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How is the AKT/mTOR pathway involved in cell migration and invasion?
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Abstract: As a pathway that plays a role in nutrient absorption, anabolic response, cell growth and survival, the important role of AKT/mTOR in tumorigenesis has also come to light. For cancer patients, most deaths are caused by the growth of metastatic tumors outside the primary focus. Therefore, migration and invasion in the late stage of tumor progression are the main unresolved issues in the study of tumor pathogenesis, and AKT/mTOR has been found to participate in the migration and invasion of cancer cells, which means that the study of this pathway may contribute to a solution for the problem. Because of its extensive and complex functions in the organism, this pathway can be regulated by a variety of different signals in the body, and then realize its function through different downstream signal molecules. This article reviews the proteins that can indirectly affect this pathway by regulating the common upstream signaling molecules of this pathway, and the proteins that can directly affect the level of phosphorylation of AKT/mTOR in cancer cells. We also review the proteins that can co-regulate this pathway and its downstream pathways. Through this study, we hope to gain a deeper understanding of the regulatory mechanism of the AKT/mTOR pathway in cancer cells, in hopes of finding effective and harmless cancer treatment targets in the future.
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Introduction

The AKT/mTOR pathway has been discovered to be activated in various cancers and is also considered a very good therapeutic target (Shorning et al., 2020; Fattahi et al., 2020; Ediriweera et al., 2019).

Protein kinase B (PKB), also known as AKT, is a serine/threonine-specific protein kinase, which in mammals, is mainly comprised of three isoforms, including AKT1, AKT2, and AKT3, that are all encoded by different genes (Toker and Marmiroli, 2014). AKT1 is widely expressed in various tissues, AKT2 is mainly expressed within the liver, skeletal muscle, and adipose tissue, whereas the expression of AKT3 is limited to the heart, kidney, brain, testis, lung, and skeletal muscle (Aoki and Fujishita, 2017). There are three main domains in AKT: the pleckstrin homology (PH) domain is rich in affinity for phosphatidylinositol bisphosphate (PIP2) and phosphatidylinositol 3,4,5-trisphosphate (PIP3), which is essential for their association with cellular membranes, and the Thr308 and Ter473 are two common phospho-activating sites of AKT, which are respectively located in the catalytic domain and regulatory domain (Datta et al., 1999). Moreover, the maintenance of the inactive state of AKT cannot do without the interaction between the catalytic and PH domains (Toker and Marmiroli, 2014).

As one of the classical signaling pathways, the role of the AKT/mTOR pathway is self-evident. It plays a significant physiological role in the process of cell survival, proliferation, growth, apoptosis and so on. The regulation of AKT is also extremely extensive, as it will be regulated by many upstream factors including phosphoinositide 3-kinase (PI3K) and further regulate its downstream targets.

The mammalian target of rapamycin (mTOR) is an atypical Ser/Thr protein kinase that can be activated by AKT as a downstream target. When bound to other proteins, mTOR can form two different protein complexes: mTOR complex 1 (mTORC1) and mTORC2. The MTORC1 consists of mTOR, regulatory-associated protein of mTOR (RAPTOR), mammalian lethal with SEC13 protein 8 (mLST8), the non-core component 40-kDa proline-rich AKT substrate (PRAS40) and DEP domain-containing mTOR-interacting protein (DEPTOR) (Murugan, 2019). Because AKT can phosphorylate PRAS40 at the Ser246 site, which in turn releases RAPTOR that is inhibited by PRAS40 (Sancak et al., 2007), the mTORC1 is activated and then leads to the phosphorylation of S6 Kinase 1 (S6K1) and 4E (eIF4E)- binding protein 1 (4E-BP1), which are essential for cell proliferation, survival, autophagy inhibition, invasion, and metastasis. The MTORC2 is composed of mTOR, rapamycin-insensitive companion of mTOR (RICTOR), DEPTOR, Protor-1, mLST8, and mammalian stress-activated protein kinase-interacting protein (mSIN1) (Murugan, 2019). Unlike mTORC1, the downstream effectors of mTORC2 are a series of cytoskeletal regulators that function primarily in the actin cytoskeleton, cell survival, and metabolism.

An increasing number of experiments have indicated that the activation of the AKT/mTOR pathway is highly related to the invasive and migratory abilities of cancer cells (Han et al., 2019; Shu et al., 2021; Xu et al., 2020b). In parallel, an increasing number of proteins have been found to influence cancer cell invasion and migration by regulating the AKT/mTOR pathway. Starting from the AKT/mTOR pathway, this paper will review the proteins that can promote or inhibit this pathway from upstream and then affect cancer cell migration, and explore the impact of the interaction between this pathway and other pathways on cancer cell migration, to answer the pertinent questions: which proteins can regulate the AKT/mTOR signaling pathway? How is their regulation realized? What is the impact of the modulation of this pathway on cancer cell invasion and migration? In the meantime, this paper also explores potential cancer treatment targets through the review of upstream regulatory proteins of the AKT/mTOR signaling pathway, to provide some ideas for cancer control and treatment in the future.

Proteins that Can Activate the AKT/mTOR

Fig. 1 shows the proteins that can activate the AKT/mTOR pathway in the upstream and their regulatory modes. The proteins mainly regulate the common upstream signaling molecules PI3K, FAK, EGFR and PTEN of AKT/mTOR to activate this pathway. The AFP and PTEN molecules co-localize in the cytoplasm, which can inhibit PTEN activity and affect the level of phosphorylation of PI3K. Mettl3 can control m6A modification to affect mRNA biosynthesis. Meanwhile, mir-125-6p, as a substance that can directly bind to PTEN and inhibit its function, cannot mature without m6A modification. Sall4 can bind to the promoter site of the PTEN gene and deacetylate histones in the binding region, thereby inhibiting PTEN expression. Fut7 can catalyze the formation of sLex, a substance that can modify EGFR glycoprotein and affect its phosphorylation. Golm1 can promote downstream signal transduction by interacting with EGFR/RTK. For intracellular EGFR and p-EGFR, the presence of EGF can induce their degradation, and TPO can act as an EGFR stabilizer to slow down the degradation process. ET-1 can increase the phosphorylation of Tyr397 site of FAK after binding to its high-affinity receptor ETAR.
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Figure 1: Positive regulation of AKT/mTOR.

Proteins that inhibit the upstream regulatory factor PTEN to activate AKT/mTOR

The Phosphatase and tensin homolog (PTEN) gene was found to be a tumor suppressor closely related to tumorigenesis, and can encode the PTEN protein, which is composed of 403 amino acids. The PTEN protein, which has both lipid and protein phosphatase activity, has also been found to suppress tumorigenesis by directly dephosphorylating AKT in addition to inhibiting the activity of phosphorylated enzymes, such as receptor tyrosine kinases (Bu et al., 2021). As mentioned earlier, PIP3 binds with high affinity to the PH domain of AKT and can mediate its activation. At the same time, PIP3 is also an important substrate of PTEN, and under the action of PTEN, PIP3 will dephosphorylate, so that the concentration of PIP3 is maintained at a low level, hindering the activation of AKT (Maehama and Dixon, 1998). It has also been documented that PTEN can directly interact with AKT to dephosphorylate AKT1 at the Ser473 and Thr308 sites, which in turn acts to suppress tumor development (Bu et al., 2021). Therefore, when the expression or activity of PTEN in cells is inhibited, its inhibitory effect on the AKT/mTOR pathway will also be attenuated, leading to the activation of AKT/mTOR and its downstream signals.

Activated Cdc42-associated kinase 1 (ACK1) is mainly located in the cytoplasm and can catalyze the phosphorylation of tyrosine residues of substrate proteins. As Tyr284 is an autophosphorylation site of ACK1, activated ACK1 can downregulate the expression of PTEN and phosphorylate AKT at the Tyr176 site so that it is recruited to the cell membrane, and then AKT will be fully activated with the phosphorylation of the Ser473 and Thr308 sites, to promote the migration of cancer cells and other behaviors (Wang et al., 2020d).

Tripartite motif-containing 29 (TRIM29), as a part of the TRIM family, does not have a RING domain, suggesting that it lacks E3 ubiquitin ligase activity, but overexpression of this protein has been found in a variety of cancer patients. Thus, it has been found that TRIM29 can indeed promote cancer cell invasion and migration, and its overexpression will significantly downregulate the expression of PTEN protein, thereby increasing the level of phosphorylation AKT to activate the AKT pathway, while phosphoprotein 70 ribosomal protein S6 kinase (P70S6K) and 4EBP1, which are downstream of the pathway, are observed to increase in the level of phosphorylation as well (Zhou et al., 2016).

The DJ-1 protein is one of the members of the protein family belonging to peptidase C56 encoded by the Parkinson disease protein 7 (PARK7) gene, and previous studies have mostly associated it with Parkinson’s disease, but in fact, the protein is similarly closely related to tumors. An overexpression of DJ-1 in SNU-46 cells revealed an increase in the phosphorylation of both AKT and mTOR to some extent, along with an observed decrease in PTEN protein expression, leading to the speculation that the influence of DJ-1 on the invasive and migratory abilities of cancer cells might be mediated by affecting the AKT/mTOR pathway through the negative regulation of PTEN (Wang et al., 2014b).

A-kinase anchor protein 3 (AKAP3), a CTA family member essential for tumorigenesis, is specifically expressed in the testes of humans as well as other mammals. Upregulation of AKAP3 was found in breast cancer tissue along with its increased malignant phenotypes such as growth, proliferation, migration, and invasion. Follow-up experiments revealed that it was able to downregulate PTEN expression and activate the AKT/mTOR signaling pathway. In addition, a rise in epidermal growth factor receptor (EGFR) expression with a fall in p53 expression was also found in AKAP3 overexpressing cells (Zhan et al., 2022).

Alpha fetoprotein (AFP) is well recognized as a key regulator of cell proliferation in hepatocellular carcinoma, but apart from that, it plays a large role in inhibiting autophagy, apoptosis and enhancing cell migration, invasion, etc. Colocalization of AFP with PTEN in the cytoplasm was visualized by laser scanning confocal microscopy, which illustrated their interaction. Moreover, the levels of phosphorylation of intracellular AKT, PI3K and mTOR were markedly decreased when AFP was knocked down. From this, it can be speculated that the interaction between AFP and PTEN can inhibit the activity of PTEN, thus activating the pathway that is inhibited by PTEN, which in turn affects the behavior of cancer cells (Wang et al., 2018).

Methyltransferase like 3 (METTL3) is an RNA methyltransferase, and it can regulate the modification of N6-methyladenosine (m6A), which will affect the biosynthesis of mRNA. Meanwhile, microRNAs (miRNAs) have also been found to play an enormous part in several diseases, and Mir-126-5p was found to directly bind to PTEN and inhibit its function to activate downstream pathways. For Mir-126-5p, its maturation requires m6A modification of its precursor, which means that the maturation of Mir-126-5p cannot occur without METTL3. Therefore, METTL3 could inhibit the expression of PTEN and increase the levels of PI3K, p-AKT, and p-4EBP1 through the modified regulation of Mir-126-5p, thus promoting the development of tumors, which has also been demonstrated in ovarian cancer-related experiments (Bi et al., 2021).

Spalt like transcription factor 4 (SALL4) is responsible for regulating the self-renewal of embryonic stem cells and has a critical effect on many tumors. In experiments, it is found that its expression will be controlled by Mir-188-5p. Similar to microRNAs, but different from Mir-126-5p, Mir-188-5p achieves its effect on cancer cell migration by regulating SALL4. When Mir-188-5p is overexpressed, the expression of SALL4 protein increases, and then SALL4 will translocate into the nucleus (Wang et al., 2019a). It has been previously documented that SALL4 can bind to the promoter site of the PTEN gene and deacetylate histones within the binding region to inhibit PTEN expression (Lu et al., 2009). This demonstrates that Mir-188-5p can play a negative regulatory role on PTEN and then activate the AKT/mTOR pathway to promote cancer cell migration by upregulating SALL4 expression.

Proteins that upregulate the EGFR to activate AKT/mTOR

The epidermal growth factor receptor (EGFR) is a glycoprotein that belongs to the tyrosine kinase type receptors, and it is often located on cell membrane. When binding to its ligands, EGFR monomers will bond into dimers, and autophosphorylation of tyrosine residues at different sites occurs, which can lead to different downstream phosphorylation and subsequent activation of the corresponding kinase pathways in the cell (Normanno et al., 2006). In the AKT/mTOR pathway, when EGFR is activated by ligands, the adaptor protein growth factor receptor-bound protein 2 (GRB2)-associated binder-1 (Gab1) is phosphorylated, and the specific tyrosine at the C-terminal of Gab1 can bind to p85 of the PI3K regulatory subunit, which enables substantial recruitment of PI3K around Gab1, while its N-terminal PH domain can bind PIP3 at the cell membrane, and then enlarge the signal transmission (Rodrigues et al., 2000). EGFR can also activate PI3K after forming a dimer with Human epidermal growth factor receptor 3 (HER3) in the absence of Gab1, and the activated PI3K further catalyzes the generation of PIP3 at the membrane. Downstream AKT is thereafter activated upon binding of PIP3, which in turn activates the downstream target factors through phosphorylation, promoting multiple malignant behaviors of tumors.

Claudin-6 (CLDN6), a member of the CLDN family, acts as an intercellular adhesion molecule, which forms tight junctions around the cell and regulates the permeability of the epidermal layer, thereby preventing free passage of solutes and water through the cell. It is well established that loss of intercellular adhesion is critical for the migration of cancer cells, and this phenotype is often associated with altered tight junction protein expression. It has been studied and found that the protein is not detectably expressed in normal human tissues, but its abnormally high expression has been observed in various malignancies. When CLDN6 was silenced intracellularly, a significant reduction in the expression of EGFR, p-EGFR, p-AKT and p-mTOR was observed, as well as a significant reduction in the ratios of p-EGFR to EGFR, p-AKT to AKT, and p-mTOR to mTOR, indicating that the activation of the AKT/mTOR pathway was inhibited, while the reduction in cell proliferation, migration and invasion was also observed (Huang et al., 2020).

Annexin A8 (ANXA8) is a member of the annexin family, which has extensive physiological functions, including diverse cancer cell behaviors. After ANXA8 was silenced for a period, the expression of EGFR in cells decreased, so as the degree of phosphorylation of its downstream targets, including PI3K, AKT, mTOR, 4EBP1 and P70S6K. Also, a decrease in cell viability and migration ability can be observed (Zhou et al., 2021).

Fucosyltransferase VII (Fut7) belongs to a family of a1, 3-fucosyltransferases, it can catalyze the final step of Lewis antigen synthesis by fucosylation to yield the special glycosylation product, which is called the sialyl Lewis X (sLex). By acting as a ligand of cell surface E- or P-selectin, sLex mediates the adhesion of malignant cells, as well as contributes to cancer metastasis vs. angiogenesis. Experiments have indicated that the modification of EGFR glycoprotein by sLex may be associated with the EGFR phosphorylation and can effectively promote the activation of the AKT/mTOR pathway, although the detailed regulatory mechanism of sLex for EGFR is still not clear. It is also known that FUT7 can promote the activation of EGFR by mediating the synthesis of sLex and then activating the AKT/mTOR pathway, causing effects on the ability of cancer cells to invade and migrate (Liang et al., 2017).

Thrombopoietin (TPO), a hematopoietic cytokine mainly produced by the liver and kidney, can stimulate the production and maturation of megakaryocytes. Exogenous TPO fails to cause effects on tumor progression, and its expression is not observed or expressed in extremely low amounts in most tumor tissues and cell lines. However, there is high expression of TPO in most non-small cell lung cancer (NSCLC) cell lines, existing as an endogenous substance, without being secreted outward. When TPO was inhibited, there was a concomitant significant decrease in p-EGFR levels, which in turn affected changes in p-AKT (ser473) and p-mTOR (ser2448) levels. Indeed, intracellular EGF can induce the degradation of EGFR and p-EGFR, but the presence of TPO retards this process, thereby enhancing the stability of EGFR and increasing the duration and intensity of its signaling, which means that TPO is a new regulator of EGFR endocytic trafficking and degradation. Notably, the effects of TPO on cell proliferation and migration are cancer-specific and do not contribute to normal cells (Zou et al., 2020).

N-Acetylgalactosaminyltransferase 2 (GALNT2) can regulate the first step of mucin O-glycosylation, and aberrant glycosylation can affect a variety of cellular properties, including cell migration and invasion. It was experimentally found that GALNT2 can promote the binding of Vicia Villosa Lectin to EGFR, which can affect the O-glycosylation of EGFR and achieve the purpose of increasing the level of phosphorylation of EGFR, while the synchronous changes of p-AKT and p-mTOR were also observed (Sun et al., 2019).

Ubiquitin-conjugating enzyme E2 Q1 (UBE2Q1) belongs to the E2 ubiquitin-conjugating enzyme family, and can interact with ubiquitin-activating enzyme E1 and ubiquitin-protein ligase E3. It is at the heart of the ubiquitin cascade that can coordinately recognize and ubiquitinate specific targets, thereby facilitating the degradation of targets by the proteasome. β-catenin similarly plays a major role in cancer cells. Through experiments, the silence of UBE2Q1 was found to decrease the level of active β-Catenin. As β-Catenin’s direct target, the activity of EGFR tends to decrease with β-catenin activity and affects the phosphorylation levels of downstream PI3K, AKT, mTOR, 4EBP1, and p70S6K (Zhang et al., 2018a).

Golgi membrane protein 1 (GOLM1) is a 73 kDa CIS Golgi localized transmembrane glycoprotein, and although it is normally confined within the Golgi apparatus, it can likewise be secreted out of the cell via exosomes or microvesicles, and its high expression has been repeatedly detected in many cancer cases. The most recent studies have also shown that GOLM1 can promote the transduction of its downstream signals by interacting with EGFR/RTK, including PI3K (P110 α), p-AKT (Ser473), and p-mTOR (Ser2448), which were all observed to be upregulated in cells with GOLM1 overexpression (Yan et al., 2018).

Proteins that upregulate the FAK to activate AKT/mTOR

Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase, and it belongs to the protein tyrosine kinase superfamily. FAK consists of a central kinase domain, an N-terminal protein 4.1-ezrin-radixin-moesin (FERM) domain and a C-terminal domain containing focal adhesion targeting (FAT) sequences (Zhao and Guan, 2011). Upon receiving a signal from the integrin or fibronectin, FAK undergoes autophosphorylation at Tyr397, and this will create a site with high affinity facilitating binding by the Src homology 2 (SH2) domain of the Src family kinases and further promoting Src recruitment and activation by forming a bipartite kinase complex (Parsons, 2003). Not only the Src, but also its autophosphorylation at Tyr397 can similarly promote the recruitment of proteins that contain the SH2 domain, with PI3K being one of them. FAK can directly bind to the SH2 domain of PI3K and activate PI3K, which in turn activates AKT, and regulates cell proliferation, migration, and invasion through mTOR and its downstream pathways (Zhao and Guan, 2011; Parsons, 2003).

Galectin-1 (GAL1) is a β Galactoside binding protein, which can participate in multiple aspects of tumorigenesis, its elevated expression in tumor tissue has also been repeatedly reported. GAL1 was found to regulate the phosphorylation of downstream FAK, PI3K, AKT and mTOR, also, its overexpression or silence all affected the invasion and migration of cells, presumably by the FAK/PI3K/AKT/mTOR pathway (Su et al., 2020).

Endothelin-1 (ET-1), one of the vasoactive peptides, is currently the most potent vasoconstrictor. The effects of ET are exerted by binding to two different receptors, endothelin-1 type A receptor (ETAR) and ETBR, both distributed on the cell surface. For ET-1, ETAR binds with higher affinity and their binding increases the phosphorylation of the Tyr397 site of FAK, which promotes matrix metalloproteinase-13 (MMP-13) expression and mediates the enhancement of invasion and migration through the PI3K/AKT/mTOR pathway (Wu et al., 2012).

The proteins that can influence the downstream epithelial–mesenchymal transition (EMT) process as well as the degradation of extracellular matrix (ECM) through the regulation of AKT/mTOR and how the regulation is achieved are shown in Fig. 2. E-cadherin, N-cadherin as well as vimentin are located on the cell surface, and when the AKT/mTOR pathway is activated, the downstream S6K can be phosphorylated to activate EMT transcription factors and thus allow the cell to acquire the ability of invasion, in which process, the elevated expression of N-cadherin and vimentin is obviously seen along with the decreased expression of E-cadherin. The MMP-2 and MMP-9 proteins are the only proteins of the MMP family capable of degrading ECM. Their secretion and activation are critical for ECM destruction and remodeling, again concerning the invasive capacity of tumor cells. When the AKT/mTOR pathway is activated, the expression of MMP-2 and MMP-9, which are in its downstream, will also be elevated, and thereafter, the MMPs that are secreted into the extracellular would be activated and degrade the ECM, promoting cell migration and invasion. Of the proteins shown in the figure, the proteins that are labeled in pink can regulate the downstream EMT process, and the proteins labeled in green can regulate the downstream MMP-2 or MMP-9.
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Figure 2: Regulation of the AKT/mTOR downstream: EMT process and ECM degradation.

Proteins that activate the AKT/mTOR directly to promote the process of EMT

During the process of cancer cell migration, there is an essential biological process called epithelial mesenchymal transition (EMT), a process that converts epithelial cells into cells with a mesenchymal phenotype. Under the action of specific programs, the cell polarity of epithelial cells will be progressively lost, meanwhile, other epithelial phenotypes, including junctions with the basement membrane, will also be lost. For cancer cells, turning on the EMT process and acquiring a mesenchymal cell phenotype are key to enhancing their motility and migratory ability. In this process, with the transmission of upstream signals, EMT transcription factors (including Snail1, Snail2, Twist1, Twist2, ZEB1 and ZEB2) will be activated and function to regulate EMT. Among these, Snail and ZEB can repress E-cadherin transcription through their binding to E-box sequences located in the promoter. In addition, an increase or decrease in the expression of several proteins, such as N-cadherin and vimentin, which play roles in cell migration, will occur during this process, and these changes are now frequently used as markers indicating the occurrence of EMT (Yeung and Yang, 2017; Mittal, 2018).

Although the EMT process exists during normal biological development as well as tissue injury repair, epithelial cell-derived tumor cells acquire the ability to metastasize distally after undergoing EMT, which can promote tumor migration and cause distress for the treatment of cancer patients. Studies have shown that a variety of signals can trigger the EMT process, including growth factors, tumor cell stromal cell-cell interactions, microRNAs, tumor microenvironment, and others.

Although in different cancer cells AKT can modulate the expression of a variety of different transcription factors to regulate EMT, the activation of AKT has been proven to phosphorylate and activate the transcription factors of EMT. As one of the downstream activities of AKT, activation of mTOR has similarly been observed to induce EMT, notably, mTORC2 can directly phosphorylate the Ser473 site of AKT to induce EMT, and now mTORC2 is considered as a potential target to inhibit tumor migration (Karimi Roshan et al., 2019).

Many proteins have been found to activate the AKT/mTOR pathway directly, also, the expression of epithelial markers and mesenchymal markers will change during EMT, in parallel with the observed changes in cell invasion and migration. Given that the regulation by these proteins and the subsequent changes are all the same in essentials while differing in minor points, the individual proteins will not be described in detail here, and the specific proteins and how they are regulated are presented in Table 1.
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Proteins that promote the MMPs through AKT/mTOR to promote cell migration and invasion

Matrix metalloproteinases (MMPs) are a group of zinc ion-dependent endopeptidases that are capable of degrading the extracellular matrix. Within malignant tumors, it is mainly secreted by stromal cells in the form of inactive zymogens, and when activated, it can mediate the cell degradation of ECM, control tumor neovascularization, and regulate cell adhesion and motility by affecting intracellular signaling. Adhesion between cancer cells and the extracellular matrix is indispensable for the invasive process, if the adhesion is too tight the cells cannot separate and move, and if the adhesion is too weak there is a consequent decrease in mobility, thus suitable adhesion and de-adhesion ability is important for tumor cells. MMP-2 and MMP-9 belong to the type IV collagenases and are the only two matrix proteinases in the MMP family capable of degrading type IV collagen, as the ECM is composed of the basic skeleton type IV collagen as well as other protein and polysaccharide components and is in a continuous dynamic balance of disruption and remodeling, so tumor cells have to tightly regulate MMP-2 and MMP-9 to degrade the ECM several times for the purpose of invasion and metastasis (Orlichenko and Radisky, 2008; Sternlicht and Werb, 2001; Ray and Stetler-Stevenson, 1994).

Different studies indicate that many proteins can affect the secretion as well as activation of MMP-2 and MMP-9 in cancer cells through regulation of the AKT/mTOR pathway to achieve an effect on the invasive and migratory ability of cancer cells. The specific mechanism of how these proteins regulate MMP-2 and MMP-9 through AKT/mTOR is not clear, but it is certain that they can influence cancer cell migration and invasion, and this effect cannot be achieved without the interaction between the AKT/mTOR and MMP proteins.

Proteins that Would Inhibit the AKT/mTOR

The foregoing demonstrates some of the upstream regulators associated with AKT/mTOR signaling as well as the downstream responders. It has been found that different proteins in cells can regulate the activation of pathways by regulating the expression of common regulators of AKT/mTOR, and also many proteins can directly regulate the levels of phosphorylation of AKT, mTOR and other substances. Changes in the downstream factors related to invasion and migration, like EMT transcription factors and MMPs, can be observed during this process, as well as the behaviors of invasion and migration of different cancer cells after treatment.

Unlike proteins with activating effects on the AKT/mTOR pathway, there are significantly relatively few proteins that can inhibit the AKT/mTOR pathway through upstream regulation, which may relate to the function of the AKT/mTOR pathway itself. For normal cells, the AKT/mTOR pathway mediates many functions in cells, including nutrient absorption, anabolic response, cell growth and survival, and so on (Yu and Cui, 2016), while most studies often overlook its importance in developmental processes due to its over-activation in cancer. To the embryo, inactivation of any one of the core components of the pathway results in embryonic death (Murakami et al., 2004, Peng et al., 2003) indicating its necessity for ontogeny and perhaps also explaining the apparently smaller number of pathway-associated repressor proteins than facilitator proteins.

Regulator of G protein signaling 12 (RGS12) is a structural protein with a Post-synaptic density-95, disks-large and zonula occludens-1 (PDZ) domain at its N-terminus. Meanwhile, PTEN has a C-terminal PDZ domain-binding motif (PBM), and some certain regulatory proteins that contain a PDZ domain can specifically recognize the PBM. So, with the help of PBM, RGS12 can recognize and then bond to PTEN, resulting in phosphorylation and sumoylation of PTEN, which in turn acts as an inhibitor (Fu et al., 2021).

PARK2 encodes an inter ring E3 ubiquitin ligase that mediates protein degradation via the ubiquitin-proteasome system. It has been found that the content of EGFR in cells would decrease with the overexpression of PARK2, which was also accompanied by a significant inhibition of p-EGFR, p-AKT, and p-mTOR, which shows that the overexpression of PARK2 can notably lower the expression of p-EGFR, p-AKT, and p-mTOR induced by EGF, and elevate the content of E-cadherin in cells, and play an inhibitory role on the migration and invasion of NSCLC (Duan et al., 2019).

In addition to RGS12 and PARK2, some proteins can act to inhibit the AKT/mTOR pathway by acting on PTEN, EGFR and others or AKT/mTOR itself, which will not be covered in detail here and specifically can be seen in Fig. 3 and Table 2.
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Figure 3: Negative regulation of AKT/mTOR.
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Fig. 3 shows the proteins that can inhibit the AKT/mTOR pathway in the upstream and their regulatory modes. Similar to activation, signaling molecules such as PI3K, FAK, EGFR, and PTEN remain the main mediators through which these proteins exert their regulatory effects. The PDZ domain at the N-terminus of RGS12 can specifically recognize and bind to the ITKV region on PTEN, promoting the phosphorylation and sumoylation of PTEN. Experimental findings show that α1-ACT co-immunoprecipitates with PTEN and inhibits AKT/mTOR activity. NC1 is the anti-tumor domain of collagen XIX, and the interaction between it and integrins αvβ3 decreases FAK phosphorylation. OGN would inhibit the pathway by affecting EGFR dimerization, internalization, and recruitment of Eps15 and epsin1 to EGFR. SLURP-1 can form a complex with EGFR and thereby affect the function of EGFR, which in turn plays an inhibitory role.

Proteins that May Link Other Pathways to AKT/mTOR

NF-κB

The nuclear factor kappa-B (NF-κB) family contains five members, namely RelA(p65), RelB, c-Rel, NF-κB1(p50) and NF-κB2(p52), all of which have a Rel homologous domain (RHD) of about 300 amino acids. NF-κB located in the cytoplasm is normally inactive as a result of binding to IκB and forming a trimeric complex. As a kinase, when NF-κB receives appropriate signals, IκB kinase (IKK) will phosphorylate the Ser32 and Ser36 of the IκBα and the Ser19 and Ser23 of the IκBβ, to dissociate IκB from the heterotrimer and degrade it by the proteasome after ubiquitination modification. At this time, the nuclear localization sequence of NF-κB is exposed, allowing rapid entry into the nucleus, and when it binds to a specific sequence of DNA, the transcription of related genes can be initiated or enhanced. In addition, cell adhesion molecules, MMPs and vascular endothelial growth factor (VEGF) are all able to be induced by NF-κB, thereby promoting cancer cell invasion and migration (Dolcet et al., 2005).

Zinc finger and scan domain containing 16 (ZSCAN16), a member of the DNA binding transcription factor family, is a protein-coding gene, and many studies have discovered that the abnormal expression of ZSCAN transcription factors occurs in diverse cancers. In bladder cancer, ZSCAN16 was found to have an abnormally high expression, which was associated with a stronger ability of invasion and migration. It is known from the literature that AKT, mTOR and NF-κB-p65 can form the AKT/mTOR/NF-κB pathway as well as the positive feedback loop, and the activity of downstream NF-κB is regulated by mTORC1 rather than mTORC2 (Li et al., 2016), while ZSCAN16 was silenced, and the expression of intracellular NF-κB-p65, p-AKT, p-mTOR were downregulated, which illustrates that ZSCAN16 would participate in regulating this pathway and contribute to cell metastasis (Li et al., 2020a).

Orai-1 together with orai-2 can work with stromal interaction molecules to regulate store-operated calcium (Ca2+) entry channels (SOCC) and then control cellular calcium intake. For cancer cells, changes in intracellular calcium levels can affect phosphorylation and activity of the calcium-dependent protein CaMKII and contribute to the malignant behavior of cancer cells. In oral cancer, when orai-1 was silenced simultaneously with orai-2, the levels of both p-AKT (Thr308 and Ser473) and p-NF-κB decreased. However, mTOR but not p-mTOR expression was observed by silencing orai-2 alone, and unlike orai-2, the silencing of orai-1 did not affect mTOR expression and phosphorylation, but the expression of NF-κB (Singh et al., 2020).

Tumor necrosis factor-α-induced protein 8-like 2 (TIPE2) is located in the cytoplasm and has a profound role in promoting proliferation, survival, and migration of lung cancer. The knockdown of TIPE2 has been shown to result in a collective downregulation of AKT1, p-AKT (Ser473), mTOR, p-mTOR (Ser2448), NF-κB and p-NF-κB (Ser535), and upregulation of PTEN expression was observed during this process, suggesting that TIPE2 may function through PTEN to control the AKT/mTOR/NF-κB pathway (Bordoloi et al., 2019).

TIPE3 plays a similar part to TIPE2 in cells, regulating the AKT/mTOR/NF-κB pathway and affecting cell migration. Differently, TIPE3 could also downregulate the expression of STAT-3 and p-STAT-3 (Bordoloi et al., 2022).

Wnt1 inducible signaling pathway protein-3 (CCN6) belongs to the CCN protein family, and its expression plays different and sometimes completely opposite roles in different tumor cells. In chondrosarcoma, a high expression of CCN6 promotes its migration and invasion, and this process is achieved through the response of MMP-9. Subsequent specific experiments found that the upregulation of MMP-9 expression by CCN6 was dependent on the promoter activity of NF-κB and this increase in activity cannot leave the function of AKT/mTOR pathway, whereby CCN6 can activate the PI3K/AKT/mTOR/NF-κB pathways to act on migration (Tzeng et al., 2018).

STAT3

Signal transducer and activator of Transcription3 (STAT3) is a well conserved protein of approximately seven hundred and seventy amino acids with an SH2 domain in its structure, which plays an enormous role in intercellular signal transduction. The JAK/STAT pathway is a classic pathway in which STAT3 participates, and Janus kinases (JAK) in the cytoplasm can noncovalently bind to specific receptors on the cell surface and undergo conformational changes, allowing their tyrosine residues to couple and phosphorylate each other, releasing their intrinsic catalytic activity, and JAKs become activated. Activated JAKs can phosphorylate tyrosine sites on the cytoplasmic side of the receptor to create regions that can bind to STAT3, at which point the SH2 domain on STAT3 binds to tyrosine residues phosphorylated on the receptor and is phosphorylated by JAKs to form homo- or heterodimers that translocate to the nucleus where they interact with several other transducers to regulate gene transcription (Levy and Darnell, 2002). In addition to JAKs, STAT3 can also be phosphorylated by Src. When some growth factors such as EGFR bind to cell surface receptors, the Src is phosphorylated, which in turn can phosphorylate Stat3 (Park et al., 1996).

The Tumor necrosis factor-α induced protein 8 (TIPE/TNFAIP8) family consists of TIPE, TIPE1, TIPE2 and TIPE3, which have been implicated in tumorigenesis. In oral cancer cells, the expression of TIPE, TIPE2, and TIPE3 were all increased, whereas TIPE1 was decreased. The experiments showed that silencing of TIPE, TIPE1, and TIPE3 all affected the AKT/mTOR pathway. Silencing of TIPE causes a decrease in the levels of AKT, p-AKT, mTOR, p-mTOR, S6 and p-S6. Not only that, TIPE silencing is also related to the downregulation of EGFR, so TIPE can inhibit AKT/mTOR activation through the downregulation of EGFR. The downregulation of PTEN was associated with the silencing of TIPE1, and this allowed AKT and mTOR to be activated by phosphorylation, which subsequently led to S6 phosphorylation and affected STAT3 activation. The knockdown of TIPE2 suppressed AKT and mTOR expression and activation, and because AKT and mTOR have activating effects on NF-κB and STAT3, the levels of p-STAT3 and p-NF-κB would be consequently reduced, finally leading to a decrease in proliferation and migration. The knockdown of TIPE3 significantly decreases the levels of mTOR and p-mTOR as well, but different from other family members, the knockdown of TIPE3 failed to change the level of p-AKT, suggesting that its regulation may be through activation of the mTOR/STAT3 pathway (Padmavathi et al., 2021; Bordoloi et al., 2020).

Hypoxia-inducible factor (HIF)-1α can induce cytokine expression and thereby enhance adverse behaviors such as tumor migration. CXCL8 (i.e., interleukin-8) is a chemokine that has the characteristics of tumorigenesis and angiogenesis. HIF-1α has been observed in hepatocellular carcinoma, upregulated in synchrony with CXCL8 expression, and the expression of CXCL8 would be decreased through the silencing of HIF-1α. Meanwhile, the decrease of CXCL8 expression will lead to a significant decrease in p-AKT and p-mTOR signals, accompanied by a significant decrease in p-STAT3. This illustrates that when the expression of HIF-1α is increased by hypoxia induction, CXCL8 expression can be regulated to activate AKT/mTOR/STAT3, thereby promoting cancer cell invasion and migration (Li et al., 2015).

Discussion on AKT/mTOR Signal Pathway: Present Advances and Future Therapeutic Applications

Although the primary tumor is very dangerous, it will only cause the death of about 10% of tumor patients, and about 90% of tumor patients will eventually die of the growth of metastatic tumors outside the primary focus. Inhibiting cancer cell metastasis and reducing the occurrence of metastasis are important for cancer treatment. The AKT/mTOR pathway can be used to guide glucose biosynthesis and further promote the absorption of those glucose storage enzymes. In addition to glucose metabolism, mTOR can also be activated by growth factors and amino acids when there is surplus material and energy in cells. This process also reflects the pivotal role of this pathway in regulating growth and metabolism.

It is known to all that a tumor is a large energy consumer. Since the AKT/mTOR pathway can regulate cell growth and energy metabolism, it must be related to tumorigenesis. However, in fact, the influence of this pathway on the carcinogenesis process is not simply regulated through metabolism. Activated AKT/mTOR can directly or indirectly affect the behavior of cancer cells through different downstream signals, including proliferation, migration, invasion and so on. In view of the adverse effects of metastasis in the process of carcinogenesis, this paper mainly explores the effects of a variety of proteins on tumor migration and invasion through the AKT/mTOR pathway.

As a pathway that can play a role in many biological processes, AKT/mTOR has been widely studied. PTEN, EGFR and FAK are common in the upstream of this pathway, and their regulatory effects on this pathway have also been verified. In the process of searching the literature, we found that many proteins do not directly regulate the AKT/mTOR pathway, but rather activate or inhibit the pathway by regulating its upstream targets, and then play a corresponding role. There are not a few proteins that can affect the expression or phosphorylation level of AKT or mTOR. Although the specific mechanism of some proteins is not clear, these proteins still hold promise as potential targets of cancer treatment to affect tumor migration. As an indispensable step in the process of tumor cell migration, EMT is the downstream target of many proteins regulating AKT/mTOR pathway. As the only matrix proteases that can degrade type IV collagen, MMP-2 and MMP-9 also play a great part in the process of invasion and migration, which also enables many proteins to affect tumor invasion through their regulation.

As mentioned earlier, the AKT/mTOR pathway is the hub for regulating growth and metabolism, so its connection with other pathways can also affect various behaviors of tumors. Many proteins can often influence the activation or inhibition of other signal pathways while regulating the AKT/mTOR pathway, indicating that the influence of signal pathways is not single, but interrelated, and this connection sometimes needs to be realized through other factors.

All in all, the impact of the AKT/mTOR pathway on invasion and migration of cancer cells is obvious, and the discovery of proteins that regulate this pathway and, in turn, influence invasion and migration is crucial for the treatment of metastatic cancer. Nowadays, there are many tumor suppressor drugs developed based on the regulatory proteins of this pathway, many of which have pronounced side effects and are not clinically applicable. Through the screening of multiple proteins, perhaps, in the not-too-distant future, researchers will identify suitable AKT/mTOR pathway inhibitors that can be adapted for clinical tumor migration inhibition, yielding benefits for cancer metastasis therapy.

Conclusion and Perspective

For cancer cells, the AKT/mTOR pathway is important in invasion and migration, and numerous proteins can exert their effects by regulating the AKT/mTOR upstream molecules or the pathway itself, indicating that this pathway is an effective target for cancer therapy. However, how to effectively inhibit cell invasion and migration through the action of different regulatory proteins and circumvent the adverse effects it brings is still a challenge. A review of the proteins that can directly or indirectly regulate the AKT/mTOR pathway may help us understand the regulatory mechanisms of different proteins on the AKT/mTOR pathway and the interaction relationship between them. In addition, as the AKT/mTOR pathway is associated with transplanted tumors, we also hope that the review about regulatory proteins of this pathway can help to find suitable cancer treatment targets in the future.
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TABLE 2

The proteins that can inhibit the AKT/mTOR pathway

Proteins Biological function Cancer Reference
category
RGS12 The N-terminal PDZ domain in RGS12 can bind ITKV on PTEN to promote phosphorylation OSCC Fu et al.
and sumoylation of PTEN (2021)
al-ACT  PTEN and al-ACT are co-immunoprecipitated; downregulate p-AKT and p-mTOR, regulate HCC Zhu et al.
MMP-2 and MMP-9 (2017)
NFKBIZ Upregulates the expression of PTEN Bladder Xu et al.
Cancer (2021)
KLF2 Upregulates PTEN mRNA and protein levels GC Wang et al.
(2017)
SLURP-1 Reduces p-PTEN and p-mTOR and can form a complex with EGFR NSCLC Bychkov et al.
(2021)
PARK2  Regulates the activation of EGFR, inhibits p-EGFR, p-AKT, and p-mTOR. NSCLC Duan et al.
(2019)
DOK7V1 Negatively regulates the PI3K/AKT/mTOR, increases adhesion by upregulating the FAK/ NSCLC Zhao et al.
paxillin (2019)
Collagen Downregulates p-FAK Melanoma Oudart et al.
XIX (2016)
OGN Attenuates AKT and Zeb-1 via affecting EGFR dimerization, internalization, and recruitment CRC Hu et al.
of Eps15 and epsinl to EGFR, inhibits EMT (2018)
ADRA2A Downregulates p-PI3K, p-AKT, and p-mTOR Cervical Wang et al.
carcinoma (2020¢)
AIM2 Inhibits AKT/mTOR pathway, downregulates Glil expression and reverses EMT progression CRC Xu et al.
(2020a)
AIM2 Downregulates p-PI3K, p-AKT and p-mTOR Osteosarcoma Zheng ef al.
(2022)
MIIP Downregulates p-AKT (Ser473, Thr308), p-mTOR (Ser2481, Ser2448), which is achieved Pca Yan et al.
through the interaction of MIIP and PPla (2019)
PRSS8 Downregulates p-AKT and p-mTOR Glioma Yang et al.
(2017)
BRAP Inhibits cell migration through the TGF-B/PI3K/AKT/mTOR pathway Glioma Wang et al.

(2020a)
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TABLE 1

The proteins that can activate the AKT/mTOR pathway

Proteins  Biological function Cancer category Reference
ACK1 Downregulates PTEN expression; pTyr284-ACKI1 can activate pTyr176-AKT, recruit it HCC Wang et al.
to the cell membrane, and fully activate AKT (2020d)
METTL3  Inhibits PTEN expression through processing Mir-126-5p ov Bi et al. (2021)
TRIM29  Downregulates PTEN expression NPC Zhou et al.
(2016)
Sodium Upregulates the expression of p53 and its downstream targets PTEN and IGFBP3 CRC Wu et al. (2021)
Pump a3
DJ-1 Downregulates PTEN expression, increases the expression of detoxifying enzymes and LSCC Wang et al.
improves cell viability (2014b)
AKAP3 Downregulates PTEN expression BC Zhan et al.
(2022)
AFP Co-located with PTEN, upregulates p-AKT, p-PI3K and p-mTOR HCC Wang et al.
(2018)
SALL4 Binds to the promoter of the PTEN gene and deacetylate histones in the binding region, GC Wang et al.
inhibiting PTEN expression (2019a)
CLDN6 Upregulates the levels of EGFR, p-EGFR, and p-EGFR/EGFR HCC Huang et al.
(2019)
ANXAS Upregulates the p-EGFR and its downstream factors (including AKT and mTOR) NSCLC Zhou et al.
(2021)
FUT7 Upreuglates p-EGFR, p-AKT and p-mTOR, its product sLex can modify EGFR Lung Cancer Liang et al.
glycoprotein (2017)
TPO Colocalized with EGFR in the cytoplasm, p-EGFR changes significantly with TPO NSCLC Zou et al. (2020)
expression
GALNT2  Upregulates EGFR phosphorylation and modifies EGFR O-glycosylation glioma Sun et al. (2019)
UBE2Q1  Upregulates total and active EGFR HCC Zhang et al.
(2018a)
GOLM1 Interacts with the membrane EGFR, plays a crucial role in EGFR/RTK recycling/ PCa Yan et al. (2018)
activation
GALI Upregulates p-FAK, significantly increased MMP-2 and MMP-9 expression and UTUC Su et al. (2020)
decreased TIMP-1 expression
ET-1 Upregulates p-FAK through ETaR Chondrosarcoma Wu et al. (2012)
IGF-1 Upregulates p-Rictor, p-Raptor, p-AKT and p-FAK PCa Siech et al.
(2022)
ST8SIA1  Synthesizes GD3 as a precursor of GD2, and then activates FAK and its downstream TNBC Nguyen et al.
signals (2018)
HER2 Upregulates p-AKT, p-mTOR, p-p70s6k, affects Glil expression and cell viability GC Shao et al.
(2018)
CD133 Upregulates EGFR and HER2 activity CRC Kim et al. (2020)
GTSE1 Suppresses p53 expression and activate AKT/mTOR signaling Lung cancer Zhang et al.
(2021b)
NUP37 Inhibits p53 expression and promotes the expression of p-AKT and p-mTOR GC Zhang et al.
(2021a)
STIL Upregulates IGFR1 and p-AKT expression GC Wang et al.
(2019b)
HOXB13  Facilitates IGF-1R transcription to upregulate IGF-1R expression, thus upregulating p- GC Guo et al. (2021)
AKT, mTOR, and p-mTOR
NUCKS1  Upregulates IGF-1R, p-AKT (Ser473 and Thr308), PI3K, mTOR and p-mTOR GC Huang et al.
(Ser2448) (2019)
GOLM1 Activates AKT to promote the migration Glioma Xu et al. (2017)
DDX46 Upregulates p-PI3K and p-AKT Osteosarcoma Jiang et al.
(2017)
MARCHS6 Interacts with and destabilizes DHX9, so that it upregulates the p-AKT, p-mTOR and TC Liu et al. (2021)
p-S6
MRPL13  Upregulates p-AKT and p-mTOR, and induces the EMT process BC Cai et al. (2021)
NCAM Phosphorylates Src, AKT, and mTOR, to regulate the activation of cofilin Melanoma Li et al. (2020b)
NanogP8  Activates AKT GC Jiang et al.
(2016)
SRSF3 Upregulates p-AKT and p-mTOR GC Xie et al. (2021)
PEBP4 Upregulates p-AKT and p-mTOR Lung Cancer Yu et al. (2015)
CPA4 Upregulate p-PI3K (Tyr458), p-AKT (Ser473) and p-mTOR (Ser2448), promotes EMT PC Shao et al.
in vitro (2020)
CSNK2A1 Upregulate p-AKT and p-mTOR, the EMT is also promoted GC Jiang et al.
(2019a)
Ezrin Activates AKT/mTOR pathway to promote EMT process and regulate Yap PDAC Quan et al.
phosphorylation and translocation (2019)
TRIM44  Upregulates p-AKT(Ser473) and p-mTOR, induce EMT HEC, NSCLC Xiong et al.
(2018), Xing
et al. (2016)
ANTXR1  Activate pI3K/AKT/mTOR pathway, promotes migration and invasion through EMT GC Cai et al. (2020)
GOLM1 Upregulates the expression of N-cadherin and downregulates the expression of E- GC Aruna and Li
cadherin (2018)
PODNL1  Upregulates p-AKT and p-mTOR, then upregulates the vimentin, N-cadherin, snail, ~Glioma Geng et al.
and fibronectin, downregulates E-cadherin (2020)
POSTN Upregulates the ILK, p-AKT and p-mTOR, then downregulates E-cadherin, upregulates RCC Jia et al. (2021)
N-cadherin and vimentin
SELM Upregulates p-PI3K, p-AKT, and p-mTOR, promotes the metastasis by regulating EMT RCC Jiang et al.
and extracellular matrix degradation (2019b)
NACC1 Upregulates p-AKT, and p-mTOR, resulting in an upregulation of MMP2, MMP9, N- NPC Cao et al. (2021)
cadherin, vimentin, and Snail
CIC-3 Upregulates the expression of a phosphorylated PI3K/AKT/mTOR pathway, affects the SCC Guan et al.
expression of MMP-9 (2019)
PYCR2 Downregulates Bax, cleaves caspase-3 and cleaves PARP, upregulates Bcl-2, MMP-2, CRC Yin et al. (2021)
MMP-9, p-PI3K, p-AKT and p-mTOR
SOX2 Upregulates p-AKT and p-mTOR, then induces the expression of MMP-2 LSCC Yang et al., 2014
al-AT Upregulates p-mTOR, p-AKT, p-PI3K, MMP-2, downregulates E-cadherin TNBC Zhao et al.
(2018)
TGF-B Upregulates COX-2 levels and PGE2 secretion (both TGF-$ and PGE2 activate the =~ PCa Vo et al. (2013)
PI3K/AKT/mTOR pathway)
RIOK3 Upregulates p-mTOR, p-p70s6k, p-S6, and AKT Glioma Zhang et al.
(2018b)
TRIB3 Upregulates p-AKT and p-mTOR RB Bao et al. (2021)
S100A4 Activates the PI3K/AKT/mTOR/P70S6K pathway, regulates the expression of VEGF CRC Wang et al.
and E-cadherin (2014a)
CSEIL Upregulates p-AKT (ser473) and p-mTOR (ser2448) Pancreatic Zhang et al.
cancer (2021¢)
CYP2E1 Upregulates p-Akt, p-mTOR GC Wang et al.
(2020b)
Derlinl Upregulates p-Akt, p-mTOR CcC Li et al. (2019)
CXCL12 Interacts with and activates CXCR4, which in turn activates PI3K (P110 B) and GC Chen et al.
produces PIP3 (2012)
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