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PI3K INHIBITORS

The PI3K/AKT/mTORC (PAM) signaling pathway is probably the most common aberrantly induced signal transduction axis in cancer, and as a result, represents a primary therapeutic target. Notably, along the PAM pathway, PI3K is a major drug target for cancer treatment since its hyperactivity is remarkably correlated with human tumor progression, enhanced tumor microvessel formation, and increased number of invasive cancer cells (1). A strenuous effort has been committed to improve inhibitors targeting PI3K signaling. Indeed, several pharmaceutical companies have developed drug inhibitors of PI3K during the last decades. Notwithstanding four inhibitors (alpelisib, copanlisib, duvelisib, and idelalisib) have been approved by the Food and Drug Administration (FDA) for cancer treatment (SUPPLEMENTARY FIGURE 1), there is still concern regarding the development of resistance, sensitivity markers, and toxicology. Importantly, PI3K inhibitors are classified into three main groups: pan-PI3K inhibitors (pan-PI3Ki), isoform-specific PI3K inhibitors (IS PI3Ki), and dual PI3K/mTOR inhibitors (dual PI3K/mTORi) (2) (FIGURE 10).  

PAN-PI3K INHIBITORS

Pan-PI3Ki suppress the cataytic activity of all four PI3K class I isoforms: PI3Kα, PI3Kβ, PI3Kγ, and PI3Kδ, encoded by PIK3CA, PIK3CB, PIK3CG, and PIK3CD, respectively. Thus, these drugs are normally efficient in tumors producing high level of PIP3, regardless of the type of PI3K genes or PTEN alterations implicated. Potentially, pan-PI3Ki provide a broader range of activity by comprising numerous molecular targets, although exists increasing risk of on-target and off-target effects, as well as possibly enhanced toxicity exist (3). Herein, we included the major pan-PI3Ki that are currently in different stages of human clinical trials. A summary of the most representative studies on pan-PI3Ki is shown in SUPPLEMENTARY TABLE 1.

Buparlisib (BKM120, NVP-BKM120)

Buparlisib is a potent oral reversible bioavailable agent that inhibits pan-class I PI3K in an ATP-competitive manner. Buparlisib targets p110 -α, -β, -δ, and -γ PI3K isoforms with IC50 values of 52 nM, 166 nM, 116 nM and 262 nM, respectively (4). Buparlisib suppresses PAM pathway by blocking phosphorylation of PIP2, and thus, by impeding its conversion into PIP3, hampering AKT overactivation, thereby limiting protein synthesis and cell growth (5). In addition, buparlisib has also been shown to inhibit tumor cell growth through FOXO3a-dependent PUMA induction in colon cancer cells (6). Interestingly, a study has reported that buparlisib in combination with vincristine, and to a lesser extent with doxorubicin, can exert synergistic effect in terms of reduced proliferation, increased cell mortality, and enhanced caspase-3 activity in several PI3K-upregulated osteosarcoma cell lines (7). It has been shown that PD-L1 expression is associated with PAM pathway. Accordingly, buparlisib treatment for 72 hours lead to PD-L1 downregulation in head and neck squamous cell cancer (HNSCC) cells, therefore implying that inhibition of PAM pathway can represent a further therapy for patients showing poor response to immune checkpoint therapy (8). Moreover, buparlisib not only has displayed significant inhibition of proliferation in vitro, but also has demonstrated robust anticancer activity in human tumor xenograft models with regular drug tolerance (4). Clinical studies with favourable or acceptable safety profile have shown anticancer activity of buparlisib, both singly and in combination, in several advanced solid tumors, and hematological malignancies (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (SUPPLEMENTARY TABLE 1).

CH5132799 (CH5)

CH5132799 is a potent anticancer agent against tumors harboring oncogenic PIK3CA mutations. Therefore, prediction of response to this drug based on PIK3CA mutations may allow patient stratification in clinical settings. Accordingly, cancers with PIK3CA mutations are remarkably sensitive to CH5132799 in vitro (28). In human cancer cell lines with activated PI3K pathway, CH5132799 has shown significant inhibitory activity against PI3Kα by resulting in a reduction in cell proliferation. Moreover, orally available CH5132799 demonstrates significant anticancer activity in PI3K pathway-activated human tumor xenograft models in mice (29). In line with this, cancers with PIK3CA mutations are significantly suppressed by CH5132799 in mouse xenograft models. Combination of CH5132799 with trastuzumab determines cancer resolution in trastuzumab-insensitive breast cancer model harbouring a PIK3CA mutation. Furthermore, CH5132799 displays advantages over mTORC1 inhibitors by exerting a concrete inhibition of PAM signaling since it suppresses 4E-BP1 phosphorylation and avoids S6K inhibition-mediated AKT activation. Importantly, these features can result in a regression of cancers that have regrown after long-term mTOR- inhibitor everolimus treatment (28). A clinical study with favourable safety profile has demonstrated anticancer activity of CH5132799 monotherapy in advanced solid tumors (30) (SUPPLEMENTARY TABLE 1).

Copanlisib (BAY 80-6946, Aliqopa)
 
Copanlisib is a robust and remarkably selective pan-PI3Ki with targeted activity predominantly against PI3K p110α and p110δ isoforms (31). Copanlisib stimulates growth inhibition and apoptosis through modulation of the AKT/FOXO3a/PUMA signalling axis in colorectal cancer (CRC) cells. Thus, PUMA-mediated apoptosis is essential for the antitumor effects of copanlisib, and manipulation of PUMA could possibly enhance its activity (32). Copanlisib remarkably inhibits PAM pathway activation, resulting in reduced cell viability and proliferation in gastrointestinal stromal tumor (GIST) cells. Moreover, concurrent inhibition of PI3K with copanlisib and tyrosine-protein kinase KIT (CD117) inhibitor imatinib, leads to further reduction of cell viability. Besides, high levels of cleaved-caspase 3 and phospho-S6 proteins support the significant antiproliferative effect of copanlisib in GIST. Furthermore, copanlisib both singly and combined with imatinib inhibits tumor growth in GIST xenografts (33). Interestingly, copanlisib has been found to synergise with conventional agents such as venetoclax in T-cell lymphoma in vivo, and B-cell lymphoma models (34). Copanlisib has exhibited remarkable clinical benefits in relapsed follicular lymphoma patients who have received at least two prior systemic therapies, and thus has been FDA-approved for use in this cohort (35) (SUPPLEMENTARY FIGURE 1). Clinical studies with favourable or acceptable safety profile have shown anticancer activity of copanlisib, both singly and in combination, in different hematological malignancies, as well as in advanced solid tumors (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (48) (SUPPLEMENTARY TABLE 1).



Pictilisib (GDC-0941, RG7321)
 
Pictilisib is a potent PI3K inhibitor that increase the lysosomal compartment through transcription factor EB, priming glioblastoma cells to lysosomal membrane permeabilization, and triggering cell death through induction of caspase-3, activation of BAX, and loss of MtMP, a key indicator of mitochondrial activity (49). Pictilisib sensitises breast cancer to ABT-737 both in vitro and in vivo. In fact, ABT-737 alone exerts modest lethality in breast cancer cells, but in combination with pictilisib achieves a remarkable synergistic cytotoxicity towards cancer cells. Accordingly, ABT-737 in combination with pictilisib has been shown to significantly increase caspase-mediated apoptosis, and most importantly, promote proteasomal degradation of MCL1, whose overexpression is the main cause of ABT-737 resistance (50). Interestingly, using an in vitro co-culture system, presence of macrophages results in the activation of NF-κB signaling in breast cancer cells, thereby increasing resistance to pictilisib. Additionally, combination of pictilisib with aspirin arrests the activation of NF-κB signaling, leading to attenuation of cell growth and enhancement of apoptosis in breast cancer cells (51). Combination of pictilisib with CXCR1/2 analogue (G31P) enhances their efficiency against breast cancer, by causing a significant reduction in cancer cell proliferation, and an increase in apoptosis. Moreover, migration of breast cancer cell lines is remarkably decreased by the combination therapy, compared to treatment of each compound singly (52). Pictilisib treatment significantly improves the anticancer effect of doxorubicin, and prevents tumor-mediated bone destruction in osteosarcoma by suppressing the PI3K/AKT signalling pathway in vitro. Indeed, pictilisib increases the sensitivity of osteosarcoma cell lines to doxorubicin by promoting cell cycle arrest at G0/G1 phase and S phase. Moreover, pictilisib suppresses tumor-related osteolysis in vivo, through blockage of the PI3K/AKT pathway (53). Pictilisib has shown significant antitumor activity in human tumor xenograft murine models (54) and is presently in clinical development (3). Pictilisib enhances macrophage infiltration and determines the expression of macrophage-associated chemokines and cytokines in mouse models of breast cancer. Besides, combination of pictilisib with aspirin arrests the activation of NF-κB signaling, thereby causing an enhancement of apoptosis, a decreased in cancer burden, macrophage infiltration, and pulmonary metastasis in mouse models of breast cancer (51). Clinical studies with favourable or acceptable safety profile have displayed anticancer activity of pictilisib, both singly and in combination, in a variety of advanced solid tumors (55) (56) (57) (57) (58) (58) (59) (SUPPLEMENTARY TABLE 1).

Pilaralisib (XL147, SAR-245408)

CDKL5 overexpression enhances the PI3K/AKT axis, promotes proliferation, increases invasion, growth, migration, and drug resistance of glioma cells in vitro. Interestingly, combination of pilaralisib with cisplatin significantly reduces cell proliferation and CDKL5-induced drug resistance in xenografts overexpressing CDKL5 (60). Clinical studies with favourable or acceptable safety profile have shown anticancer activity of pilaralisib, both singly and in combination, in several advanced solid tumors (61) (62) (63) (64) (65) (66) (67) (SUPPLEMENTARY TABLE 1).

SF1126 (936487-67-1)

SF1126 significantly suppresses proliferation, survival, and cell cycle progression in primary human colon tumor cells, and CRC cell line HT-29. A remarkable induction of apoptosis is observed after SF1126 treatment on CRC cells. Moreover, SF1126 arrests mTORC1/mTORC2 transduction signaling, and downregulates BRD4-targeted oncogenic cyclin D1 and MYC proteins. Notably, SF1126 also activates p38 signaling in CRC cells, whereas p38 inhibitors suppresses SF1126-induced apoptosis and cytotoxicity towards CRC cells (68). SF1126 reduces the expression level of proto-oncogene c-Myc in hepatocellular carcinoma cells. In fact, SF1126 arrests reciprocal action of BRD4 with acetylated histone-H4 chromatin mark protein, and dislocate BRD4 co-activator protein from the transcriptional start site of MYC in hepatocellular carcinoma cells (69). Moreover, SF1126 inhibits cell survival and suppresses phosphorylation of AKT in several human Ewing sarcoma cell lines and shows a remarkable decrease in tumor volume in Ewing sarcoma xenograft models, suggesting that dual PI3K/BRD4 inhibition, exerts significant anticancer activity (70). Additionally, subcutaneous treatment with SF1126 remarkably reduces human colorectal cancer HT-29 xenograft tumor growth in nude mice (68). Moreover, SF1126 treatment either singly or in combination with sorafenib demonstrates remarkable anticancer activity in hepatocellular carcinoma in vivo (69).

Sonolisib (PX-866)

Inhibition of PI3K by sonolisib reduces temozolomide-induced autophagy and endorses apoptosis in glioblastoma cells. Indeed, blood-brain barrier (BBB) penetrating sonolisib is also an inhibitor of autophagic flux, and thus, sequential treatment of temozolomide followed by sonolisib, instead of combined co-treatment, can effectively suppress autophagy-induced survival in gliobastoma cells while enhancing apoptosis (71). Clinical studies with favourable safety profile have demonstrated the anticancer activity of sonolisib, both singly and in combination, in different advanced solid tumors (72) (73) (74) (75) (SUPPLEMENTARY TABLE 1).

ZSTK474 (475110-96-4)

ZSTK474 has been shown to suppress PI3K downstream pathways and inhibit cell growth in several different cancer cell lines. Besides, ZSTK474 induces apoptosis in synovial sarcoma, alveolar rhabdomyosarcoma, and Ewing's sarcoma cell lines, suggesting that ZSTK474 can be a potential agent for treating sarcomas (76). In addition, ZSTK474 displays a robust induction of G1 cell cycle arrest, as well as strong antiproliferative activity in acute myeloid leukemia HL60 cells, and in adriamycin-resistant HL60/ADR cells. Moreover, ZSTK474 decreases phosphorylated Rb, enhances p27, and reduces cyclin D1 protein level in dose-dependent manner in both cell lines. Besides, ZSTK474 treatment also decreases downstream PI3K pathway proteins such as phosphorylated AKT, PDK1, and GSK3β, in both cell lines. Furthermore, ZSTK474 enhances intracellular accumulation of adriamycin, reverses adriamycin resistance, and decreases the expression of multi drug resistance (MDR) proteins such as MRP1 and P-gp in HL60/ADR cells. Furthermore, combination of ZSTK474 with chemotherapeutic drugs vincristine or cytarabine results in a synergistic effect in both cell lines (77). ZSTK474 induces autophagy and G1 cell cycle blockage in human breast cancer MCF-7 cells. This ZSTK474-induced cell cycle arrest in G1 phase is mediated by the PI3K/AKT/GSK3β/cyclin D1/p-Rb axis. Additionally, ZSTK474 in combination with autophagy inhibitors increases cell viability, emphasising that ZSTK474-mediated autophagy may be contributing to the anticancer efficacy (78). Interestingly, combination of ZSTK474 and ERK1/2 inhibitor AZD0364 exhibits a synergistic anticancer activity in acute lymphoblastic leukemia REH and MOLT-4 cell lines, as well as acute myeloid leukemia MOLM-14 cells. Indeed, this combination remarkably reduces both AKT and ERK1/2 activation, inhibits cell viability, enhances the production of reactive oxygen species (ROS), and increases apoptosis in these leukemia cells (79). In addition, ZSTK474 significantly reduces cell growth in several melanoma cell lines, as well as in vemurafenib-resistant melanoma cells (80).

ISOFORM-SPECIFIC PI3K INHIBITORS

IS PI3Ki have been established to target cancer types dependent on either PI3Kα, or PI3Kβ, or PI3Kγ, or PI3Kδ isoforms. Conventionally, these drugs show a wider therapeutic index, and lesser off-target-based toxicologic effects due to the reduced expression of the diverse PI3K isoforms in non-cancerous cells. Notably, PI3Kα and PI3Kβ isoforms are ubiquitously expressed, whereas PI3Kγ and PI3Kδ isoforms are predominantly restrained to leukocytes (81). Herein, we included the major IS PI3Ki that are currently in various stages of clinical trials. A summary of the most representative studies on IS PI3Ki is shown in SUPPLEMENTARY TABLE 1.

PI3Kα Inhibitors

Alpelisib (NVP-BYL719, BYL719, Piqray)

Alpelisib, a potent and selective agent with targeted efficacy against PI3K p110α isoform, has shown anticancer efficacy in tumor xenograft models, mostly with mutation or amplification of PIK3CA, emphazising its efficacy in PIK3CA-altered cancer patients (82). Alpelisib augments the anticancer activity of paclitaxel in human gastric cancer in vitro. Indeed, alpelisib monotherapy reduces AKT and S6K1 phosphorylation and causes G0/G1 phase arrest of the cell cycle, independently of PIK3CA mutational status, whereas combination of alpelisib and paclitaxel synergistically enhances the antiproliferative effects, especially on PIK3CA-mutated cells, leading to increased DNA damage response and apoptosis. Besides, this combination improves the anti-migratory activity of PIK3CA-mutant gastric cancer cells and increases anticancer activity by reducing Ki-67 expression and enhancing apoptosis in xenograft models of MKN1 gastric cancer cells. Furthermore, this combination also prolongs the survival of cancer-bearing mice (83). Alpelisib in combination with fulvestrant has exhibited significant clinical benefits in men and postmenopausal women with HR+, HER2-, PIK3CA-mutated, advanced or metastatic breast cancer, and as a result has been FDA-approved for use in this cohort (84) (SUPPLEMENTARY FIGURE 1). Clinical studies with favourable or acceptable safety profile have shown anticancer activity of alpelisib, both singly and in combination, in a variety of advanced solid tumors, especially breast cancer (85) (86) (87) (88) (89) (90) (91) (92) (93) (94) (95) (96) (97) (98) (99) (100) (101) (102) (103) (104) (105) (106) (107) (SUPPLEMENTARY TABLE 1).

AZD8835 (1620576-64-8)

PI3Kα and PI3Kδ inhibitor AZD8835 demonstrates significant anticancer efficacy through reduction of proliferation, and induction of apoptosis, in activated B-cell-like (ABC)-diffuse large B-cell lymphoma (DLBCL) in vitro, and in patient-derived xenograft mouse models. Additionally, combination of AZD8835 with ibrutinib synergistically enhances the antitumor effects both in vitro and in vivo (108). Besides, AZD8835 inhibits AKT phosphorylation, and downstream effectors 4E-BP1 and S6K. In addition, AZD8835 enhances sensitivity of ovarian cancer cells to paclitaxel and cisplatin treatment. Moreover, AZD8835 reduces p-ERK protein expression, as well as BRCA1 and BRCA2 mRNA expression, in OVCAR-8 cells with KRAS mutation, and brings about a remarkable reduction in tumorigenesis in mouse xenograft models (109). PI3Kα/δ inhibition with AZD8835 shows cancer growth suppression by an intermittent dosing schedule in vivo. Indeed, AZD8835 exerts remarkable anticancer activity, associated with enhanced CD8+ T-cell activation and memory, as well as suppression of regulatory T-cells (Tregs), in mouse syngeneic cancer models. AZD8835 determines significant CD8+ T-cell activation, associated with improving effector cell function and cell viability. Therefore, AZD8835 can be considered a promising immune-oncology drug, which strongly warrants its further clinical investigation (110).

Serabelisib (TAK-117, MLN1117, INK1117)

Combination of serabelisib with novel mTORC1/mTORC2 inhibitor TAK-228 shows synergistic anticancer effects both in vitro and in vivo. In fact, this combination remarkably reduces cell proliferation in human bladder cancer cell lines, and suppresses cancer growth, as well as angiogenesis in preclinical bladder tumor models (111). The most common adverse event caused by serabelisib in healthy subjects is nausea. Interestingly, the percentage of adverse events decreases when serabelisib is combined with lansoprazole. This suggests that scrupulous management of intragastric pH modulatory concomitant medications may be required when serabelisib is used as a cancer treatment (112). A clinical study with acceptable safety profile has displayed limited anticancer activity of serabelisib monotherapy, whereas another clinical trial with favourable safety profile has shown efficacy of serabelisib in triple combination with sapanisertib and paclitaxel, in advanced solid tumors (113) (114) (SUPPLEMENTARY TABLE 1).

Taselisib (GDC-0032, RG7604)

Clinical studies with favourable or acceptable safety profile have demonstrated anticancer activity of taselisib combined with other drugs, in several advanced solid tumors, particularly breast cancer. Conversely, taselisib monotherapy has only exhibited modest effectiveness in advanced solid tumors (115) (116) (117) (118) (119) (120) (121) (122) (123) (SUPPLEMENTARY TABLE 1).

PI3Kβ Inhibitors

Acalisib (CAL-120, GS-9820)

A clinical study with acceptable safety profile has shown anticancer activity of acalisib monotherapy in relapsed or refractory lymphoid malignancies (124) (SUPPLEMENTARY TABLE 1).

AZD8186 (1627494-13-6)

AZD8186 monotherapy exhibits antitumor activity towards PTEN-deficient triple-negative breast cancer (TNBC) cells by inhibiting PI3K signalings, promoting apopotosis, and reducing proliferation; however, AZD8186 displays mild efficiency in vivo. Nevertheless, combination of AZD8186 with paclitaxel and anti-PD1 remarkably increases the overall efficacy in vivo (125). Moreover, combination of AZD8186 with selumetinib, used to simultaneously target p110β/PI3K and MEK respectively, significantly reduces the proliferation of primary human pleural malignant mesothelioma cells and improves the survival of PTEN/Trp53-null mice without severe toxicity. These findings can be considered a rationale for using AZD8186 combined with selumetinib in patients suffering from malignant mesothelioma with sarcomatoid characteristics (126). AZD8186 inhibits phosphorylation of AKT1, AKT2, and RPS6 for four to seven hours post treatment, in PC3 prostate cancer cell line and HCC70 TNBC cell line xenograft tumors. In addition, AZD8186 suppresses AKT3 phosphorylation in PC3 xenografts at all doses tested, but only at the highest dose in HCC70 xenografts (127). Clinical studies with acceptable safety profile have displayed anticancer activity of AZD8186, both singly and in combination, in advanced solid tumors (128) (129) (SUPPLEMENTARY TABLE 1).

GSK2636771 (GSK-2636771)

GSK2636771 impedes the growth of Rac1-mutated melanoma cells, but not BRAF-altered melanoma cells, suggesting that targeting PI3Kβ inhibitors such as GSK2636771 can be considered as a promising strategy to inhibit Rac1 signalling in malignant melanoma (130). OX40 agonist-based treatments are a novel approach to enhance the efficacy of tumor immunotherapy since its activation and signaling improves the anticancer activity of CD8+ T-cells. Interestingly, combination of GSK2636771 with anti-OX40 reduces cancer growth and prolongs the survival of mice with PTEN-null melanomas. Even though this combination treatment exhibits no increase in the number of tumor-infiltrating lymphocytes, it remarkably increases proliferation of CD8+ tumor-infiltrating lymphocytes, and augments serum level of interferon-γ (IFNγ), CCL4, and CXCL10, which are primarily generated by effector T-cells and/or memory T-cells (131). Clinical studies with acceptable safety profile have shown anticancer activity of GSK2636771, both singly and in combination, in different advanced solid tumors (132) (133) (134) (135) (SUPPLEMENTARY TABLE 1).

SAR260301 (SAR-260301)

SAR260301 monotherapy blocks PI3K pathway signaling, particularly in PTEN-deficient human tumor models, and in combination with BRAF inhibitor vemurafenib or MEK inhibitor selumetinib shows synergistic anticancer activity in PTEN-deficient/BRAF-altered human melanoma cancer models. Tolerability of both combinations yields favorable results without major adverse events, providing preclinical basis to support the evaluation of SAR260301-based combinations in further clinical studies (136). Phase 1 SAR260301 monotherapy has shown no objective response, with grade 3 pneumonitis dose-limiting toxicity (DLT), in different advanced-stage solid tumour patients. According to pharmacokinetics data, the rapid clearance of SAR260301 hinders a proper inhibition of PI3Kβ, and thus, this drug has not been further advanced towards the clinic (137). 

PI3Kγ Inhibitors

Duvelisib (IPI-145, INK-1197)

Duvelisib, a vigorous and selective PI3Kγ/PI3Kδi, determines a reduction in primary chronic lymphocytic leukemia (CLL) cells in a dose- and time-dependent manner, without causing cytotoxicity to normal human B cells (138). A study carried out with chronic lymphocytic leukemia patient samples has shown that various BH3-only pro-apoptotic genes are upregulated with duvelisib treatment. Since anti-apoptotic protein Bcl-2 is also upregulated in duvelisib-treated patient samples, combination of duvelisib and Bcl-2 inhibitor venetoclax leads to increased apoptosis in chronic lymphocytic leukemia cells (139). Duvelisib has exhibited remarkable clinical benefits in relapsed or refractory CLL or small lymphocytic lymphoma (SLL) patients after at least two prior therapies, and in relapsed or refractory follicular lymphoma (FL) patients after at least two prior systemic therapies, and thus has been FDA-approved for use in these cohorts (140) (SUPPLEMENTARY FIGURE 1). Clinical studies with favourable or acceptable safety profile have demonstrated anticancer activity of duvelisib, both singly and in combination, in several hematological malignancies (141) (142) (143) (144) (145) (146) (147) (148) (149) (SUPPLEMENTARY TABLE 1).

Eganelisib (IPI-549)

Eganelisib significantly causes reduced cell survival and proliferation in a dose-dependent manner in HSC-2 and Cal-27 oral squamous cell carcinoma cells (150). Interestingly, eganelisib reverses P-gp-mediated MDR in paclitaxel-treated human colon carcinoma SW620/AD300 cells. Indeed, eganelisib increases the load of paclitaxel into the cell and suppresses the clearance of paclitaxel out of SW620/AD300 cells. Moreover, eganelisib enhances the anticancer efficacy of paclitaxel in MDR SW620/AD300 xenograft tumors overexpressing P-gp (151). Intravenously delivered combination of eganelisib with anti-fibrotic agent silibinin in mice leads to an increment in anticancer efficacy and apoptotic cancer tissue compared to each treatment singly in 4T1 breast cancer cell-derived tumors. Moreover, a remarkable decrease in Tregs and myeloid-derived suppressor cells (MDSCs) is also observed. Additionally, normalised tumor microenvironment features are also detected, including antifibrotic effects, inhibition of angiogenesis, and the suppression of collagen formation in cancer tissue, remarkably improving the overall anticancer effects (152). Clinical studies with favourable or acceptable safety profile have shown anticancer activity of eganelisib in combination with nivolumab in advanced solid tumors (153) (154) (SUPPLEMENTARY TABLE 1).

Tenalisib (RP-6530)

Tenalisib is a dual PI3Kγ/PI3Kδi that has demonstrated efficacy, in preclinical and clinical studies, to target cancer cells and tumor microenvironment in Hodgkin lymphoma. In fact, tenalisib remarkably inhibits proliferation of Hodgkin lymphoma cells in vitro, and downregulates lactic acid metabolism, thereby transforming macrophages from an immunosuppressive M2-like state to a typical inflammatory M1-like phenotype. The specific PI3Kδ/PI3Kδγ-dependent signaling associated with the metabolic reprogramming of tumor cells is identified as tumor glycolysis; and besides, the metabolic regulator pyruvate kinase M2, is identified as the main mediator of cancer-induced immunosuppressive state of macrophages. Moreover, tenalisib is able to repolarize tumor-associated macrophages (TAMs) into pro-inflammatory macrophages, and therefore inhibits angiogenesis in cancer, which results in cancer regression in human tumor xenografts (155). A clinical study with favourable safety profile has displayed anticancer activity of tenalisib monotherapy in relapsed or refractory peripheral and cutaneous T-cell lymphoma (156) (SUPPLEMENTARY TABLE 1).





PI3Kδ Inhibitors

Acalisib (GS-9820, CAL-120)

Already mentioned above in the PI3Kβ inhibitors.

AMG-319 (ACP-319)

A significant improvement in anticancer activity is identified by exposing lymphoma cell lines to a combination of AMG-319 and Bruton tyrosine kinase (BTK) inhibitor acalabrutinib, compared to each agent singly. AMG-319 also demonstrates antitumor activity in pre-clinical models of mantle cell lymphoma (MCL), marginal zone lymphoma (MZL), and ABC-DLBCL (157). Accordingly, combination of AMG319 with acalabrutinib enhances survival and cancer control in a CLL mouse model. Notably, single-drug therapy increases survival by a week compared to control mice, but combination therapy extends survival by over two weeks compared with either single agent. Moreover, this combination remarkably reduces cancer burden in the peripheral blood and spleen of mice, decreases cancer proliferation, diminishes the expression of anti-apoptotic MCL-1 and Bcl-xL proteins, and suppresses NF-κB signaling, more significantly, compared to single-drug therapy (158). In a human study, AMG319 has proven evidence of cancer therapeutic activity in CLL patients. Besides, AMG319 determines serious adverse events, including anaemia and colitis, each occurring in 10.7% patients (159).

AZD8835 (1620576-64-8)

Already mentioned above in the PI3Kα inhibitors.

Duvelisib (IPI-145, INK-1197)

Already mentioned above in the PI3Kγ inhibitors.

Idelalisib (GS-1101, CAL-101)

Idelalisib is a PI3Kδi that is cancer selective and does not interfere with PAM signaling that sustains for normal cellular function. Idelalisib has been found to reduce AKT activation, reduce cell viability, and increase apoptosis, in Hodgkin lymphoma cellular models. Moreover, decrease of cell viability and apoptosis are further enhanced when idelalisib is combined with mTOR inhibitor everolimus (160). Idelalisib significantly blocks constitutive signaling proximally downstream of PI3K in primary lymphoma patient cells, displaying a remarkable inhibition of p-AKT levels (161). Idelalisib treatment, at doses of 40 µg/g or 80 µg/g for 5 days/week for 4 weeks, induces apoptosis of lymphoid tissues in intraperitoneally injected mice. In fact, idelalisib causes thymic involution, reduces CD4+/CD8+ T-cell population, and enhances CD4-/CD8- T-cell population. Besides, idelalisib reduces lymphocyte viability and cell count in the spleen. In addition, idelalisib augments cleaved caspase-3 expression in the spleen, lung, and thymus tissues. Moreover, idelalisib increases thoracic and airway resistance, and reduces thoracic compliance (162). Furthermore, combination of idelalisib with Bcl-2 inhibitor venetoclax exerts significant antitumor activity in follicular lymphoma in ex vivo studies. In fact, idelalisib reshapes the follicular lymphoma immune microenvironment and re-establishes dependency on Bcl-2, thereby causing cell death. Also, addition of idelalisib reduces the cytotoxic activity of venetoclax. Therefore, this study provides a rationale for studying further combinations of PI3Kδi and venetoclax in future clinical trials (163). Idelalisib has displayed significant clinical benefits as monotherapy in SLL and FL patients who have received at least two prior systemic therapies, and in combination with rituximab in CLL patients for whom rituximab singly would be considered appropriate therapy due to co-morbidities. As a result, idelalisib has been FDA-approved for use in this cohorts (164) (165) (SUPPLEMENTARY FIGURE 1). Clinical studies with favourable or acceptable safety profile have shown anticancer activity of idelalisib, both singly and in combination, in different hematological malignancies (166) (167) (168) (169) (169) (169) (170) (171) (172) (173) (174) (175) (176) (177) (178) (179) (180) (181) (182) (SUPPLEMENTARY TABLE 1).

Linperlisib (YY-20394, PI3Kδ-IN-2)

Clinical studies with acceptable safety profile have exhibited significant anticancer activity of linperlisib monotherapy in hematological malignancies (183) (184) (SUPPLEMENTARY TABLE 1).

ME-401 (1595129-71-7)

ME-401 is an orally absorbed specific inhibitor that exerts its mechanism of action by accumulating in target tissue and cells with strong affinity in a B-cell lymphoma mouse model. This feature highlights the clinical efficiency detected in B-cell malignancies that differentiate ME-401 from other PI3Kδi already approved or in development (185). A phase 1 study of ME-401 has shown that pharmacodynamics and pharmacokinetics are positive with a single dose of 60 mg displaying maximal PI3Kδ inhibition in healthy volunteers (186). Additionally, another study has demonstrated that using an intermittent ME-401 dosing schedule results in a low rate of grade 3 side effects in most patients (187).

Parsaclisib (INCB050465, IBI-376)

Parsaclisib is a highly selective, next-generation PI3Kδi that differs in structure from first-generation PI3Kδ inhibitors. Parsaclisib shows potent anticancer and immunomodulatory activities, and decreases hepatotoxicity in B-cell malignancy models. Indeed, PI3Kδ exerts more than 1000-fold selectivity for B cell neoplasms compared to other classes of PI3K isozymes, and directly blocks PI3K signaling that mediates cell proliferation in B-cell lines in vitro. Moreover, parsaclisib can also indirectly control cancer growth by reducing immunosuppression, through regulatory T-cell inhibition, in syngeneic lymphoma models. Interestingly, DLBCL cell lines, which overexpress MYC, display no response to parsaclisib-induced proliferation blockade through inhibition of PI3Kδ signaling; despite this, their proliferation is decreased by suppressing MYC gene transcription. These observations emphasise that hepatotoxicity detected with PI3Kδ first-generation inhibitors could be determined by an inadequate drug molecular structure, leading to an off-target effect. Currently, parsaclisib is being tested in several clinical trials as a therapy against hematologic B-cell malignancies (188). Clinical studies with acceptable safety profile have demonstrated anticancer activity of parsaclisib monotherapy in B-cell lymphomas (189) (190) (191) (192) (SUPPLEMENTARY TABLE 1).

Tenalisib (RP-6530)

Already mentioned above in the PI3Kγ inhibitors.

Umbralisib (TGR-1202, RP5264)

Umbralisib, a dual inhibitor of PI3Kδ and casein kinase-1-ε, sustains normal and CLL-associated FoxP3+ human Tregs in ex vivo studies. Indeed, umbralisib treatment preserves Treg number and function in CLL-bearing mice, whereas duvelisib- and idelalisib-treated mice show reduced numbers of Tregs, decreased Treg function, and enhanced immune-mediated toxicity, emphasising that inhibition of casein kinase-1-ε improved CLL Treg number and function. Moreover, casein kinase-1-ε inhibition mitigates impairment of CLL Tregs by PI3K inhibitors in combinatorial treatments, suggesting that a reduction of adverse events of umbralisib is determined by its dual PI3Kδ/CK1ε inhibitory activity (193). Combination of umbralisib with JAK1/2 inhibitor ruxolitinib in ex vivo experiments with primary chronic myelomonocytic leukemia (CMML) patient samples has shown synergism for cell viability and clonogenicity. Additionally, this combination promotes a concurrent reduction of AKT, STAT5, ERK, and S6 phosphorylation. These results highlight the importance of dual-inhibiting PI3Kδ and JAK1/2, thereby supporting the use of this combined drug therapy in CMML (194). Notably, umbralisib received its first FDA approval in 2021 for the treatment of relapsed or refractory MZL patients who had received ≥ 1 prior anti-CD20-based regimen, and relapsed or refractory FL patients who had received ≥ 3 prior lines of systemic therapy (195). However, due to safety concerns, the FDA withdrew its approval in 2022. Clinical studies with favourable or acceptable safety profile have shown anticancer activity of umbralisib, both singly and in combination, in different hematological malignancies (196) (197) (198) (199) (200) (201) (202) (SUPPLEMENTARY TABLE 1).

DUAL PI3K/mTOR INHIBITORS

Dual PI3K/mTORi are mostly effective against all PI3K isoforms, as well as mTORC1/mTORC2, leading to suppression of the three crucial intersections of the PAM signaling pathway. Herein, we included the major dual PI3K/mTORi currently in different stages of clinical trials. A summary of the most representative studies on dual PI3K/mTORi is shown in SUPPLEMENTARY TABLE 1.

Apitolisib (GDC-0980, RG7422, GNE 390)

Apitolisib is known to be particularly beneficial in patients with mutations in genes along the PAM pathway. Indeed, apitolisib treatment with gemcitabine and/or cisplatin synergistically decreases cholangiocarcinoma cell growth through the inhibition of PAM pathway (203). Furthermore, combination of apitolisib plus venetoclax shows potent anti-acute myeloid leukemia activity in vitro, mainly through the induction of pro-apoptotic proteins BAX and BAK, emphasising that dual PI3K and Bcl-2 inhibition merit further evaluation for effective treatment of acute myeloid leukemia (204). Clinical studies with acceptable safety profile have only displayed modest anticancer activity of apitolisib monotherapy in advanced solid tumors (205) (206) (SUPPLEMENTARY TABLE 1).

BGT226 (NVP-BGT226)

BGT226 demonstrates potent cytotoxic activity in hypoxic hepatocellular carcinoma cells. Indeed, BGT226 reduces cell proliferation, decreases survival, and inhibits angiogenesis by reducing the expression of vascular endothelial growth factor (VEGF) and transcription factor HIF1α, suggesting that this drug is a promising candidate for hepatocarcinoma therapy (207). BGT226 exerts significant cytotoxic effect towards pancreatic cancer cells via mTOR signaling. L-leucine promotes proliferation of pancreatic cancer cells and enhances expression of Sestrin2 and p-mTOR proteins, suggesting that sestrin2 endorses the progression of pancreatic cancer through PAM signaling. Notably, sestrin2 overexpression increases glycolysis of pancreatic cancer cells and engenders their proliferation, but this effect is eliminated by BGT226-mediated PI3K/mTOR inhibition (208). Moreover, combination of BGT226 with gefitinib shows synergistic anticancer effects in non-small-cell lung cancer (NSCLC) cell lines. Indeed, suppression of PAM signalling and induction of apoptosis are intensified by this combination. Additionally, remarkable cancer growth suppression is observed in a xenograft model with this combination (209).

Bimiralisib (PQR309) 

Bimiralisib exhibits anti-lymphoma activity in vitro, both singly, and in combination with either ibrutinib, or venetoclax, or rituximab, or panobinostat, or lenalidomide, or marizomib, or ARV-825. In addition, this drug exerts anticancer activity in cells with primary or secondary resistance to idelalisib. Interestingly, sensitivity to bimiralisib is particularly associated with high expression of transcripts coding for the B-cell receptor pathway. Thus, bimiralisib can be considered a potential drug that is worth developing to treat lymphoma (210). Moreover, bimiralisib reduces proliferation, causes G1-phase cell cycle arrest, and enhances apoptosis in human glioblastoma cells. Accordingly, the expression of AKT, p‑AKT, and cyclin D1 decreases, whereas the expression of BAX, BAD, cleaved caspase‑3, Bcl‑2, and Bcl‑xL increases. Furthermore, migration and invasion of glioma cells show a remarkable reduction after treatment with bimiralisib, providing significant evidence for further development of this compound (211). Interestingly, glioblastoma cell lines with increased level of active p-AKT, decreased level of phosphorylated inactive protein translation repressor EIF4E-BP1 (p4E-BP1), and enhanced level of (Ser9)-phosphorylated inactive GSK3β (p-GSK3β), are more responsive to bimiralisib. Accordingly, the anticancer activity of bimiralisib is synergistically potentiated by either direct pharmacological inhibition of AKT or silencing of AKT gene (212). Studies in preclinical models suggest that bimiralisib can exert antitumor activity in HNSCC, and its efficacy has been found to be enhanced with inactivating NOTCH1 mutations (213). More importantly, bimiralisib is able to cross the BBB, displaying efficient pharmacokinetic parameters in rats and mice, and reduction of proliferation in cancer cell lines, as well as rat xenograft models. Besides, this drug shows favourable tolerability, and is thus a potential clinical candidate for the treatment of primary brain cancers and central nervous system metastasis (214). Moreover, bimiralisib singly exerts in vivo antitumor activity in an orthotopic LN-229 glioma xenografts in nude mice. In addition, combining bimiralisib with direct AKT pharmacological inhibition or AKT gene silencing, synergistically enhances the anticancer efficacy in these glioma xenograft models (212). Clinical studies with acceptable safety profile of bimiralisib monotherapy have shown anticancer activity in advanced solid tumors, but with limited efficacy in lymphoma (215) (216) (SUPPLEMENTARY TABLE 1).

Dactolisib (BEZ-235, NVP-BEZ235)

Dactolisib is an imidazo [4,5-c] quinoline derivative drug that inhibits PI3K and mTOR kinase catalytic activities by binding to their ATP-binding cleft (217). Dactolisib stimulates mutant p53 degradation to exert anticancer effects on TNBC cells. In fact, dactolisib inhibits growth, migration and formation of colonies in TNBC cells. Moreover, dactolisib treatment leads to degradation of mutp53 in MDA-MB-231 and MDA-MB-468 TNBC cell lines. Additionally, dactolisib induces autophagy through repression of the PAM signaling pathway. Furthermore, there is positive feedback between mutp53 and autophagy in TNBC cells (218). Dactolisib also inhibits thyroid cancer cell growth by p53-dependent and p53-independent p21 upregulation. Besides, the anticancer effects of dactolisib are more prominent in p53 wild-type thyroid cancer cells, in comparison to p53 mutant thyroid cancer cells. Additionally, GSK3β/β-catenin signaling suppression is implicated in the p21-induced G0/G1 cell cycle arrest in both p53 wild type thyroid cancer cells and mutant thyroid cancer cells treated with dactolisib (219). Dactolisib singly shows significant anticancer activity by inducing cytotoxicity and apoptosis in glioblastoma cell lines (220). Combination of dactolisib with diosmin determines synergistic anti-proliferative effects, enhances caspase-3-induced apoptosis, reduces angiogenesis, and thus inhibits the signaling transduction of PAM pathway in HCT-116 CRC cell line (221). In addition, combination of dactolisib with multi-kinase inhibitor regorafenib exercises synergistic antitumor effects in hepatocellular carcinoma. Indeed, this combination treatment augments the suppression of cell proliferation and enhances cleaved caspase-3 and cleaved PARP expression in hepatocellular carcinoma cells. Additionally, this combination inhibits cell migration, suppresses cell invasion, and reduces the expression of epithelial-mesenchymal transition (EMT)-related genes such as vimentin, slug, and MMP9/2. Besides, suppression of AKT, mTOR, S6K, and 4EBP1 phosphorylation has also been confirmed (222). Moreover, combination of dactolisib with temozolomide plus simultaneous radiotherapy, more significantly reduces cell viability, enhances pro-apoptotic effects, inhibits migration and invasion, increases p27 expression, and decreases Bcl-2 expression, compared to temozolomide plus radiotherapy, in glioblastoma cells (220). Dactolisib has exhibited adequate anticancer effects in preclinical studies in various cancers, such as colorectal cancer (223) (224), renal cancer (225), prostate cancer (226), lung cancer (227), TNBC (228) (229), melanoma (230), lymphoma (231), ovarian cancer (232), thyroid cancer (219), and glioblastoma (220). However, dactolisib monotherapy has been reported to exert only modest antitumor clinical activity with inconsistent pharmacokinetic characteristics in solid tumors (233) (234), and in combination, for instance with abiraterone acetate, has been shown to produce mild anticancer clincial activity, mainly due to intolerability in solid tumor patients (235). Clinical studies with acceptable safety profile have demonstrated anticancer activity of dactolisib monotherapy in a variety of advanced solid tumors (236) (237) (SUPPLEMENTARY TABLE 1).

DS-7423 (DS7423)

DS-7423, a small molecule dual PI3K/mTORi, exerts anticancer activity and promotes p53-dependent apoptosis in ovarian clear cell adenocarcinoma (OCCA). In addition, a reduction in S phase and an enhancement of sub-G1 phase of the cell cycle treatment is detected after DS-7423 in majority of OCCA cell lines. Moreover, DS-7423 treatment induces more apoptosis in cell lines without TP53, compared to others with TP53 mutations. In line with this, concurrent increased level of p53 phosphorylation at Ser46, as well as reduced phosphorylation level of (p53 inhibitor) MDM2, is determined by DS-7423 treatment, in TP53 wild-type cell lines. Besides, DS-7423 causes upregulation of genes that mediate p53-dependent apoptosis, including PUMA and P53AIP1. Furthermore, DS-7423 significantly reduces cancer growth of ovarian clear cell adenocarcinoma in a dose-dependent manner in mouse xenograft models, suggesting that DS-7423-induced dual PI3K/mTOR inhibition can represent a strategic molecular target therapy for ovarian clear cell adenocarcinoma (238). Interestingly, dual inhibition of PAM pathway by DS-7423 and MDM2 by RG7112 exerts synergistic antiproliferative effect in ovarian clear cell carcinoma cell lines without TP53 mutations. This combination more significantly induces pro-apoptotic protein PUMA and cleaved PARP with augmented sub-G1 population and apoptotic cells, compared to either agent singly. In addition, this combination remarkably decreases cancer volume in mice, and robustly reduces vascularity and cell proliferation, with higher apoptotic cell death in xenograft tumors (239). In other preclinical studies, DS-7423 remarkably has reduced the growth of glioma cancer cell lines and glioma-initiating cell lines. Importantly, cell lines with PI3K gene alterations and PTEN mutations are particularly responsive, through inhibition of cell growth, to DS-7423 treatment. DS-7423 demonstrates robust capacity to cross the BBB in mice, leading to significant suppression of PI3K signaling biomarkers in the brain. Additionally, DS-7423 displays steady survival benefit and stable efficacy in the orthotopic models of glioblastoma multiforme. Besides, DS-7423 treatment increases the anticancer potency of temozolomide against glioblastoma multiforme in glioma models, emphasising that dual inhibition of PI3K and mTOR can enhance cytotoxicity mediated by alkylating drug, and thus, suggesting a novel regimen treatment for glioblastoma multiforme, which can be appropriate for patients characterised by PI3K-activated and/or PTEN-altered tumors (240). A clinical study with acceptable safety profile has shown anticancer activity of DS-7423 monotherapy in advanced solid tumors (241) (SUPPLEMENTARY TABLE 1).

Gedatolisib (PF-05212384, PKI-587)

Gedatolisib is known to repress an mTORC2-induced negative feedback loop, resulting in MEK/ERK pathway overactivation in pancreatic cancer cells (242). Moreover, gedatolisib provokes a remarkable reduction of cell cycle with G0/G1 blockage, and activation of apoptosis in neuroendocrine tumor cells (243). Gedatolisib determines growth suppression (244) and enhances radio-sensitization in several HNSCC cell lines (245). Furthermore, overexpression of ATP-binding cassette drug transporters, particularly ABCB1 and ABCG2 transporters, which represent one of the most common mechanism for developing multidrug resistance, is reported to reduce the potency of gedatolisib in colorectal cancer cells. Besides, gedatolisib is a drug substrate of both ABCB1 and ABCG2. Therefore, combination of gedatolisib with ATP-binding cassette transporter inhibitors is possibly necessary to improve the overall efficacy toward colon cancer cells (246). Gedatolisib enhances chemosensitivity of oxaliplatin through hindering DNA damage repair pathways such as homologous recombination (HR) and non-homologous end joining (NHEJ), and inhibiting the PAM signaling pathway, in SK-Hep1 and HepG2 hepatocellular carcinoma cell lines. Indeed, combination of gedatolisib and oxaliplatin more significantly reduces proliferation, augments apoptosis, increases the G0/G1 phase arrest of the cell cycle, and enhances the number of γ-H2AX/cells, compared to oxaliplatin treatment singly (247). Interestingly, gedatolisib potently sensitizes and eliminates quiescent breast cancer cells seeded in organotypic bone marrow cultures to chemotherapy (248). A PTEN-deficient patient-derived tumor xenograft study has shown that combination of gedatolisib with either paclitaxel, or cisplatin, or dacomitinib, enhances chemotherapy efficacy in TNBC and low-grade serous ovarian cancer models, whereas no improvement is detected in KRAS and TP53 mutant lung adenocarcinoma models (249). Besides, gedatolisib significantly enhances the radiosensitization in preclinical non-metastatic HNSCC models (245). Gedatolisib has also demonstrated antitumor activity by promoting apoptosis, without toxicity, in ovarian cancer xenograft models (250). Moreover, combination of gedatolisib with oxaliplatin significantly reduces cancer growth in vivo, through antitumor effects associated with induction of mitochondrial apoptosis, and suppression of AKT/mTOR phosphorylation, as well as γ-H2AX phosphorylation (247). Clinical studies with favourable or acceptable safety profile have displayed anticancer activity of gedatolisib, both singly and in combination, in several advanced solid tumors (251) (252) (253) (253) (254) (255) (SUPPLEMENTARY TABLE 1).

Omipalisib (GSK2126458, GSK458)

Omipalisib, a potent highly selective small-molecule ATP-competitive dual PI3K/mTORCi, can significantly hamper ovarian cancer carcinogenesis and metastasis. Indeed, omipalisib potently inhibits cell proliferation, and strongly reduces cell migration in ovarian cancer and patient-derived ovarian primary cancer cell lines. Importantly, the efficacy of omipalisib-mediated inibition on cell proliferation and migration is mostly the same as that of paclitaxel. In addition, the anti-cancer activity of omipalisib is associated with inactivation of AKT and mTOR, and activation of cell cycle arrest at the G0/G1 phase (256). Ompalisib hampers NHEJ and sensitizes different types of tumor cells to chemotherapy and radiotherapy. In fact, omipalisib enhances DNA damage-induced cell death, and impedes ionizing radiation- and doxorubicin-induced phosphorylation of DNA-PKcs, thereby leading to suppression of the NHEJ pathway (257). Ompalisib significantly inhibits proliferation and invasion of pancreatic cancer cells, highlighting the importance of PAM signaling pathway in the onset and progression of pancreatic cancer (258). Macrocyclization is a novel promising strategy used in drug discovery, since the semi-rigid character of these structures can determine improved selectivity, potency, and favorable pharmacokinetic features. Notably, this approach permits access to new chemical space leading to attaining a more suitable property position. A series of novel small molecule macrocycles (MCXs) based on omipalisib exhibit potent biochemical and cellular dual PI3K/mTOR inhibition, and show remarkable anticancer effects in human tumor cell lines. Therefore, these in vitro experiments reveal omipalisib as an appropriate candidate for future in vivo pharmacokinetic and pharmacodynamic studies in mouse tumor models (259). Moreover, combination of omipalisib with dual PI3K/mTORCi gedatolisib displays suppression of cancer progression and enhances radiosensitivity in nasopharyngeal carcinoma in vitro. Indeed, this combination remarkably decreases cell proliferation and motility in nasopharyngeal carcinoma cells, and inhibits phosphorylation of AKT, mTOR, S6, and 4E-BP1 proteins. Additionally, this combination sensitizes nasopharyngeal carcinoma cells to ionizing radiation by increasing DNA damage, inducing apoptosis, and increasing the G2-M cell cycle delay (260). Omipalisib exhibits significant antitumor activity in solid renal tumors through abrogation of cell proliferation and enhancement of apoptosis in genetically engineered TSC2+/- mice. In fact, omipalisib significantly decreases the number and size of solid renal tumors, and reduces the number and size of solid, cystic, and papillary lesions. Additionally, as expected, omipalisib exerts a strong inhibition of PI3K and mTOR in renal tumors (261). Furthermore, omipalisib significantly reduces ovarian cancer growth and metastasis in SKOV3 cell intraperitoneally-engrafted nude mice or patient-derived tumor cell xenografts. Omipalisib anti-cancer activity is correlated to activation of G0/G1 phase arrest of the cell cycle, and inhibition of AKT and mTOR. Notably, the inhibitory effect of omipalisib is statistically comparable to that of paclitaxel, further emphasising the potent antitumor activity of this agent (256). In addition, combination of omipalisib with gedatolisib plus ionizing radiation significantly induces apoptosis, suppresses the phosphorylation of AKT, mTOR, and 4E-BP1, and reduces cancer growth in vivo, suggesting that this combination can represent a promising therapeutic strategy for nasopharyngeal carcinoma (260). A clinical study with acceptable safety profile has shown moderate anticancer activity of omipalisib monotherapy in advanced solid tumors (262) (SUPPLEMENTARY TABLE 1).

Panulisib (P7170)

Panulisib, a potent and selective imidazoquinoline-based PI3K inhibitor, significantly reduces phosphorylation of AKT, S6 and 4E-BP1 level by 80-100%, and decreases tumor growth in human NSCLC cells. Besides, panulisib decreases colony formation, and induces apoptosis in NSCLC patient cancer-derived NSCLC cell lines (263). Panulisib displays a strong anticancer activity in endocrine-sensitive and endocrine-resistant estrogen receptor positive (ER+) breast cancer. Indeed, panulisib significantly increases apoptosis, remarkably inhibits PI3K at a dose of ≥ 200 nM, and reduces mTOR activity at a dose of ≤ 25 nM in cell lines (264). Moreover, panulisib treatment shows strong anticancer efficacy and reduced ALK1-induced angiogenic activity. In fact, panulisib remarkably inhibits phosphorylation of p-AKT (S473), as well as S6K (T389), and significantly reduces proliferation in colon, ovarian, renal, and prostate cancer cell lines. Additionally, panulisib promotes blockage of G1 phase-S phase cell cycle transition in these cell lines. Moreover, in vivo matrigel plug, in vitro human umbilical vein endothelial cell (HUVEC) tube formation, and rat aorta ring assays proves that panulisib exert significant antiangiogenic activity. Furthermore, knockdown of ALK1 in HUVECs, demonstrates that panulisib-induced antiangiogenic activity is achieved through the inhibition of ALK1. Besides, panulisib also exhibits a remarkable cancer growth inhibition, in a dose-depended manner, in several human cancers when given orally at doses ranging from 10 mg/kg to 20 mg/kg in mouse xenografts (265). In addition, panulisib at 20 mg/kg daily, remarkably suppresses the growth of human NSCLC xenografts, independently of PIK3CA, KRAS, or epidermal growth factor receptor (EGFR) mutations, or erlotinib treatment response (263). Also, panulisib significantly inhibits cancer growth, suppresses growth of fulvestrant-resistant cancers, and reduces tumor cell proliferation in mice bearing endocrine-sensitive and endocrine-resistant ER+ breast cancer xenografts, suggesting that the major mechanism of panulisib anticancer efficacy occurs through the inhibition of mTOR signaling (264).

Paxalisib (GDC-0084, RG7666)

Paxalisib significantly reduces cutaneous squamous cell carcinoma (cSCC) cell growth in vitro. Indeed, paxalisib remarkably decreases proliferation and survival of established SCL-1, SCC-13, A431 cell lines, as well as primary human cSCC cells. Moreover, paxalisib triggers apoptosis and causes cell cycle blockage in primary human cSCC cells. Additionally, particularly in A431 cells and primary human cSCC cells, paxalisib suppresses phosphorylation of crucial PAM pathway proteins, such as p85, AKT, S6, and S6K1. Besides, paxalisib also reduces the activation of DNA-PKcs, the catalytic subunit of a nuclear DNA-dependent Ser/Thr protein kinase DNA-PK, in primary human cSCC cells, which results in paxalisib-induced cell death and apoptosis in A431 cells (266). Importantly, paxalisib is a brain-penetrant small molecule that has shown a remarkable dose-dependent anticancer activity in vitro. Indeed, paxalisib significantly reduces cell viability, enhances apoptosis, cell-cycle arrest, and decreases phosphorylation of AKT and p70S6 kinase, in breast cancer brain metastatic cell lines harbouring a PIK3CA mutation. Conversely, paxalisib causes only growth inhibition in breast cancer brain metastatic cell lines with PIK3CA wild type (267). In vivo, daily administration of paxalisib robustly reduces A431 cell line-xenograft cancer growth in cSCC mice. Also, in paxalisib-treated cancer tissues, activation of PI3K, AKT, mTOR, and DNA-PKcs are remarkably inhibited (266). Moreover, paxalisib treatment potently suppresses growth of PIK3CA-mutant, but not growth of PIK3CA wild-type brain tumors, in breast cancer brain metastasis xenograft mouse models. Paxalisib can therefore be considered a promising treatment for breast cancer brain metastases with altered PI3K and mTOR signaling determined by activating PIK3CA mutations (267). Furthermore, paxalisib at steady-state concentration of 45 mg/once daily determines enduring anticancer activity in glioma xenograft models (268). A clinical study with acceptable safety profile has demonstrated anticancer activity of paxalisib monotherapy in high-grade glioma (269) (SUPPLEMENTARY TABLE 1).

PF-04691502 (1013101-36-4)

PF-04691502, a potent ATP competitor inhibitor, decreases phosphorylation of AKT and S6 ribosomal protein thereby inhibiting cell proliferation in PI3KCA-mutated and PTEN-deleted cancer cell lines (270). PF-04691502 also exhibits significant activity through its activation of G1 cell cycle blockage and apoptosis in numerous aggressive B-cell non-Hodgkin lymphomas (NHL) cell lines (271). PF-04691502 enhances apoptosis and disrupts micro-environmental signaling in chronic lymphocytic leukemia in vitro (272). Combination of PF-04691502 with radiation exerts synergistic anticancer effects on HNSCC cells. However, this combination is ineffective in HNSCC cells characterised by a higher mutational burden and multiple variants in the PAM pathway, highlighting the need for alternative therapeutic strategies in non-responsive HNSCCs (273). Combination of PF-04691502 with radiotherapy enhances radiosensitization in NETs. Indeed, exposure to PF-04691502 two days after radiotherapy more significantly enhances apoptosis, in comparison to either PF-04691502 or radiotherapy singly, in neuroendocrine tumor (NET) cell lines. Thus, schedule-dependent administration of PF-04691502 in combination with radiotherapy can increase cytotoxicity by engendering the radiosensitivity of NET cells, suggesting that this combination may potentially represent a suitable therapeutic regimen for gastroenteropancreatic NET patients (274). PF-04691502 significantly inhibits cell growth in cutaneous T-cell lymphoma (CTCL) cell lines. Moreover, PF-502 also exhibits anticancer activity in patient-derived CTCL cells (275). Preclinical studies of PF-04691502 have shown that PF-04691502-induced PI3K/mTOR suppression can increase the expression of TP53/TP73, and consequently, reduces tumor growth in murine knockout models and human xenografts of HNSCC (276). Furthermore, in a PTEN-deficient patient-derived tumor xenograft, PF-04691502 combined either with paclitaxel, or cisplatin, or dacomitinib, increases the chemotherapy efficacy in TNBC and low-grade serous ovarian cancer models, whereas no improvement is detected in KRAS and TP53 mutant lung adenocarcinoma model (249). PF-04691502 demonstrates antitumor activity by promoting apoptosis in ovarian cancer xenograft models, but however, minimally affects proliferation markers such as Ki67 and phospho-histone H3. Besides, no toxicity is detected during this treatment (250). Moreover, PF-04691502 treatment of tumor-bearing animals leads to a transient lymphocytosis, followed by a decrease of tumor in blood, spleen, bone marrow, and lymph nodes (272). Furthermore, PF-502 also displays anticancer activity in a patient-derived CTCL xenograft mouse model, by increasing survival and inducing apoptosis in treated mice (275).




PI103 (PI-103)

PI-103 is a small organic heterotricyclic PI3K inhibitor molecule that selectively inhibits recombinant PI3K isoforms p110α, p110β, and p110δ, and blocks mTOR and DNA-PK, by targeting the ATP binding sites of PI3K and mTOR (277). Indeed, PI103 remarkably inhibits constitutive- and growth factor-induced activation of PI3K/mTORC1, blocks cell proliferation, and drives G1 phase arrest of the cell cycle in human leukemia cell lines (278). Interestingly, combination of PI103 and histone-lysine N-methyltransferase enzyme EZH2 inhibitor EPZ-6438 synergistically decreases invasion, angiogenesis, and stemness potential in glioblastoma multiforme U-87 cells (279). PI103 is also able to chemosensitise glioblastoma cell lines, as well as glioblastoma stem cells, to apoptosis by hampering the mechanism of DNA repair. In fact, combined treatment of PI103 with DNA-damaging agents, particularly doxorubicin, remarkably enhances apoptosis, and decreases colony formation, compared to chemotherapy treatment singularly. The molecular mechanism explaining this chemosensitisation is demonstrated by the suppression of PI3K, mTOR, and DNA-PK. Notably, inactivation of PI3K or DNA-PK, but not mTOR, delays the resolution of doxorubicin-mediated DNA damage and concurrently enhanced apoptosis (280). Interestingly, PI103 treatment exhibits a significant decrease of proliferation in human glioma cell lines, as well as reduction of tumor growth, invasion, angiogenesis, and metastasis in human glioma xenograft tumors, thereby highlighting a potential efficacy due to combined inhibition of PI3K and mTOR in malignant glioma. Besides, the safety profile of PI103 yields favorable results since there is no detectable toxicity (281). Moreover, PI103 primes neuroblastoma cells for TRAIL-mediated apoptosis by changing the balance toward pro-apoptotic Bcl-2 family members, enhances mitochondrial apoptosis, and suppresses clonogenic survival in vitro. Additionally, PI103 significantly decreases cancer growth in a neuroblastoma in vivo model. Therefore, PI103 is a novel promising agent to increase the efficacy of TRAIL-based treatments in neuroblastoma (282). Combination of PI103 with PARP inhibitor olaparib significantly increases radiation-induced apoptosis in BRCA-proficient TNBC cells, and as a result, remarkably decreases tumor volume in xenografts. Thus, targeting the PAM signaling pathway with concurrent PARP inhibition maybe a novel strategy to augment the efficacy of radiation in BRCA-proficient TNBC patients (283). Combination of PI103 with chemotherapic doxorubicin synergistically activates apoptosis in neuroblastoma cells, and decreases cancer growth in neuroblastoma in vivo models. Indeed, this combination activates caspase 3, increases BID cleavage, induces BAX, suppresses cell proliferation, and determines G1 phase arrest of the cell cycle in neuroblastoma cells in vitro. Induction of caspase 3 is also detected in neuroblastoma xenografts in nude mice. In addition, this combinatorial treatment significantly hampers the growth of established neuroblastoma tumors and improves the survival of mice in vivo (284).

Samotolisib (LY3023414, GTPL8918) 

Samotolisib has been tested in several cancer cell lines. Interestingly, an in vitro study has shown that overexpression of ATP-binding cassette drug transporters, which is notably a common mechanism for developing tumor cell multidrug resistance, remarkably hampers the efficiency of samotolisib in cancer cells. In fact, intracellular accumulation of samotolisib in cancer cells is robustly decreased by the drug efflux function of both ABCB1 and ABCG2, two well-known ATP-binding cassette drug transporters. As a result, samotolisib displays no significant efficacy to suppress PAM signaling pathway and determine blockage of G0/G1 cell cycle phase in tumor cells overexpressing ABCB1 or ABCG2 (285). Bone metastasis, which often leads to bone destruction, is rather frequent in many advanced cancers. Interestingly, samotolisib inhibits both osteogenesis and osteoclastogenesis through the PAM signalling pathway, which is often activated in osteosarcoma, in murine preosteoblast cells and bone marrow-derived macrophage cells. Indeed, samotolisib significantly reduces PI3K/AKT/GSK3-dependent activation of β-catenin during osteogenesis, and concurrently, decreases NFATc1 during osteoclastogenesis. Accordingly, siRNA-mediated gene knockdown of AKT isoforms downregulates osteoclastogenesis emphasising that AKT1 and AKT2 act synergistically. Thus, this study may contribute to a better understanding of the potential benefits of samotolisib in future cancer-related clinical applications (286). Clinical studies with favourable or acceptable safety profile have shown anticancer activity of samotolisib, both singly and in combination, in different advanced solid tumors (287) (288) (289) (290) (291) (292) (SUPPLEMENTARY TABLE 1).

Voxtalisib (XL765, SAR245409)

Voxtalisib significantly decreases proliferation, suppresses generation of PIP3 on the plasma membrane, and remarkably reduces phosphorylation of AKT, S6K, and S6, in a variety of cancer cell lines (293). Besides, voxtalisib exerts significant antiproliferative effects, mainly due to decreased cyclin B1/cyclin D1/cyclin E, CDK2/CDK4/CDK6, and concurrent increase of cell cycle regulators p21/p27 in prostate cancer cell lines. Antitumor activity of voxtalisib is correlated to an enhancement of nuclear localization of FOXO1a, with consequent induction of apoptosis. Additionally, voxtalisib treatment shows superior antitumor efficacy in prostate cancer cells, when compared to either PI3K inhibitor voxtalisib treatment or mTOR inhibitor rapamycin treatment, carried out in the same cell lines (294). Notably, voxtalisib inhibits cell growth by inducing endoplasmic reticulum stress-dependent apoptosis, occurring through the activation of CHOP/DR5 pathway, in T98G, U87MG, and A172 glioblastoma cell lines. Moreover, endoplasmic reticulum stress is determined by voxtalisib-induced suppression of mTOR signal, and not PI3K signal. In addition, combination of voxtalisib with temozolomide, a common glioblastoma chemotherapy, remarkably improves the antitumor efficacy in A172 glioblastoma cell line xenograft mouse model (295). Furthermore, oral administration of voxtalisib robustly inhibits AKT, S6K, and S6 phosphorylation in a dose-dependent manner, exerting a 24-hour active duration, in mouse xenograft models. Also, repeated dosing of voxtalisib leads to a remarkable cancer growth suppression in numerous human xenograft models in nude mice, which correlated to proapoptotic, antiproliferative, and antiangiogenic effects (293). Clinical studies with favourable or acceptable safety profile have displayed anticancer activity of voxtalisib, both singly and in combination, in a variety of advanced solid tumors, as well as B-cell malignancies (296) (297) (298) (299) (300) (301) (301) (302) (SUPPLEMENTARY TABLE 1).

VS-5584 (SB2343)

VS-5584 exhibits a 30-fold higher efficacy in reducing survival and proliferation of cancer stem cells, compared to cancer cells in solid tumor cell populations (303). VS-5584 treatment determines a BIM-induced significant growth inhibition in multiple myeloma cell lines. Notably, VS-5584 displays an upregulation of class II tumor suppressor gene RARRES3, which contributes to induction of apoptosis, enhancement of cyclin D2 expression, and blockage of cell cycle, in myeloma patient cells. In addition, combination of VS-5584 with either velcade, dexamethasone, or panobinostat, exerts synergistic effects in several myeloma cell lines, and in CD138+ plasma cells isolated from different myeloma patients (304). Nowadays, VS-5584 can be considered a promising antitumor drug in application along with chemotherapy in PAM-indeced human osteosarcoma. Indeed, in a dose-depended manner, VS-5584 treatment significantly reduces growth of MG-63 and U2OS human osteosarcoma cells, by enhancing CDC2-, Cyclin B1-, p21-, and p27-induced G1-phase arrest. Moreover, VS-5584 treatment displays a robust suppression of the PAM signaling pathway. Furthermore, VS-5584 completely blocks cell migration and tube formation of HUVECs (305). Interestingly, VS-5584 remarkably increases the apoptotic effect, and consequently augments the anti-proliferative effect, of subtoxic dose arsenic trioxide through the suppression of NF-κB activity, a downstream protein of PAM pathway, in B cell precursor-acute lymphoblastic leukemia. Accordingly, this combination also leads to lower expression of NF-κB target genes involved in cell survival and proliferation (306). VS-5584 is reported to increase the anticancer efficacy of multi-tyrosine kinase inhibitor ponatinib in blasts and Philadelphia -negative leukemia stem cells in chronic myeloid leukemia (CML). In fact, this combination exerts synergistic antileukemic effects in vitro, since VS-5584 lowers the dose concentration of ponatinib necessary to target leukemic stem cells. Moreover, this combination treatment suppresses the PAM pathway more robustly, through decreasing p-AKT, p-mTOR, p-S6K, and p-PRAS40, compared to each agent singly, in leukemic stem cells. Consequently, the synergistic effects of this combination lead to subsequent downstream effects such as increased C/EBP transcriptional activity, as well as reduced activity of NFκB, STAT3, E2F/DP1, CREB, Myc/Max, Elk-1/SRF, and AP-1, in leukemic stem cells (307). Moreover, VS5584 synergistically enhances the antitumor activity of ATP-competitive and AKT2 selective inhibitor CCT128930 in human osteosarcoma cells. Indeed, combination of VS5584 and CCT128930 determines a more significant PAM pathway- and MAPK pathway-mediated apoptosis, shown through increased PARP cleavage and caspase-3 activation, compared to each drug singly, in human osteosarcoma cells (305). VS-5584 significantly inhibits PAM activation in established 786-O and A498 cell lines, and primary renal cell carcinoma cells, thereby reducing cell proliferation, cell survival, cell cycle progression, and cell migration. Additionally, VS-5584 determines a remarkable enhancement of apoptosis in renal cell carcinoma cells. Interestingly, VS-5584 treatment in renal cell carcinoma cells and 786-O tumor xenografts lead to feedback upregulation of BRD4. Accordingly, BRD4 complete knockout, or BRD4 knockdown, or JQ1-induced BRD4 inhibition, strongly enhances VS-5584-induced renal cell carcinoma cell death and apoptosis. Conversely, induced overexpression of BRD4 mitigates the cytotoxicity of VS-5584 in established 786-O cells. These results emphasise that VS-5584 anticancer activity is robustly potentiated by possibly co-targeting the inhibition of BRD4. Moreover, orally administered VS-5584 in a single daily dose of 20 mg/kg exerts a remarkable inhibition of established renal carcinoma 786-O tumor growth in vivo (308). Also, VS-5584 exerts significant anti-cancer efficacy by decreasing proliferation, causing G0/G1 phase arrest of the cell cycle, and suppressing the PAM pathway, in neuroblastomas cells. In addition, VS-5584 reduces the expression of p-S6K1, p-Rb, p-CDK2, and cyclin E1, and augments the expression of p21 and p27 in neuroblastoma cells. Furthermore, VS-5584 remarkably hampers tumor growth and downregulates the expression of p-mTOR and p-S6K1 in mouse neuroblastoma tissues (309). Importantly, VS-5584 also decreases cancer stem cell level in numerous mouse xenograft models of human tumor. In line with this, VS-5584 treatment ex vivo remarkably decreases cancer stem cells in resected ovarian and breast cancer patients. Contrary, cisplatin or paclitaxel chemotherapy displays minor efficacy in targeting cancer stem cells than bulk tumor cells. Moreover, VS-5584 arrests cancer regrowth after chemotherapy in small-cell lung cancer (SCLC) mouse xenograft models (303). Besides, VS-5584 remarkably decreases cancer volume and weight in multiple myeloma mouse xenografts (304).


AKT INHIBITORS

Overexpression of AKT has been detected in several cancers and is often associated with increased tumor cell survival and proliferation. Thus, targeting AKT could provide a strategic approach for cancer therapy. Numerous drugs can specifically inhibit AKT proteins, thereby impeding overactivation of downstream proteins in PAM signalling pathway (FIGURE 10). Herein, we included the major AKT inhibitors that are currently in different stages of human clinical trials. A summary of the most representative studies on AKT inhibitors is shown in SUPPLEMENTARY TABLE 2.

Afuresertib (GSK2110183)

Afuresertib is a competitive pan-AKT kinase domain inhibitor (310). Interestingly, ALK+ inhibitor ceritinib has been found to enhace the in vitro efficacy of afuresertib. In fact, this combination more significantly reduces proliferation, increases apoptosis, and decreases p-AKT as well as p-GSK3β levels, compared to each agent singly, in gastric cancer cell lines and gastric cancer patient-derived cells (311). Auresertib increases apoptosis, and enhances caspase-3 as well as caspase-7 activities in malignant pleural mesothelioma cells. Besides, afuresertib remarkably causes G1 phase arrest of the cell cycle, and accordingly, increases the expression of p21WAF1/CIP1 in these cells. In addition, afuresertib reduces phosphorylation of AKT substrates GSK3β and FOXO, suggesting that drug-mediated expression of p21 determines G1-phase cell cycle arrest by promoting FOXO transcriptional activity malignant pleural mesothelioma cells. Moreover, addition of afuresertib remarkably improves cisplatin-induced cytotoxicity in malignant pleural mesothelioma cells (312). Interestingly, the anticancer effects of phytochemical curcumin, mainly due to cycle arrest and enhanced apoptosis, are significantly augmented by afuresertib, in ML‑2 and OCI‑AML5 acute myeloid leukemia cells. In line with this, combination of afuresertib and curcumin synergistically inhibits the engraftment, proliferation, and survival of acute myeloid leukemia cells in an acute myeloid leukemia xenograft mouse model (313). Furthermore, combination of afuresertib and ALK+ inhibitor ceritinib has been reported to exert a strong synergistic enhancement of tumor regression in a mouse MKN45 gastric cancer model (311). Clinical studies with favourable or acceptable safety profile have shown anticancer activity of afuresertib monotherapy in advanced hematological malignancies, and in combination with paclitaxel plus carboplatin in platinum-resistant ovarian cancer (310) (314) (315) (316) (SUPPLEMENTARY TABLE 2).

ARQ-751 (ARQ751, MK-4440)

ARQ 751 is an allosteric pan-AKT inhibitor, which reduces AKT activation by dephosphorylating its membrane-associated active conformation, and by impeding its inactive conformation from relocalizing to the plasma membrane. ARQ 751 decreases proliferation across numerous cancer types, including CRC, leukemia, endometrial cancer, and breast cancer cell lines. Besides, preclinical studies have shown sensitivity of PIK3CA, PIK3R1, AKT1E17K, or PTEN-mutated cancer cells towards ARQ 751. Moreover, ARQ 751 demonstrates significant anti-tumor activity in AKT1E17K-mutated endometrial patient-derived xenografts models, and other PAM pathway-activated cancer models (317). ARQ 751 significantly inhibits NHL cell proliferation, but however, exhibits modest effect on the viability of primary B-cells (318). Combination of ARQ 751 with first-line KIT inhibitor imatinib mesylate shows synergistic effects in imatinib mesylate-sensitive and -resistant gastrointestinal stromal tumor cell lines. Accordingly, this treatment combination significantly upregulates tumor suppressor PDCD4, and enhances cell death. Furthermore, in vivo studies demonstrate superior efficacy of this combination in an imatinib mesylate-sensitive preclinical model of gastrointestinal stromal tumor compared to each agent singly (319).

BAY1125976 (BAY-1125976)

BAY 1125976 is an allosteric AKT1 and AKT2 inhibitor that exerts activity in several preclinical cancer models such as AKTE17K-mutant prostate cancer xenografts and PIK3CAH1074R-mutant breast cancer xenografts (320). A phase 1 study of BAY 1125976 has shown clinical benefit rate (CBR) of 27.9% in advanced solid cancer patients treated at the recommended phase 2 dose (RP2D) of 60 mg/twice daily. Nonetheless, despite the inhibition of AKT1 and AKT2, genetic analyses report additional mutations that may promote cancer cell growth. BAY 1125976, whose tolerability is satisfactory, inhibits AKT1 and AKT2 signaling; but however, results in no clinical cancer responses, suggesting that its monotherapy inhibitory activity is moderate towards AKT (321).

Capivasertib (AZD5363)

Capivasertib is a potent selective inhibitor of all three AKT isoforms (322). A study performed with breast cancer patient-derived xenografts (PDXs) to identify response biomarkers, and thus, elucidate mechanisms of resistance to capivasertib, has shown that mutations in PIK3CA/AKT1 and the absence of mTORC1-activating alterations, such as in mTOR or TSC1, are linked with sensitivity to capivasertib monotherapy. In addition, resistant PDX models display low baseline pAKT (S473) and residual pS6 (S235) after capivasertib treatment, highlighting that parallel pathways can bypass AKT/S6K1 signaling. Moreover, loss of AKT1 p.E17K and cyclin D1 overexpression are identified as the two main mechanisms of acquired resistance to capivasertib (323). Notably, in a recent phase 3 CAPItello-291 study, combination of capivasertib and fulvestrant doubled PFS compared to fulvestrant singly in hormone receptor positive (HR+), HER2- breast cancer patients who have developed resistance to aromatase inhibitors and CDK4/CDK6 inhibitors (324). Thus, capivasertib represents a new valuable treatment option for these patients and is expected to receive FDA approval in due time. Clinical studies with favourable or acceptable safety profile have demonstrated anticancer activity of capivasertib, both singly and in combination, in a variety of advanced solid tumors, particularly breast cancer (325) (326) (327) (328) (329) (330) (331) (332) (333) (322) (334) (335) (336) (337) (324) (SUPPLEMENTARY TABLE 2).

CCT128930 (CCT-128930)

ATP-competitive and AKT2 selective inhibitor CCT128930 treatment demonstrates significant G1 phase arrest of the cell cycle, due to Cyclin B1, Cyclin D1, p27, and CDC2 dysfunctioning, and increase in apoptosis, due to enhanced PARP cleavage and caspase-3 activation, in U2OS and MG63 human osteosarcoma cell lines. Besides, CCT128930 remarkably suppresses p-AKT and p-p70S6K expression. Additionally, CCT128930 augments the antitumor activity of dual PI3K/mTORC inhibitor VS5584 in U2OS and MG63 human osteosarcoma cells, since this combination more robustly enhanced apoptosis by increasing PARP cleavage and caspase-3 activation, compared to each agent singly (338). In a three-dimensional cell culture study, combination of CCT128930 with paclitaxel shows a more efficient anticancer activity in reducing the viability of HeyA8 and SKOV3 ovarian cancer cells compared to each agent singularly. In fact, CCT128930 inhibits the expression of pS6 (S235/S236) and pS6 (S240/S244), in HeyA8 and SKOV3 cells, which counterbalanced paclitaxel-mediated upregulation of pS6 (S235/S236) and pS6 (S240/S244) in the same cell lines, occurring after paclitaxel single treatment (339). Cisplatin (CDDP)-resistant and radiation-resistant neuroblastoma cells often display an enhancement of AKT2/mTOR pathway and MAPK pathway. Interestingly, suppressing these two pathways with AKT2 inhibitor CCT128930 and MEK inhibitor PD98059 significantly reduces cell proliferation, angiogenesis, and cell migration in cisplatin/radiation-resistant cancer stem-like neuroblastoma cells. Moreover, the tumor-sphere formation of these cells is more sensitive to this combination, compared to each agent singly. Importantly, this combined treatment approach may represent an effective novel therapeutic strategy to attain a better clinical outcome in neuroblastoma patients (340). The major difficulty in targeting a cancer stem cell (CSC) subpopulation within a tumor is due to their peculiar transformation process, whereby CSCs are capable of differentiating to non-CSCs, and viceversa. Interestingly, CCT128930-induced suppression of AKT2 remarkably precludes non-CSC conversion through MET, thereby decreasing invasion and colony-forming capability of MDA-MB-231 breast CSCs in an ALDH1A1 expression-driven fluorescent CSC model. Furthermore, suppression of AKT2 decreases CSC viability in low attachment culture conditions. In line with this, marked AKT2 expression is often observed in circulating tumor cells in orthotopic tumor mouse models, highlighting AKT2 as a promising target for future antitumor therapies to prevent cancer recurrence through the inhibition of CSC metastatic potential (341).

Ipatasertib (GDC-0068)

Ipatasertib is a novel ATP-competitive drug that increase pro-apoptotic protein PUMA induction by FOXO3a and NF-κB, leading to colon cancer growth suppression. Indeed, ipatasertib treatment results in p53-independent PUMA activation by inhibiting AKT, thereby inducing both FoxO3a and NF-κB, which directly bind to PUMA promoter, resulting in increased PUMA transcription and BAX-mediated intrinsic mitochondrial apoptosis (342). Ipatasertib inhibits cancer cell proliferation and metastasis, as well as cytokine regulation and PD-L1 expression. Consequently, since AKT can be used to control breast cancer progression and immunosuppression, ipatasertib is currently undergoing clinical investigation to treat TNBC patients (343). Combination of ipatasertib with anti-HER2 monoclonal antibody trastuzumab significantly increases the anticancer activity in HER2+ gastric cancer cells. Indeed, this combination determines a remarkable decrease of proliferation and migration in HER2+ N87, OE19, and OE33 cell lines. Additionally, particularly in OE19 and OE33 cell lines, this combination suppresses the activation of proteins downstream of HER2 and AKT, highlighting that targeting HER2 and AKT can lead to an improved anticancer activity in HER2+ gastric cancer cells (344). Ipatasertib also suppresses colon cancer growth, in terms of weight and volume in vivo by inducing PUMA-dependent (but not p53-dependent) endogenous apoptosis, and showing direct antitumor activity through inhibition of AKT and its downstream pathways in xenograft mouse models (342). Clinical studies with favourable or acceptable safety profile have shown anticancer activity of ipatasertib, both singly and in combination, in several advanced solid tumors, especially breras cancer (345) (346) (347) (348) (349) (350) (351) (352) (353) (SUPPLEMENTARY TABLE 2).

M2698 (MSC2363318A)

M2698, previously known as MSC2363318A, is a potent dual inhibitor of both AKT and S6K1 that induces a remarkable PAM pathway inhibition (354). M2698 displays cancer growth inhibition, in a dose-dependent manner, in mouse xenograft models gained from human HER2-expressing TNBC cell lines with dysregulated PAM pathway. Moreover, M2698 can improve survival, and decrease brain tumor burden in U251 glioblastoma cell orthotopically-implanted mice (355). M2698 demonstrates therapeutic efficiency in several preclinical models of uterine cancer and ovarian cancer, supporting its further clinical development. Indeed, M2698 reduces cancer growth and metastases in murine orthotopic models of uterine cancer and ovarian cancer by decreasing proliferation and angiogenesis and enhancing cell death. Notably, combination of M2698 and paclitaxel in the endometrioid uterine tumor mouse model significantly prolongs the overall survival (356). Clinical studies with favourable safety profile have displayed anticancer activity of M2698 monotherapy in advanced solid tumors, and in combination with either trastuzumab or tamoxifen in advanced breast cancer (357) (354) (SUPPLEMENTARY TABLE 2).

Miransertib (ARQ-092, MK-7075)

Allosteric pan-AKT inhibitor miransertib inhibits AKT activation by dephosphorylation of its membrane-associated active conformation, as well as by averting its inactive conformation from moving into plasma membrane. In several tumor cell lines miransertib inhibits proliferation but shows most potency in colorectal cancer, leukemia, breast, and endometrial cell lines. Additionally, the efficacy of miransertib is more significant in PIK3R1- or PIK3CA-mutated tumor cell lines, in comparison to those with wt-PIK3R1, or wt-PIK3CA, or PTEN alterations (317). Combination of miransertib with ARQ 087, a pan-FGFR inhibitor demonstrates synergistic antitumor efficacy in ovarian and endometrial cancer cell lines. Indeed, pathway analysis reveals that this combinatorial strategy augments the suppression of PAM pathway and fibroblast growth factor receptor (FGFR) pathway in these cell lines. Notably, this combination also determines a strong anticancer activity in mouse models with endometrial cancer cells as well as patient-derived tumors (358). Combination of miransertib with mTOR inhibitor rapamycin synergistically decreases cell proliferation in NHLs, including indolent subtype follicular lymphoma, as well as aggressive DLBCL, and primary effusion lymphoma in vitro. Furthermore, results obtained in vivo are consistent with the in vitro studies, suggesting that targeting the PAM pathway with a combination of AKT and mTOR inhibitors can represent a potential therapeutic approach in NHLs (318). Interestingly, in endometrial PDX models harboring mutant AKT1E17K, miransertib monotherapy shows remarkable anticancer activity. Besides, combination of miransertib with paclitaxel demonstrates a strong enhancement of cancer inhibition in breast cancer models in vivo (317). Additionally, combination of miransertib and sorafenib endows the inhibition of cancer progression in a cirrhotic rat model of hepatocellular carcinoma, suggesting their possible use as combined drug treatment for patients with advanced hepatocellular carcinoma (359).



MK‑2206 (1032349-93-1)
 
MK‑2206 is an allosteric AKT1/AKT2/AKT3 inhibitor which exhibits synergism with lapatinib in breast cancer cell lines, and with erlotinib in NSCLC cell lines (360). In preclinical studies, combination of MK-2206 with anti-oestrogens displays synergism in oestrogen-sensitive breast cancer cell lines (361). MK-2206 inhibits AKT phosphorylation and cell proliferation in a dose-related manner in breast cancer cell lines. Moreover, combination of MK-2206 with mTOR inhibitor rapamycin inhibits phosphorylation of AKT and S6, synergistically enhances apoptosis, and reduces proliferation with stronger efficacy, suggesting that this combination exerts higher antitumor activity in breast cancer cells, and possibly results in a convenient approach to treat breast cancer patients (362). MK-2206 enhances apoptosis and reduces proliferation of Panc-1 and MIA PaCa-2 pancreatic cancer cell lines. Furthermore, combination of MK-2206 with gemcitabine increases the cytotoxic efficiency of gemcitabine, and inhibits AKT phosphorylation (363). Additionally, combination of MK-2206 with COX2 inhibitor celecoxib suppresses cell growth more significantly in PTEN-deficient mouse embryonic fibroblasts compared to their isogenic counterparts. In line with this, loss of PTEN results in enhanced COX2 expression in an AKT-independent manner, and PTEN deficiency leads to the transcription of COX2 through upregulation of the KLF5 transcription factor. Therefore, combining MK-2206 with COX2 may represent an effective novel strategy to treat PTEN deficiency-related tumors (364). In a 3D co-culture in vitro model with ER+ breast tumor cells and bone marrow mesenchymal stem cells representing disseminated tumors cells in a bone marrow niche, combination of MK-2206 with thioredoxin reductase (TrxR) inhibitor D9 significantly reduces breast cancer cells without changing the survival of bone marrow stromal cells. Moreover, this combination suppresses the formation of new metastases more effectively than tamoxifen in mice with disseminated ER+ human breast cancer, suggesting that this approach may efficiently eliminate disseminated tumors cells, thereby reducing the risk of tumor recurrence (365). Clinical studies with favourable or acceptable safety profile have shown anticancer activity of MK‑2206, both singularly and in combination, in different advanced solid tumors, particularly breast cancer. Besides, triple combination of MK‑2206 with bendamustine and rituximab has exhibited significant antitumor activity in CLL (366) (367) (368) (361) (369) (361) (370) (371) (372) (373) (374) (375) (376) (377) (SUPPLEMENTARY TABLE 2). 

Perifosine (D-21266, KRX-0401, NSC 639966)

Lactic acidosis has been reported to interfere with the efficacy of perifosine to treat colorectal cancer spheroids. In fact, cytotoxicity of perifosine in 3D cultures is reduced in acidic environments at pH levels below 6.7, emphasising that this drug, and possibly other AKT inhibitors in CRC cells, are actively dependent on the effect of pH, which should be taken in consideration in pre-clinical and clinical testing of AKT-targeted tumor therapy (378). Interestingly, combination of perifosine and vitamin D can promote apoptotic and non-apoptotic (paraptotic, necrotic and autophagic) cell death in endometrial cancer cells, suggesting that this combination can represent a preferred regimen for the treatment of endometrial cancer (379). UCHL3 is a deubiquitinase overexpressed in TNBC that is associated with poor prognosis. Biochemically, UCHL3 deubiquitinates RAD51, allowing the recruitment of RAD51 to DNA damage sites and enhancing DNA repair. Thus, UCHL3 overexpression renders cancer cells resistant to chemotherapy- and radiotherapy-induced DNA damage. Therefore, targeting UCHL3 can consequently sensitize TNBC cells to treatment. In line with this, low dose (50 nM) perifosine has been shown to inhibit UCHL3 deubiquitination activity. Moreover, perifosine increases olaparib-induced growth inhibition in TNBC cells. Indeed, perifosine determines RAD51 ubiquitination, thereby blocking the RAD51/BRCA2 interaction, which subsequently reduces ionizing radiation-induced foci (IRIF) of Rad51, and consequently, HR-mediated DNA double strand break (DSB) repair. In addition, perifosine combined with olaparib also displays synergistic anticancer activity in vivo in TNBC xenograft models (380). Besides, perifosine has been found to decrease telomerase activity in 66.6% of chronic lymphocytic leukemia patients, suggesting that perifosine could be used as a novel approach to target telomerase in cancer (381). Clinical studies with favourable or acceptable safety profile have demonstrated anticancer activity of perifosine, both singly and in combination, in solid tumors, and in combination with other drugs in multiple myeloma (382) (383) (384) (385) (386) (SUPPLEMENTARY TABLE 2).

TAS-117 (TAS 117)

TAS-117 is a strong allosteric AKT inhibitor that also downregulates EZH2, a histone-lysine N-methyltransferase enzyme involved in histone methylation, and thus, transcriptional repression of PRC2, a protein complex which cross-talks with downstream PAM signaling pathway, and consequently, represents a key therapeutic target for multiple myeloma. Interestingly, combination of TAS117 with dual EZH1/EZH2 inhibitor UNC1999 synergistically increases TAS-117 anticancer efficacy, resulting in apoptosis in myeloma cells. Besides, TAS-117 treatment induces activation of FOXO3, leading to its nuclear accumulation, and upregulation of its downstream targets, among which are several pro-apoptotic genes. In fact, TAS-117 treatment can cause direct binding of FOXO3 to EZH1 promoter, thereby enhancing FOXO3 shuttling from the cytoplasm into the nucleus (387). TAS117 also demonstrates a remarkable downregulation of p-AKT and growth inhibition in multiple myeloma cell lines. Moreover, TAS117 exerts cytotoxicity in patient-derived multiple myeloma cells, but not in normal peripheral blood mononuclear cells (PBMCs). Additionally, TAS-117 enhances bortezomib-induced apoptotic signaling and endoplasmic reticulum stress in multiple myeloma cells, and improves bortezomib-induced cytotoxicity in vivo, leading to prolonged host survival. Besides, combination of TAS-117 with carfilzomib also determines increased cytotoxicity towards multiple myeloma cells, compared to either singular drug treatment. Furthermore, oral administration of TAS-117 significantly suppresses human multiple myeloma cell growth, enhances apoptosis, and promotes endoplasmic reticulum stress response in murine xenograft models. Likewise, TAS-117 improves bortezomib-induced cytotoxicity in vivo, leading to prolonged host survival (388). A clinical study with acceptable safety profile has shown limited anticancer activity of TAS-117 monotherapy in PI3K-mutated and/or AKT-mutated solid tumors refractory to chemotherapy (389) (SUPPLEMENTARY TABLE 2).

Uprosertib (GSK2141795)

Uprosertib is potent ATP-competitive AKT inhibitor, which acts equally on AKT1, AKT2 and AKT3 isoforms. Interestingly, lactic acidosis enhances resistance of colon cancer cells to uprosertib, mainly caused by reduction of apoptosis and increased of cell survival. Notably, inhibition of lactate transport or oxidative metabolism reverses this lactic acidosis-induced resistance, thereby enhancing the efficacy of uprosertib treatment on colon cancer cells (390). Uprosertib has also been found to inhibit cancer cell proliferation and metastasis, as well as cytokine regulation and PD-L1 expression. As a result, since AKT is involved in the regulation of breast tumor progression and immuno-suppression, uprosertib is currently undergoing clinical investigation to improve treatment in TNBC patients (343). A clinical study with favourable safety profile have displayed efficacious anticancer activity of uprosertib monotherapy in advanced solid tumors (391) (SUPPLEMENTARY TABLE 2).


mTOR INHIBITORS 

mTOR inhibitors were the first PAM-targeting drugs to advance to the clinic (392). Induction of mTORC1 enhances the formation of proteins, lipids, nucleotides, and decreases autophagy, resulting in cell survival, proliferation, and growth; whereas activation of mTORC2 regulates protein kinases, including AKT, leading to cell survival, and proliferation (393). Therefore, both mTORC1 and mTORC2 functions provide an important rationale for targeting mTOR complexes in tumor, although the effectiveness of some mTORC inhibitors may be compromised by a compensatory feedback loop leading to AKT activation (355). Only two mTOR inhibitors (temsirolimus and everolimus) have been approved by the FDA for cancer treatment (SUPPLEMENTARY FIGURE 1). There are three types of mTOR inhibitors: allosteric (non-competitive) mTOR inhibitors (allosteric mTORi), which inhibit mTORC1 only; ATP-competitive mTOR inhibitors (ATP-competitive mTORi), which suppress both mTORC1 and mTORC2; and bi-steric mTOR inhibitors (bi-steric mTORi), which inhibit mTORC1 only (FIGURE 10).

ALLOSTERIC mTOR INHIBITORS

Allosteric (non-competitive) mTORi act against mTORC1. Since allosteric inhibitors can only exert their function towards mTORC1, they cannot avoid the feedback loop-based induction of AKT determined by the suppression of mTORC1. Besides, allosteric mTORi can modestly reduce p4E-BP1 levels through the inhibition of (4E-BP1) phosphorylation, and consequently, cannot effectively restrain eIF4E-mediated cap-dependent translation initiation in cancer (394). Therefore, these agents exert a weaker PAM signalling inhibition compared to ATP-competitive mTORi, resulting in decreased antitumor activity. The first generation of allosteric mTOR inhibitors includes rapamycin and its analogues, commonly known as rapalogs, which only exert a specifical inhibition towards mTORC1 (395). Herein, we included the major allosteric mTORi that are currently in different stages of human clinical trials. A summary of the most representative studies on these inhibitors is shown in SUPPLEMENTARY TABLE 3. 

Everolimus (RAD001, SDZ-RAD)

Combination of everolimus with metformin results in more significant additive effects, in terms of colony reduction and antiproliferation, when compared to everolimus singly. Mechanistically, this co-treatment successfully inhibits mTOR signaling and mitochondrial respiration in breast cancer cells, suggesting its further in vivo investigation as antitumor therapy (396). Combination of everolimus with VEGFR/RET/EGFR inhibitor vandetanib, displays synergistic anticancer effects in ACVR1-mutant diffuse intrinsic pontine glioma cells. In fact, apart from mTOR, everolimus suppresses ABCB1 and ABCG2, whereas vandetanib specifically targets ACVR1. Additionally, this combined treatment is well tolerated in vivo, due to its effect on increasing survival and reducing cancer burden, as observed in an orthotopic ACVR1-mutant patient-derived diffuse intrinsic pontine glioma xenograft model (397). Everolimus has exhibited remarkable clinical benefits in several types of cancers. Accordingly, everolimus has been FDA-approved as monotherapy in NET patients, TSC-associated subependymal giant cell astrocytoma (SEGA) patients, renal TSC-associated angiomyolipoma adult patients, and advanced-stage renal cell carcinoma (RCC) patients, as well as in combination with lenvatinib in advanced-stage RCC patients who have received a prior antiangiogenic therapy, and in combination with exemestane in postmenopausal HR+/HER2­ breast cancer patients with recurrence or progression following prior therapy with letrozole or anastrozole (398) (399) (SUPPLEMENTARY FIGURE 1). Clinical studies with favourable or acceptable safety profile have shown anticancer activity of everolimus, both singularly and in combination, in a variety of advanced solid tumors. In particular, double or triple combination of everolimus with other drugs has exhibited antitumor activity in breast cancer (400) (96) (401) (402) (403) (404) (405) (399) (406) (407) (408) (409) (410) (411) (412) (413) (414) (415) (416) (417) (418) (419) (SUPPLEMENTARY TABLE 3).

Nab-sirolimus (Nab-rapamycin, ABI-009)

Preclinical studies have shown that nanoparticle albumin-bound (nab)-sirolimus is a potent drug with a favorable safety profile. Indeed, nab-sirolimus significantly decreases cell viability and reduces downstream signaling in numerous xenograft tumor models, such as colorectal (420), and multiple myeloma (421). Moreover, in human breast xenograft models nab-sirolimus determines 75% inhibition of cancer growth, and its anticancer activity is further improved when given in combination with doxorubicin (a topoisomerase inhibitor), perifosine (an AKT inhibitor), SAHA (an HDAC inhibitor), and erlotinib (an EGFR inhibitor), with high tolerability in the combination regimen (422). Clinical studies with favourable or acceptable safety profile have demonstrated anticancer activity of nab-sirolimus monotherapy, in advanced non-hematological malignancies (423) (424) (SUPPLEMENTARY TABLE 3). 

Rapamycin (Sirolimus, AY-22989, I-2190A)

Rapamycin, also known as sirolimus, is a natural macrolide compound produced by the bacterium Streptomyces hygroscopicus, and has immunosuppressive and antiproliferative properties (425). Generally, rapamycin monotherapy shows no remarkable cytotoxicity towards tumor cells (426). In cells, rapamycin interacts with the intracellular immunophilin FKBP12 to generate an immunosuppressive complex that binds to and blocks the activation of mTOR. In fact, this immunosuppressive complex inhibits the interaction of mTOR with Raptor, thereby disrupting the coupling of mTORC1 with its substrates. Therefore, this natural compound is a specific allosteric inhibitor of mTORC1 (427). Moreover, rapamycin treatment in combination with chemotherapeutic agents significantly induces apoptosis in various tumor cell lines (428). Combination of rapamycin with ALK/IGF1R inhibitor AZD3463 significantly reduces survival, enhances apoptosis, and increases the G0/G1 phase of the cell cycle arrest, compared to treatment using individual agent, in MCF7 breast cancer cells. Additionally, this combination displays a decrease of PRKCB and PIK3CG gene expression (429). A recent nanomedicine study has reported that cellular uptake of rapamycin liposomes (particle size of 100 ± 5.5 nm) by colorectal cancer cells is remarkably higher compared to free rapamycin, without liposomes. Indeed, the capability of rapamycin liposomes to suppress cancer proliferation and migration, as well as enhance apoptosis in cancer cells, is superior compared to free natural rapamycin. In addition, in vivo studies have shown that rapamycin liposomes lead to a greater increase in tumor compared to free natural rapamycin, and consequently, display stronger anticancer efficacy in HCT-116 xenograft mice. Notably, liposome-delivered rapamycin more significantly augments the chemotherapy efficacy of 5-fluorouracil in CRC, both in vitro and in vivo, in comparison to free natural rapamycin combined with 5-fluorouracil, emphasising the potential of liposome-based delivery features in future clinical studies (430). Combination of rapamycin with MEK inhibitor trametinib results in a robust synergistic anticancer effect, leading to apoptosis, and G1-phase arrest of the cell cycle in NSCLC cells. Additionally, this combination, significantly suppresses phosphorylation of AKT, mTOR, ERK, and 4E-BP1. Moreover, co-administration of rapamycin and trametinib exhibits a decrease in cancer growth without displaying drug toxicity in a NSCLC xenograft mouse model (431). Importantly, since rapamycin itself do not possess ideal pharmacological properties, novel drugs of rapamycin analogs, commonly known as rapalogs, with improved pharmacokinetic properties and decreased immunosuppressive effect, have been developed during the last decades (432). In particular, as its interactions with both mTOR and FKBP12 proteins have been preserved, rapalogs compounds share the same mechanism of action as rapamycin (433). Nevertheless, clinical studies with favourable or acceptable safety profile have shown anticancer activity of rapamycin, both singly and in combination, in several advanced solid tumors (434) (435) (435) (SUPPLEMENTARY TABLE 3).

Ridaforolimus (AP23573, MK-8669, Deforolimus)

TRIM28 is the transcriptional activator of the mutant TERT promoter in bladder cancer and is inhibited upon interaction with TRIM24. Mechanistically, mTORC1-mediated phosphorylation of TRIM28 releases it from TRIM24, thereby inducing hTERT transcription, and promoting cell growth of bladder cancer. Interestingly, ridaforolimus significantly reduces TRIM28 phosphorylation, hTERT expression, and cell viability, in bladder cancer, both in vitro and in vivo (436). Moreover, triple combination of ridaforolimus, with IGF1R inhibitor dalotuzumab, and aromatase inhibitor letrozole, shows synergism in ER+ hormone-sensitive breast cancer, by significantly suppressing xenograft cancer growth (437). Clinical studies with favourable or acceptable safety profile have displayed anticancer activity of ridaforolimus, both singly and in combination, in different advanced solid tumors (438) (439) (440) (441) (442) (443) (444) (445) (SUPPLEMENTARY TABLE 3).

Temsirolimus (CCI-779, Torisel) 

Temsirolimus, an ester of sirolimus (rapamycin), is an intravenous-administered drug that establishes a complex with FKBP1A, which is then integrated into mTORC1, but not mTORC2, thereby inhibiting mTOR (446), and consequently suppressing the generation of proteins implicated in cell cycle (447) and angiogenesis (448). Temsirolimus significantly reduces survival, growth, and migration of retinoblastoma cells without interfering with normal retinal cells, both in vitro and in xenograft mouse models. Additionally, temsirolimus remarkably decreases retinal angiogenesis through targeting retinal endothelial cell biological functions. Notably, temsirolimus-induced inhibition of retinoblastoma and angiogenesis is achieved by suppressing mTOR signalling and proangiogenic cytokines (449). Combination of temsirolimus and MEK inhibitor trametinib can radiosensitize A549 NSCLC cells by reducing clonogenic survival, increasing apoptosis, and prolonging γ-H2AX expression, as well as G2/M cell cycle arrest. Moreover, in vivo studies have demonstrated that co-treatment of these two agents significantly sensitize lung cancer xenografts to radiotherapy (450). Temsirolimus has shown significant clinical benefits as monotherapy in RCC patients, and thus has been FDA-approved for use in this cohort (451) (SUPPLEMENTARY FIGURE 1). Clinical studies with acceptable safety profile have exhibited anticancer activity of temsirolimus, both singly and in combination, in advanced solid tumors, and hematological malignancies (383) (452) (453) (454) (455) (456) (457) (458) (392) (459) (SUPPLEMENTARY TABLE 3).

ATP-COMPETITIVE mTOR INHIBITORS

ATP-competitive mTORi, also known as active-site mTORi, act against both mTORC1 and mTORC2, avoiding the feedback loop-based induction of AKT determined by the suppression of mTORC1. Notably, ATP-competitive mTORi remarkably reduce p4E-BP1 levels through the inhibition of (4E-BP1) phosphorylation, and thus, can effectively avoid eIF4E-mediated cap-dependent translation initiation in cancer. Thence, ATP-competitive mTORi actively promote dephosphorylation on Thr46 (4E-BP1), thereby re-establishing its endogenous functions of growth suppression and pro-apoptosis (394). As a result, these inhibitors may induce a stronger PAM signalling inhibition, compared to allosteric mTOR inhibitors, leading to enhanced antitumor activity (395). This difference is mainly due to the fact that allosteric mTORi, which represent the first-generation mTORi, suppress mTORC1 indirectly by binding to FKBP12; while ATP-competitive mTORi, which represents the second-generation mTORi, suppress both mTORC1 and mTORC2 by inhibiting the mTOR kinase directly (460). In fact, in regard to allosteric mTORi, there is a catalytic cleft within the FKBP12-rapamycin-binding (FRB) domain of mTOR, enabling limited access to 4E-BP1 as a substrate; whereas ATP-competitive mTORi are able to bind deeper inside the catalytic cleft, thereby abolishing the capacity to phosphorylate 4E-BP1 (394). Herein, we included the major ATP-competitive mTORi currently in different stages of human clinical trials. A summary of the most representative studies on these inhibitors is shown in SUPPLEMENTARY TABLE 3.

AZD8055 (R339J08R6U)
 
An in vitro study reported that AZD8055 exerts strong efficacy against the proliferation of MCF-7/R cells due to down-regulation of HSPB8 expression levels in ER+ breast cancer cells. Interestingly, AZD8055 overcomes tamoxifen resistance in breast cancer cells by inducing significant anti-proliferative activity and G1-phase arrest of the cell cycle. Therefore, the efficacy of AZD8055 in ER+ breast cancer is pertinent to the expression of HSPB8, suggesting that this feature merits further investigation (461). AZD8055 significantly increases the inhibition of radiation-induced cell growth, colony formation, G2/M arrest, and enhances apoptosis, in nasopharyngeal carcinoma cell lines. Therefore, AZD8055 can also be considered a radiosensitizer for nasopharyngeal carcinoma (462). AZD8055 also exerts cell cycle blockage, enhances apoptosis, and induce cytotoxicity in colon cancer cells. In addition, AZD8055 exhibits anticancer efficacy in mice. Besides, AZD8055 reduces the overall mTOR signaling pathway, both in vitro and in vivo (463). Dual mTORC1/mTORC2 inhibition with AZD8055 blocks AKT/mTOR signalling, suppresses cancer cell viability, partly due to cell cycle arrest, and reduces tumor growth in mouse xenograft model more significantly compared to mTORC1-only inhibition in TFE3-fusion RCC (464). AZD8055 partially modulates its antitumor effect by PUMA-dependent apoptosis through the intrinsic mitochondrial pathway in colorectal cancer cells. Additionally, AZD8055 significantly suppresses CRC tumor growth in mice. Accordingly, deletion of PUMA enhances resistance towards AZD8055, suggesting that PUMA mediates tumorigenesis both in vitro and in vivo (465). Recent studies have shown that AZD8055 synergistically enhances the antitumor efficacy of EGFR inhibitor afatinib by reducing cell viability in chordoma cell lines. Also, this drug combination thoroughly inhibits cancer growth in vivo, displaying a significant improvement of tumor control, suggesting a novel therapeutic strategy for chordoma patients (466). Clinical studies with acceptable safety profile have demonstrated anticancer activity of AZD8055 monotherapy in a variety of advanced solid tumors (467) (468) (SUPPLEMENTARY TABLE 3).

Onatasertib (CC-223, ATG-008)

Onatasertib exhibits antitumor efficacy toward pancreatic cancer cells by inhibiting mTOR signaling. Indeed, onatasertib impedes Sestrin2 overexpression-induced enhancement of glycolysis, which promotes tumor development through mTOR pathway in pancreatic cancer cells. In fact, onatasertib exerts cytotoxic effects, detected by reduced proliferation, invasion and migration, against pancreatic cancer cells (208). Onatasertib abolishes mTORC1/mTORC2 activation and induces remarkable anti-proliferative and cytotoxic activities against established human hepatocellular carcinoma cell lines, as well as primary human hepatocellular carcinoma cells. Importantly, onatasertib induces apoptosis, activation of caspase-3/caspase-9, enhancement of mitochondrial permeability transition pore opening, and augmentation of ROS production in several hepatocellular carcinoma cell types (469). Onatasertib significantly inhibits survival, growth, proliferation and cell cycle advancement in primary human oral cavity carcinoma cells, and causes activation of apoptosis in human HNSCC cells, emphasising that onatasertib-targeted mTOR kinase inhibits human HNSCC cell growth in vitro. Besides, oral administration of onatasertib significantly reduces HNSCC SCC-9 xenograft tumor growth in severe immunodeficient mice. Moreover, activation of both mTORC1 and mTORC2 is remarkably decreased in onatasertib-treated cancer tissues. Thus, onatasertib can be considered a potential valuable treatment option for HNSCC (470). Additionally, oral administration of onatasertib strongly reduces human hepatocellular carcinoma xenograft growth, and significantly blocks mTORC1/mTORC2 activation, in severe immunodeficient mice (469). Clinical studies with acceptable safety profile have shown anticancer activity of onatasertib monotherapy in several advanced solid tumors (471) (472) (SUPPLEMENTARY TABLE 3).

OSI‑027 (ASP4786, CERC 006, AEVI-006)

Catastrophic macropinocytosis is a process whereby several water-filled vacuoles form, merge, and ultimately rupture, thereby killing the cell. Interestingly, a study has reported that OSI-027 can induce cancer catastrophic macropinocytosis in breast cancer, skin cancer, lung cancer, cervix cancer, and rhabdomyosarcoma cells. Importantly, OSI‑027-mediated inhibition of mTORC1/mTORC2 is confirmed as the underpinning mechanism for macropinocytosis (473). OSI-027 demonstrates significant antitumor activity by increasing PUMA-dependent apoptosis through the intrinsic mitochondrial pathway in colorectal cancer (465). In line with this, OSI-027 suppresses the oncogenesis of colon cancer by mediating the c-Myc/FOXO3a/PUMA axis. Indeed, OSI-027 decreases colon cancer cell survival dose-dependently by activating cell apoptosis. Moreover, OSI-027 promotes apoptosis of colon cancer cells by upregulating PUMA, via the activation of FOXO3a (474). OSI-027 decreases proliferation of MKN-45 and AGS gastric cancer cells by arresting the G0/G1 phase of the cell cycle. Moreover, OSI-027 inhibits mTORC1/mTORC2 activation, reduces p-AKT, p-p70S6K, p-4EBP1, and suppresses cyclin D1 and CDK4. Interestingly, OSI-027 displays synergistic cytotoxicity in combination with oxaliplatin. Indeed, OSI-027 downregulates P-gp, resulting in more significant oxaliplatin-induced apoptosis, and consequently, decreases multidrug resistance (475). OSI-027 significantly inhibits proliferation, suppresses cell cycle in G0/G1 phase, and downregulates mTORC1, mTORC2, p-AKT, p-S6K, p-4EBP1, cyclin D1, and CDK4, in BxPC-3, CFPAC-1, and Panc-1 pancreatic ductal adenocarcinoma cell lines. Furthermore, OSI-027 augments gemcitabine-induced apoptosis in the aforementioned cell lines. Additionally, OSI-027 in combination with gemcitabine exerts synergistic anticancer efficacy in vitro and in vivo in pancreatic ductal adenocarcinoma (476). OSI-027 decreases rhabdomyosarcoma tumor growth in a murine xenograft model. Also, in the residual xenograft tumors, OSI-027 treatment results in lower expression of cell survival and proliferation markers, as well as proteins involved in the EMT, emphasising that dual mTORC1/mTORC2 inhibition has the potential to be used for the treatment of recurrent or refractory rhabdomyosarcoma (473). Moreover, co-administration of OSI-027 with IAP antagonist AT406, significantly potentiates the suppression of HepG2 tumor growth in hepatocellular carcinoma nude mice (477). A clinical study with acceptable safety profile has displayed only moderate anticancer activity of OSI‑027 monotherapy in advanced solid tumors, and advanced lymphomas (478) (SUPPLEMENTARY TABLE 3). 

Sapanisertib (TAK-228, MLN0128, INK128)

Sapanisertib determines a dose-dependent decrease in cell proliferation, associated with reduced levels of p-RPS6S235/236 and p-4EBP1T37/46 in glioma cells (479). Moreover, combination of sapanisertib with trastuzumab displays a more significant antitumor efficacy in reversing the acquired resistance, compared to each agent singly, in several HER2+ breast cancer cell lines with trastuzumab resistance. Indeed, this combined treatment remarkably enhances apoptosis, and augments cell cycle arrest in G0/G1 phase, in most cell lines (480). Combination of sapanisertib with MEK inhibitor trametinib synergistically decreases cell survival, induces apoptosis, and induces cell cycle arrest, in canine mucosal melanomas cell lines, compared to monotherapy with each drug. Additionally, sapanisertib combined with daily trametinib can reduce primary mucosal melanoma xenograft growth in mice, and cancer dissemination in a metastasis model, minimizing renal and hematologic side effects. Moreover, this combination downregulates respective signaling targets and abolishes pathway reciprocal crosstalk, suggesting that targeting PAM and Ras/MAPK signal transduction axes could be a rational strategy for treating human mucosal melanomas (481). Sapanisertib has reached clinical testing in a variety of tumours and in several types of combinations. Particularly, sapanisertib is currently administered to patients with advanced-stage cancers harbouring TSC1 or TSC2 mutations (482). Clinical studies with favourable or acceptable safety profile have shown anticancer activity of sapanisertib, both singly and in combination, in different advanced solid tumors. Besides, a clinical study with acceptable safety profile displayed significant efficacy of sapanisertib monotherapy in hematological malignancies (483) (484) (485) (486) (486) (487) (114) (488) (489) (490) (491) (SUPPLEMENTARY TABLE 3).

Torkinib (PP242)

Torkinib is a specific mTORC1 and mTORC2 inhibitor (492), although an in vitro study has also reported that torkinib can inhibit PKCα, PKCβ, JAK2, and RET (493). Notably, torkinib suppresses proliferation of primary cells more efficiently compared to rapamycin. Interestingly, mTORC2 itself is not the basis for this increased activity; in fact, torkinib is rather unexpectedly a more efficient mTORC1 inhibitor than rapamycin. Indeed, proliferative ability of Sin1−/− mouse embryonic fibroblasts is more sensitive to torkinib compared to rapamycin. This highlights that rapamycin-resistant functions of mTORC1, such as the translation initiation, are crucial for the antiproliferative effects of torkinib. Besides, suppression of translational control and the antiproliferative effects of torkinib requires the inhibition of 4E-BP1 phosphorylation and eIF4E activity (492). However, in multiple myeloma cell lines, the main anticancer activity of torkinib is due to its additional inhibitory effects on mTORC2 (494). Torkinib significantly reduces cell proliferation, metastasis, and angiogenesis through inhibition of the PAM signaling pathway in human endothelial tumor cells and gastric cancer cells (495). In addition, torkinib counteracts proliferation, migration, invasiveness and stemness properties through the suppression of mTORC2/AKT in glioblastoma cell lines (496). Moreover, torkinib significantly reduces bladder cancer cell proliferation and migration through deactivation of the mTORC2/AKT1 signaling pathway. Furthermore, torkinib potently decreases the phosphorylation of AKT1 and mTORC2 (497). Activation of the PAM pathway and overexpression of histone deacetylases are common alterations in ovarian cancer. Interestingly, combination of torkinib with histone deacetylase inhibitor suberoylanilide hydroxamic acid synergistically determines an inhibition of growth, an enhancement of apoptosis, and an increase of autophagy, compared to each mono-agent therapy in ovarian cancer cells. Additionally, this combination displays stronger inhibition on cancer growth, and remarkably prolonged the survival time of mice, compared to each treatment singly (498). Combination of torkinib with PDK1 inhibitor GSK2334470 shows stronger anticancer efficacy compared to torkinib monotherapy in vitro, in multiple myeloma xenograft models, and in immunodeficient mice (499). Recent metabolic studies have shown that a 3-week torkinib treatment exhibits a reduction in cancer size and weight without any serious toxicity. Metabolic changes because of torkinib are not significant in plasma. Conversely, metabolic changes in cancer tissues are significant in torkinib-treated xenografts compared to untreated xenografts, empasising that energy and lipid metabolism are mainly altered by torkinib (500). Torkinib significantly reduces proliferation and induces apoptosis in glioblastoma cells. Interestingly, this increase in apoptosis results not only from torkinib-induced autophagy through on-target suppression of mTOR, but also, from off-target co-operative inhibition of PKCα and JAK2. Accordingly, a triple combination of torkinib with either EGFR inhibitors osimertinib or erlotinib, which can block PKCα, plus JAK2 inhibitor AZD1480, is able to significantly induce apoptosis in glioblastoma tumors in patient-derived orthotopic xenograft models, suggesting that this co-administration treatment can represent a valuable preclinical rationale to test analogous combinations in glioblastoma patients (479). Combination of torkinib with anti-EGFR monoclonal antibody cetuximab exerts significant anticancer effects by inhibiting proliferation and enhancing apoptosis, as well as cell cycle arrest, in CaCo-2 and HT-29 CRC cell lines. Besides, this dual-targeted molecular therapy inhibits tumor growth in mouse xenograft models of colorectal cancer (501). These studies strongly suggest that this promising new drug can complement rapamycin in elucidating the role in mTOR in human cancer.

Vistusertib (AZD2014)

Vistusertib is a mTORC1/mTORC2 inhibitor currently being investigated in several phase 1 and phase 2 trials, especially in meningioma, glioblastoma, and prostate cancer patients, as well as in patients with tumours harbouring TSC mutations, and tumors harbouring RICTOR amplifications, which are known to lead to mTORC1 and/or mTORC2 hyperactivation (502). In vitro, vistusertib can radiosensitize oral squamous cell carcinoma cells by inhibiting PAM signaling, and inducing cell cycle arrest in G1/G2/M phases (503). Besides, vistusertib increases the radiosensitivity of glioblastoma stem-like cells, both in vitro and in vivo, suggesting that this mechanism involves an inhibition of DNA repair (504). Vistusertib exerts stronger anticancer activity, due to inhibition of proliferation, enhancement of apoptosis, and suppression of G1 phase arrest of the cell cycle, compared to rapamycin monotherapy, in both docetaxel-sensitive and docetaxel-resistant castration resistant prostate cancer (CRPC) cells. Moreover, vistusertib more significantly inhibits AKT phosphorylation, as well as 4E-BP1 phosphorylation, and reduces migration, invasion and EMT, compared to rapamycin singly (505). Vistusertib treatment remarkably inhibits mTOR signaling, as well as proliferation, and enhances apoptosis, along with G1-phase arrest of cell cycle, in ovarian cancer cells. Also, vistusertib limits cancer growth and prolongs survival in tumor-bearing mice. Notably, vistusertib specifically decreases myeloid-derived suppressor cell migration and accumulation in epithelial ovarian cancer peritoneal fluid, but not in the spleen. In addition, subsequent vistusertib treatment after cisplatin chemotherapy significantly delays epithelial ovarian cancer recurrence (506). Combination of vistusertib with paclitaxel exerts additive effects, in term of decreased cell growth, in numerous cancer cell lines. Interestingly, in cisplatin-resistant cells, combination of vistusertib with paclitaxel decreases p-S6 and p-AKT levels. Likewise, this treatment combination remarkably reduces cancer volume in cisplatin-resistant xenograft models compared to vistusertib or paclitaxel singly. Furthermore, there is a significant enhancement of apoptosis in vivo due to high levels of cleaved PARP. Besides, treatment of ovarian cancer patients with paclitaxel induces an increase in p-AKT levels in platelet-rich plasma, but interestingly, co-treatment with vistusertib significantly abrogates the p-AKT increase, emphasising that this combination can represent a valuable therapy (507). Clinical studies with favourable or acceptable safety profile have demonstrated anticancer activity of vistusertib, in combination with other drugs, in several advanced solid tumors. In addition, a clinical study with acceptable safety profile exhibited limited efficacy of vistusertib monotherapy in diffuse large B-cell lymphoma (508) (509) (510) (511) (512) (SUPPLEMENTARY TABLE 3).

BI-STERIC mTOR INHIBITORS
 
Induction of mTORC1 triggers protein synthesis through phosphorylation of 4EBP proteins, relieving their suppression of cap-dependent translation. First-generation mTORi rapalogs bind to the immunophilin FKBP12, and subsequently, this rapalog/FKBP12 complex binds to the FRB domain of mTOR, thereby allosterically inhibiting phosphorylation of the substrate S6K. However, this rapalog/FKBP12 complex bound to the FRB domain of mTOR suppresses modestly 4EBP1 phosphorylation, and thus, determines minor effects on mTORC. As a result, rapalogs have shown only moderate clinical anticancer activity. Consequently, to tackle these issues, second-generation ATP-competitive mTORi, which robustly suppress both mTORC1 and mTORC2, were produced; however their clinical efficacy still remains minimal. Thus, these first and second-generation mTORi have not yielded a clear therapeutic advantage at tolerated doses. In addition, the clinical benefits of rapalogs and ATP-competitive mTORi have been obstacled by toxicity. Hence, a third-generation mTORi named bi-steric mTORi (also known as RapaLinks) that selectively inhibit mTORC1 and not mTORC2 has recently been designed (513). These inhibitors, which contain a rapamycin-like core moiety covalently linked to an mTOR active-site inhibitor (514), are termed bi-steric due to their simultaneous engagement of the allosteric FRB domain and orthosteric catalytic domain of mTOR in order to deepen the suppression of mTORC1 while also retaining selectivity for mTORC1 over mTORC2 (513). Importantly, bi-steric mTORi have demonstrated potent and selective inhibition of 4E-BP1 phosphorylation leading to reduced cell proliferation in vitro and tumor regression in vivo. Moreover, these compounds cause less relief of AKT-dependent feedback inhibition of RTK expression, which notoriously results in RTK receptor reactivation-induced adaptive resistance, and toxicity in comparison to ATP-competitive mTORi. Also, bi-steric mTORi display a longer dwell-time on target compared to other types of mTORi, and thus can be regularly dosed intermittently (513) (515). Herein, we included the major bi-steric mTORi currently used in pre-clincial studies and in human clinical trials. A summary of the most representative studies on these inhibitors is shown in SUPPLEMENTARY TABLE 3.

RMC-4627

Bi-steric mTORi RMC-4627 consists of a rapamycin monomer covalently linked to the mTOR active-site inhibitor PP242 (513). RMC-4627 has shown significant anticancer activity both in vitro and in vivo. Indeed, RMC-4627 potently and selectively inhibits 4E-BP1 phosphorylation in B-cell acute lymphoblastic leukemia cell lines, without suppressing mTORC2 activity. RMC-4627 effectively reduces cell survival, decreases cell cycle progression, enhances apoptosis, and augments cytotoxicity of tyrosine kinase inhibitor dasatinib in these B-cell acute lymphoblastic leukemia cell lines. Besides, RMC-4627 has a longer dwell-time on target compared to other types of mTORi, and as a result can be conveniently dosed intermittently (515). This prolonged duration of action can be attributed to binding of the rapamycin moiety to abundant cellular FKBP12 (514). Moreover, once/weekly intraperitoneal administration of RMC-4627 decreases leukemic burden and augments the anticancer activity of dasatinib in a B-cell acute lymphoblastic leukemia xenograft model. Notably, RMC-4627 treatment is well tolerated in these animal models. These results suggest that intermittent dosing of RMC-4627 or other bi-steric mTORi has therapeutic potential as a component of leukemia regimens (515).

RMC-5552

The bi-steric mTORC1-selective inhibitor RMC-5552 is a potent activator of 4EBP1, thereby suppressing initiation of protein translation. This novel therapeutic moiety tackles a significant impediment of rapalogs, which cannot properly inhibit phosphorylation of 4EBP1. RMC-5552 displays remarkable anticancer activity in human xenograft model of PIK3CA-mutated breast cancer in mice (516). Mutations in Ras genes can frequently co-occur with aberrant of mTORC1, hampering the anticancer activity of targeted Ras inhibitors. Interestingly, combination of RMC-5552 and Ras inhibitors show a stronger anticancer activity in a series of pre-clinical models of KRAS-mutated NSCLC compared to each agent singly. This suggests that mTORC1 induction contribute to resistance to KRAS inhibitors, which can be overcome by combination with RMC-5552. A recent phase 1/1b clinical study with favourable safety profile has exhibited anticancer activity of RMC-5552 in combination with Ras inhibitors in relapsed or refractory Ras-mutated solid tumor patients. At doses of 6 mg and higher the overall response rate (ORR) is 20% and the stable disease (SD) is 60%. The dose of 6 mg/weekly of RMC-5552 administered intravenously is well tolerated. The most frequent (> 25%) adverse events are stomatitis/mucositis (43%) and reduced appetite (29%), whereas the the most frequent dose-limiting grade 3 adverse events are stomatitis/mucositis observed in dose levels ≥ 10 mg (21%) (517) (SUPPLEMENTARY TABLE 3).



RMC-6272

Bi-steric mTORC1-selective inhibitor RMC-6272 is another robust activator of 4EBP1. Indeed, administration of a single intraperitoneal injection of RMC-6272 displays a dose-dependent, potent, and durable inhibition of p4EBP1 levels in human breast cancer cell line-derived xenograft models in mice. As previously mentioned, abnormal induction of mTORC1 can also co-occur with mutations in Ras genes, hindering the anticancer activity of targeted Ras inhibitors. In line with this, combination of RMC-6272 and KRASG12C inhibitor sotorasib determines a stronger apoptosis and cancer regression in a xenograft model of KRASG12C mutant NSCLC bearing a loss-of-function mutation in STK11, compared to sotorasib singly, emphasising that mTORC1 induction contribute to resistance to KRASG12C inhibitors, which can be overcome by combination with RMC-6272. Besides, RMC-6272 exhibits an acceptable tolerability profile in these animal models (516).


PDK1 INHIBITORS

PDK1, also known as PDPK1, is a crucial regulator of PAM signalling pathway due to its phosphorylation on AKT. Indeed, PDK1 can exert a potential role in developping chemoresistance in various types of malignancy (518). Thus, it is reasonable to suggest that PDK1 inhibition, singly or in combination with other PAM inhibitors, could contribute to the enhancement of antitumor efficacy in different types of human cancer. The major PDK1 inhibitors are shown in FIGURE 10.

GSK2334470 (GSK-470)

PDGSK2334470, a novel and specific small molecule PDK1 inhibitor, remarkably decreases cancer-specific cell growth and synergizes docetaxel sensitivity in DU145 and PC3 prostate cancer cells. This study emphasises that PDK1 mediates cell survival through SGK3 signalling and suggests that inactivation of the PDK1/SGK3 axis merits consideration for future treatment of prostate cancer (519). GSK2334470 significantly induces antiproliferative effects in mantle cell lymphoma-derived cell lines. This inhibition of cell growth is induced by enhanced apoptosis, and G2/M-phase arrest of the cell cycle. Notably, suppression of PDK1 displays no effects on AKT, but conversely, results in the inactivation of effector kinase RSK2, highlighting the importance of the PDK1/RSK2 axis in the survival and proliferation of mantle cell lymphoma cells (520). GSK2334470 potently determines cytotoxicity in multiple myeloma cell lines, but not in normal human cells. GSK2334470 remarkably downregulates phosphorylation of AKT at Thr308, and consequently inhibits downstream mTORC1 activity. Interestingly, short hairpin RNA (shRNA)-induced PTEN knockout leads to partial reversion of GSK2334470-mediated cell growth inhibition. Conversely, PTEN overexpression strongly increases myeloma cell sensitivity to GSK2334470, emphasising that sensitivity to GSK2334470 is closely associated with the expression of PTEN in multiple myeloma cells. Moreover, combination of GSK2334470 with dual mTORC1/mTORC2 inhibitor torkinib shows stronger anticancer efficacy compared to mono-agent therapies, both in vitro and in multiple myeloma xenograft models, in immunodeficient mice (499). Accordingly, GSK2334470 suppresses growth of multiple myeloma cell lines and induces apoptosis associated with the induction of intrinsic mitochondrial pathway, as well as extrinsic death receptor pathway. Furthermore, combination of GSK2334470 with proteasome inhibitor MG‑132 shows synergistic antitumor effects, by further reducing cell growth and proliferation. Importantly, this combination, almost completely inhibits phosphorylation of AKT, mTORC1, and mTORC2. Additionally, this drug combination upregulates PTEN, resulting in decreased AKT downstream signaling in PAM pathway. These results emphasise the importance of co-inhibition of PDK1 and proteasome to improve outcomes in multiple myeloma patients (521). Combination of GSK2334470 with CDK4/CDK6 inhibitor ribociclib, synergistically reduces proliferation and enhances apoptosis in several ER+ breast cancer cell lines. It is demonstrated that resistant cells display upregulated expression of cyclin A, cyclin E, and cyclin D1, as well as activated phosphorylation of AKT at S477/T479; and conversely, GSK2334470 treatment is capable of reversing these reactions, thereby restoring the sensitivity of cells to ribociclib. Moreover, GSK2334470 combined with ribociclib, suppresses xenograft cancer growth more efficiently than each agent singly, highlighting an important role for PDK1/AKT signaling along PAM pathway in controlling cancer cell resistance to CDK4/CDK6 inhibitors (522).

MP7 (PDK1 Inhibitor)

MP7 is another PDK1-specific inhibitor capable of inhibiting PAM pathway through the PDK1/AKT axis. MP7 owns the unique ability to induce PDK1 t-loop dephosphorylation, decreasing basal phosphorylation of AKT. As a result, MP7 has been found to reduce soft agar colony formation of cancer cell lines, as well as primary patient-derived cancer xenograft cell lines (523). Furthermore, combination of MP7 and Aurora kinase A inhibitor alisertib shows significant reduction of proliferation, and suppression of tumorsphere-forming capacity in glioblastoma multiforme cells compared to mono-agent therapies (524). MP7 significantly decreases the number of AsPC-1 and HPAF-II pancreatic ductal adenocarcinoma cells compared to untreated control cells. Besides, MP7-treated AsPC-1 and HPAF-II cells show remarkably decrease in their anchorage-independent growth on soft agar. Moreover, MP7 treatment (75 mg/kg) of subcutaneously HPAF-II cell-injected mice significantly reduces cancer growth in vivo, emphasising that pharmacological targeting of PDK1 can effectively decrease pancreatic ductal adenocarcinoma cell progression in xenografts. Importantly, no body weight loss is detected during MP7 treatment, indicating that MP7 is tolerable in this study (525).

2-O-Bn-InsP5 (2-O-benzyl-myo-inositol 1,3,4,5,6-pentakisphosphate)

2-O-Bn-InsP5 demonstrates remarkable anticancer activity and pro-apoptotic efficiency while concurrently rendering tumor cells more susceptible to curcumin and tamoxifen (526). 2-O-Bn-InsP5 acts by binding to the PH domain of PDK1, leading to retention of the PDK1 in the cytosol, and thus, impeding phosphorylation and activation of AKT on Thr308 in cell lines (527). Indeed, 2-O-Bn-InsP5 specifically suppresses PDK1, and inhibits mTOR in vitro. Additionally, 2-O-Bn-InsP5 remarkably induces proapoptotic effects in cancer cells, and significantly augments the effects of antitumor drugs in vitro. Thus, 2-O-Bn-InsP5 may potentially be a novel inhibitor of the PAM pathway (526). Interestingly, 2-O-Bn-InsP5 interacts with the pleckstrin homology domain of PDK1 to hamper the constitution of PDK1/PLCγ1 complex, whose activation plays an important function in signalling resulting in carcinogenesis and metastasis dissemination, thereby impeding PLCγ1-dependent cellular functions in tumor cells. Indeed, 2-O-Bn-InsP5 can inhibit EGF-induced PLCγ1 phosphorylation and downstream activity, leading to hindered tumor cell migration and invasion. Furthermore, 2-O-Bn-InsP5 also suppresses tumor cell dissemination in zebrafish xenotransplants, emphasising that this PDK1/PLCγ1 complex-inhibiting agent holds potential as an anti-metastatic drug (528).

2-Oxindole (Oxindole, 2-Indolinone)

PDK1 inhibitor 2-oxindole derivative treatment has been shown to disrupt the PDK1/AKT pathway and exerts significant antitumor activity in NSCLC. Indeed, 2-oxindole (compound 1a) exerts antiproliferative activity at low micromolar concentration and remarkably promotes cell apoptotic-like characteristics such as nuclear condensation, nuclear fragmentation, cell shrinkage, and cleavage of cells into debris, in adenocarcinomic human alveolar basal epithelial A549 cells. Moreover, 2-oxindole significantly inhibits phosphorylation of AKT on Thr308 and Ser473, and blocks cell cycle at G1/S phase, emphasising an important cytostatic activity, thereby holding potential as a novel antitumor drug for the treatment of NSCLC (529). Notably, 2-oxindole suppresses PDK1, and therefore proteins downstream in the PAM pathway, including GSK3α, GSK3β, and Chk1, which play critical roles in glioblastoma multiforme-derived stem cell survival and growth. In fact, 2-oxindole (compound 3) shows significant anticancer activity by targeting PDK1 signaling in glioblastoma multiforme-derived stem cell self-renewal. Indeed, this remarkable antitumor activity is achieved by reducing cell viability, triggering apoptosis, and inducing differentiation of the stem cell subpopulation in two PTEN-mutated (U118MG and ANGMS-CSS) human glioblastoma cell lines poorly responsive to conventional chemotherapies, including temozolomide and alkylating agents normally used for the treatment of glioblastoma multiforme. Therefore, antitumor efficacy of 2-oxindole derivatives is a good starting point for the discovery and development of more efficient targeted therapies for glioblastoma multiforme (530).

SA16 (SA-16)

SA16, a novel drug ligand that displays simultaneous inhibition of two kinases, PDK1 and Aurora kinase A, significantly decreases cell proliferation and hampers tumor invasiveness, while concurrently inducing differentiation, and subsequent apoptosis in glioblastoma multiforme stem-like cells. Thus, SA16 effectively reduces glioblastoma multiforme stem-like cell populations, suggesting its potential in overcoming chemoresistance in glioblastoma multiforme (524). In line with this, SA16 is reported to inhibit cell proliferation and clonogenic potential in pancreatic cancer cells, and it produces no toxicity at micromolar range to normal human pancreatic cells. However, its activity is limited in vivo, suggesting that further improvement of its pharmacokinetic properties is required (531).


ABBREVIATIONS

ABC-DLBCL: Activated B-cell-like diffuse large B-cell lymphoma
BBB: Blood-brain barrier
BTK: Bruton tyrosine kinase 
CBR: Clinical benefit rate
CLL: Chronic lymphocytic leukemia
CML: Chronic myeloid leukemia 
CMML: Chronic myelomonocytic leukemia 
CRC: Colorectal cancer
CRPC: Castration resistant prostate cancer 
CSC: Cancer stem cell
cSCC: Cutaneous squamous cell carcinoma
CTCL: Cutaneous T-cell lymphoma
DLT: Dose-limiting toxicity
DSB: Double strand break 
EGFR: Epidermal growth factor receptor (ErbB-1) (HER1)
EMT: Epithelial-mesenchymal transition
ER+: Estrogen receptor positive
FDA: Food and Drug Administration
FGFR: Fibroblast growth factor receptor
FL: Follicular lymphoma
FRB: FKBP12-rapamycin-binding 
GIST: Gastrointestinal stromal tumor
HNSCC: Head and neck squamous cell cancer
HR: Homologous recombination
HR+: Hormone receptor positive 
HUVEC: Human umbilical vein endothelial cell
IFN-γ: Interferon gamma
MCL: Mantle cell lymphoma 
MDR: Multi drug resistance
MDSCs: Myeloid-derived suppressor cells
MZL: Marginal zone lymphoma 
NET: Neuroendocrine tumor
NHEJ: Non-homologous end joining
NHL: Non-Hodgkin lymphomas
NSCLC: Non-small-cell lung cancer
OCCA: Ovarian clear cell adenocarcinoma 
ORR: Overall response rate
PAM: PI3K/AKT/mTORC
PBMCs: Peripheral blood mononuclear cells
PDXs: Patient-derived xenografts
RCC: Renal cell carcinoma
ROS: Reactive oxygen species
RP2D: Recommended phase 2 dose
SCLC: Small-cell lung cancer
SD: Stable disease
SEGA: Subependymal giant cell astrocytoma
shRNA: Short hairpin RNA
SLL: Small lymphocytic lymphoma
TAMs: Tumor-associated macrophages
TNBC: Triple-negative breast cancer
Tregs: Regulatory T-cells
VEGF: Vascular endothelial growth factor
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SUPPLEMENTARY FIGURE 1 LEGEND

SUPPLEMENTARY FIGURE 1. Timeline of FDA approvals for mTOR inhibitors (red rectangles), and PI3K inhibitors (green rectangles). A-NC mTORi: allosteric (non-competitive) mTOR inhibitor; Pan-PI3Ki: Pan-PI3K inhibitor; IS PI3Kαi: Isoform-Specific PI3Kα inhibitor; IS PI3Kγ/δi: Isoform-Specific PI3Kγ/δ inhibitor. Black arrows below the inhibitors: years in which the first FDA approval occurred. Grey squares at the top-left of each inhibitor: cancer type/s related to the first FDA approval of the corresponding inhibitor. RCC: Renal cell carcinoma; FL: Follicular lymphoma; CLL: Chronic lymphocytic leukemia; SLL: Acute lymphocytic leukemia; BR: Breast cancer. Circled capital letters at the top-right of each inhibitor: biopharmaceutical companies related to the first FDA approval of inhibitors. Ⓟ: Pfizer; Ⓝ: Novartis; Ⓖ: Gilead Sciences; Ⓑ = Bayer; Ⓢ: Secura Bio.


SUPPLEMENTARY TABLE LEGENDS

SUPPLEMENTARY TABLE 1. Summary of the most representative studies on pan-PI3K inhibitors, isoform-specific PI3K inhibitors, and dual-PI3K/mTOR inhibitors with favourable/acceptable safety profile in different stages of human clinical trials. ISP: inhibitor safety profile (F: favourable, A: acceptable or manageable or tolerable). C: complete; A, R: active recruiting; A, NR: active not recruiting; T: terminated; U: unknown. FP: first posted; RFP: results first posted; LUP: last update posted. NCT: national clinical trial. *: none; R: reference. ORR: overall response rate; PR: partial response; CR: complete response; MR: minimal response; PFS: Progression-free survival; SD: stable disease; OS: overall survival; DOR: duration of response; CBR: clinical benefit rate; DCR: disease control rate; MTD: maximum tolerated dose; RP2D: recommended phase 2 dose.

SUPPLEMENTARY TABLE 2. Summary of the most representative studies on AKT inhibitors with favourable/acceptable safety profile in different stages of human clinical trials. ISP: inhibitor safety profile (F: favourable, A: acceptable or manageable or tolerable). C: complete; A, R: active recruiting; A, NR: active not recruiting; T: terminated; U: unknown. FP: first posted; RFP: results first posted; LUP: last update posted. NCT: national clinical trial. *: none; R: reference. ORR: overall response rate; PR: partial response; CR: complete response; MR: minimal response; PFS: Progression-free survival; SD: stable disease; OS: overall survival; DOR: duration of response; CBR: clinical benefit rate; DCR: disease control rate; MTD: maximum tolerated dose; RP2D: recommended phase 2 dose.

SUPPLEMENTARY TABLE 3. Summary of the most representative studies on allosteric mTOR inhibitors, ATP-competitive mTOR inhibitors, and bi-steric mTOR inhibitors with favourable/acceptable safety profile in different stages of human clinical trials. ISP: inhibitor safety profile (F: favourable, A: acceptable or manageable or tolerable). C: complete; A, R: active recruiting; A, NR: active not recruiting; T: terminated; U: unknown. FP: first posted; RFP: results first posted; LUP: last update posted. NCT: national clinical trial. *: none; R: reference. ORR: overall response rate; PR: partial response; CR: complete response; MR: minimal response; PFS: Progression-free survival; SD: stable disease; OS: overall survival; DOR: duration of response; CBR: clinical benefit rate; DCR: disease control rate; MTD: maximum tolerated dose; RP2D: recommended phase 2 dose.
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