMATION 1

THE PAM PATHWAY IN CANCER

RECEPTORS 

RTK activation in normal cells

The PI3K/AKT/mTORC (PAM) pathway is mainly induced by growth factors through their RTKs and GPCRs. Extracellular stimuli activate PI3K leading to subsequent increase of AKT kinase activity in the cell (1). Thus, PI3K, as well as its lipid products are normally rate-limiting factors specifically for the activation of AKT. Induction of RTKs (2) or GPCRs (3) usually initiates the canonical pathway that engenders the activation of AKT, resulting in plasma membrane localization and induction of one, or more isoforms of the class I PI3K family (4) (FIGURE 1a).  

RTK overactivation in cancer cells

Epidermal growth factor receptor (EGFR)/ERBB family

The most widely studied EGFR alterations in lung adenocarcinoma is the deletion of exon 19 (dels746-750) or the substitution of arginine at codon 858 of exon 21 for leucine (L858R). These two mutations occur in the ATP-binding domain of tyrosine kinases, thereby increasing EGFR kinase activity (5) (6) (7) (8). Dysregulated EGFR activity can result in the hyperactivation of downstream pro-oncogenic signaling cascades such as the PAM and Ras/Raf/MEK/ERK pathways. Consequently, these downstream molecules may activate expression of several biologic factors leading to the proliferation of cancer cells (9) (10) (11). Additionally, HER2 amplification has been detected in breast (12), gastric, gastroesophageal, pancreatic, and bladder cancer (13). The main aberration of HER2 is gene amplification, which results in up to 37% protein overexpression manifesting as a driver mutation in breast cancer (12). Also, HER3 overexpression endorses cancer advancement by enhancing metastatic potential, thereby leading to treatment inefficacy in several human tumors (14). Indeed, HER3 promotes tumor progression by interacting with different RTKs, and makes a significant contribution to treatment failure mainly through the activation of PAM, MAPK/ERK and JAK/STAT pathways (15).

Fibroblast growth factor receptor (FGFR) family

Several studies have demonstrated genetic changes of FGFR in human tumors, including activating mutations, gene amplification, and chromosomal translocations. In fact, gene amplification and protein overexpression of fibroblast growth factor receptor 1 (FGFR1) have been observed in breast, lung (16), and gastric cancer (17). FGFR somatic activating mutations, especially in fibroblast growth factor receptor 2 (FGFR2) and fibroblast growth factor receptor 3 (FGFR3), are normally detected in numerous cancers such as gastric, NSCLC, endometrial, urothelial, and ovarian (18).

Platelet-derived growth factor receptor (PDGFR) family

PDGFR stimulates the PAM pathway, as well as the MAPK pathway (19). PDGFR family gene mutations, especially PDGFRα and c-KIT mutations, are quite common in gastrointestinal stromal tumors (GISTs) (20). In fact, c-KIT activating mutations are observed in almost all sporadic GISTs, usually in exon 11, between L550 and R588, coinciding to the juxtamembrane domain (21). 

Vascular endothelial growth factor receptor (VEGFR) family

Vascular endothelial growth factor (VEGF) is the main regulator of tumor angiogenesis through endothelial cell proliferation and vascular permeability (22) (23) (24) (25). Differently to other RTKs that normally act through PAM pathway or Ras pathway, VEGF-VEGFR acts through PAM pathway (26) or PLCγ/PKC/MAPK pathway (27). VEGF forms VEGF/VEGFR dimers, which induce the PAM axis to mediate cancer survival, metastasis and angiogenesis (26). VEGF is normally overexpressed in several human tumors, including breast, renal, and colon cancer. Besides, the prognosis of tumor patients with elevated VEGF expression is poor (28). 

Hepatocyte growth factor (HGF) family

HGF, which binds to proto-oncogenic c-Met receptor, can exert regulation of cell growth and morphogenesis through the activation of a tyrosine kinase signaling cascade (29). Moreover, HGF can stimulate mitogenesis and matrix invasion, playing a crucial role in carcinogenesis and angiogenesis (30). Since HGF can interact with hepatocyte growth factor receptor (HGFR), the protein product of c-Met oncogene (31), concurrent induction of HGFR through the overexpression of the HGF ligand and HGFR can contribute to oncogenesis (32). 

Leukocyte receptor tyrosine kinase (LTK) family

ALK gene is mutated or amplified in neuroblastoma and glioblastoma (33), and is fused to EML4 on chromosome 2 in non-small-cell lung cancer (NSCLC) (34). Consequently, the EML4/ALK fusion gene has become the most important research hotspot in NSCLC discovery. Indeed, current therapeutic applications of crizotinib in NSCLC patients displaying EML4/ALK fusion has reached remarkable curative effects over the last years, although drug resistance is a critical factor that obstructs this targeted therapy (35). 

Insulin receptor (InsR) family

InsR and insulin-like growth factor 1 receptor (IGF1R) are members of the insulin receptor family class II (36). Ligand binding to InsR causes auto-phosphorylation at the tyrosine residues, which then follows the PAM pathway, as well as the Ras/Raf/MEK/ERK pathway (37). Generally, IGF1R is necessary for tumorigenesis, and minor insulin-like growth factor (IGF) activity safeguards against the onset of neoplasia. Thus, augmented IGF1R signaling is associated with high risk of cancer and aggressiveness (36). Both IGF1R or InsR can bind to insulin receptor substrate 1 (IRS1) through the phosphotyrosine-binding domain, thereby phosphorylating numerous sites on tyrosine in IRS1, resulting in the cooperation with different signaling molecules, including PI3K, GRB2, and SHP2, whose dysregulation can be implicated in the onset of cancer (38) (FIGURE 1b).    




PI3K

PI3K activation in normal cells

Among the numerous types of PI3K, only class I can exert lipid phosphorylation following growth stimulation (39). PI3K (class I) is a heterodimer comprising two distinct subunits: the regulatory subunit p85, and the catalytic subunit p110 (40) (41). Specifically, the regulatory subunit p85 of PI3K can bind to phosphorylated tyrosine residues on the activated receptor through its Src homology 2 (SH2) domain. Subsequently, PI3K catalytic subunit p110 can form a complete active PI3K enzyme (42). Moreover, PI3K catalytic subunit p110 is also regulated by p85-independent mechanisms. Grb2 is also capable of binding to Ras-GEF SOS1 to activate Ras. Consequently, Ras-GTP binds the PI3K p110 subunit. Therefore, PI3K interconnection with members of the Ras subfamily GTPases is also important for its own regulation (43). Besides, PI3K can also be activated by GPCR by directly binding to the PI3K G-protein βγ dimer or Ras (44). Importantly, activation of PI3K can promote the addition of phosphates to the 3'-OH position of the inositol ring of phosphatidylinositol, generating three products of lipids, as follows: Phosphatidylinositol (PI) → PI 3-phosphate [PI(3)P or PIP] → PI 3,4-bisphosphate [PI(3,4)P2 or PIP2] → PI 3,4,5-triphosphate [PI(3,4,5)P3 or PIP3]. In the PAM pathway, following PI3K activation, class I PI3K phosphorylates PIP2, thereby producing PIP3 (4) (FIGURE 1a).

PTEN

PTEN function in normal cells

PI3K/PIP3 signal termination is mainly attained by tumor suppressor PTEN, which exerts dephosphorylation on PIP3, thereby switching it back to PIP2. This signal termination is generally accomplished by the activity of PTEN in combination with transient inactivation of PI3K (45) (46) (47). Dimeric PTEN complexes exert a stronger activity compared to PTEN monomers in PIP3 dephosphorylation, and consequently, in PI3K signaling control (48). Thus, by dephosphorylating PIP3, PTEN acts as an essential negative regulator of the PAM pathway affecting cell growth survival, whereas loss of PTEN results in the sustained output of these intracellular signalings (49) (FIGURE 1a).

AKT

(PI3K-dependent) AKT activation in normal cells

Phosphorylated phosphatidylinositol lipids on the inner face of plasma membrane can directly bind intracellular proteins which contain PH or FYVE zinc finger domains. Indeed, PIP3 binds AKT and PDK1, and as a result, they can accumulate near the membrane (50). Triggering PI3K leads to phosphorylation of two major residues on isomer AKT1 T308, present in the activation T-loop that is based in the catalytic kinase core, and S473, located in the C-terminal hydrophobic motif. Importantly, both aforementioned phosphorylations are necessary for full activation of the kinase (51). Particularly, these phosphorylation events correspond to different residues in isomer AKT2 (occurring in T309 and S474) and isomer AKT3 (occurring in T305 and S472) (52). Primarily, this localization of AKT and PDK1 to membrane sites of PIP3 or PI3,4P2 synthesis determine conformational changes enabling PDK1 to access residue T308 on AKT for phosphorylation. Indeed, the PH domain of AKT is suppressive in its inactive conformation, and this so-called “PH-in-conformation” is loosened by the binding of the PH domain with PI3K products, leading to a “PH-out-conformation”, which discharges the kinase domain and permits its phosphorylation by PDK1 (53). The primary AKT S473 kinase is mTORC2 (54). Moreover, the PH domain in the SIN1 module of mTORC2 binds to PIP3, thereby reducing the self-inhibition of mTOR kinase activity in the complex (55). Notably, in response to DNA damage, mTOR-related kinase DNA-PK replaces mTORC2 activity in order to exert phosphorylation on AKT S473; however, the mechanism of this regulation has not been elucidated (56). Once activated, AKT migrates from plasma membrane to cytoplasm and nucleus, where many substrates are located (57) (58) (59). Even though AKT is the most extensively known effector of PAM pathway, there are several other downstream effectors that are committed to the successive cellular response (4). Importantly, blockage of AKT function is determined by two protein phosphatases, named as PP2A and PHLPP. PP2A exerts dephosphorylation on AKT T308, thereby leading to the inhibition of the kinase (60). Remarkably, PHLPPs such as PHLPP1 and PHLPP2, dephosphorylate the same residue S473 on specific AKT isoforms (61) (FIGURE 1a). 

(PI3K-independent) AKT activation in normal cells

Activation of AKT can also occur in the absence of PI3K, which is commonly referred as PI3K-independent AKT activation (62). Indeed, other tyrosine or serine/threonine kinases are involved in directly activating AKT in response to growth factors, DNA damage, or inflammation (63). Alternative activations of AKT can also occur with different mechanism of actions via ACK1 (63), IKKε (64), Src (65), PTK6 (66), DNA-PK (67), and TBK1 (68).

AKT overactivation in cancer cells

Notably, AKT1 amplification is the main mechanism for acquired resistance to cisplatin in human lung carcinoma A549 cells (69). Besides, mutations of AKT1 and AKT2 are frequently detected in small-cell lung cancer (SCLC) and NSCLC (70). Higher AKT1 and AKT2 activity has been frequently detected in several ovarian cancers too (71). Likewise, an increase in AKT activity has also been observed in human papillomavirus (HPV)-head and neck squamous cell cancer (HNSCC) cell lines (72). It has been reported that AKT induction can be enhanced during melanoma onset and advancement. Moreover, AKT3 expression, but not AKT1 and AKT2 expression, has been related to the formation of sporadic melanoma, especially when combined with PTEN loss (73). Cross-regulation between AKT pathway and BRAF pathway has been detected in melanoma. In fact, BRAF is frequently mutated in melanomas, and AKT1 Q79K mutations have been found in cases of acquired resistance to BRAF inhibitors (74). Increased p-AKT is detected in most human specimens of high-grade prostatic intraepithelial neoplasia and in invasive carcinomas (75). Genetic alterations of AKT1 and AKT2 have also been detected in colorectal (76), hepatocellular (77), and renal cancer (78); whereas only AKT1 aberration has been observed in testicular germ cell tumors (79). Loss of PH domain and PHLPP activity can result in hyperphosphorylation of AKT, and therefore, PHLPP expression is usually decreased or lost in numerous tumors (80). Indeed, PHLPP level is remarkably decreased in human pancreatic ductal adenocarcinoma with high level of AKT phosphorylation (81). Moreover, PHLPP1- and PHLPP2-mediated dephosphorylation can cease AKT signalling, leading to suppression of tumour growth (61) (FIGURE 1b).



AKT protein targets

AKT phosphorylation of downstream substrates determines the regulation of distinct cellular functions. AKT exerts a direct phosphorylation of diverse functional classes of protein targets, such as protein kinases, lipid kinases, cell cycle regulators, small GTPase regulators, metabolic enzymes, transcription factors, E3 ubiquitin ligases, and several others (82). Notably, AKT-mediated phosphorylation of these targets occurs on Ser/Thr residues to inhibit, or less often, activate the target protein function (62). Substrates preferred by AKT consist of a specific minimal consensus recognition sequence identified as R∙X∙R∙X∙X∙[Ser/Thr]∙Hyd; where X refers to any amino acid, and Hyd indicates a propensity for lengthy hydrophobic amino acid residues, albeit other factors (including subcellular localization and 3-D structure) may also be relevant (83) (84). Three major downstream targets of AKT are GSK3, FOXO, and mTORC1, which represent crucial signaling intersections that connect AKT with further regulatory circuits of the cell. However, other proteins such as apoptosis inducer BAD, cell cycle inhibitors p21 and p27, p53 inhibitor mdm2, key signal transducer in the network of genome integrity checkpoints Chk1, and pro-survival NF-κB inducer IKKα, are also important AKT substrates. Additionally, ASK1, MERIT40, Raf1, TBC1D4, PRAS40, ACLY, PFKFB2, PDE3B, eNOS, AMPK, WNK1, PIKfyve, Palladin, and Huntingtin are also regulated through AKT phosphorylation (85) (FIGURE 2a). Normally, most of AKT substrates are subjected to phosphorylation and regulation by all AKT isoforms, known as AKT1, AKT2, and AKT3. Notably, AKT1 inhibits migration as well as metastasis,  AKT2 endorses metastatic dissemination in breast cancer (86), and AKT3 overexpression is associated with high expression of epithelial-mesenchymal transition (EMT) genes in colorectal cancer (CRC) (87). Interestingly, distinctive molecular characteristics of each isoform, their pertinent expression level in a specific setting, and their definite subcellular localization, are considered some of the mechanisms contributing to AKT isoform-specificity for downstream substrates (88). Besides, AKT1, or AKT2, or AKT3 oncogenic activating somatic mutations can distinctively affect the arrangement of diverse cell signalling, and specific substrate phosphorylation (89) (FIGURE 2b).

AKT-mediated GSK3 inhibition

The multi-functional Ser/Thr protein kinase GSK3 can exist in two different isoforms, GSK3α and GSK3β, whose sequence homology is approximately 85%. The function of these  isoforms is redundant in some contexts, and isoform-specific in certain tissues (90). GSK3 is present in different signal transduction pathways in cells, among which, the most prominent is the Wnt/β-catenin pathway. AKT-mediated GSK3 inhibition is determined by AKT phosphorylation on GSK3 NH2-terminus, forming an intramolecular pseudo-substrate that obstructs the phosphate-binding pocket, and consequently, suppresses substrate availability to GSK3 (91). In normal cells, GSK3 regulates numerous downstream targets with diverse functions, which are generally suppressed by GSK3-induced phosphorylation (90). AKT actively regulates targets in the growth factor signalling pathway via GSK3 inhibition. Diverse signaling transduction pathways prime each GSK3 substrate, which undoubtedly deepen the complexity of the regulation of GSK3 targets through various signal inputs. Phosphorylation of GSK3 targets related to regulation of cell survival or proliferation is identified by specific E3 ubiquitin ligases that ultimately exert targeting of the substrate for subsequent proteasomal degradation. E3 ubiquitin ligases act on anti-apoptotic and pro-survival MCL-1 protein, primed for GSK3 recognition following JNK-mediated phosphorylation (92), and transcription factor c-Myc, primed for GSK3 recognition following ERK-induced phosphorylation (93). Therefore, the signaling network of AKT is important since it stabilizes these target substrate proteins by inhibiting GSK3. Moreover, in normal cells GSK3 can control the metabolic status of the cell, either through direct phosphorylation and suppression of metabolic enzymes, e.g. glycogen synthase (94), or indirect inhibition of specific transcription factors such as SREBP1c, HIF1α, and NRF2 (90) (FIGURE 3a). GSK3 can phosphorylate other important proteins in the WNT/β-catenin multi-protein complex, including AXIN, APC, LPR5, and LPR6, whose function is implicated in EMT, which is essential for normal, as well as cancerous growth. In cancer, GSK3 function can differ depending on genetic mutations and tumor type. Mutations in AXIN can also affect the GSK3 phosphorylation sites, leading to abnormal phosphorylation and inactivation. In fact, if GSK-3 in unable to inactivate β-catenin, thereby indirectly increasing the activity of the latter, enhanced cell proliferation and chemoresistance can occur (95). Furthermore, GSK3 can also regulate NF-κB activity through phosphorylation and stabilization of NEMO, which cooperates with IKK, and is crucial for the activity of NF-κB. Notably, point mutation-mediated destabilization, and proteasomal degradation of NEMO can occur, resulting in reduced NF-κB activity. When GSK3 is inactive, there is a reduced NF-κB activity, and consequently, NF-κB is incapable of transcribing numerous metastasis- and inflammation-related genes frequently dysregulated in tumors (96) (97) (98) (99) (100). Consequently, proliferation and invasion of cancer cells without GSK3 and NF-κB activity may not be possible (FIGURE 3b). 

AKT-induced FOXO regulation

Several gene targets mainly involved in response to different insulin and insulin-like growth factor 1 (IGF1) signaling are regulated by FOXO transcription factor family, consisting of FOXO1, FOXO3, FOXO4, and FOXO6 proteins (101). FOXOs are precisely regulated to ensure that transcription of specific target genes is responsive to environmental conditions. In normal cells, under oxidative stess (102), FOXO ability to restrain cell proliferation by endorsing quiescence and/or apoptosis plays an important role in numerous cellular processes including tumor suppression. The non-phosphorylated active forms of FOXO are located in the nucleus, and are involved in promoting mitochondria-dependent apoptosis by activating the expression of Bcl-2 family members. A primary type of regulation is AKT-induced phosphorylation of FOXO in response to insulin or growth factors. AKT signals regulate nucleus-to-cytoplasm FOXO shuttling to exert a transcriptional control of cellular proliferation and survival. In fact, AKT activation induces FOXO translocation from nucleus to cytoplasm, which consequently weakens its role in transcription (103). AKT exerts this regulation by phosphorylating three conserved residues on FOXO protein. AKT phosphorylation on FOXO, which occurs at the most amino-terminal site in proximity of DNA-binding domain, and at an extra site included in a nuclear localization sequence on FOXO, determines recognition motifs for the 14-3-3 family of phospho-binding adapter protein, allowing FOXO sequestration, 14-3-3/FOXO complex formation, and ultimately FOXO shuttling from nucleus to cytoplasm, thereby reducing the expression of FOXO gene targets. FOXO is an important downstream target of AKT for numerous critical cellular processes. Indeed, FOXO-targeted genes are associated with activation of apoptosis (Bcl-2 family members such as BIM, Bcl-xL, and PUMA), cell cycle blockage (p21 and p27), growth inhibition (BNIP3, MAP1LC3B, and Sestrin3), and tissue-specific metabolic changes (G6PC and PEPCK) (104). Besides, FOXO can also stimulate mitochondria-independent apoptosis by inducing death receptor ligands such as FasL and TRAIL (105) (FIGURE 4a). 



AKT-mediated regulation of mTORC1 and TSC2 

Cell growth is mainly regulated through AKT-mediated activation of the protein kinase mTORC1 (106). Activation of mTORC1 occurs through nutrient- and AKT-induced inhibitory phosphorylation of TSC2 (107), which acts in a molecular complex (known as the TSC complex) that also incorporates TSC1 and TBC1D7. Through its carboxyl-terminal domain, TSC2 functions as a GAP specific for Ras-related GTPase Rheb, thereby converting Rheb-GTP into Rheb-GDP. Thus, Rheb in its GTP-bound structure is considered a crucial mTORC1 activator. Conversely, the TSC complex through its Rheb-GAP activity can potently suppresses mTORC1. Nevertheless, AKT can diminish this suppression by phosphorylating TSC2, thereby activating mTORC1 (106). Besides, activation of mTORC1 is also controlled by Rags, a second class of small GTPases which mediate a separate input to mTORC1 via amino acid sensing (108). A heterodimer of Rag isoform localizes onto the lysosome membrane through a cooperation with Ragulator, a specific molecular complex, which interacts with lysosomal V-ATPase. Importantly, amino acids alter the guanine nucleotide-binding state of Rag, which influence the capability of Rag to interact with mTORC1. Notably, Rag proteins function in a complex of obligate heterodimers of redundant small GTPases consisiting of either RagA or RagB and RagC or RagD. These Rag proteins are recognised in an “on” active form when RagA/RagB is in the GTP-bound state (RagA/B GTP) and RagC/RagD is in the GDP-bound state (RagC/D GDP); whereas they are in an “off” inactive form when RagA/RagB is in the GDP-bound state (RagA/B GDP) and RagC/RagD is in the GTP-bound state (RagC/D GTP) (109). Indeed, when cellular amino acids are present, Rag proteins can recruit mTORC1 onto the surface of lysosome, the normal location of Rheb. In the absence of growth factors, the TSC complex interacts with Rheb on the lysosome membrane, thereby keeping it in the GDP-bound state, incapable of activating mTORC1 (110). Induction of growth factors promptly releases the TSC complex from Rheb at this location; this reaction depends on AKT and its five phosphorylation sites located on TSC2. Consequently, release of TSC complex from Rheb permits Rheb to turn into GTP loaded, therefore inducing mTORC1 recruited by Rag proteins. Notably, these distinct signals assure that mTORC1 is strongly activated only if cellular amino acids are recognized upstream the Rag proteins, and exogenous growth factor signals are produced via AKT and the TSC complex (111). The complex of mTOR enzyme with Raptor and other proteins, named mTORC1, can directly phosphorylate p70 ribosomal protein S6K kinase triggering negative PAM feedback (62). Indeed, a second enzyme complex, mTORC2, which contains mTOR and rictor, is phosphorylated, and thus, negatively regulated by S6K, thereby exerting a rate-limiting inhibitory effect on AKT (112). Thus, AKT is able to connect growth factor signals to a crucial signaling intersection that controls the metabolic changes underlying cell growth through its TSC/Rheb/mTORC1 circuit regulation (106). In fact, activation mTORC1 produces several anabolic processes, including protein, nucleotide, and lipid synthesis, whilst concurrently reducing the cellular catabolic process of autophagy. Therefore, it can be emphasised that mTORC1 exerts a dual role: a promoting downstream effector of PAM signaling pathway, and an inhibiting regulator with remarkable negative feedback effects on the induction of AKT by cell surface receptors (RTKs or GPCRs) (113) (FIGURE 5a). 

PAM SIGNALING NETWORK

Feedback mechanisms

The PAM pathway is regulated by negative and positive feedback to ensure that stimulation signal transductions are captured and delivered transiently. In the negative feedback loop, numerous molecules downstream AKT cause an abrogating effect towards AKT activation, thereby regulating the pathway activity with a cyclical pattern. The induction of mTORC1 determines serine phosphorylation and degradation of IRS1/2 exerted by mTORC1 itself, or S6K (114), or other kinases, thereupon impeding the triggering of PI3K (115). Therefore, mTORC1 inhibition enhances IRS1 and insulin receptor substrate 2 (IRS2) stability, endorsing a more efficient signaling from insulin/IGF1 to PI3K/AKT. Besides, GRB10, another adaptor protein which negatively regulates RTK signalling network, is a direct target of mTORC1 (116). Thus, mTORC1 phosphorylates, stabilizes, and augments GRB10 efficienctly to diminish signal transduction from insulin/IGF1Rs and IRS1/2, consequenlty attenuating PAM pathway activation. Moreover, crosstalk between mTORC1 and mTORC2 interfere with AKT activation. Indeed, S6K1-induced phosphorylation of mTORC2 components Sin1 (T86, T398) and Rictor (T1135) reduces mTORC2-mediated phosphorylation on AKT (S473) (117). Apart from signaling of insulin/IGF1, inhibition of mTOR also augments the stimulation of other RTK types, including EGFR family members, such as EGFR, ErbB2 (HER2), ErbB3 (HER3), and ErbB4 (HER4) (118). Besides, suppression of AKT signaling can increase expression of insulin, IGF1Rs, and ErbB3 (HER3) through FOXO-induced transcriptional activation, thereby enhancing cell susceptibility and response to consecutive growth factor-induced triggering of PAM signaling (119). Conversely, via positive feedback, PI3K and AKT can regulate PTEN levels by decreasing its transcription. In addition, AKT phosphorylates and activates IKKα, resulting in the activation of NF-κB, a protein complex that controls transcription of PPARβ/δ agonists and TNFα, which ultimately suppress PTEN expression (120). E3 ligase NEDD4-1, which is upregulated by the PAM pathway, recognises PTEN for degradation. Hence, following AKT activation, PTEN is subjected to further inhibition in a positive feedback loop (121) (FIGURE 6a). 

Major PAM pathway cross-regulation with Ras/ERK and Wnt/GSK3/β-catenin pathways

Major PAM pathway cross-regulation with Ras/ERK pathway

The PAM pathway frequently cross-regulates other major signaling axes, particularly Ras/ERK (122) pathway and Wnt/GSK3/β-catenin pathway (123). In cross-regulation between PAM pathway and Ras/ERK pathway, suppressors of one signaling axis can often stimulate the other (124). Indeed, AKT can phosphorylate B-Raf on S364, and a corresponding site of c-Raf on S259, leading to RAF inhibition (125). Besides, induction of ERK can inhibit RTK-induced activation of PAM signaling through phosphorylation of the scaffolding adaptors GAB1 and GAB2. Interestingly, PAM pathway and Ras/ERK pathway also engage in convergent regulation of several common downstream molecules, such as GSK3, FOXO, TSC2, and other cellular mechanisms (124). In fact, TSC2 inhibition through ERK- and RSK-mediated phosphorylation (126), as well as mTORC1 activation through ERK phosphorylation (127), and RSK phosphorylation (128), represents a convergence to regulate the control of cap-dependent translation (129). Moreover, ERK signaling induces kinases MNK1 and MNK2, which exert phosphorylation of the mRNA 5' cap-binding protein eIF4E, thereby promoting its ability to initiate cap-dependent translation (130). This ERK regulation occurs downstream from mTORC1-induced phosphorylation of 4E-BP proteins, which triggers their release from inhibitory binding of eIF4E (FIGURE 7a). Further studies have described the cross-regulation between PAM pathway and Ras/ERK pathway in cancer. Inhibition of mTORC1 with everolimus in cancer cells results in the activation of Ras/ERK pathway, which depends on an S6K-PI3K signaling network. Suppression of the Ras/ERK pathway increases the anticancer effect of mTORC1 inhibition by everolimus in tumor cells and in a xenograft mouse model (131). Consequently, PAM pathway and Ras/ERK pathway can cross-inhibit each other, and simultaneously, can also act cooperatively to properly regulate key cellular processes related to cell proliferation and growth, whose dysregulation can lead to tumor onset and/or progression (132). Mutation and overexpression of HRAS decreases vulnerability to PI3K inhibitors, whereas knockdown improves susceptibility (133). In addition, tumor cell proliferation and PI3K inhibitor resistance can also be mediated by reciprocal actions between MAP2K4 and NEK9 (134). Interestingly, PAM pathway and the Ras/ERK pathway converge on the BH3 family of proteins, known to exert regulation of apoptosis (38). PAM and Ras/ERK signaling, which are often abnormally activated in numerous human cancers, have been co-targeted for cancer therapy with limited benefits due to this complex crosstalk  and significant toxicity to normal tissues (135). Thus, novel strategies such as PAM + Ras/ERK dual inhibitors with reduced side effects may be considered in the future for developing anti-cancer therapies (FIGURE 7b).

Major PAM pathway cross-regulation with Wnt/GSK3/β-catenin pathway

In cross-regulation between PAM pathway and Wnt/GSK3/β-catenin pathway (136) AKT can inhibit GSK3 by phosphorylation on GSK3 amino-terminus (137), thereby indirectly exerting activation of downstream transcription factor β-catenin (91) (FIGURE 7a). More studies have focussed on the cross-regulation between PAM pathway and Wnt/GSK3/β-catenin pathway in cancer. Chemotherapeutic-induced inhibition of mTOR also inhibits β-catenin signaling in osteosarcoma (138). Besides, treatment with rapamycin also inhibits growth of MMTV-Wnt-1 mammary cancers through reduction of mTOR (139). Importantly, PTEN can also exert a direct inhibition of β-catenin nuclear translocation, by enhancing phosphorylation, and thus, proteasomal degradation of β-catenin (140). PTEN expression also decreases β-catenin-induced enhancement of androgen receptor transactivation in prostate tumor (141). Notably, altered expression of GSK3 influences the advancement and evolution of cancer through dysregulation of apoptosis, cell cycle, senescence, and therapy resistance (95). Indeed, the GSK3-associated axis EGFR/PI3K/AKT/GSK3/mTORC1 is often involved in cancer, since it can be remarkably activated due to mutations in important constituent genes (142). The synergism related to dysregulation of PAM pathway and Wnt/GSK3/β-catenin pathway in the development and progression of granulosa cell tumor and testicular cancer has also been reported (143). Thus, PAM and Wnt/GSK3/β-catenin signaling can mainly crossregulate through PTEN, GSK3, and/or AKT in numerous different tumor types (144). Additionally, IGF1 has been found to activate the Wnt/GSK3/β-catenin pathway through mediation of PAM pathway in melanoma cells (145). Furthermore, IL-1β can inactivate GSK3β via AKT, therefore inducing the Wnt/GSK3/β-catenin cascade in colon cancer cells (146). Finally, galectin-3, which has been correlated with metastasis in colon cancer, worsens cancer progression by regulating AKT and GSK3 (147). Thus, it is reasonable to develop therapeutics that can target both the PAM pathway and the Wnt/GSK3/β-catenin pathway simultaneously (FIGURE 7b).


ABBREVIATIONS 

CRC: Colorectal cancer
EGFR: Epidermal growth factor receptor (ErbB-1) (HER1)
EMT: Epithelial-mesenchymal transition
FGFR: Fibroblast growth factor receptor
FGFR1: Fibroblast growth factor receptor 1
FGFR2: Fibroblast growth factor receptor 2
FGFR3: Fibroblast growth factor receptor 3
GISTs: Gastrointestinal stromal tumors
HGF: Hepatocyte growth factor
HGFR: Hepatocyte growth factor receptor 
HNSCC: Head and neck squamous cell cancer
HPV: Human papillomavirus 
IGF: Insulin-like growth factor
IGF1: Insulin-like growth factor 1
IGF1R: Insulin-like growth factor 1 receptor 
InsR: Insulin receptor 
IRS: Insulin receptor substrate
IRS1: Insulin receptor substrate 1
IRS2: Insulin receptor substrate 2
LTK: Leukocyte receptor tyrosine kinase
NSCLC: Non-small-cell lung cancer
PAM: PI3K/AKT/mTORC
PDGFR: Platelet-derived growth factor receptor
SCLC: Small-cell lung cancer
VEGF: Vascular endothelial growth factor
VEGFR: Vascular endothelial growth factor receptor
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