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The serine/threonine kinase glycogen synthase kinase-3 (GSK-3) was initially identified and studied in the regulation of glycogen synthesis. In some cases, suppression of GSK-3 activity by phosphorylation by Akt and other kinases has been associated with cancer progression. In these cases, GSK-3 has tumor suppressor functions. In other cases, GSK-3 has been associated with tumor progression by stabilizing components of the beta-catenin complex. In these situations, GSK-3 has oncogenic properties. The Raf kinase inhibitor protein (RKIP) has been reported to be under expressed in many cancers and plays a role in the regulation of tumor cells’ survival, proliferation, invasion, and metastasis, hence, a tumor suppressor. RKIP also regulates tumor cell resistance to cytotoxic drugs/cells. Likewise, the tumor suppressor, phosphatase and tensin homolog (PTEN), which inhibits the phosphatidylinositol 3 kinase (PI3K)/protein kinase B (Akt) pathway, is either mutated, under expressed, or deleted in many cancers and shares with RKIP its anti-tumor properties and its regulation in resistance. Several pathways are regulated by RKIP, GSK-3, PTEN, and the transcriptional and post-transcriptional regulations of RKIP, GSK-3, and PTEN are significantly altered in cancers. In addition, RKIP, GSK-3 and PTEN play a key role in the regulation of tumor cells response to chemotherapy and immunotherapy. In this review, we will focus on the roles that GSK-3, PTEN, and RKIP play in various human cancers. We will also discuss how this pivotal kinase interacts with multiple signaling pathways such as: PI3K/PTEN/Akt/mechanistic target of rapamycin complex 1 (mTORC1), nuclear Factor kappa-B (NF-κB)/Snail family transcriptional repressor 1 (Snail)/Yin Yang 1 (YY1) loop, and rat sarcoma virus oncogene (Ras)/rapidly accelerated fibrosarcoma (Raf)/mitogen-activated protein kinase (MEK)/extracellular signal-regulated kinase (ERK).
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INTRODUCTION
Glycogen synthase kinase 3 beta (GSK-3β), which is a serine/threonine kinase was initially identified because of its key role in the regulation of glycogen synthesis. But it is now well-established that GSK-3 performs critical functions in many cellular processes, such as apoptosis, tumor growth, cell invasion, and metastasis [1]. There is conflicting evidence on the effect of GSK-3 inhibition on cancer cell development. It can act as a tumor promoter as well as a tumor suppressor in different types of cancer [2]. However, it is found that combination of GSK-3β inhibitors with chemotherapeutic agents can significantly reduce the resistance of various tumor cells towards chemotherapy [3]. In the last few years, many GSK-3 inhibitors have been developed, and some are currently being tested in clinical trials [4]. Indazoles are nitrogen-based heterocyclic chemicals that possess many types of biological activities and representatives of this class of pharmacological agents are widely used as antibacterial, anti-inflammatory, anti-HIV, antiprotozoal and antimalarial agents [5]. Recent studies are showing promising activity of indazole derivatives as anticancer agents [6].
The Raf kinase inhibitor protein (RKIP) has been reported to be under expressed in many cancers and acts as a suppressor to the regulation of tumor cells’ survival, proliferation, invasion, and metastasis. RKIP also regulates tumor cell resistance to cytotoxic drugs/cells. Likewise, the tumor suppressor, phosphatase and tensin homolog (PTEN), which inhibits the phosphatidylinositol 3 kinase (PI3K)/Akt pathway, is either mutated, under expressed, or deleted in many cancers and shares with RKIP its anti-tumor properties and its regulation in resistance [7]. The underlying mechanism of the interrelationship between the signaling expressions of RKIP and PTEN in cancer is not clear [7]. RKIP and PTEN play a key role in the regulation of tumor cells response to chemotherapy and immunotherapy [7]. There are crosstalks involving the mitogen-activated protein kinase (MAPK)/PI3K pathways and the dysregulated nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)/Snail/Yin Yang 1 (YY1)/RKIP/PTEN loop in many cancers [7].
While the individual biological roles of GSK-3β, RKIP, and PTEN have been extensively characterized, increasing evidence indicates that their cooperative and interconnected signaling functions are particularly relevant in cancer. Rather than acting as isolated regulators, these molecules converge at critical signaling nodes including the PI3K/PTEN/Akt/GSK-3β axis and the NF-κB/Snail/YY1 regulatory loop to jointly influence tumor proliferation, epithelial-mesenchymal transition, metastasis, and resistance to therapy. Accordingly, this review emphasizes the functional crosstalk among GSK-3β, RKIP, and PTEN, highlighting how their coordinated dysregulation reshapes oncogenic signaling networks and presents opportunities for therapeutic targeting.
A comprehensive literature search was conducted to identify studies exploring the cross-talk between GSK-3β, RKIP, and PTEN and their therapeutic implications in cancer Relevant studies were retrieved from PubMed, Scopus, Web of Science, and Embase between 1990 and 2026. They were systematically searched using combinations of controlled vocabulary (MeSH terms) and free-text keywords. Search terms included combinations of “GSK-3β”, “RKIP”, “PTEN”, “PI3K/Akt”, “NF-κB”, “Wnt/β-catenin”, “epithelial–mesenchymal transition”, “drug resistance”, “tumor microenvironment”, and “GSK-3β inhibitors”. Filters included English-language, peer-reviewed original, and review articles. Reference lists of included studies were screened for additional relevant articles. Approximately 400 records were initially identified, of which 263 peer-reviewed articles were selected following screening for relevance, duplication, and scientific quality. Emphasis was placed on mechanistic studies, translational research, preclinical investigations, and clinical studies relevant to the role of GSK-3β and its interaction with RKIP/PTEN signaling in cancer progression, metastasis, immune modulation, and therapeutic resistance. Seminal studies were included to provide historical and mechanistic context, while recent publications were prioritized to reflect current advances in the field.
GLYCOGEN SYNTHASE KINASE-3 (GSK-3)
Isoforms: GSK-3α and GSK-3β
The GSK-3 gene family contains two highly conserved kinases, GSK-3α and GSK-3β [8]. Both GSK-3α and GSK-3β have strong preferences for primed substrates, which means they prefer substrates that have already been phosphorylated by other kinases [e.g., casein kinase1 (CK1), mitogen-activated protein kinases (MAPK), extracellular regulated Kinase (ERK), p38MAPK, and c-Jun N-terminal kinase (JNK), 5’ adenosine monophosphate-activated protein kinase (AMPK)] and others (Figure 1).
[image: Diagram illustrating kinases, phosphatases, and their regulatory effects on GSK-3 via specific phosphorylation sites. Green arrows indicate activation, red lines indicate inhibition, and yellow hexagons represent phosphatases. Functional outcomes show phosphorylation at Ser9 inhibits, while phosphorylation at Tyr216 activates GSK-3β activity. Key kinases and phosphatases are color coded and grouped for clarity.]FIGURE 1 | Sites of Phosphorylation of GSK-3β which Regulate its Activity. Schematic representation of the regulatory phosphorylation sites controlling GSK-3β activity. Inhibitory phosphorylation at Ser9 by upstream kinases—including Akt, PKA, p90RSK, and p70S6K—is indicated by inhibitory arrows and results in reduced GSK-3β activity. In contrast, phosphorylation at Tyr216, mediated by kinases such as Fyn and PYK2 or via autophosphorylation, is associated with GSK-3β activation. Protein phosphatases PP1 and PP2A can reverse inhibitory Ser9 phosphorylation and restore kinase activity. This figure highlights how diverse signaling inputs dynamically regulate GSK-3β function under physiological and pathological conditions, including cancer. Akt: protein kinase B, ERK: extracellular signal-regulated kinase, Fyn: Fyn proto-oncogene tyrosine-protein kinase, GSK-3β: glycogen synthase kinase-3 Beta, p38MAPK: p38 mitogen-activated protein kinase, p70S6K: p70 ribosomal S6 kinase, p90Rsk: p90 ribosomal S6 kinase, PKA: protein kinase A, PKC: protein kinase C, PP1: protein phosphatase 1, PP2A: protein phosphatase 2A, and PYK2: proline-rich tyrosine kinase 2.GSK-3 activity is controlled by phosphorylation/dephosphorylation
GSK-3α and GSK-3β are expressed ubiquitously and highly conserved. The activity of GSK-3α is extinguished by phosphorylation at S21, while GSK-3β activity is silenced by phosphorylation at S9 [9, 10]. Phosphorylation of GSK-3β at S9 leads to its inactivation by proteasomal degradation and has been associated with many pathological conditions, including cancer. Various kinases phosphorylate GSK-3β at S9 including protein kinase A (PKA), protein kinase B (PKB a.k.a Akt), p90 ribosomal S6 kinase (p90Rsk), p70 ribosomal S6 kinase (p70S6K) [10–12]. A diagram depicting sites of regulation of GSK-3β is presented in Figure 2.
[image: Two-panel diagram illustrating GSK-3 regulation of various substrates by phosphorylation. Panel A displays transcription factors, where GSK-3 activates proteins (yellow diamonds) and inactivates others (black diamonds), marked by red and black arrows. Panel B shows other protein substrates, with activated proteins in yellow rectangles and inactivated ones in black rectangles, also using red and black arrows. A legend explains the symbols and phosphorylation effects, with a summary table listing examples of transcription factors and other proteins activated or inactivated by GSK-3.]FIGURE 2 | Diversity of GSK-3 Substrates. (A) Transcription factors regulated by GSK-3. This panel illustrates transcription factors that are directly phosphorylated by GSK-3 and whose activity is thereby modulated. Transcription factors activated by GSK-3–mediated phosphorylation are depicted as yellow diamond shapes with black lettering, with phosphorylation events indicated by red “P” symbols inside red circles. Transcription factors inactivated by GSK-3 phosphorylation are shown as black diamond shapes with white lettering, with inhibitory phosphorylation indicated by black “P” symbols inside black circles. These regulatory events influence key cellular processes, including proliferation, apoptosis, differentiation, inflammation, and epithelial–mesenchymal transition. (B) Non-transcriptional protein substrates of GSK-3. This panel summarizes additional signaling, metabolic, and structural proteins phosphorylated by GSK-3. Proteins whose function or stability is enhanced upon phosphorylation are represented as yellow rectangles with black lettering, whereas proteins whose activity or stability is suppressed by phosphorylation are shown as black rectangles with white lettering. Phosphorylation events are indicated by red or black “P” symbols corresponding to activating or inhibitory outcomes, respectively. In certain cases, the same substrate may be differentially activated or inhibited by GSK-3 depending on cellular context, subcellular localization, or upstream signaling inputs. Together, this figure highlights the breadth of GSK-3 substrate specificity and underscores its role as a central signaling integrator that regulates transcriptional control, cell-cycle progression, apoptosis, metabolism, cytkeletal dynamics, and therapy-response pathways in both physiological and pathological contexts. Akt: protein kinase B, APC: adenomatous polyposis coli, Axin: axis inhibition protein, BAX: Bcl-2-associated X protein, BCL-3: B-cell lymphoma 3, BCL2L12A: Bcl-2-like protein 12A, β catenin: β-catenin (cadherin-associated protein), C/EBPα: CCAAT/enhancer-binding protein alpha, cEBPβ: CCAAT/enhancer-binding protein beta, c-Myc: cellular myelocytomatosis oncogene, CREB: cAMP response element-binding protein, cyclin D1: cyclin D1 protein, eIF2B: eukaryotic translation initiation factor 2B, ERK: extracellular signal-regulated kinase, FAK: focal adhesion kinase, FKHR: forkhead in rhabdomyosarcoma (FOXO1), Fyn: Fyn proto-oncogene tyrosine-protein kinase, GLI3: GLI family zinc finger 3, GR: glucocorticoid receptor, GS: glycogen synthase, GSK-3: glycogen synthase kinase-3, GSK-3β: glycogen synthase kinase-3 Beta, HIF-1 alpha: hypoxia-inducible factor 1-alpha, IRS1: Insulin receptor substrate 1, Jun-B,C,D: Jun proto-oncogene family members B, C, and D, LRP6: low-density lipoprotein receptor-related protein 6, MafA: musculoaponeurotic fibrosarcoma oncogene homolog A, MAP18: microtubule-associated protein 18, MAP2C: microtubule-associated protein 2C, Mcl1: myeloid cell leukemia sequence 1, MDM2: mouse double minute 2 homolog, MLK3: mixed-lineage kinase 3, MTF: metal-responsive transcription factor, NF-AT: nuclear factor of activated T-cells, NF-κB: nuclear factor kappa B, Notch: Notch signaling receptor, Nrf2: nuclear factor erythroid 2–related factor 2, p130Rb: retinoblastoma-like protein 2, p21CIP1: cyclin-dependent kinase inhibitor 1A, p27Kip1: cyclin-dependent kinase inhibitor 1B, p38MAPK: p38 mitogen-activated protein kinase, p53: tumor protein 53, p70S6K: p70 ribosomal S6 kinase, p90Rsk: p90 ribosomal S6 kinase, PKA: protein kinase A, PKC: protein kinase C, PPAR: peroxisome proliferator-activated receptor, PP1: protein phosphatase 1, PP2A: protein phosphatase 2A, PTEN: phosphatase and tensin homolog, PYK2: proline-rich tyrosine kinase 2, RAR: retinoic acid receptor, Redd1: regulated in development and DNA damage response 1, sigma catenin: σ-catenin (Plakoglobin), SMAD 1,3: SMAD family member 1 and 3, Snail: SNAIL family transcriptional repressor 1, and TSC2: tuberous sclerosis complex 2.Biochemical functions of GSK-3
GSK-3β represses the expression of certain immediate response genes in quiescent cells [13]. GSK-3 can alter the activity of proteins important in RNA translation such as p70S6K [14]. The GSK-3-related yeast protein mitotic casein kinase 1 (Mck1) can inhibit the activity of the major mitotic cyclin-dependent kinase (Cdk) complex cyclin B2–cyclin-dependent kinase 1 complex (Clb2-Cdk1) and regulate cellular division [15]. A diagram illustrating some of the targets of GSK-3 is presented in Figure 2.
Nitrogen-containing heterocycles serve as a major scaffold for a variety of biological substances and pharmaceuticals [16]. Indazole is one of these chemicals with biological, agricultural, and industrial applications. Anti-inflammatory, anti-tumor, anti-HIV, anti-platelet, and serotonin receptor antagonist properties are all present in indazole and its derivatives [16]. The basic structure of various medicinal compounds, such as Granisetron, a 5HT3 receptor antagonist used as an anti-emetic drug [17], and Benzydamine, an anti-inflammatory medication, is formed from indazole derivatives [18]. Because of the planarity of the indazole ring, side chain length, and fictionalizations at various points, an enormous variety of indazole derivatives can be created, resulting in novel compounds with biological and medicinal capability [16].
Indazole derivatives represent a prominent chemotype among small-molecule GSK-3β inhibitors, owing to their ability to engage the ATP-binding pocket and establish key hinge-region interactions. From a structure–activity perspective, substitution at the indazole core strongly influences kinase potency and selectivity, particularly through modulation of hydrogen-bonding capacity and steric complementarity within the active site [19, 20]. Substituents at the 3- and 5-positions of the indazole ring frequently project into hydrophobic subpockets adjacent to the gatekeeper residue, where increased hydrophobic bulk is associated with enhanced potency but also raises the risk of cross-reactivity with structurally related kinases [6].
Structure–activity relationship analyses further reveal that electron-withdrawing substituents on appended aryl or heteroaryl groups can improve biochemical potency by stabilizing binding orientation, whereas excessive polarity often compromises cellular permeability. Conversely, incorporation of flexible linkers or bulky aromatic extensions may improve cellular activity but reduce kinase selectivity, highlighting a common trade-off between potency and specificity within this chemical class [21]. Selectivity profiling demonstrates that many indazole-based GSK-3β inhibitors exhibit off-target activity against cyclin-dependent kinases and other serine/threonine kinases that share homologous hinge motifs [22].
Context-dependent determinants of GSK-3β function in cancer
The apparently contradictory tumor-suppressive and oncogenic roles of GSK-3β can be reconciled by considering the strong context dependency of its signaling functions [23]. GSK-3 act as a tumor suppressor as it inhibits of glycogen synthase, which is the rate-limiting kinase in glycogen production that is crucial for cancer cell survival and proliferation [24].
GSK-3β acts as a signaling hub whose biological output is shaped by cell type, upstream pathway activation, subcellular localization, and tumor stage [25]. In tumors driven by aberrant Wnt/β-catenin signaling, active GSK-3β promotes β-catenin degradation and suppresses proliferation, thereby exerting tumor-suppressive effects [26] (Figure 3). Conversely, in cancers characterized by chronic NF-κB activation or inflammatory signaling, GSK-3β can enhance NF-κB–dependent transcriptional activity, thereby supporting tumor survival and chemoresistance [27].
[image: Diagram illustrating the Wnt/β-catenin signaling pathway, showing Wnt ligand binding at the plasma membrane, inhibition of β-catenin destruction, stabilization and nuclear translocation of β-catenin, interaction with transcriptional complexes, and gene regulation. A table summarizes component categories, examples, and their roles, including ligands, receptors, destruction complex, β-catenin as the signal transducer, transcriptional complex, and target genes such as Cyclin D1 and c-Myc. Text on the right lists regulatory points emphasizing Wnt binding, GSK-3β inhibition, β-catenin translocation, and gene regulation in proliferation and development.]FIGURE 3 | Wnt/beta-catenin Induced Gene Expression is Modulated by GSK-3. Schematic representation of canonical Wnt/β-catenin signaling and its modulation by GSK-3β. In the presence of Wnt ligands, Wnt binds to its cell-surface coreceptors Frizzled (Fz) and LRP5/LRP6, initiating pathway activation. The Frizzled receptor is depicted as a seven-pass transmembrane protein (squiggly line), whereas LRP5/LRP6 are shown as single-pass transmembrane receptors (red ovals). Upon receptor engagement, components of the β-catenin destruction complex—including GSK-3β and casein kinase-1 (CK1)—are functionally inhibited, resulting in stabilization and accumulation of β-catenin in the cytoplasm. Stabilized β-catenin translocates to the nucleus, where it complexes with transcription factors of the TCF/LEF family (represented by yellow diamonds) to activate Wnt-responsive gene transcription. Proteins that interact with receptor-proximal signaling elements or with nuclear transcriptional complexes are indicated by yellow ovals and pink circles, respectively. Directional arrows denote signaling activation, whereas inhibitory interactions within the destruction complex highlight the suppressive role of GSK-3β in the absence of Wnt signaling. This figure illustrates how GSK-3β functions as a central negative regulator of β-catenin stability, thereby controlling transcriptional programs involved in cell proliferation, differentiation, survival, and tumorigenesis, and emphasizes the context-dependent nature of GSK-3β signaling in cancer. AAA: ATPases associated with diverse cellular activities, APC: adenomatous polyposis coli, Axin: axis inhibition protein, Axin2: axis inhibition protein 2, Bcl9: B-cell lymphoma 9, Brg: Brahma-related gene (chromatin remodeling protein), CBP: CREB-binding protein, Cdc37: cell division cycle 37, CK1: casein kinase 1, Cyclin D1: cyclin D1 protein, c-Jun: Jun proto-oncogene, c-Myc: cellular myelocytomatosis oncogene, DKK1: Dickkopf-related protein 1, Dvl: Dishevelled segment polarity protein, GMP: guanosine monophosphate, GSK-3: glycogen synthase kinase-3, LRP5/6: low-density lipoprotein receptor-related protein 5/6, PPAR gamma: peroxisome proliferator-activated receptor gamma, pygo: pygopus transcription coactivator, TCF/LEF: T-cell factor/lymphoid enhancer-binding factor, VEGF: vascular endothelial growth factor.Upstream regulation by the PI3K/PTEN/Akt pathway further modulates GSK-3β activity, such that loss of PTEN or hyperactivation of Akt leads to inhibitory phosphorylation of GSK-3β at Ser9, altering its downstream targets [28]. In addition, cytoplasmic versus nuclear localization of GSK-3β influences substrate accessibility, determining whether it preferentially regulates oncogenic transcription factors (e.g., NF-κB, Snail) or cell-cycle regulators (e.g., cyclin D1, c-Myc) [29]. Importantly, the role of GSK-3β may also evolve during tumor progression, functioning as a tumor suppressor in early stages while promoting invasion, therapy resistance, or metastatic traits at later stages [30].
Together, these findings indicate that GSK-3β cannot be classified as inherently oncogenic or tumor suppressive; rather, its functional role reflects the integrated oncogenic signaling landscape in which it operates. The therapeutic implications of targeting GSK-3β depend on signaling context, emphasizing that successful clinical translation requires stratification based on pathway dominance rather than indiscriminate kinase inhibition (Table 1).
TABLE 1 | GSK-3β phosphorylation patterns and oncogenic role.	Cancer type	Functional consequence and references	Main effect of GSK-3β on tumor
	Lung cancer	Wnt/β-catenin signaling suppresses GSK-3β, increases free β-catenin, and upregulates E-cadherin, with loss of Wnt7a potentially contributing to tumor formation or progression [31]
Inhibition of GSK-3β increases involucrin expression through AP-1 suppression, promotes squamous differentiation [30]	Tumor-promoter
	Renal cell carcinoma (RCC)	In 9-ING-41, a maleimide-based ATP-competitive GSK-3β inhibitor, induces cell cycle arrest and death, with enhanced anticancer effects [32]	Tumor-promoter
	Glioblastoma	GSK-3β promotes glioma stem cell self-renewal; tideglusib disrupts GSK-3β/USP22/KDM1A axis, sensitizing intracranial GBM xenografts to TMZ [33]
GSK-3β inhibitor 9-ING-41 enhanced the anticancer efficacy of lomustine in patient-derived xenograft GBM models [34, 35]	Tumor-promoter
	Neuroblastoma	Inhibiting GSK-3 with LY2090314 suppresses NB growth [36]	Tumor-promoter
	Hepatocellular cancer	Akt phosphorylates GSK-3β in HCC, stimulating tumorigenesis; pGSK-3β correlates with tumor stage and vascular invasion; NF-κB activated via IKK interaction; PDCD6 promotes HCC via Akt/GSK-3β axis [3]. Functional overexpression of GSK-3β also contributes to resistance against therapies such as retinoids and sorafenib [37]. Inhibition of GSK-3β with tideglusib suppresses growth and restores RARβ signaling, thereby enhancing the antitumor activity of sorafenib [38, 39]	Tumor-promoter
	Pancreatic cancer	GSK-3β enhances NF-κB activity, promoting proliferation and resistance to apoptosis, [40]. pSer9-GSK-3β promotes β-catenin nuclear translocation; activates cyclin D1 and AP-1; poor prognosis marker in pancreatic cancer; Akt-mediated GSK-3β inactivation central to tumor progression [41, 42]
However, GSK-3β also exhibits a tumor-suppressive role by negatively regulating EMT, increasing snail and Zeb1 [43, 44]	Dual and context-dependent role
	Prostate cancer	GSK-3β promotes AR transcription paradoxically pro-tumorigenic in PTEN-loss context [41, 45]
PI3K inhibition and mutated PTEN stimulate GSK 3β-mediated degradation of β-catenin by inhibiting the PI3K/Akt pathway, thereby hindering the progression of prostate tumors [46, 47]	Dual and context-dependent role
	Breast cancer	GSK-3β inactivation promotes migration of breast cancer cells; elevated in HER2+ and basal subtypes [48]
GSK-3 knockdown significantly reduced breast cancer cell growth [49]. GSK-3 inhibitors 9-ING-41 and 9-ING-87 selectively decreased the viability of breast, cancer cells [35]. 9-ING-41 enhanced the anticancer activity of irinotecan both in vitro and in chemotherapy-resistant patient-derived xenograft model [7, 50]
Kinase-dead GSK-3β increased resistance to doxorubicin and tamoxifen and promoted clonogenic growth, while wild-type or constitutively active GSK-3β was less permissive [51]	Dual and context-dependent role
	Ovarian cancer	The Wnt/GSK-3 signaling pathway has been implicated in ovarian cancer progression, [52, 53]. The overexpression of GSK-3β increased proliferation through modulation of cell cycle progression and cyclin D1 expression [53]. Elevated cyclin D1 expression, upregulated GSK-3 is associated with chemotherapy resistance [54]
Suppression of GSK-3β reduces carboplatin-induced apoptosis [55]	Dual and context-dependent role


Akt: protein kinase B (AKT, serine/threonine kinase), AP-1: activator protein 1, AR: androgen receptor, ATP: adenosine triphosphate, EMT: epithelial–mesenchymal transition, GBM: glioblastoma, GSK-3β: glycogen synthase kinase-3, beta, HER2+: human epidermal growth factor receptor 2 positive, HCC: hepatocellular carcinoma, IKK: IκB kinase, KDM1A: lysine-specific demethylase 1A, NB: neuroblastoma, NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells, PDCD6: programmed cell death 6, PI3K: phosphoinositide 3-kinase, PTEN: phosphatase and tensin homolog, RCC: renal cell carcinoma, RARβ: retinoic acid receptor beta, TMZ: temozolomide, USP22: ubiquitin-specific peptidase 22, Wnt: wingless-related integration site signaling pathway, Zeb1: zinc finger E-box-binding homeobox 1.
GSK-3 as a tumor-promoter
GSK-3 may increase cell proliferation while simultaneously acting as a tumor promoter. In a range of tumor types, including colon, liver, ovarian, and pancreatic malignancies, GSK-3 is overexpressed in the body [45]. When GSK-3β expression was repressed, pancreatic cancer development and angiogenesis were reduced. GSK-3β knocked-down cells have decreased amounts of Bcl-2 and vascular endothelial growth factor (VEGF). GSK-3 inhibitors may be effective in the treatment of tumors where in which GSK-3 is overexpressed [56].
In lung cancer cells, Wnt/β-catenin signaling suppresses GSK-3β, increases free β-catenin, and upregulates E-cadherin, with loss of Wnt7a potentially contributing to tumor formation or progression [31]. Studies in lung cancer models show that cigarette smoke components inhibit GSK-3β, similar to inhibitors as lithium and SB216763, leading to increased involucrin expression via AP-1 suppression and promoting squamous differentiation, highlighting GSK-3β’s role in lung carcinogenesis [30].
In renal cell carcinoma (RCC), 9-ING-41, a maleimide-based ATP-competitive GSK-3β inhibitor, induces cell cycle arrest and death, with enhanced anticancer effects when combined with autophagy inhibitors, cytokine-activated immune cells, or targeted therapies, suggesting a tumor-promoting role of GSK-3β in RCC progression and survival [32].
GSK-3β expression and activity in giloblastoma multiforme (GBM) cell lines were shown to be greater than in normal brain tissue. In 57 human tumor specimens, the active form of GSK-3β (pGSK3y216) was linked to poor progression-free survival and overall survival (OS), indicating a tumor-promoting role and its value as an independent prognostic marker [57]. Inhibition of GSK-3β induces cytotoxicity in c-Myc–active glioma cells and may selectively target GBM stem cell-like populations, supporting its potential as a therapeutic target [57]. Furthermore, the GSK-3β inhibitor 9-ING-41 enhanced the anticancer efficacy of lomustine in patient-derived xenograft GBM models, resulting in significant survival improvement and histologically confirmed cures in treatment-resistant tumors [34, 35].
Neuroblastoma (NB)’s distinct appearance and tumor biology provide difficulties in developing successful treatment regimens, particularly in patients identified as high risk (high v-myc avian myelocytomatosis viral oncogene neuroblastoma derived homolog (MYCN) expression) [58]. In recent years, studies investigating GSK-3 inhibitors in cancer treatment have mostly focused on three compounds: Tideglusib, AR-A011418, and LY2090314 [59]. The data show that inhibiting GSK-3 with LY2090314 suppresses NB growth. In comparison to Tideglusib, low doses of LY2090314 greatly inhibited NB cellular development. This research shows that LY2090314 has the potential to be a future treatment for NB [36]. This indicates a tumor-promoting role of GSK-3 in NB progression and supporting GSK-3 inhibition as a promising therapeutic strategy.
GSK-3β is overexpressed in hepatocellular carcinoma (HCC), where it promotes tumor cell proliferation, colony formation, tumor development, and resistance to apoptosis, indicating a clear tumor-promoting role in HCC progression [38, 60]. Functional overexpression of GSK-3β also contributes to resistance against therapies such as retinoids and sorafenib, partly because sorafenib itself can activate GSK-3β within tumor cells and the tumor microenvironment [37]. Pharmacological inhibition of GSK-3β with tideglusib suppresses HCC xenograft growth and restores RARβ signaling, thereby enhancing the antitumor activity of sorafenib and sensitizing tumors to therapy [38, 39].
Dual and context-dependent role of GSK-3β
In colon cancer, there is a dual and context-dependent role of GSK-3β as both a tumor promoter and tumor suppressor. Pharmacological inhibitors of GSK-3β activity and RNA interference inhibit GSK-3β expression causing apoptosis and decreased proliferation in colon cancer cells, suggesting a tumor-promoting role of active GSK-3β in supporting cancer cell survival [61]. In contrast, GSK-3β also exhibits a tumor-suppressive function by negatively regulating β-catenin/TCF signaling, as prostaglandin E2 trans-activated the β-catenin/TCF-dependent activation of TCF-4 in colon cancer cells by inhibiting GSK-3β [62].The activation of TNF-related apoptosis-inducing ligand (TRAIL) by wortmannin was fully abolished when GSK-3, a downstream target of active Akt, was inhibited [63]. In colon cancer cells, PI3K inhibition induces TRAIL production, while GSK-3β inactivation regulates cell division cycle 25 homolog A (Cdc25A) ubiquitin-mediated proteolysis, with GSK-3β suppression during G1 linked to Cdc25A overexpression, elucidating the PI3K/AKT/GSK-3 pathway’s role in intestinal cell homeostasis [64]. The PI3K/Akt pathway inhibits both GSK-3β and checkpoint kinase 1 (CHK1), which promotes cell cycle progression by increasing Cdc25A levels.
In pancreatic ductal adenocarcinoma (PDAC), GSK-3β demonstrates a dual and context-dependent role in tumor progression. Upregulation of GSK-3β enhances NF-κB activity, promoting proliferation, pro-tumorigenic cytokine production, and resistance to apoptosis, supporting a tumor-promoting role in PDAC growth and survival [40]. Consistently, GSK-3β inhibition suppresses NF-κB activation and reduces tumor growth [40]. However, GSK-3β also exhibits a tumor-suppressive role by negatively regulating epithelial–mesenchymal transition (EMT), as its inhibition increases EMT-associated transcription factors such as Snail and Zeb1, thereby promoting invasion and metastasis [43, 44]. These findings highlight the paradoxical functions of GSK-3β in PDAC, suggesting that inhibition of GSK-3β alone may produce unintended pro-metastatic effects. Therefore, combination strategies integrating GSK-3 inhibitors with other targeted therapies may provide a more effective therapeutic approach [40].
In prostate cancer cells, the activity of GSK-3β is essential for androgen-stimulated gene expression. The crosstalk between the PI3K/Akt and androgen pathways is mediated by β-catenin [65]. In prostate cancer cells, GSK-3β is phosphorylated and inactivated by PI3K/Akt signaling, increasing nuclear β-catenin and androgen receptor activity to promote growth and survival, while GSK-3β inhibition sensitizes cells to TRAIL-induced apoptosis via caspase-8, independent of NF-κB activation, suggesting a tumor-promoting role of active GSK-3β in mediating apoptosis resistance [66]. However, other studies showed that PI3K inhibitor LY294002 and tumor suppressor PTEN deleted on chromosome 10 stimulate GSK 3β-mediated degradation of β-catenin by inhibiting the PI3K/Akt pathway, thereby hindering the progression of prostate tumors [46, 47]. This means that GSK-3β has a context-dependent role in prostate cancer because it functions within interconnected signaling networks, particularly the Wnt/β-catenin and androgen receptor (AR) pathways, whose regulation differs from other cancers.
Traditional chemotherapeutic treatments have had little influence on the progression of metastatic breast cancer [67]. In human breast cancer, patients with the highest GSK-3 levels exhibit significantly increased risks of distant relapse, suggesting a tumor-promoting role of GSK-3 in disease progression. Consistently, GSK-3 knockdown significantly reduced breast cancer cell growth, although its antiproliferative effects varied among different cell lines, highlighting tumor heterogeneity and context-dependent responses [49]. Furthermore, the ATP-competitive GSK-3 inhibitors 9-ING-41 and 9-ING-87 selectively decreased the viability of breast, pancreatic, and ovarian cancer cells with minimal toxicity toward non-tumorigenic cells [35]. In breast cancer models, 9-ING-41 enhanced the anticancer activity of irinotecan (CPT-11) both in vitro and in chemotherapy-resistant patient-derived xenograft models, indicating that GSK-3 inhibition may help overcome chemoresistance in metastatic breast cancer [7, 50].
GSK-3 also functions as a tumor suppressor in breast cancer. GSK-3 can suppress the Wnt/beta-catenin pathway by phosphorylating beta-catenin which results in the ubiquitin/proteasome-dependent degradation of beta-catenin. Introduction of kinase-inactive (KI) GSK-3β mutants which presumably functioned as inhibitors of the endogenous wild-type (WT) GSK-3β protein stimulated Wnt signaling and mammary tumorigenesis [68]. Enforced expression of kinase-dead (KD) GSK-3β which presumably functioned as inhibitors of the WT GSK-3β protein, promoted tumorigenesis of breast and skin tumors [69]. Overexpression of constitutively-active GSK-3β mutants, in some studies, increased chemosensitivity, cell cycle arrest, and reduced tumorigenicity of breast cancers [70]. Pharmacological inhibition of GSK-3 induced EMT and invasion in breast cancer [43]. In Michigan cancer foundation-7 (MCF-7) breast cancer cells, kinase-dead GSK-3β increased resistance to doxorubicin and tamoxifen and promoted clonogenic growth, while wild-type or constitutively active GSK-3β was less permissive [51]. This paper is one of the clearest examples of GSK3β behaving as a context-dependent regulator of drug response rather than a simple oncogene or tumor suppressor.
The Wnt/GSK-3 signaling pathway has been implicated in ovarian cancer progression, particularly in serous and advanced-stage tumors where GSK-3β is overexpressed, suggesting a tumor-promoting role in ovarian carcinogenesis [52, 53]. The overexpression of GSK-3β increased proliferation of ovarian cancer cell lines, perhaps through modulation of cell cycle progression and cyclin D1 expression [53]. In ovarian cancer, active GSK-3 may promote cell proliferation by phosphorylating and inhibiting glycogen synthase, limiting glycogen synthesis, and increasing glucose metabolism to meet the high energetic demands of rapidly proliferating tumor cells, though its role via NF-κB–mediated transcription remains unclear [54].Resistance to chemotherapy in ovarian cancer can happen through a variety of mechanisms, including activation of the nuclear factor NF-κB, which can lead to diminished cell death and drug resistance [71]. Furthermore, elevated cyclin D1 expression, upregulated GSK-3 in ovarian cancer cells, is associated with chemotherapy resistance [54]. GSK-3β inhibitors, either alone or in combination with other medications, may slow the progression of serous ovarian tumors [72]. In contrast, suppression of GSK-3β enhances proliferation and reduces carboplatin-induced apoptosis in epithelial ovarian cancer cells, suggesting that GSK-3β silencing contributes to chemoresistance and highlighting the potential importance of GSK-3β expression and methylation status as targets for developing genome-guided therapeutic strategies to improve carboplatin chemosensitivity [55].That makes GSK3β look necessary for chemosensitivity in this particular model, which is the opposite of the pro-survival framing in the proliferation papers and reinforces the context dependence.
GSK-3β inhibitors with quantitative potency, clinical-stage data and side effects
Several GSK-3β inhibitors with distinct mechanisms and developmental status have been reported. LY2090314, an ATP-competitive inhibitor, exhibits sub-nanomolar potency against GSK-3β (IC50 ≈ 0.9 nM) and has entered early-phase clinical evaluation in advanced solid tumors and hematologic malignancies, although its clinical development has been limited by toxicity and narrow therapeutic window [73]. In contrast, 9-ING-41 (elraglusib), a maleimide-based ATP-competitive inhibitor, demonstrates biochemical IC50 values in the low-micromolar range (≈0.7 µM for GSK-3β) [74] and has progressed into phase I/II clinical trials for refractory solid tumors and hematologic cancers, both as monotherapy and in combination with chemotherapy [75]. Another clinically explored compound, tideglusib (NP031112), is an irreversible non-ATP-competitive GSK-3β inhibitor with reported enzyme IC50 values in the low-nanomolar range (≈5–60 nM depending on assay conditions), originally developed for neurodegenerative diseases and subsequently evaluated in preclinical oncology models [76].
GSK-3β is widely involved in normal physiological processes, including metabolism, neuronal function, and immune regulation; therefore, its therapeutic targeting requires careful safety evaluation. Preclinical studies indicate that toxicities associated with GSK-3β inhibition are generally dose-dependent and reversible, suggesting a therapeutic window with appropriate dosing strategies.
Early-phase clinical trials of selective GSK-3β inhibitors, elraglusib (9-ING-41), have demonstrated a favorable safety profile, with predominantly low-grade and manageable adverse events such as fatigue, gastrointestinal symptoms, and transient visual disturbances. Severe organ-specific toxicities have not been major dose-limiting factors, supporting the feasibility of clinical application [75].
However, given the context-dependent dual role of GSK-3β, excessive or non-selective inhibition may disrupt normal signaling or stabilize oncogenic substrates. Therefore, biomarker-guided patient selection, optimized dosing, and combination strategies are essential to maximize efficacy while minimizing toxicity.
RKIP AND PTEN AS COORDINATED MODULATORS OF ONCOGENIC SIGNALING
Most cancers express low levels of the tumor suppressors RKIP and PTEN deleted on chromosome 10 or mutated [77, 78]. The expression of these gene products in various cancers has been reported to inhibit cell proliferation and cell survival, inhibit metastases, and respond to cytotoxic/apoptotic stimuli [79].
It has been reported that many cancers exhibit a dysregulated NF-κB/Snail/YY1/RKIP/PTEN loop that primarily is responsible for the phenotypic properties of cancer cells [80]. In this loop, the overexpression and activities of NF-κB, Snail, and YY1 regulate the inhibition of RKIP and PTEN expressions. In contrast, the inhibition of either of these gene products, NF-κB, Snail, or YY1 resulted in the upregulation of the expressions and activities of both RKIP and PTEN [81–83]. Further, Snail is a transcriptional repressor of RKIP [84] and YY1 is a transcriptional activator of Snail [85] and a repressor of PTEN [86]. In the dysregulated loop, either one of the gene products, directly or indirectly, regulates other gene products in the loop. Thus, RKIP and PTEN regulate each other indirectly. It was hypothesized that, in addition to the indirect regulation between RKIP and PTEN, there may exist a direct regulation via crosstalk signaling pathways [7].
RKIP characteristics
General properties
The role of RKIP was to regulate the Raf-MEK- ERK signaling pathway by binding to the Raf-1 isoform and interfering with MEK phosphorylation [87]. RKIP has been reported to be a metastasis suppressor gene product and also regulates tumor cell resistance to both chemotherapy and immunotherapy [88]. In addition, RKIP was also reported to inhibit EMT [89]. The process of metastasis involves tumor cells disseminating from the primary tumor, passing through the basement membrane, persevering in the circulatory system, and invading the secondary site [90]. RKIP’s role as a metastasis suppressor was initially investigated by Fu et al. comparing the metastatic prostate cancer cell line (c4-2B) to the non-metastatic cell line (LNCaP) [91]. Immunohistochemistry (IHC) results showed that RKIP expression was associated with the suppression of prostate cancer metastasis [91].
RKIP expression in cancer
Low levels of RKIP are associated with a high incidence of tumor growth and metastasis in cancer patients [92]. It is important to determine whether RKIP is able to support late metastatic events such as colonization and growth at a distant site. A marked decrease in bone metastasis was observed in breast cancer patients with low RKIP expression [93].
Multiple studies have shown that a loss or reduction in RKIP expression is frequently found in many solid tumor cancers including breast, melanoma, and prostate [94]. In human breast cancer, RKIP must be downregulated for metastasis to develop [95]. Patients with breast cancer exhibited larger-sized tumors and a higher tumor grade when RKIP was lost or reduced [96]. Additionally, RKIP mRNA levels were significantly lower in metastatic breast cancer patients compared to those that were non-metastatic [96]. Similarly, RKIP staining in the melanoma samples exhibited an overall decrease compared to benign lesions [96] (Table 2).
TABLE 2 | RKIP expression trends across major cancers.	Cancer type	RKIP expression versus normal	Metastatic status	Key associations and references
	Prostate cancer	Downregulated	Decrease metastasis	RKIP loss confers metastatic phenotype without affecting primary tumor growth; snail transcriptionally represses RKIP via proximal E-box; decreased expression in metastases versus primary tumors confirmed by IHC in 134 patients [84, 91, 97, 98]
	Breast cancer	Downregulated	Absent in distant metastasis	RKIP silencing mediated by EZH2/PRC2 via H3K27 trimethylation; RKIP re-expression suppresses intravasation and bone [93, 99, 100]
	Colorectal cancer (CRC)	Downregulated	Reduced in metastasis	RKIP loss independently predicts poor overall survival; meta-analysis of 19 studies (∼3,700 patients) confirms unfavorable OS (HR 0.55, 95% CI 0.46–0.65) and DFS (HR 0.46, 95% CI 0.30–0.62) in digestive-tract cancers including CRC [101, 102]
	Gastric cancer	Downregulated	Lost in ∼56% of primary tumors and in ∼90% of lymph node metastasis	RKIP is lost in 56% primary tumors versus 83% expression in normal mucosa; absent in ∼90% of LN metastases; methylation-dependent silencing in gastric cardia adenocarcinoma (62.1% methylation frequency); independent prognostic marker by multivariate analysis [103, 104]
	Lung cancer	Downregulated	Lower with higher stage	RKIP downregulated at both mRNA and protein levels; lower expression associated with higher TNM stage and LN metastasis; YY1 and RKIP co-expression analyses confirm diagnostic and prognostic significance [83]
	Melanoma	Downregulated	Stronger down-regulation or complete loss in metastasis	Reduced RKIP expression associated with increased RAS/ERK signaling in melanoma cell lines; RKIP loss sustains ERK after BRAF inhibition (bypass mechanism) [105]
	Multiple myeloma	Overexpression of inactive phosphorylated RKIP	Higher ratio of RKIP/p-RKIP correlated with poor progression and a low ratio correlated with progression	RKIP inhibits NF-κB independently of RAF/MEK in MM; phosphorylated (inactive) RKIP (p-RKIP) overexpressed versus active RKIP; high p-RKIP:RKIP ratio correlates with bortezomib resistance; dephosphorylation with PKC inhibitor restores bortezomib sensitivity [106, 107]


BRAF: B-Raf proto-oncogene serine/threonine kinase, CI: confidence interval, CRC: colorectal cancer, DFS: disease-free survival, ERK: extracellular signal-regulated kinase, EZH2: enhancer of zeste homolog 2, H3K27: histone H3 lysine 27, HR: hazard ratio, IHC: immunohistochemistry, LN: lymph node, MEK: mitogen-activated protein kinase, MM: multiple myeloma, mRNA: messenger ribonucleic acid, NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells, OS: overall survival, p-RKIP: phosphorylated Raf kinase inhibitory protein, PKC: protein kinase C, PRC2: polycomb repressive complex 2, RAF: rapidly accelerated fibrosarcoma kinase, RAS: rat sarcoma viral oncogene homolog, RKIP: raf kinase inhibitory protein, TNM: tumor-node-metastasis, YY1: Yin Yang 1 transcription factor.
RKIP-mediated signaling
The Raf-MEK-ERK signaling pathway plays a critical role in the control of cell proliferation, differentiation, migration, and apoptosis. The pathway begins when the activated receptor tyrosine kinases (RTKs) bind with the guanine nucleotide exchange factor, son of sevenless (SOS). Afterward, Ras becomes activated as GDP gets replaced for GTP, which activates Raf. Active Raf phosphorylates MEK, which activates ERK. The attachment of RKIP to Raf inhibits the phosphorylation of MEK. This, in turn, negatively regulates the flow of signals down the Raf-MEK, ERK pathway [108]. RKIP is also able to bind to MEK, and to a lesser extent ERK. When RKIP binds to the kinase domain of Raf-1, it prevents its phosphorylation by PAK and Src kinases at Ser338 and Tyr340/341 [109]. By blocking the Raf-1-MEK-ERK signaling cascade, RKIP inhibits downstream the AP1 transcription factor. Through the modulation of the MAPK pathway, RKIP encourages a balanced cell cycle kinetics and replication process through differential regulation of various pathways including cell proliferation and apoptosis [110, 111]. Upregulation of RKIP shortened the nuclear envelop breakdown (NEB) to anaphase time, and the downregulation of RKIP accelerates the time from NEB to anaphase [96]. Furthermore, RKIP depletion induces the expression of NEK6 (a molecule known to enhance G2/M transition) while simultaneously down-regulating G2/M checkpoint molecules like Aurora B, cyclin G1, and sirtuin [111]. Their results suggested that subtle changes in cell cycle kinetics may be fundamental to RKIP’s role as a metastasis suppressor [111].
Furthermore, RKIP inhibits NF-κB activation by blocking the inhibitor of kappa B (IκB) phosphorylation by a family of IκB kinase (IKK) enzymes. The binding of RKIP to all IKK kinases, including IKK, include NF-κB-inducing kinase (NIK), and transforming growth factor B-activated kinase-1 (TAK-1), inhibits the activation of the NF-κB cascade. RKIP can become phosphorylated by protein kinase C (PKC), which will release the binding of Raf-1 and the subsequent activation of MEK and ERK (Figure 4) [112].
[image: Diagram illustrating that low expression of RKIP in a cancer cell leads to MAPK upregulation, resulting in tumor growth, metastasis, therapy resistance, and poor survival outcomes.]FIGURE 4 | Low expression of RKIP in cancer. Schematic diagram illustrating the biological consequences of downregulation or loss of Raf kinase inhibitor protein (RKIP) in cancer cells. Under physiological conditions, RKIP acts as a negative regulator of the Raf-1/MEK/ERK (MAPK) signaling pathway by inhibiting Raf-1 activity. Loss or reduced expression of RKIP releases this inhibitory constraint, resulting in constitutive activation of the MAPK pathway, as indicated by directional arrows. Sustained MAPK signaling drives multiple oncogenic processes, including enhanced tumor cell proliferation, increased migratory and invasive capacity, and resistance to cytotoxic and targeted therapies. These signaling alterations collectively promote tumor growth, metastatic dissemination, therapy resistance, and poor clinical outcomes. This figure highlights RKIP’s function as a metastasis and resistance suppressor and underscores how its loss shifts signaling balance toward aggressive, treatment-refractory tumor phenotypes. MAPK: mitogen-activated protein kinase, Raf: rapidly accelerated fibrosarcoma, RKIP: Raf kinase inhibitor protein.Regulation of RKIP expression
Transcriptional regulation of RKIP expression
The downregulation of RKIP expression in multiple types of human cancers is also a result of decreased RKIP transcription. A luciferase assay used on human melanoma A375 and cervical cancer HeLa cells revealed that the full RKIP promoter activity requires the nucleotide region compromising −56 to +261 relative to the TSS [113]. The three kinds of cis-acting elements and transcription factors that showed to positively regulate RKIP transcription were specificity protein 1 (Sp1), cyclic adenosine monophosphate (cAMP) response CREB, and the p300 acetylase protein [113].
The knockdown of Sp1 I and second oligonucleotide (Sp1 II) or mutation of these elements decreased RKIP promoter activity [113]. Similarly, the interaction between CREB and transcription factor II B (TFIIB) and TFIID enhances RKIP transcription [113]. The mutated and deleted CREB binding sites resulted in ∼60% reduction in luciferase activity. Thus, it was concluded that CREB has a positive correlation to RKIP promoter activity [113].
The acetyltransferase p300 increases the rate of RKIP transcription by decondensing the tightly packed chromatin [113]. A study indicated that p300 is one of the major transcription factors that promote RKIP transcription [113]. Androgen receptors (ARs) are another type of transcription factor that directly binds to and regulates RKIP transcription in prostate epithelial cells [114]. Dihydrotestosterone (DHT) activates AR, thereby leading to the positive regulation of RKIP [114, 115].
One type of transcription factor that inhibits RKIP expression is Snail. Snail is a zinc finger transcriptional repressor that operates by binding to the E-box cis-elements in the RKIP promoter and recruiting mSin3A histone deacetylases containing repressor complexes [84]. Enhancer of zeste homolog 2 (EZH2) negatively regulated RKIP transcription [82]. EZH2 accelerates cancer cell invasion from RKIP inhibition, but this is dependent on the recruitment of Snail to the RKIP promoter [82]. When Snail is present, EZH2 inhibits RKIP expression at the transcriptional level, which accelerates cellular invasion [106].
Another type of RKIP transcription repressor is the BTB and CNC homology protein 1 (BACH1). BACH1 is a basic leucine zipper transcription factor that was found to enhance the malignancy of breast cancer cells when expression levels were high [116]. The relationship between BACH1 and RKIP exemplifies a double-negative (overall positive) feedback loop by mutually repressing each other’s expression [117]. RKIP suppressed BACH1 expression indirectly through signaling, transcriptional, and RNA interference (let-7) pathways while BACH1 negatively regulated RKIP expression [117]. BACH1 mRNA is a direct let-7 target, and RKIP regulates BACH1 via let-7 binding [118].
Epigenetic regulation of RKIP expression
One type of molecule that plays an important role in the methylation of RKIP histones is the epigenetic silencer EZH2. EZH2 is the catalytic subunit of the multicomponent protein complex called polycomb repressive complex 2 (PRC2) and is important in epigenetics as it affects the initiation and progression of several diseases [119]. EZH2 functions by binding to the proximal E-box of the RKIP promoter, recruiting the suppressor of zeste 12 (Suz12), and inducing the tri-methylation of lysines 9 and 27 of histone 3 (H3-K27) [115]. The methylation of lysine amino acids on histones results in reduced transcription, and expression levels between RKIP and EZH2 were shown to have a negative correlation in breast and prostate cell lines as well as in clinical tissues [82].
Post-transcriptional regulation of RKIP expression
Several microRNAs (miRNAs) have been identified as important post-transcriptional regulators for RKIP expression [120]. They function by binding to the 3′ UTR of their target mRNAs, inhibiting their translation and the production of a mature protein. One type of miRNA that was identified to suppress RKIP expression is miR-27a. The upregulation of miR-27a decreased RKIP expression in cisplatin-resistant lung adenocarcinoma (LUAD) cell lines [121]. The downregulation of RKIP occurred at the protein rather than mRNA level, indicating probable post-translational regulation [122]. Overexpression of miR-23a was also found to decrease RKIP mRNA and protein expressions [121]. RKIP expression is mediated via direct binding to the miR-23a region [123]. Similarly, overexpression of miR-543 was found to downregulate RKIP expression in clinical prostate cancer specimens and promote the proliferation and metastasis of cancer cells [124]. Moreover, miR-224 expression was significantly upregulated in breast cancer cell lines and enhanced metastasis [125].
Post-translational regulation of RKIP expression
The addition of a phosphate group to a mature RKIP protein post-translationally alters RKIP’s conformation as well as its function [112]. The phosphorylation of RKIP of Ser153 inactivates the binding pocket of RKIP, thereby resulting in the release of Raf-1 and activation of MEK and ERK [112]. pRKIP has a higher affinity to GRK2, which normally acts as a negative regulator of the G protein coupled receptor (GPCR) [115]. The pRKIP dimerizes GRK2 and prevents it from inhibiting the GPCR cascade, resulting in enhanced MAPK signaling [92].
Characteristics of PTEN
General properties
PTEN was independently identified in 1997 by three research groups following observations of frequent loss of heterozygosity on the long arm (q arm) of chromosome 10 in glioblastoma, suggesting the presence of a critical tumor suppressor gene in this region. [126–131]. Chromosome 10 possesses a mutated gene that is present in glioblastoma multiforme [132]. Studies found that PTEN was mutated not only in glioblastoma multiforme, but also prostate carcinoma [133], breast cancer [134], and endometrial carcinoma [135].
PTEN expression in cancer
PTEN mutations occur in both hereditary and somatic tumor syndromes and are responsible for a large percentage of human cancers. Hereditary PTEN mutations cause PTEN hamartoma tumors syndromes (PHTSs), which feature a variety of benign and malignant tumors [136]. Affected PHTS patients develop disorganized and hyperplastic cellular overgrowth, which eventually affects various tissues in the thyroid, breast, skin, and/or brain, and can also cause neurodevelopment disorders such as autism spectrum disorder [136]. In somatic cancers, including uterine corpus endometrial carcinoma (UCEC), breast cancer, prostate cancer, and glioblastoma, PTEN inactivation results in missense and nonsense mutation, mono- or bi-allelic deletion of the genomic locus or silencing through promotor methylation [137, 138].
Additionally, PTEN protein expression is either lost or reduced in 40% of primary breast carcinomas as assessed by the IHC [139]. Reduced PTEN expression can result in homozygous deletion of the PTEN gene locus or epigenetic silencing of the PTEN promotor [140, 141]. However, some studies observe a correlation between PTEN promoter hypermethylation and breast cancer while other studies do not conclude a correlation [141, 142].
Among 538 cases of clear cell renal cell carcinoma (ccRCC), 5% of patients carried the PTEN mutation. Patients with the PTEN mutation had poorer prognosis on survival, higher rates of metastasis, and disease recurrence compared to patients with WT-PTEN. Kurose et al. concluded that there is a prominent role of PTEN inactivation in ovarian carcinomas associated with increased pAkt [143] (Table 3).
TABLE 3 | PTEN mutation/loss prevalence across major cancers.	Cancer type	Prevalence	Mutation type	Loss mechanism	Notes and references
	Endometrial cancer	50–80%	Point mutation, deletion	LOH, promoter methylation missense mutations in the phosphatase domain, an in-frame deletion, and large insertion	Highest PTEN mutation rate of any solid tumor; early event in endometrioid subtype; present in 50–86% depending on microsatellite instability status [135, 144, 145]
	Glioblastoma (GBM)	30–40%	Deletion, mutation	10q23 deletion, LOH	PTEN mutation rate 40–65% across GBM cohorts; mutations detected in 17–31% of primary GBMs [127, 146]
	Prostate cancer (PCa)	17–61%	Deletion (homozygous)	10q23 CNA; hemizygous/homozygous deletion	Deletions present in 20.2% of hormone-naïve PCa rising to 40–50% in mCRPC; homozygous deletion in 12.1%; predominantly CNA (60–90%); prognostic for early PSA recurrence [146–148]
	Breast cancer	8–47%	Point mutation, deletion	LOH, epigenetic silencing	Higher in TNBC and HER2+ subtypes; PTEN loss co-occurs with PIK3CA mutation; PTEN mutation or IHC loss present in majority of PI3K-altered cases [149]
	Melanoma	10–25%	Deletion, mutation	10q23 loss, epigenetic mechanisms	PTEN loss co-occurs with BRAF V600E in ∼30%; PTEN deletion mediates intrinsic BRAF inhibitor resistance by maintaining PI3K/AKT signaling [150, 151]
	Colorectal cancer (CRC)	5–41%	Point mutation	10q23 LOH, epigenetic mechanisms (promoter hypermethylation)	Frequently co-occurs with BRAF and KRAS mutations in CRC [152]
	Lung cancer	0–59%	Deletion, mutation	Promoter methylation, protein loss, mutation	PTEN protein loss in lung cancer is not fully explained by genetic alterations, indicating that epigenetic and post-translational mechanisms also play key roles in regulating its expression [153]
	Ovarian cancer	11–35%	Mutation, deletion	10q23 LOH	Concurrent mutations in ARID1A and PIK3CA drive ovarian clear-cell tumor development by enhancing pro-tumor inflammatory cytokine signaling [154–156]
	Thyroid cancer	5–59%	Mutation, deletion	10q23.3 LOH, epigenetic and/or structural silencing mechanisms	PTEN mutation is a very rare mutation in thyroid nodules with no clear prognostic indicators [157–159]


Akt: protein kinase B, ARID1A: AT-rich interactive domain-containing protein 1A, BRAF: B-Raf proto-oncogene serine/threonine kinase, CNA: copy number alteration, CRC: colorectal cancer, GBM: glioblastoma multiforme, HER2+: human epidermal growth factor receptor 2 positive, IHC: immunohistochemistry, KRAS: kirsten rat sarcoma viral oncogene homolog, LOH: loss of heterozygosity, mCRPC: metastatic castration-resistant prostate cancer, PCa: prostate cancer, PI3K: phosphoinositide 3-kinase, PIK3CA: phosphatidylinositol-4, 5-bisphosphate 3-kinase catalytic subunit alpha, PSA: prostate-specific antigen, PTEN: phosphatase and tensin homolog, TNBC: triple-negative breast cancer, V600E: valine-to-glutamic acid substitution at codon 600, 10q23: chromosome 10q23 locus, 10q23.3: chromosome 10q23.3 locus.
PTEN-mediated signaling
The PTEN/AKT pathway is initiated when ligands (growth factors, cytokines, or hormones) bind RTKs which subsequently activates PI3Ks, lipid kinases that phosphorylate the 3′ hydroxyl of phosphatidylinositol. [160]. PI3Ks contain two domains: one P110 and one P85 domain. PI3K activation typically occurs through the binding of the P85 subunit or through the adapter molecules such as the insulin receptor substrate (IRS) proteins [160]. If RTKs are not present, PI3K can become activated by a GTP binding to the Ras protein [161]. Activated PI3K phosphorylates phosphatidylinositol-4,5-bisphosphate (PIP2) to produce PIP3. The role of PIP3 is to act as a dock for phospholipids where proteins can be recruited to the plasma membrane and subsequent activation of the signaling cascade [161]. From that point, PIP3 can either bind directly to the Akt or PDK1 protein. If PDK1 phosphorylates the binding site Thr308 of Akt, there will be partial activation, however, phosphorylation of Akt at Ser473 will stimulate full Akt activation [161].
Akt acts as a key signaling node because it is responsible for initiating and regulating the processes of multiple downstream cytoplasmic and nuclear targets [162]. Akt is interconnected with several signaling pathways including cyclin D1 [163], glycogen synthase kinase-3B (GSK3B) [164], forkhead [165], and Bcl-2–associated death promoter (BAD) [166]. Therefore, pAkt is responsible for modulating processes involving cell survival, progression, DNA repair, angiogenesis, and cellular migration [162]. Overexpression of this signaling pathway results in abnormal cell proliferation (oncogenesis) [167].
PTEN dephosphorylates the lipid substrate PIP3 at the 3′ position converting PIP3 back to PIP2, thereby halting the phosphatidylinositol 3 (PI3)/Akt mitogenic signaling pathway. PTEN acts as the central negative regulator of PI3K by opposing its activity and dephosphorylating PIP2 into PIP3. A lack of PTEN leads to elevated levels of pAkt (Figure 5) [168].
[image: Diagram illustrating that low PTEN expression in a cancer cell leads to upregulation of the PI3K/AKT pathway, resulting in increased tumor cell proliferation, tumor growth, spreading, metastasis, therapeutic resistance, and poor survival outcomes.]FIGURE 5 | Low expression of PTEN in cancer. Schematic diagram illustrating the molecular and biological consequences of downregulation, mutation, or loss of phosphatase and tensin homolog (PTEN) in cancer cells. Under normal conditions, PTEN negatively regulates the PI3K/Akt signaling pathway by dephosphorylating phosphatidylinositol-3,4,5-trisphosphate (PIP3) to PIP2, thereby restraining Akt activation. Loss or functional impairment of PTEN removes this inhibitory control, leading to constitutive activation of the PI3K/Akt pathway, as indicated by directional arrows. Sustained PI3K/Akt signaling promotes tumor cell proliferation, survival, migration, and invasion, while inhibiting apoptotic responses and enhancing resistance to cytotoxic, targeted, and radiation-based therapies. Collectively, these signaling alterations drive tumor growth, metastatic progression, therapeutic resistance, and poor patient survival. This figure highlights the central role of PTEN as a tumor suppressor and gatekeeper of survival signaling in cancer. AKT: protein kinase B, PI3K: phosphatidylinositol 3-kinase, PTEN: phosphatase and tensin homolog.Regulation of PTEN expression
Transcriptional regulation of PTEN expression
Positive regulators of PTEN include the early growth response protein 1 (EGR-1), tumor protein 53 (p53), active transcription factor 2 (ATF2), and peroxisome proliferator-activated receptor gamma (PPARγ) [169, 170].
EGR-1 binds to the PTEN 5′ UTR containing a functional GCGGGGGCG EGR-1 binding site. In addition, inducing EGR-1 by exposing cells to ultraviolet light upregulated the expression of PTEN mRNA and protein, thereby leading to apoptosis [171]. Similarly, p53 upregulates PTEN transcription by binding to the functional p53 binding element upstream of the PTEN promoter [172]. ATF2 bound to both site 1: (cctTGACGggtggg) and site 2: (ggcTGACGgccatt) in the PTEN promoter, however, the basal binding of ATF2 to site 2 was higher than site 1 [170]. Furthermore, activation of PPARγ by selective ligand upregulated PTEN expression in human macrophages [173]. On the other hand, NF-κB negatively regulates PTEN expression. p65 repressed the PTEN promoter and NF-κB activation was sufficient enough to inhibit PTEN expression [81].
Other transcription factors that were reported to inhibit PTEN expression in several cancer models were: mitogen-activated protein kinase kinase-4 (MKK4) and B-lymphoma Moloney murine leukemia virus (Mo-MLV) insertion region 1 (BMI1) [169]. In both mouse embryo fibroblast (MEF) cells and non-small cell lung cancer (NSCLC) cells, high MKK4 expression is correlated with low PTEN expression. Similarly, high PTEN expression was associated with a reduction in intracellular phosphoinositides, which are required for Akt activation [174]. MKK4 inhibited PTEN expression by nuclear translocation of p65 and activation of NF-κB [174]. Moreover, nuclear PTEN negatively regulates BMI1 expression through its C-terminal domain [175].
Epigenetic regulation of PTEN expression
Furthermore, lysine-specific demethylase 1 (LSD1), EZH2, and G9a were reported to epigenetically regulate PTEN expression. Knockdown of Myt1 by siRNA decreased the amount of LSD1 recruitment at the PTEN promoter, which indicated that nLSD1 directly binds to the PTEN promoter through Myt1. Neuro2a cell proliferation decreased as a result of LSD1 or Myt1 expression, which makes sense considering how PTEN negatively regulates cell proliferation [176]. Similarly, downregulated EZH2 and LSD1 could dramatically increase the expression level of PTEN. EZH2 and LSD1 can directly bind to the promoter regions of PTEN where it demethylates H3K27me3 [177].
A study by Bhat et al. identified PTEN to be a direct target of G9a. They were able to identify the PI3K signaling pathway as a target downstream of G9a. PTEN mRNA was significantly upregulated in G9a knockdown cells, indicating that PTEN mRNA is regulated by G9a in a methylation-dependent manner. G9a enrichment was evident at the PTEN promoter. The loss of PTEN expression by G9a resulted in reduced Akt activity and consequent proliferation [178].
Post-transcriptional regulation of PTEN expression
Multiple miRNAs—including miR-21, miR-22, miR-214, miR-205, miR-552, miR-106b, and miR-93—target the 3′ UTR of PTEN mRNA, with miR-21 inhibition increasing PTEN expression and its overexpression promoting tumor cell proliferation, migration, and invasion [179]. There is a highly significant inverse correlation between the abundance of PTEN and miR-22 [180]. miR-214 is upregulated following T cell activation, coinciding with a substantial reduction in PTEN mRNA in both CD4+ and CD8+ T cells [181]. Moreover miR-205 directly inhibited PTEN. miR-205 inhibited the luciferase reporter activity of WT PTEN 3′ UTR, but the inhibition was less changed for 3′ UTR with mutated binding sites [182]. Furthermore, PTEN mRNA was downregulated in miR-552 overexpression ovarian cancer (OV) cells, and there was a significant negative correlation between miR-552 and PTEN mRNA expressions in human OV tissues [183]. On a similar note, expression levels of miR-106b and miR-93 were detected by immunofluorescence (IF) staining. Upregulation of miR-106b and miR-93 in MCF-7 cells reduced PTEN expression. However, downregulation of miR-106b and miR-93 in MDA-MB-231 cells increased PTEN expression, all of which indicate how PTEN expression is inversely related to miR-106b and miR-93 [184].
On the other hand, there is increasing evidence of long noncoding RNAs (lncRNAs) regulating PTEN expression and the progression of human cancers. One type of lncRNA that was found to regulate PTEN expression in liver cancer stem cells was long noncoding RNA-downregulated in liver cancer (lnc-DILC) [185]. lnc-DILC is located at the chromosomal locus 13p24 and acts as a tumor suppressor for tumorigenesis and metastasis in liver and colorectal cancer. Lnc-DILC expression was remarkably decreased in ccRCC tissues in comparison to normal tissues, and a decrease in lnc-DILC expression was correlated with a larger tumor size [185]. PTEN mRNA levels were not affected by knockdown or overexpression of lnc-DILC; however, PTEN protein level was significantly increased after lnc-DILC overexpression. Therefore, it was concluded that lnc-DILC regulated PTEN expression at the post-translational level [185].
Xin et al. reported that lnc-HULC is upregulated in liver cancer tissues and negatively correlates with PTEN protein expression, indicating a strong translational level inverse relationship [186]. lnc-GAN1 is downregulated in lung tumors, with low expression correlating with poorer overall and disease-free survival (DFS), and that lnc-GAN1 upregulates PTEN mRNA and protein levels [187]. Lnc-FTX enhances PTEN expression induced by Angiotensin II (Ang II), suppressing PI3K/AKT signaling and reducing Ang II–induced cardiac myocyte hypertrophy in mice [188]. lnc-MIR17HG mRNA expression level was decreased in acute myeloid leukemia (AML), supporting a potential tumor-suppressive role, and regulation of PTEN [189].
Post translational regulation of PTEN expression
Furthermore, there are various enzymes responsible for phosphorylation of PTEN on the C-terminal domain including casein kinase 2 (CK2), GSK3, and Rho-associated (RhoA) protein kinase (ROCK).
CK2 phosphorylates PTEN at C-terminal residues Ser370, Ser380, Ser385, Thr382, and Thr383, with Ser370 and Ser385 being critical for CK2-mediated phosphorylation and overall PTEN protein stability [190]. Similarly, CK2 phosphorylates Ser370 and Ser385 in vitro while Thr366 was also phosphorylated, but to a lower extent [191].
GSK3 phosphorylates serine or threonine residues, though it has been reported that there is a modestly higher activity against serine [192]. In cells with reduced levels of both GSK3 isoforms, phosphorylation of PTEN at Thr366 was much reduced. This concluded that GSK3 does phosphorylate Thr366 in intact cells [193]. ROCK, a downstream effector of RhoA, upregulates PTEN activity, and its inhibition reduces PTEN activity, thereby increasing Akt phosphorylation [194].
Role of PTEN, RKIP, and GSK-3β in resistance
Resistance to chemotherapy
GSK-3 inhibition by small molecules, particularly 9-ING-41, suppresses breast cancer cell growth, spares non-tumorigenic cells, and potentiates irinotecan (CPT-11)-mediated tumor reduction in vivo [50]. Altogether, their results suggest that GSK3 is a promising therapeutic approach to overcome chemoresistance in human breast cancer [50]. GSK3β modulates PTEN and Akt phosphorylation, regulating cell migration, apoptosis, and chemoresistance in breast cancer via the PTEN/PI3K/Akt axis [195].
The modulation of PTEN expression or mutation in many cancers resulted in the activation of the PI3K/Akt pathway that regulates tumor cell proliferation, invasion, and resistance to cytotoxic drugs [196]. Inactivation of PTEN contributed to tumor cells unresponsiveness to cytotoxic chemotherapeutic drugs. The expression level of miRNA-17-5p was elevated in patients who were resistant to chemotherapy. [197]. miRNA-193-3p was upregulated in both gastric cancer cell lines and human gastric tumors resistant to 5-fluorouracil (5-FU) both in vitro and in vivo miRNA-141-3p was overexpressed in resistant esophageal cancer cells from patients. [198].
Overexpression of cancer susceptibility candidate 2 (CASC2) sensitized the tumor cells to TMZ [199]. In addition, CASC2 upregulated PTEN protein and inhibited pAkt protein. The upregulation of PTEN by CASC2 was via the direct inhibition of miRNA-181 [197]. long noncoding RNA-activated in renal cell carcinoma with sunitinib resistance (lncARSR) was upregulated in HCC and associated with large tumor size and poor prognosis. The overexpression of lncARSR augmented the resistance of HCC cells to doxorubicin (DOX) in vitro and in vivo [200]. miR-96-5p targets PTEN expression and affected the chemosensitivity and radiosensitivity of head and neck squamous cell carcinoma (HNSCC) cells [201]. Also, miR-96-5p activated the PI3K/Akt/mTOR pathway. miR-96-5p could serve as a biomarker for chemo-radio sensitivity [198]. miR-21 interaction with PTEN regulated the sensitivity of LUAD cells to 5-FU-mediated cytotoxicity. Overexpression of miR-21 inhibited 5-FU-mediated apoptosis in cancer cells [202]. Overexpression of PTEN resulted in the induction of apoptosis (intrinsic mitochondrial pathway), inhibition of cell proliferation in breast cancer cells, and reversing the chemoresistance [203]. PTEN was a direct target miR-4461 in OV. There was an inverse correlation between the expression of PTEN and miR-4461 in OV tissues. In addition, miR-4461 was in part responsible for the resistance of OV cells to cisplatin [204]. PTEN–deficient tumors rely on ATM kinase for DNA damage repair, and low-dose ATM inhibitor synergizes with radiation to overcome resistance in lung cancer models [205].
RKIP functions as an apoptosis inducer, thereby causing the re-sensitization of resistant tumors to chemotherapy [206]. The transcription factor NF-κB promotes tumor resistance to chemotherapy and immunotherapy by inducing the expression of anti-apoptotic gene products related to Bcl-2 and regulating/decreasing the expression of death receptors (DRs) [207]. Furthermore, certain small molecules including proteasome inhibitor, NPI-0052, bortezomib, and nitric oxide (NO) donor DETA/NO are able to sensitize multiple cancer cell lines to chemotherapy-related apoptosis through NF-κB and Snail inhibition and RKIP induction [207, 208]. Proteasome inhibitor NPI-0052 and bortezomib inhibited NF-κB and its downstream target, Snail (a repressor of RKIP), resulting in the depression of RKIP [206]. The treatment of human prostate cancer cell lines by NPI-0052 or NO donor DETA/NO resulted in the reversal of tumor cell EMT, migration, and invasion [207]. It was suggested that this occurred through RKIP-mediated NF-κB inhibition as well as the subsequent suppression of the EMT inducer, Snail [207]. On the other hand, NF-κB constitutive activity has also been associated with the cause of adaptive tumor resistance to ionizing radiation [207, 209]. Silencing Snail or RKIP ectopic induction has direct effects that suppress the expression of anti-apoptotic proteins from the Bcl-2 family. This supports the conclusion that RKIP and the NF-κB/Snail module have opposing roles in the regulation of tumor resistance.
Resistance to immunotherapy
Immune checkpoint blockade (ICB) is an important and increasingly popular approach in immunotherapy while many cancers still remain insensitive to ICB [25]. GSK3 inhibitors, including GSK3i and SB415286, were observed to downregulate transcription of programmed cell death protein 1 (PD-1) in CD8+ T cells [210]. This connects to PTEN because GSK3β can mediate the phosphorylation of Akt and PTEN to promote chemoresistance [211]. Identifying GSK3 inhibitors, such as GSK3i and SB415286, is important because they do not only inhibit the PTEN/PI3K/Akt signaling pathway, but they also downregulate transcription of PD-1 in CD8+ T cells, which activates CD8 cytotoxic T cells and decreases tumor proliferation, invasion, and cell cycle progression [212].
By decreasing PTEN expression, the percentage of lysed tumor cells was significantly reduced. The loss of PTEN can cause resistance to T cell-mediated immune responses and resistance to immunotherapy in melanoma [213]. The PI3Kβ inhibitor enhanced the efficacy of immunotherapy in melanomas with PTEN loss [213].
Additionally, a PTEN mutations in the phosphatase domain are correlated with PTEN loss of function, resulting in resistance to PD-1 blockade [214].Furthermore, mRNA delivery by polymeric nanoparticles (NPs) can effectively induce the expression of PTEN when it is mutated in melanoma cells and lost in prostate cancer cells. Their results showed that these PTEN mRNA cells not only restored the susceptibility of tumor cells to death but also led to the release of damage-associated molecular patterns (DAMPs) [215]. The combination of PTEN mRNA NP with an immune checkpoint inhibitor (ICI) antibody [anti-programmed cell death ligand 1 (PDL1)] results in a highly potent anti-tumor effect when observed in a subcutaneous mutated PTEN model from melanoma and PTEN-null prostate cancer model [215].
Dendritic cells (DCs) from elderly (65–90 years) exhibit higher PTEN levels and increased NF-κB activation, correlating with enhanced reactivity to human DNA compared with young (20–35 years) subjects [216]. In the dysregulated NF-κB/Snail/YY1/RKIP loop, the overexpression of NF-κB, Snail, and YY1 has led to the maintained downregulation of RKIP. The maintained hyperactivation of NF-κB and its targets, Snail and YY1, results in cell resistance and insensitivity to both chemo- and immune-therapeutic drugs [217]. In addition to RKIP inhibiting anti-proliferative and tumor suppressor functions, it also acts as an anti-resistant factor [206].
The role of RKIP in the reversal of immune resistance was examined through the RKIP disruption loop by Bonavida [206]. Both NK cells and cytotoxic T lymphocytes (CTLs) mediate their killing mechanisms by both necrotic and apoptotic mechanisms. The necrotic mechanism mediates its cell death mechanism through the perforin/granzyme system by perforating holes on the cell membrane. This perforation results in changes to the osmotic pressure, lysis of the cells, as well as apoptosis [218]. On the other hand, the apoptotic mechanism begins with the interaction of ligands on the lymphocytes such as TNF-α, Fas ligand (FasL), and TRAIL with the corresponding receptors (TNFR-1/2, Fas, DR4, and DR5). The contact between sensitive target cells and cytotoxic lymphocytes leads to the activation of the apoptotic pathway, thereby resulting in cell death [206].
The sensitization of Fas-resistant tumor cells to FasL cytotoxicity was achieved via the treatment of tumor cells with a NO donor that resulted in the upregulation of Fas on the tumor cells and sensitization to apoptosis. The underlying mechanism was investigated, and it was found that NO inhibited the Fas transcription repressor, YY1 [219]. In addition, upregulation of RKIP in tumor cells also resulted in the upregulation of Fas via RKIP-mediated inhibition of NF-κB and downstream YY1 [220]. Further studies also revealed that YY1 represses the TRAIL receptor DR5 and its inhibition by NO or by the upregulation of RKIP resulted in the sensitization of TRAIL-resistant tumor cells to TRAIL apoptosis [221, 222].
Immune checkpoint inhibitors (ICIs), including antibodies targeting PD-1, PD-L1, and CTLA-4, have transformed cancer therapy; however, primary and acquired resistance remain major challenges [223]. Emerging evidence highlights the role of tumor-intrinsic signaling pathways, particularly those involving GSK-3β and PTEN, in regulating antitumor immunity and response to immunotherapy.
GSK-3β modulates immune checkpoint regulation at both transcriptional and post-transcriptional levels. Its activity promotes PD-1 expression, whereas pharmacological inhibition reduces PD-1 transcription and enhances CD8+ T-cell and NK cell function, providing a rationale for combining GSK-3β inhibitors with PD-1/PD-L1 blockade [224].
PTEN is similarly critical, as its loss is associated with immune-excluded tumor microenvironments, reduced T-cell infiltration, and resistance to ICIs [225]. Mechanistically, PTEN deficiency sustains PI3K/Akt signaling and promotes immunosuppressive programs that facilitate immune evasion. Clinically, low PTEN expression correlates with poor response to immunotherapy [226]. Importantly, PTEN and GSK-3β pathways converge to regulate immune escape and therapeutic resistance. PTEN loss enhances Akt signaling, thereby altering GSK-3β activity, while GSK-3β regulates transcription factors involved in immune checkpoint control [227]. Together with RKIP downregulation and NF-κB activation, these alterations establish a tumor-intrinsic resistance state that limits the efficacy of immune checkpoint blockade.
The GSK-3β/RKIP/PTEN axis coordinates signaling (PI3K/AKT, NF-κB, β-catenin) that sculpts stromal and immune compartments. Its dysregulation shifts cytokine profiles, favors immunosuppressive cell states, promotes fibroblast/stromal remodeling, and reduces immunotherapy sensitivity. GSK-3 plays an important role in immune and hematological cell regulation through its constitutive kinase activity, where it modulates multiple signaling pathways by phosphorylating key regulatory proteins, including oncogenic and immune-related mediators such as β-catenin and c-Myc, thereby influencing cellular proliferation, survival, and immune-associated functions [56]. RKIP functions as an important immunomodulator by regulating inflammatory and immune signaling pathways, particularly through inhibition of NF-κB and ERK/MAPK signaling, modulation of pro-inflammatory cytokine production, and control of immune-cell infiltration within the tumor microenvironment, thereby influencing tumor progression, immunosurveillance, and sensitivity to immunotherapeutic agents [195].
Loss of PTEN in stromal fibroblasts was shown to accelerate mammary tumor initiation, progression, and malignant transformation by promoting extracellular matrix remodeling, immune cell infiltration, and angiogenesis through activation of the PTEN-Ets2 (v-ets erythroblastosis virus E26 oncogene homolog 2) signaling axis [228]. PTEN exerts critical tumor cell–non-autonomous functions within the tumor microenvironment, where stromal PTEN inactivation promotes cancer progression through dysregulation of intracellular communication pathways and altered signaling interactions between stromal and tumor cells, ultimately contributing to more aggressive disease behavior and poorer clinical outcomes [78].Mechanistically, PTEN loss in fibroblasts downregulates miR-320, which directly targets Ets2; the resulting Ets2 upregulation orchestrates a pro-oncogenic secretome containing matrix metallopeptidase 9 (MMP9) and elastin microfibril interfacer 2 (EMILIN2) that enhances tumor cell invasion and angiogenesis [229].
CROSS-TALK SIGNALING PATHWAYS BETWEEN RKIP, GSK-3Β AND PTEN
Indirect regulation between MAPK and PI3/Akt pathway
There is an indirect regulation between RKIP and PTEN because B-RAF mutations are involved in the dysregulation of the MAPK and PI3K/Akt pathways. B-RAF mutations are present in up to 70% of melanoma cases [230]. Therefore, it is important to determine if these signaling crosstalk pathways are related indirectly and/or directly as they can offer novel targets for therapeutic interventions. In fact, the most promising treatments for melanoma seem to target mutations involved in the RAF-MEK and PI3K pathways. B-RAF is a member of the RAF family proteins that are involved in the signal transduction cascade involved in the regulation of apoptosis, proliferation, and transformation to cancerous states [231].
As shown in this review, RKIP negatively regulates the MAPK pathway via the inhibition of B-RAF activity. The inhibition of B-RAF by RKIP results in a downregulation of all metastatic pathways associated with B-RAF (Figure 6).
[image: Diagram illustrating regulatory relationships among PTEN, RKIP, NF-kB, YY1, and SNAIL. PTEN and RKIP downregulate NF-kB, which in turn upregulates YY1 and SNAIL. Arrows indicate activation or upregulation, while blunt lines indicate downregulation.]FIGURE 6 | Schematic diagram depicting cross-talk signaling pathways between RKIP and PTEN via the NF-κB/Snail/YY1 loop. Schematic diagram illustrating the dysregulated NF-κB/Snail/YY1 signaling loop that functionally links RKIP and PTEN in cancer cells. Activation of the IκB kinase (IKK) complex leads to nuclear translocation and activation of NF-κB, which subsequently induces the expression of downstream transcription factors Snail and Yin Yang 1 (YY1), as indicated by activating arrows. Snail acts as a direct transcriptional repressor of RKIP, resulting in diminished RKIP expression and loss of its inhibitory control over upstream signaling pathways. Suppression of RKIP, in turn, sustains and amplifies NF-κB hyperactivation, establishing a positive feed-forward loop. Concomitantly, NF-κB–driven upregulation of YY1 leads to transcriptional repression of PTEN, thereby promoting PI3K/Akt pathway activation and enhancing tumor cell survival. Collectively, this interconnected regulatory circuit drives epithelial–mesenchymal transition, resistance to chemotherapy and immunotherapy, and aggressive tumor progression. Directional arrows indicate pathway activation, whereas blunt-ended lines denote transcriptional repression, highlighting how coordinated loss of RKIP and PTEN cooperatively reinforces oncogenic and therapy-resistant signaling states. PTEN: phosphatase and tensin homolog, RKIP: Raf kinase inhibitor protein, SNAIL: zinc finger transcription factor Snail family transcriptional repressor 1, YY1: Yin Yang 1 transcription factor.Indirect regulation via NF-κB/Snail/YY1 loop
There was another indirect relationship between RKIP and PTEN via the dysregulated NF-κB/Snail/YY1 loop expressed in cancer. RKIP’s role in inhibiting NF-κB is paramount in controlling the proliferation of cancer cells [79]. Hyperactivation of the NF-κB pathway promotes overexpression of YY1 and Snail, leading to RKIP suppression and maintenance of a positive feedback loop that enhances metastatic signaling, whereas RKIP overexpression disrupts this circuit by inhibiting NF-κB and its downstream effectors YY1 and Snail [116].
There is another indirect relationship between RKIP and PTEN because PTEN expression is low in most cancers, in part by NF-κB and YY1. PTEN is either downregulated or absent in most cancer cells because NF-κB hyperactivation and overexpression of YY1 (PTEN inhibitor) decrease PTEN expression [232]. When PTEN is inhibited, the Akt/PI3K pathway becomes activated and results in tumor cell survival, growth, and resistance [79]. Essentially, the hyperactivation of NF-κB and YY1 results in the downstream inhibition of RKIP in the MAPK pathway and PTEN in the PI3K/Akt. Therefore, we believe in the dysregulated loop, there exists a direct relationship between both gene products or pathways (Figure 7).
[image: Illustration shows the effects of overexpression of RKIP and PTEN in cancer, highlighting inhibition of proliferation and metastasis, reduced tumor growth and spread, reversal of therapeutic resistance, enhanced therapeutic synergy, killing of cancer cells, patient remission, and longer survival.]FIGURE 7 | Role of RKIP and PTEN in cancer. Schematic diagram illustrating the tumor-suppressive and chemosensitizing effects of RKIP and PTEN overexpression in cancer cells. When RKIP expression is preserved or restored, it inhibits the Raf-1/MEK/ERK (MAPK) pathway, thereby suppressing oncogenic signaling associated with cell proliferation, migration, and metastasis. In parallel, PTEN acts as a key negative regulator of the PI3K/Akt signaling pathway by limiting Akt activation, resulting in reduced cell survival signaling and enhanced apoptotic responsiveness. The coordinated activity of RKIP and PTEN leads to inhibition of tumor cell proliferation, suppression of metastatic spread, and increased sensitivity to cytotoxic therapeutic agents. Enhanced therapeutic sensitivity allows effective induction of tumor cell death, which translates into tumor regression, disease control, and improved clinical outcomes. This figure highlights how restoration or maintenance of RKIP and PTEN expression shifts signaling balance toward growth suppression, therapy responsiveness, and prolonged patient survival. PTEN: phosphatase and tensin homolog, RKIP: Raf kinase inhibitor protein.The PI3K/PTEN/Akt/mTOR pathway and GSK-3
The PI3K/PTEN/Akt/mTOR pathway and GSK-3 can cross-regulate each other at various points. Some of the interactions between GSK-3 and the PI3K/PTEN/Akt/mTOR pathway are presented in Figure 8. The PI3K/PTEN/mTOR pathway is involved in cancer initiation, metastasis, drug resistance, and sensitivity to therapy [233, 234]. PI3K p110 catalytic subunit (PIK3CA) mutations may be driver mutations in certain cancers responsible for metastasis [235]. Novel PI3K-alpha inhibitors have been isolated and they inhibit metastasis [235]. Most PI3K inhibitors are cytostatic rather than cytotoxic and it has been questioned whether treatment with a single PI3K inhibitor will be effective [236]. The PI3K/PTEN/Akt/mTORC1 pathway is important in c-Myc expression in Burkitt’s lymphomagenesis in germinal center B cells [237]. The PI3K/PTEN/Akt/mTORC1 pathway is also an emerging target for mantle cell lymphoma as this cascade is upregulated in this cancer [238]. Disruption of PTEN and TP53 activity in the thyroid has recently been shown to result in anaplastic thyroid carcinomas in murine models [239]. Recently it has been shown that reduction of PIK3CA or PI3K p85 regulatory subunit (PIK3RA) cell proliferation impedes proliferation, migration, and invasion in glioblastoma multiforme cells [240]. In contrast to PIK3CA, PIK3CB (PI3K p110-β catalytic subunit) is oncogenic in its WT configuration when it is overexpressed in certain conditions. PIK3CB can act like an oncogenic mutant of PIK3CA [241].
[image: Diagram showing the signaling pathway interactions and regulation of GSK-3β. Multiple pathways, including Ras/Raf/MEK/ERK and PI3K/AKT/mTOR, with nodes and arrows indicate activation or inhibition. The pathway summary table on the right details components, regulation actions, and cellular impacts, including AKT and ERK phosphorylation inhibiting GSK-3β and mTORC1 activating cell growth. The regulatory points text below explains that GSK-3β acts as a central node affecting proliferation and apoptosis.]FIGURE 8 | Interactions of GSK-3 with the Ras/PI3K/PTEN/Akt/mTOR and Ras/Raf/MEK/ERK Pathways. Some of the regulatory interactions between GSK-3 and Ras/PI3K/PTEN/Akt/mTOR and Ras/Raf/MEK/ERK pathways are indicated. An activated growth factor receptor is indicated in blue. Ras and Rheb are indicated in dark blue ovals. IRS1, Shc, Grb2, Sos and beta-catenin are indicated in orange ovals. Kinases are indicated in green ovals with the exception of GSK-3β which is indicated in a red oval. The p85 regulatory subunit of PI3K is indicated in a green oval. The phosphatases which inhibit steps in this pathway are indicated in black octagons. The phosphatases PP2A and PP1 which may activate GSK-3 are indicated in yellow octagons. NF1, TSC1 and TSC2 are indicated in black squares. PIP2 and PIP3 are indicated in yellow ovals. The mTORC1 inhibitor is indicated in a red octagon. The AMPK activator Metformin is indicated in a green octagon. mTOR interacting proteins which positively regulate mTOR activity are indicated in yellow ovals. mTOR interacting proteins which negatively regulate mTOR activity are indicated in black ovals. Transcription factors activated by either ERK or Akt phosphorylation are indicated in yellow diamonds. The FKHR transcription factor that is inactivated by Akt phosphorylation is indicated by a black diamond and a white P in a black circle. FKHR is also activated by GSK-3βphosphorylation which is indicated by a white P in a red circle. beta-catenin is indicated in an orange oval. mRNA initiation factors and proteins associated with the ribosome are indicated in magenta ovals. mTORC1 phosphorylates the unc-51-like kinase 1 (ULK1) which results in the suppression of autophagy. ULK1 is indicated in a black oval. In contrast, AMPK activates both ULK1 and autophagy as well as TSC activity. Proteins involved in the regulation of translation are indicated in purple ovals. Red arrows indicate activating events in pathways. Black arrows indicate inactivating events in pathway. Activating phosphorylation events are depicted in red circles with Ps with a black outlined circle. Inactivating phosphorylation events are depicted in black circles with Ps with a red outlined circle. This figure is provided to give the reader an idea of the complex interactions of GSK-3 with various signaling molecules in the Ras/PI3K/PTEN/Akt/mTOR and Ras/Raf/MEK/ERK pathways which are key in regulating cellular proliferation survival and often become dysregulated in cancer. AMPK: AMP-activated protein kinase, Akt: protein kinase B, β-Catenin: Beta catenin, CREB: cAMP response element-binding protein, DEPTOR: DEP domain-containing mTOR-interacting protein, elf-2B: eukaryotic translation initiation factor 2B, elf-4A: eukaryotic translation initiation factor 4A, elf-4E: eukaryotic translation initiation factor 4E, ERK: extracellular signal-regulated kinase, FKBP38: FK506-binding protein 38, FKHR: Forkhead in rhabdomyosarcoma, GF: growth factor, Grb2: growth factor receptor-bound protein 2, GSK 3β: glycogen synthase kinase 3 Beta, IRS1: insulin receptor substrate 1, LEF-1: lymphoid enhancer-binding factor 1, LKB1: liver kinase B1, MNK 1/2: MAP kinase-interacting kinases 1 and 2, mLSTB: mammalian lethal with SEC13 protein 8, mTOR: mechanistic target of rapamycin, mTORC1: mTOR complex 1, mTORC2: mTOR complex 2, NF1: neurofibromin 1, P90 RSK: 90-kDa ribosomal S6 kinase, PDK1: 3-phosphoinositide-dependent protein kinase-1, PIP2: phosphatidylinositol 4,5-bisphosphate, PIP3: phosphatidylinositol 3,4,5-trisphosphate, p85PI3K: regulatory subunit p85 of phosphoinositide 3-kinase, p110PI3K: catalytic subunit p110 of phosphoinositide 3-kinase, PP1: protein phosphatase 1, PP2A: protein phosphatase 2A, PRAS40: proline-rich Akt substrate of 40 kDa, PTEN: phosphatase and tensin homolog, Ras: rat sarcoma viral oncogene homolog, Rictor: rapamycin-insensitive companion of mTOR, RKIP: Raf kinase inhibitor protein, rpS6: ribosomal protein S6, Shc: Src homology 2 domain-containing transforming protein, SIN1: SAPK interacting protein 1, SOS: son of sevenless, TSC1: tuberous sclerosis complex 1, TSC2: tuberous sclerosis complex 2, ULK1: Unc-51 like autophagy activating kinase 1.Liver kinase B1 (LKB1)/AMPK network interactions with GSK-3 and PI3K/Akt/mTORC1 pathway
The LKB1/AMP activated protein kinase (LMPK) pathway is now recognized to play important roles in cancer and other diseases [242]. Activation of the LKB1/AMPK signaling pathway by metformin or 5-aminoimidazole-4-carboxamide 1-β-D-ribonucleotide (AICAR) induces tumor cell cycle arrest, apoptosis, or autophagy and suppresses mTORC1-mediated translation, including cancer-initiating cells [23, 243]. Metformin also suppresses proliferation of T-cell acute lymphoblastic leukemia (T-ALL) via inhibition of mTORC1, inducing autophagy and apoptosis, blocking mRNA translation, and targeting leukemia-initiating cells while exhibiting lower toxicity toward normal CD4+ T-lymphocytes [244]. AMPK is also important in BCR-ABL-induced chronic myeloid leukemia (CML) and AMPK pathway activators may prove useful as combination drug therapy (with BCR-ABL inhibitors) for this disease [242]. AMPK can also be activated by rapamycin [245].
LKB1 is an important tumor suppressor and gatekeeper mutations of LKB1 cause the rare Peutz-Jeghers syndrome (PJS) which is a cancer-prone syndrome [246]. LKB1 is a critical regulator of cell polarity and energy/metabolism control and exerts it vast effects via diverse effectors [247]. Inhibiting mTORC1 activity by drugs such as metformin and other drugs (including rapamycin) may not only aid in the treatment of diabetics, but also improve cancer therapies and increase longevity [248]. Berberine inhibits growth of drug-resistant breast cancer cells, potentially via the LKB1/AMPK signaling pathway, with heightened sensitivity in neutrophil gelatinase-associated lipocalin (NGAL)-overexpressing cells [249].
Integration of p53 signaling with the GSK-3β/PTEN axis
The tumor suppressor p53 functionally intersects with PTEN and GSK-3β to coordinate cell fate, genomic stability, and therapeutic response. p53 transcriptionally upregulates PTEN, forming a feed-forward loop that suppresses PI3K/Akt signaling and promotes tumor-suppressive outcomes [250]. Through inhibition of Akt, PTEN indirectly maintains GSK-3β activity, enabling regulation of apoptosis and cell-cycle progression [227].
GSK-3β, in turn, modulates p53 stability and activity through direct phosphorylation, influencing its transcriptional function and interaction with regulators such as MDM2. Disruption of this p53–PTEN–GSK-3β axis, commonly through PTEN loss or p53 mutation, leads to sustained Akt activation, impaired apoptosis, and therapeutic resistance [251].
Overall, this interconnected network highlights the importance of coordinated tumor suppressor signaling in determining cancer progression and treatment response.
Although GSK-3β, RKIP, and PTEN regulate distinct signaling nodes, growing evidence supports their integration into a coordinated tumor-suppressive network that governs key oncogenic pathways, including PI3K/Akt, MAPK/ERK, Wnt/β-catenin, and NF-κB signaling [252] (Table 4).
TABLE 4 | Biomarker co-associations: PTEN/RKIP/GSK-3β and co-occurring alterations.	Cancer type	PTEN loss + co-alteration	RKIP loss + co-alteration	pGSK-3β + co-alteration	Clinical/Prognostic significance and references
	Prostate cancer	PTEN loss + ERG fusion (∼40%); PTEN loss + AR amplification [148]	RKIP↓ + Snail↑ [84]	pGSK-3β + nuclear AR↑ [253]	PTEN loss + ERG: Predicts aggressive disease and poor prognosis; RKIP loss provides metastatic phenotype; all three alterations converge in CRPC on PI3K/AR/NF-κB axes. Akt inhibition (ipatasertib + abiraterone) specifically benefits PTEN-loss subgroup (HR 0.77) [84, 148, 254]
	Breast cancer	PTEN loss + PIK3CA mutation (partial overlap) in TNBC [149]	RKIP↓ + EZH2↑ + CXCR4↑ [82]	pGSK-3β + c-Myc↑ [255]	EZH2 simultaneously drives RKIP silencing (PRC2/H3K27me3) and multiple other tumor suppressor repression events; PTEN + PIK3CA co-alteration does not additively increase PI3K activation [99, 149]
	Colorectal cancer	PTEN loss + APC mutation + KRAS mutation (triple hit) [256]	RKIP↓ + β-catenin nuclear↑ [257]	pGSK-3β + APC loss → WNT↑ [41]	Both RKIP loss and pGSK-3β elevation converge on β-catenin stabilization; triple-hit tumors show aggressive phenotype; meta-analysis confirms RKIP loss as independent poor-prognosis marker in CRC (HR 0.55 for OS) [101, 102]
	Glioblastoma	PTEN del + EGFR amplification + CDK4 amplification [258]	RKIP↓ + PTEN co-deletion [7]	pGSK-3β + EGFR↑ + TMZ resistance [259]	EGFR amplification + PTEN loss = canonical GBM profile; simultaneous RKIP loss and pGSK-3β elevation maximize PI3K/RAS signal convergence; tideglusib sensitizes GBM to TMZ in preclinical models [33, 127, 260]
	Melanoma	PTEN loss + BRAF V600E (∼30%) [150]	RKIP↓ + SNAI2↑ + BRAF↑(303)	pGSK-3β + MITF dysregulation [261]	PTEN loss predicts intrinsic vemurafenib resistance; RKIP loss further sustains ERK signaling after BRAF inhibition; combination PI3K inhibitor + BRAF inhibitor restores sensitivity in PDX preclinical models [105, 150, 151, 262]
	Multiple myeloma	PTEN mutations are uncommon [263]	↑ inactive RKIP + Bcl-2 + DR5 (101)	pGSK-3β + bortezomib resistance [264]	RKIP–NF-κB axis in MM is independent of RAF/MEK; phosphorylated (inactive) RKIP maintains bortezomib resistance; reactivation with PKC inhibitor bisindolylmalemide restores drug sensitivity in MM cell lines [106, 107]


APC: adenomatous polyposis coli, AR: androgen receptor, Bcl-2: B-cell lymphoma 2, BRAF: B-Raf proto-oncogene serine/threonine kinase, CDK4: cyclin-dependent kinase 4, CRC: colorectal cancer, CRPC: castration-resistant prostate cancer, CXCR4: C-X-C chemokine receptor type 4, del: deletion, DR5: death receptor 5, EGFR: epidermal growth factor receptor, ERG: ETS-related gene, ERK: extracellular signal-regulated kinase, EZH2: enhancer of zeste homolog 2, GBM: glioblastoma multiforme, H3K27me3: trimethylation of histone H3 lysine 27, HR: hazard ratio, MITF: microphthalmia-associated transcription factor, MM: multiple myeloma, NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells, OS: overall survival, PDX: patient-derived xenograft, PI3K: phosphoinositide 3-kinase, PIK3CA: phosphatidylinositol-4, 5-bisphosphate 3-kinase catalytic subunit alpha, PKC: protein kinase C, PRC2: polycomb repressive complex 2, PTEN: phosphatase and tensin homolog, RAF: rapidly accelerated fibrosarcoma kinase, RAS: rat sarcoma viral oncogene homolog, RKIP: raf kinase inhibitory protein, SNAI2: snail family transcriptional repressor 2, TMZ: temozolomide, TNBC: triple-negative breast cancer, V600E: valine-to-glutamic acid substitution at codon 600, WNT: wingless/integrated signaling pathway.
PTEN serves as a primary upstream gatekeeper of the PI3K/Akt pathway by dephosphorylating PIP3 and limiting Akt activation [265]. Through this function, PTEN indirectly regulates GSK-3β activity, as Akt-mediated phosphorylation of GSK-3β at Ser9 alters its substrate specificity and signaling role. Loss of PTEN therefore results in sustained Akt activation, dysregulated GSK-3β signaling, and enhanced survival, metabolic reprogramming, and resistance pathways [266]. In parallel, RKIP negatively regulates MAPK/ERK signaling by inhibiting Raf-1, thereby constraining proliferative and anti-apoptotic signals that would otherwise synergize with PI3K/Akt activation [87].
At the transcriptional level, GSK-3β acts as an integrator of these upstream inputs, modulating key effectors such as NF-κB, β-catenin, Snail, cyclin D1, and c-Myc [267]. RKIP further intersects with GSK-3β-dependent transcriptional control through suppression of NF-κB and Snail-driven EMT programs, while PTEN loss potentiates these transcriptional responses by reinforcing Akt-dependent signaling dominance [268]. Importantly, feedback and feed-forward interactions among these pathways—particularly involving NF-κB, Snail, and YY1—create a dynamic regulatory loop in which disruption of PTEN or RKIP amplifies oncogenic GSK-3β outputs rather than simply altering its activity status.
At a systems level, this triad functions as a signaling rheostat that determines whether oncogenic or tumor-suppressive programs predominate. When PTEN and RKIP are intact, coordinated restraint of PI3K/Akt and MAPK signaling biases GSK-3β activity toward growth-suppressive and differentiation-associated outcomes [172]. Conversely, simultaneous PTEN loss and RKIP downregulation shift signaling dominance toward Akt- and NF-κB-driven programs, converting GSK-3β into a facilitator of EMT, immune evasion, therapy resistance, and metastatic progression [269]. This integrated framework provides a mechanistic basis for viewing GSK-3β, RKIP, and PTEN as components of a single interconnected regulatory network rather than independent pathway modulators (Figure 9).
[image: Infographic illustrating the cross-talk between GSK-3β, RKIP, and PTEN in cancer. Left panel shows normal cell signaling with active GSK-3β leading to tumor suppression and homeostasis. Right panel depicts cancer cell signaling with downregulated RKIP and PTEN, causing inactive GSK-3β, hyperactive pathways, increased transcription, and tumor progression. Central panel highlights therapeutic strategies targeting these nodes, aiming to restore tumor suppression and sensitize cells. Color-coded arrows represent activation, inhibition, phosphorylation, ubiquitination, or inactivation. Let me know if you need alt text for any additional images or want to include a caption for further context.]FIGURE 9 | Schematic Overview of the Regulatory Crosstalk Between GSK-3β, RKIP, and PTEN in Normal and Malignant Cells with Therapeutic Implications. This figure illustrates the differential regulation of signaling networks centered on GSK-3β, RKIP, and PTEN in normal versus cancerous cells. In normal cells (left panel), RKIP suppresses the Raf/MEK/ERK cascade, while PTEN inhibits the PI3K/AKT pathway, maintaining GSK-3β in an active state and promoting tumor suppression. In cancer cells (right panel), downregulation of RKIP leads to disinhibition of MEK/ERK signaling and aberrant crosstalk with the PTEN/AKT axis, resulting in GSK-3β inactivation. This shift drives uncontrolled proliferation, epithelial–mesenchymal transition (EMT), metastasis, and drug resistance. The diagram highlights key nodes for therapeutic intervention, including restoration of RKIP function or targeting downstream effectors (e.g., AKT, ERK) to re-establish controlled signaling. Akt: protein kinase B, c-Myc: Myc proto-oncogene protein, EMT: epithelial-mesenchymal transition, ERK: extracellular signal-regulated kinase, GSK-3β: glycogen synthase kinase 3 beta, MEK: mitogen-activated protein kinase, Mcl-1: induced myeloid leukemia cell differentiation protein Mcl-1, NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells, PI3K: phosphoinositide 3-kinase, PTEN: phosphatase and tensin homolog, PTPN1: protein tyrosine phosphatase non-receptor type 1, PTPN2: protein tyrosine phosphatase non-receptor type 2, PTPN3: protein tyrosine phosphatase non-receptor type 3, Raf: rapidly Accelerated fibrosarcoma kinase, RKIP: raf kinase inhibitor protein, RTK: receptor tyrosine kinase, S6K: ribosomal protein S6 kinase, Wnt: wingless-related integration site.Together, this systems-level model substantiates the concept of functional crosstalk among GSK-3β, RKIP, and PTEN and supports the emphasis of pathway integration highlighted in the manuscript title. It also underscores the importance of assessing these regulators collectively rather than individually when interpreting tumor behavior and designing context-aware therapeutic strategies.
Post-translational modifications as regulators of GSK-3β, PTEN, and RKIP signaling dynamics
Post-translational modifications (PTMs) play a fundamental role in regulating the activity, localization, and signaling output of GSK-3β, PTEN, and RKIP, thereby shaping pathway behavior in a highly context-dependent manner [267, 270]. Rather than functioning as static signaling components, these proteins are dynamically regulated through phosphorylation-dependent and phosphorylation-independent mechanisms that determine their tumor-suppressive or tumor-promoting functions in cancer [271].
GSK-3β activity is predominantly controlled by site-specific phosphorylation, with inhibitory phosphorylation at Ser9, mediated by Akt, p90RSK, p70S6K, and other kinases, suppressing its catalytic activity, while phosphorylation at Tyr216 is associated with kinase activation [164]. Importantly, phosphorylation does not simply switch GSK-3β “on” or “off” but can alter substrate preference, subcellular localization, and signaling integration. Consequently, the functional impact of GSK-3β phosphorylation depends on upstream pathway dominance, particularly PI3K/Akt, NF-κB, and Wnt/β-catenin signaling, providing a mechanistic basis for the observed context-dependent effects of GSK-3β inhibition in cancer [45].
PTEN is likewise subject to extensive post-translational regulation, most notably through C-terminal phosphorylation, which influences protein stability, membrane association, and phosphatase activity [272]. Phosphorylation of PTEN by kinases such as CK2 and GSK-3β can stabilize the protein but may simultaneously reduce its lipid phosphatase activity by promoting a closed conformation [273]. These modifications uncouple PTEN abundance from functional output, helping to explain why PTEN may be present but functionally impaired in certain tumors. Additional PTMs, including ubiquitination and oxidation, further regulate PTEN turnover and spatial distribution, thereby fine-tuning PI3K/Akt signaling and therapeutic responsiveness [274].
RKIP function is also strongly regulated at the post-translational level. Phosphorylation of RKIP at Ser153 by protein kinase C (PKC) induces a functional switch that releases RAF-1 and enables MAPK pathway activation while redirecting RKIP to inhibit G-protein–coupled receptor kinase-2 (GRK2) [275]. This phosphorylation-dependent target switching illustrates how RKIP can dynamically alternate between suppressing oncogenic signaling and modulating alternative pathways, depending on cellular context and upstream stimuli. Loss of unphosphorylated RKIP or accumulation of its phosphorylated form therefore has profound consequences for NF-κB activity, epithelial–mesenchymal transition, and therapy resistance [207].
Collectively, these post-translational mechanisms provide a unifying framework for understanding the dynamic and context-specific behavior of the GSK-3β/RKIP/PTEN signaling axis. PTMs enable rapid adaptation to extracellular cues, integrate multiple oncogenic pathways, and determine whether these proteins exert tumor-suppressive or tumor-promoting effects. Recognition of this regulatory layer is essential for interpreting conflicting experimental findings and for designing therapeutic strategies that account for signaling state rather than protein expression alone.
RECENT CLINICAL AND TRANSLATIONAL EVIDENCE TARGETING THE GSK-3Β/RKIP/PTEN AXIS
In recent years, increasing translational and early-phase clinical evidence has begun to support the therapeutic relevance of targeting the GSK-3β/RKIP/PTEN signaling network in cancer. Table 5 shows the most advanced clinical development in this area involves elraglusib (9-ING-41), a selective ATP-competitive GSK-3β inhibitor currently evaluated in multiple phase I/II studies. These trials have demonstrated acceptable safety profiles and preliminary antitumor activity, particularly when elraglusib is administered in combination with cytotoxic chemotherapy. Notably, a phase II study in metastatic pancreatic ductal adenocarcinoma reported objective responses and disease control with elraglusib combined with gemcitabine and nab-paclitaxel, supporting its role as a chemosensitizing agent rather than a standalone cytotoxic drug [276].
TABLE 5 | Selected GSK-3β inhibitors with quantitative potency and clinical-stage information.	Compound (alias)	Mechanism of inhibition	Response rate	Adverse event frequencies	Reported GSK-3β IC50	Developmental/Clinical status	Notes
	LY2090314 (NCT01287520) [73]	ATP- competitive	Among 35 patients, there were 5 confirmed partial responses (3 in non-small cell lung cancer, 1 in mesothelioma, and 1 in breast cancer) and 19 patients with stable disease	Eleven DLTs were reported in ten patients. Monotherapy: Grade 2 visual disturbance (n = 1) and grade 3/4 peri-infusional thoracic pain (n = 4)
Combination therapy, DLTs included grade 3/4 thrombocytopenia (n = 4) and grade 4 neutropenia (n = 1)	∼0.9 nM (biochemical kinase assay)	Early-phase clinical evaluation in advanced solid tumors and hematologic malignancies	Very high biochemical potency; cellular and clinical efficacy limited by narrow therapeutic window and toxicity
	9-ING-41 (elraglusib)
(NCT03678883)
[75]	ATP-competitive (maleimide-based)	Monotherapy (n = 62): One patient with melanoma achieved a complete response, and one with acute T-cell leukemia/lymphoma achieved a partial response
Combination therapy (n = 138): Seven partial responses were observed. The median progression-free survival was 2.1 months, and the median overall survival was 6.9 months	Grade ≥3 treatment-emergent AEs occurred in 55.2% of monotherapy patients and 71.3% of combination therapy patients. Common related AEs included transient visual changes and fatigue	∼0.7 µM (biochemical assay); micromolar cellular activity	Phase I/II clinical trials (solid tumors and hematologic malignancies; monotherapy and combinations)	Lower enzymatic potency than LY2090314 but broader tolerability and combination potential


AEs: adverse events, DLTs: dose-limiting toxicities, NCT: clinical trial number, Note: IC50 values vary substantially depending on assay format (cell-free vs. cell-based), incubation time, and readout.
Parallel translational studies have highlighted the role of the PTEN/PI3K/Akt pathway in mediating resistance to chemotherapy and immunotherapy in clinical tumor samples. Loss of PTEN expression has been associated with poor response to immune checkpoint blockade, increased regulatory T-cell infiltration, and shortened progression-free survival, as demonstrated in recent analyses of non-small-cell lung cancer and breast cancer cohorts. These findings provide clinical support for PTEN as both a predictive biomarker and a rational target in combination treatment strategies [277].
Although RKIP remains more challenging to target directly, recent translational studies and patient-derived analyses continue to demonstrate that low RKIP expression correlates with aggressive tumor behavior, altered tumor microenvironment, and resistance to systemic therapy, reinforcing its relevance as a prognostic and functional mediator of treatment response in human cancers. Collectively, these recent clinical and translational findings underscore the importance of pathway-guided and combination-based approaches when targeting the GSK-3β/RKIP/PTEN signaling axis [278].
CHALLENGES IN CLINICAL TRANSLATION OF TARGETING THE GSK-3Β/RKIP/PTEN AXIS
Accumulating evidence suggests that GSK-3β, RKIP, and PTEN have potential as prognostic and predictive biomarkers in cancer; however, their clinical utility is highly context dependent and influenced by functional status and pathway activity rather than expression alone [279]. GSK-3β is not a single-direction cancer target. In some tumors it supports survival, stemness, invasion, and drug resistance, but in others, inhibition can help, do nothing, or even backfire depending on genotype and pathway state [280, 281]. The clearest failure mode is pathway rewiring. In breast cancer cell models, inhibition of GSK-3β increased resistance to doxorubicin and tamoxifen, yet the same cells became more sensitive to MEK or mTOR blockade, which says the resistance phenotype is network-dependent rather than GSK-3β-alone dependent [51]. In p53-null colon cancer, by contrast, GSK3B silencing restored chemotherapy sensitivity and drove necroptotic death, so the same target can be pro-resistance in one context and pro-death in another [282]. By another mechanism in colorectal cancer models harboring PIK3CA and TCF7 mutations, inhibition of GSK3β restored sensitivity to the dual PI3K/mTOR inhibitor gedatolisib by suppressing aberrant WNT/β-catenin signaling and reducing downstream mTOR pathway activity, thereby overcoming therapeutic resistance [283]. Collectively, these findings underscore the complexity of targeting GSK-3β as a therapeutic strategy in cancer, as its functional role is highly context-dependent and influenced by tumor genotype, signaling network rewiring, and pathway crosstalk; moreover, the majority of evidence supporting GSK-3β-targeted interventions remains largely confined to preclinical cellular and xenograft models, highlighting the need for further clinical validation before therapeutic translation.
PTEN exerts multifaceted antitumor effects through both PI3K-dependent and PI3K-independent mechanisms, while emerging evidence highlights the therapeutic potential of PTEN restoration strategies [284]. The fundamental challenge in targeting the tumor suppressor PTEN and the metastasis suppressor RKIP stems from the therapeutic necessity to restore lost function in cancers, where neither the lipid/protein phosphatase activity of PTEN nor the protein-scaffolding, kinase-inhibitory function of RKIP presents a conventional activation pocket amenable to small-molecule agonism [269, 285]. For this reason, PTEN inhibitors predominantly operate through a covalent, irreversible, and non-selective mechanism on the active-site cysteine 124 (Cys124) [286]. The design of selective, potent, and cell-permeable bivalent inhibitors is important for effectively targeting protein tyrosine phosphatases (PTPs) [287]. PTEN deficiency also correlates with immune-excluded tumor microenvironments and reduced response to PD-1/PD-L1 blockade [279]. Furthermore, the development of anticancer therapies targeting the Wnt signaling pathway has been particularly challenging because many of the most promising molecular targets are mediated through complex intracellular protein-protein interactions [288].
RKIP has primarily been investigated as a prognostic marker, where reduced expression is linked to tumor progression, metastasis, and poor survival across multiple cancers. Its predictive value remains less established due to limited clinical validation [289]. The most direct drug-discovery signal is still thin as only a few small molecules have been reported to modulate RKIP [290]. There are only eight FDA-approved compounds that increased RKIP promoter activity in breast cancer cells, but neither is a clinically validated activator [291]. The mechanistic gap is real too. RKIP downregulation remains incompletely understood in hepatocellular carcinoma despite proteasome/NF-κB-linked rescue strategies in cell lines [292]. RKIP is framed as potentially prognostic/predictive rather than a therapeutic target [293]. Despite the growing interest in RKIP as a prognostic and predictive biomarker, its clinical translation remains challenging because biomarker-based approaches, particularly those relying on immunohistochemical assessment, are often hindered by limited standardization, interstudy variability, and concerns regarding reproducibility in routine clinical practice [294]. This complexity renders RKIP a more challenging therapeutic target than single-node signaling molecules, as effective drug development requires identification of the most appropriate regulatory layer to target, consideration of tumor-specific biological contexts, and optimization of the corresponding therapeutic modality.
DISCUSSION
The crosstalk between GSK 3β, RKIP, and PTEN represents a tightly interconnected signaling network that regulates key oncogenic pathways, including PI3K/Akt, MAPK/ERK, Wnt/β catenin, and NF κB. Rather than acting independently, these molecules function as a coordinated axis in which PTEN suppresses PI3K/Akt signaling, RKIP inhibits Raf mediated MAPK activation, and GSK 3β integrates upstream inputs to modulate transcriptional programs. Disruption of this balance—particularly through PTEN loss and RKIP downregulation—shifts signaling toward Akt- and NF κB driven pathways, promoting proliferation, epithelial–mesenchymal transition, metastasis, and therapy resistance [3].
A key insight is the context-dependent duality of GSK 3β. While it acts as a tumor suppressor in Wnt-driven tumors by promoting β catenin degradation, it can function as a tumor promoter in cancers characterized by NF κB activation or PI3K/Akt hyperactivation. This functional plasticity is influenced by upstream signaling, cellular localization, tumor stage, and post-translational modifications such as phosphorylation at Ser9 and Tyr216 [2, 3]. These findings explain previously conflicting reports and indicate that therapeutic targeting of GSK 3β must be guided by tumor-specific signaling context rather than applied universally.
RKIP and PTEN are critical tumor suppressors that are frequently co-dysregulated and linked through regulatory circuits such as the NF-κB/Snail/YY1 loop. Hyperactivation of NF κB suppresses both RKIP and PTEN, reinforcing a feed-forward mechanism that enhances survival signaling, EMT, and resistance to therapy. Clinically, reduced expression of these molecules is consistently associated with poor prognosis, increased metastasis, and diminished response to both chemotherapy and immunotherapy [7, 231].
An important mechanistic observation is that the functional activity of this axis is not determined solely by expression levels but is dynamically regulated by post-translational modifications. Phosphorylation-dependent modulation alters GSK 3β substrate specificity, PTEN stability and activity, and RKIP functional switching, thereby shaping pathway output in a context-dependent manner [242, 244]. This provides a mechanistic basis for tumor heterogeneity and limits the usefulness of expression-based biomarkers alone.
Dysregulation of this network contributes significantly to therapeutic resistance. PTEN loss sustains PI3K/Akt signaling and promotes immune evasion, while RKIP downregulation enhances NF κB–mediated anti-apoptotic pathways. GSK 3β further modulates these effects by regulating apoptosis, EMT, and immune checkpoint expression. Notably, GSK 3β inhibition can enhance antitumor immunity and sensitize tumors to chemotherapy in selected contexts, although these effects remain highly context-dependent [268].
Translationally, emerging evidence supports targeting this axis through combination strategies. GSK 3β inhibitors such as elraglusib (9 ING 41) show early clinical promise, particularly as chemosensitizers, while PTEN status is increasingly recognized as a predictive biomarker for immunotherapy. However, challenges remain, including pathway rewiring, limited clinical validation, and lack of biomarker standardization [276].
In summary, the GSK 3β/RKIP/PTEN axis functions as a dynamic signaling hub that governs tumor progression and therapeutic response. A systems-level, context-guided approach is essential to effectively target this network and improve precision oncology outcomes.
FUTURE PERSPECTIVES
Future research should focus on context-specific targeting of GSK-3β, given its dual and substrate-dependent roles in cancer. Rather than complete inhibition, selective modulation and activity-state–guided approaches, supported by predictive biomarkers, may better identify responsive patient subsets. Combination therapies represent another key direction, particularly integrating GSK-3β targeting with PI3K/Akt, MAPK, DNA-damage response, or immune checkpoint inhibition. Incorporating PTEN and RKIP status into trial design may improve patient stratification and treatment response.
RKIP-related strategies, including modulation of its phosphorylation state, restoration of expression, or targeting upstream regulatory loops (e.g., NF-κB/Snail), may offer indirect approaches to reverse resistance. Additionally, combining pathway-targeted agents with immunotherapy is promising, given the roles of GSK-3β and PTEN in immune regulation. Finally, emerging technologies such as single-cell profiling and spatial transcriptomics will be essential to resolve pathway heterogeneity and resistance evolution.
Multi-omics subpathway identification can reveal patient-specific dysregulated pathway regions and nominate genes implicated in oncogenic programs, enabling detection of signaling modules for further validation [295]. RKIP modulation of GSK-3β protein levels is reported in molecular analyses linking RKIP expression to changes in GSK-3β abundance, which could be captured by integrated proteogenomic profiling [296]. A modular, explainable machine learning framework for precision oncology can integrate multi-omics and multimodal tumor data to generate personalized, counterfactual treatment recommendations by aggregating specialized ensemble models, while addressing high-dimensionality and observational treatment bias and providing calibrated confidence and interpretable clinical decision support [297]. Currently, there is AttentioFuse which is an interpretable deep learning framework that integrates multi-omics data using attention-based fusion to improve cancer outcome prediction while enabling biologically meaningful interpretation and supporting the development of personalized, mechanism-guided therapeutic strategies [298].
There is a transformative role of artificial intelligence in oncology, particularly in enhancing biomarker discovery from large-scale biomedical data to improve early cancer detection, precision treatment, and clinical outcomes, while also addressing key challenges related to data quality, transparency, and ethical considerations [299]. RKIP is reported as a clinically relevant biomarker inversely associated with EMT transcription factors and linked to prognosis [296], indicating RKIP could be a candidate feature in artificial intelligence (AI) stratifiers. Future research should focus on systematically mapping synthetic lethal vulnerabilities within the GSK-3β/RKIP/PTEN signaling axis using clustered regularly interspaced short palindromic repeats (CRISPR)-based functional screens and multi-omics integration to identify compensatory dependencies and evaluate their therapeutic exploitability in combination with immunotherapy and targeted agents.
LIMITATIONS
Despite significant progress, several limitations remain. First, the context-dependent and pleiotropic nature of GSK-3β complicates interpretation of its role across tumor types, limiting generalization of therapeutic and biomarker applications. Second, much of the current evidence is derived from in vitro and preclinical models, which may not fully reflect the complexity of human tumors and their microenvironment.
Third, although PTEN loss and RKIP downregulation are associated with poor prognosis and therapy resistance, their clinical utility as biomarkers is limited by methodological variability, lack of standardization, and insufficient prospective validation. Similarly, GSK-3β biomarker strategies remain underdeveloped, as activity is not reliably captured by expression levels alone.
Fourth, resistance mechanisms driven by pathway crosstalk and compensatory signaling remain incompletely understood. Finally, clinical data on GSK-3β inhibitors are still limited, with most evidence derived from early-phase trials.
Overall, further integration of systems biology, standardized biomarkers, and biomarker-driven clinical studies is required to enable effective clinical translation.
CONCLUSION
In summary, the pathological consequences observed in cancer are rarely driven by dysregulation of a single molecule, but rather by disruption of the integrated GSK-3β/RKIP/PTEN signaling circuitry. The close interaction between GSK-3β, RKIP, and PTEN forms a crucial signaling network that helps control how cancer cells grow, survive, and respond to treatment. When this balance is disturbed, cancer cells gain the ability to spread and resist therapy, making these molecules central to understanding why many treatments fail. By exploring how these pathways influence one another, researchers are uncovering new possibilities for restoring normal cell behavior and improving therapeutic outcomes. Medications targeting GSK-3β, RKIP, and PTEN could open the door to more precise and durable cancer treatments. Continued research in this area may turn this complex molecular dialogue into practical, patient-centered strategies for better cancer care.
AUTHOR CONTRIBUTIONS
EM: Conceptualization, Methodology, Investigation, Writing – original draft, Visualization. MA: Conceptualization, Supervision, Writing – review and editing, Validation. AG: Data curation, Formal analysis, Writing – review and editing. EH: Investigation, Resources, Writing – review and editing. MB: Methodology, Formal analysis, Writing – review and editing, Visualization. MN: Software, Data curation, Validation. RA-D: Resources, Project administration, Writing – review and editing. NK: Supervision, Funding acquisition, Writing – review and editing. All authors contributed to the article and approved the submitted version.
FUNDING
The author(s) declared that financial support was received for this work and/or its publication. This work was supported and funded by the deanship of scientific research at Imam Mohammad Ibn Saud Islamic University (IMSIU) (grant number IMSIU-DDRSP2601).
CONFLICT OF INTEREST
The author(s) declared that this work was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declared that generative AI was used in the creation of this manuscript. We want to declare that Quillbot was used in paraphrasing.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
REFERENCES
	Karati, D, Meur, S, Roy, S, Mukherjee, S, Debnath, B, Jha, SK, et al. Glycogen synthase kinase 3 (GSK3) inhibition: a potential therapeutic strategy for Alzheimer’s disease. Naunyn-Schmiedeberg's Arch Pharmacol (2025) 398(3):2319–42. doi:10.1007/s00210-024-03500-1

	Li, Y, Dahl, K, Elmore, CS, Sandell, J, Takano, A, Halldin, C, et al. Radiosynthesis and evaluation of 11C-labeled imidazolyl pyrimidine derivatives for positron emission tomography imaging of glycogen synthase kinase-3. ACS Pharmacol and Translational Sci (2025) 8(7):1986–95. doi:10.1021/acsptsci.5c00032

	Guo, J, Jiang, X, Lian, J, Li, H, Zhang, F, Xie, J, et al. Evaluation of the effect of GSK-3β on liver cancer based on the PI3K/AKT pathway. Front Cell Developmental Biol (2024) 12:1431423. doi:10.3389/fcell.2024.1431423

	Hsu, A, Huntington, KE, De Souza, A, Zhou, L, Olszewski, AJ, Makwana, NP, et al. Clinical activity of 9-ING-41, a small molecule selective glycogen synthase kinase-3 beta (GSK-3β) inhibitor, in refractory adult T-Cell leukemia/lymphoma. Cancer Biol and Ther (2022) 23(1):417–23. doi:10.1080/15384047.2022.2088984

	Desai, N, Jadeja, D, Mehta, H, Khasiya, A, Shah, K, and Pandit, U. Synthesis and biological importance of pyrazole, pyrazoline, and indazole as antibacterial, antifungal, antitubercular, anticancer, and anti-inflammatory agents. In: N-heterocycles: Synthesis and Biological Evaluation . Springer (2022). p. 143–89. doi:10.1007/978-981-19-0832-3_4

	Bhane, PD, and Pawar, SS. Expanding therapeutic horizons with indazole-based compounds: a review of anticancer, antimicrobial, and neuroprotective applications. Med Chem (2025) 22:30–56. doi:10.2174/0115734064371097250403114905

	Moghaddam, M, Vivarelli, S, Falzone, L, Libra, M, and Bonavida, B. Cancer resistance via the downregulation of the tumor suppressors RKIP and PTEN expressions: therapeutic implications. Exploration Targeted Anti-tumor Ther (2023) 4(2):170–207. doi:10.37349/etat.2023.00128

	Jaworski, T, Banach-Kasper, E, and Gralec, K. GSK-3β at the intersection of neuronal plasticity and neurodegeneration. Neural Plast (2019) 2019:1–14. doi:10.1155/2019/4209475

	Patel, S, and Woodgett, J. Glycogen synthase kinase-3 and cancer: good cop, bad cop?Cancer Cell (2008) 14(5):351–3. doi:10.1016/j.ccr.2008.10.013

	Sutherland, C. What are the bona fide GSK3 substrates?Int Journal Alzheimer’s Dis (2011) 2011:505607. doi:10.4061/2011/505607

	Kim, M, Datta, A, Brakeman, P, Yu, W, and Mostov, KE. Polarity proteins PAR6 and aPKC regulate cell death through GSK-3β in 3D epithelial morphogenesis. J Cell Sci (2007) 120(14):2309–17. doi:10.1242/jcs.007443

	Fang, X, Yu, SX, Lu, Y, Bast, JRC, Woodgett, JR, and Mills, GB. Phosphorylation and inactivation of glycogen synthase kinase 3 by protein kinase A. Proc Natl Acad Sci (2000) 97(22):11960–5. doi:10.1073/pnas.220413597

	Tullai, JW, Graham, JR, and Cooper, GM. A GSK-3-mediated transcriptional network maintains repression of immediate early genes in quiescent cells. Cell Cycle (2011) 10(18):3072–7. doi:10.4161/cc.10.18.17321

	Shin, S, Wolgamott, L, Yu, Y, Blenis, J, and Yoon, S-O. Glycogen synthase kinase (GSK)-3 promotes p70 ribosomal protein S6 kinase (p70S6K) activity and cell proliferation. Proc Natl Acad Sci (2011) 108(47):E1204–E13. doi:10.1073/pnas.1110195108

	McQueen, J, van Dyk, D, Young, B, Loewen, C, and Measday, V. The Mck1 GSK-3 kinase inhibits the activity of Clb2-Cdk1 post-nuclear division. Cell Cycle (2012) 11(18):3421–32. doi:10.4161/cc.21731

	Gaikwad, DD, Chapolikar, AD, Devkate, CG, Warad, KD, Tayade, AP, Pawar, RP, et al. Synthesis of indazole motifs and their medicinal importance: an overview. Eur J Med Chem (2015) 90:707–31. doi:10.1016/j.ejmech.2014.11.029

	Eghbali, A, Kohpar, FK, Ghaffari, K, Afzal, RR, Eghbali, A, and Ghasemi, A. Evaluating Aprepitant single-dose plus granisetron and dexamethasone in children receiving highly emetogenic chemotherapy for the prevention of chemotherapy-induced nausea and vomiting: a triple-blinded randomized clinical trial. Hematol Transfus Cell Ther (2022) 45:281–9. doi:10.1016/j.htct.2022.02.004

	Ősz, B-E, Jîtcă, G, Sălcudean, A, Rusz, CM, and Vari, C-E. Benzydamine—an affordable over-the-counter drug with psychoactive properties—from chemical structure to possible pharmacological properties. Pharmaceuticals (2023) 16(4):566. doi:10.3390/ph16040566

	Mal, S, Malik, U, Mahapatra, M, Mishra, A, Pal, D, and Paidesetty, SK. A review on synthetic strategy, molecular pharmacology of indazole derivatives, and their future perspective. Drug Development Res (2022) 83(7):1469–504. doi:10.1002/ddr.21979

	Montanari, S, Seidl, C, Davani, L, Gianquinto, E, Emrichova, E, Terenzi, C, et al. Natural products as novel scaffolds for the design of glycogen synthase kinase 3β inhibitors. Expert Opin Drug Discov (2022) 17(4):377–96. doi:10.1080/17460441.2022.2043845

	Dong, J, Zhang, Q, Wang, Z, Huang, G, and Li, S. Recent advances in the development of indazole-based anticancer agents. ChemMedChem (2018) 13(15):1490–507. doi:10.1002/cmdc.201800253

	Sharma, V, and Gupta, M. Designing of kinase hinge binders: a medicinal chemistry perspective. Chem Biology and Drug Design (2022) 100(6):968–80. doi:10.1111/cbdd.14024

	McCubrey, J, Steelman, LS, Bertrand, FE, Davis, NM, Abrams, SL, Montalto, G, et al. Multifaceted roles of GSK-3 and Wnt/β-catenin in hematopoiesis and leukemogenesis: opportunities for therapeutic intervention. Leukemia (2014) 28(1):15–33. doi:10.1038/leu.2013.184

	Ougolkov, AV, and Billadeau, DD. Targeting GSK-3: A Promising Approach for Cancer Therapy? (2006). doi:10.2217/14796694.2.1.91

	Duda, P, Akula, SM, Abrams, SL, Steelman, LS, Martelli, AM, Cocco, L, et al. Targeting GSK3 and associated signaling pathways involved in cancer. Cells (2020) 9(5):1110. doi:10.3390/cells9051110

	Du, Q, and Geller, D. Cross-regulation between Wnt and NF-κB signaling pathways. Onco Ther (2010) 1(3):155–81. doi:10.1615/ForumImmunDisTher.v1.i3.10

	Tang, Q-L, Xie, X-B, Wang, J, Chen, Q, Han, A-J, Zou, C-Y, et al. Glycogen synthase kinase-3β, NF-κB signaling, and tumorigenesis of human osteosarcoma. J Natl Cancer Inst (2012) 104(10):749–63. doi:10.1093/jnci/djs210

	Davis, NM, Sokolosky, M, Stadelman, K, Abrams, SL, Libra, M, Candido, S, et al. Deregulation of the EGFR/PI3K/PTEN/Akt/mTORC1 pathway in breast cancer: possibilities for therapeutic intervention. Oncotarget (2014) 5(13):4603–50. doi:10.18632/oncotarget.2209

	Caspi, M, Zilberberg, A, Eldar-Finkelman, H, and Rosin-Arbesfeld, R. Nuclear GSK-3β inhibits the canonical Wnt signalling pathway in a β-catenin phosphorylation-independent manner. Oncogene (2008) 27(25):3546–55. doi:10.1038/sj.onc.1211026

	Phukan, S, Babu, V, Kannoji, A, Hariharan, R, and Balaji, V. GSK3β: role in therapeutic landscape and development of modulators. Br J Pharmacol (2010) 160(1):1–19. doi:10.1111/j.1476-5381.2010.00661.x

	Ohira, T, Gemmill, RM, Ferguson, K, Kusy, S, Roche, J, Brambilla, E, et al. WNT7a induces E-cadherin in lung cancer cells. Proc Natl Acad Sci (2003) 100(18):10429–34. doi:10.1073/pnas.1734137100

	Anraku, T, Kuroki, H, Kazama, A, Bilim, V, Tasaki, M, Schmitt, D, et al. Clinically relevant GSK-3β inhibitor 9-ING-41 is active as a single agent and in combination with other antitumor therapies in human renal cancer. Int J Mol Med (2020) 45(2):315–23. doi:10.3892/ijmm.2019.4427

	Walz, A, Ugolkov, A, Chandra, S, Kozikowski, A, Carneiro, BA, O'Halloran, TV, et al. Molecular pathways: revisiting glycogen synthase kinase-3β as a target for the treatment of cancer. Clin Cancer Res (2017) 23(8):1891–7. doi:10.1158/1078-0432.CCR-15-2240

	Odia, Y, Cavalcante, L, Safran, H, Powell, SF, Munster, PN, Ma, WW, et al. Malignant glioma subset from actuate 1801: phase I/II study of 9-ING-41, GSK-3β inhibitor, monotherapy or combined with chemotherapy for refractory malignancies. Neuro-Oncology Adv (2022) 4(1):vdac012. doi:10.1093/noajnl/vdac012

	Ugolkov, A, Qiang, W, Bondarenko, G, Procissi, D, Gaisina, I, James, CD, et al. Combination treatment with the GSK-3 inhibitor 9-ING-41 and CCNU cures orthotopic chemoresistant glioblastoma in patient-derived xenograft models. Transl Oncol (2017) 10(4):669–78. doi:10.1016/j.tranon.2017.06.003

	Hua, L, Anjum, F, Shafie, A, Ashour, AA, Almalki, AA, Alqarni, AA, et al. Identifying promising GSK3β inhibitors for cancer management: a computational pipeline combining virtual screening and molecular dynamics simulations. Front Chem (2023) 11:1200490. doi:10.3389/fchem.2023.1200490

	Keating, GM. Sorafenib: a review in hepatocellular carcinoma. Target Oncol (2017) 12:243–53. doi:10.1007/s11523-017-0484-7

	Khurana, C, and Bedi, O. Proposed hypothesis of GSK-3 β inhibition for stimulating Wnt/β-catenin signaling pathway which triggers liver regeneration process. Naunyn-schmiedeberg's Arch Pharmacol (2022) 395(3):377–80. doi:10.1007/s00210-022-02207-5

	Zhang, S, Gao, W, Tang, J, Zhang, H, Zhou, Y, Liu, J, et al. The roles of GSK-3β in regulation of retinoid signaling and sorafenib treatment response in hepatocellular carcinoma. Theranostics (2020) 10(3):1230–44.

	Edderkaoui, M, Chheda, C, Soufi, B, Zayou, F, Hu, RW, Ramanujan, VK, et al. An inhibitor of GSK3B and HDACs kills pancreatic cancer cells and slows pancreatic tumor growth and metastasis in mice. Gastroenterology (2018) 155(6):1985–98. e5. doi:10.1053/j.gastro.2018.08.028

	He, R, Du, S, Lei, T, Xie, X, and Wang, Y. Glycogen synthase kinase 3β in tumorigenesis and oncotherapy. Oncol Rep (2020) 44(6):2373–85. doi:10.3892/or.2020.7817

	Luo, J. Glycogen synthase kinase 3β (GSK3β) in tumorigenesis and cancer chemotherapy. Cancer Letters (2009) 273(2):194–200. doi:10.1016/j.canlet.2008.05.045

	Bachelder, RE, Yoon, S-O, Franci, C, de Herreros, AG, and Mercurio, AM. Glycogen synthase kinase-3 is an endogenous inhibitor of Snail transcription: implications for the epithelial–mesenchymal transition. The J Cell Biology (2005) 168(1):29–33. doi:10.1083/jcb.200409067

	Ashour, AA, Gurbuz, N, Alpay, SN, Abdel-Aziz, AAH, Mansour, AM, Huo, L, et al. Elongation factor-2 kinase regulates TG 2/β1 integrin/Src/u PAR pathway and epithelial–mesenchymal transition mediating pancreatic cancer cells invasion. J Cell Mol Med (2014) 18(11):2235–51. doi:10.1111/jcmm.12361

	McCubrey, JA, Steelman, LS, Bertrand, FE, Davis, NM, Sokolosky, M, Abrams, SL, et al. GSK-3 as potential target for therapeutic intervention in cancer. Oncotarget (2014) 5(10):2881–911. doi:10.18632/oncotarget.2037

	Sharma, M, Chuang, W, Fau - Sun, Z, and Sun, Z. Phosphatidylinositol 3-kinase/Akt stimulates androgen pathway through GSK3beta inhibition and nuclear beta-catenin accumulation. J Biol Chem (2002) 277(34):30935–41. doi:10.1074/jbc.M201919200

	Verras, M, and Sun, Z. Roles and regulation of Wnt signaling and beta-catenin in prostate cancer. Cancer Lett (2006) 237(1):22–32. doi:10.1016/j.canlet.2005.06.004

	Jin, F, Wu, Z, Hu, X, Zhang, J, Gao, Z, Han, X, et al. The PI3K/Akt/GSK-3β/ROS/eIF2B pathway promotes breast cancer growth and metastasis via suppression of NK cell cytotoxicity and tumor cell susceptibility. Cancer Biology and Medicine (2019) 16(1):38–54. doi:10.20892/j.issn.2095-3941.2018.0253

	Ren, Y, Bao, G, Yang, H, Cao, Z, Shao, Z, and Zhang, Y. Ethiadin induces apoptosis and suppresses growth of MCF-7 breast cancer cells by regulating the phosphorylation of glycogen synthase kinase 3 beta (GSK3β). Discov Med (2022) 33(169):55–67.

	Ugolkov, A, Gaisina, I, Zhang, J-S, Billadeau, DD, White, K, Kozikowski, A, et al. GSK-3 inhibition overcomes chemoresistance in human breast cancer. Cancer Lett (2016) 380(2):384–92. doi:10.1016/j.canlet.2016.07.006

	Sokolosky, M, Chappell, WH, Stadelman, K, Abrams, SL, Davis, NM, Steelman, LS, et al. Inhibition of GSK-3β activity can result in drug and hormonal resistance and alter sensitivity to targeted therapy in MCF-7 breast cancer cells. Cell Cycle (2014) 13(5):820–33. doi:10.4161/cc.27728

	Hilliard, TS, Gaisina, IN, Muehlbauer, AG, Gaisin, AM, Gallier, F, and Burdette, JE. Glycogen synthase kinase 3 beta inhibitors induce apoptosis in ovarian cancer cells and inhibit in vivo tumor growth. Anti-Cancer Drugs (2011) 22(10):978–85. doi:10.1097/CAD.0b013e32834ac8fc

	Chandra, P, Sachan, N, and Pal, D. Glycogen synthase kinase-3 (GSK-3) inhibitors as a new lead for treating breast and ovarian cancer. Curr Drug Targets (2021) 22(13):1548–54. doi:10.2174/1389450122666210203183351

	Cao, Q, Lu, X, and Feng, Y-J. Glycogen synthase kinase-3β positively regulates the proliferation of human ovarian cancer cells. Cell Res (2006) 16(7):671–7. doi:10.1038/sj.cr.7310078

	N Pathak, B Tyler Walther, and P Noelle Cutter, editors. Inhibitions of GSK3 β Modulates Cell Death in Epithelial Ovarian Inhibitions of GSK3 Modulates Cell Death in Epithelial Ovarian Cancer Cancer2017. doi:10.19044/esj.2016.v12n15p115

	Martelli, AM, Paganelli, F, Evangelisti, C, Chiarini, F, and McCubrey, JA. Pathobiology and therapeutic relevance of GSK-3 in chronic hematological malignancies. Cells (2022) 11(11):1812. doi:10.3390/cells11111812

	Sahin, I, Eturi, A, De Souza, A, Pamarthy, S, Tavora, F, Giles, FJ, et al. Glycogen synthase kinase-3 beta inhibitors as novel cancer treatments and modulators of antitumor immune responses. Cancer Biol Ther (2019) 20(8):1047–56. doi:10.1080/15384047.2019.1595283

	Karalexi, MA, Katsimpris, A, Panagopoulou, P, Bouka, P, Schüz, J, Ntzani, E, et al. Maternal lifestyle factors and risk of neuroblastoma in the offspring: a meta-analysis including Greek NARECHEM-ST primary data. Cancer Epidemiol (2022) 77:102055. doi:10.1016/j.canep.2021.102055

	Kunnimalaiyaan, S, Schwartz, VK, Jackson, IA, Clark Gamblin, T, and Kunnimalaiyaan, M. Antiproliferative and apoptotic effect of LY2090314, a GSK-3 inhibitor, in neuroblastoma in vitro. BMC Cancer (2018) 18(1):1–8. doi:10.1186/s12885-018-4474-7

	Sun, EJ, Wankell, M, Palamuthusingam, P, McFarlane, C, and Hebbard, L. Targeting the PI3K/Akt/mTOR pathway in hepatocellular carcinoma. Biomedicines (2021) 9(11):1639. doi:10.3390/biomedicines9111639

	Shakoori, A, Ougolkov, A, Yu, ZW, Zhang, B, Modarressi, MH, Billadeau, DD, et al. Deregulated GSK3β activity in colorectal cancer: its association with tumor cell survival and proliferation. Biochem Biophys Res Commun (2005) 334(4):1365–73. doi:10.1016/j.bbrc.2005.07.041

	Shao, J, Jung, C, Liu, C, and Sheng, H. Prostaglandin E2 stimulates the β-catenin/T cell factor-dependent transcription in colon cancer. J Biol Chem (2005) 280(28):26565–72. doi:10.1074/jbc.M413056200

	Rychahou, PG, Murillo, CA, and Evers, BM. Targeted RNA interference of PI3K pathway components sensitizes colon cancer cells to TNF-related apoptosis-inducing ligand (TRAIL). Surgery (2005) 138(2):391–7. doi:10.1016/j.surg.2005.05.012

	Kang, T, Wei, Y, Honaker, Y, Yamaguchi, H, Appella, E, Hung, M-C, et al. GSK-3β targets Cdc25A for ubiquitin-mediated proteolysis, and GSK-3β inactivation correlates with Cdc25A overproduction in human cancers. Cancer Cell (2008) 13(1):36–47. doi:10.1016/j.ccr.2007.12.002

	Liang, J, and Slingerland, JM. Multiple roles of the PI3K/PKB (Akt) pathway in cell cycle progression. Cell Cycle (2003) 2(4):336–42. doi:10.4161/cc.2.4.433

	Gunadharini, DN, Elumalai, P, Arunkumar, R, Senthilkumar, K, and Arunakaran, J. Induction of apoptosis and inhibition of PI3K/Akt pathway in PC-3 and LNCaP prostate cancer cells by ethanolic neem leaf extract. J Ethnopharmacol (2011) 134(3):644–50. doi:10.1016/j.jep.2011.01.015

	Smolarz, B, Nowak, AZ, and Romanowicz, H. Breast cancer—epidemiology, classification, pathogenesis and treatment (review of literature). Cancers (Basel) (2022) 14(10):2569. doi:10.3390/cancers14102569

	Farago, M, Dominguez, I, Landesman-Bollag, E, Xu, X, Rosner, A, Cardiff, RD, et al. Kinase-inactive glycogen synthase kinase 3β promotes Wnt signaling and mammary tumorigenesis. Cancer Res (2005) 65(13):5792–801. doi:10.1158/0008-5472.CAN-05-1021

	Ma, C, Wang, J, Gao, Y, Gao, T-W, Chen, G, Bower, KA, et al. The role of glycogen synthase kinase 3β in the transformation of epidermal cells. Cancer Res (2007) 67(16):7756–64. doi:10.1158/0008-5472.CAN-06-4665

	Wang, Y, Lam, JB, Lam, KS, Liu, J, Lam, MC, Hoo, RL, et al. Adiponectin modulates the glycogen synthase kinase-3β/β-catenin signaling pathway and attenuates mammary tumorigenesis of MDA-MB-231 cells in nude mice. Cancer Res (2006) 66(23):11462–70. doi:10.1158/0008-5472.CAN-06-1969

	Xiao, X, Yang, G, Bai, P, Gui, S, Nyuyen, TMB, Mercado-Uribe, I, et al. Inhibition of nuclear factor-kappa B enhances the tumor growth of ovarian cancer cell line derived from a low-grade papillary serous carcinoma in p53-independent pathway. BMC Cancer (2016) 16:1–13. doi:10.1186/s12885-016-2617-2

	Eldar-Finkelman, H, and Martinez, A. GSK-3 inhibitors: preclinical and clinical focus on CNS. Front Mol Neurosci (2011) 4:32. doi:10.3389/fnmol.2011.00032

	Gray, JE, Infante, JR, Brail, LH, Simon, GR, Cooksey, JF, Jones, SF, et al. A first-in-human phase I dose-escalation, pharmacokinetic, and pharmacodynamic evaluation of intravenous LY2090314, a glycogen synthase kinase 3 inhibitor, administered in combination with pemetrexed and carboplatin. Invest New Drugs (2015) 33(6):1187–96. doi:10.1007/s10637-015-0278-7

	Xu, J, Yang, Z, Zhao, F, Pan, C, Yang, J, Zhang, Z, et al. Design, synthesis, and biological evaluation of novel GSK-3β covalent inhibitors for cancer treatment. Bioorg Chem (2025) 164:108856. doi:10.1016/j.bioorg.2025.108856

	Carneiro, BA, Cavalcante, L, Mahalingam, D, Saeed, A, Safran, H, Ma, WW, et al. Phase I study of elraglusib (9-ING-41), a glycogen synthase kinase-3β inhibitor, as monotherapy or combined with chemotherapy in patients with advanced malignancies. Clin Cancer Res (2024) 30(3):522–31. doi:10.1158/1078-0432.CCR-23-1916

	Domínguez, JM, Fuertes, A, Orozco, L, del Monte-Millán, M, Delgado, E, and Medina, M. Evidence for irreversible inhibition of glycogen synthase kinase-3β by tideglusib. J Biol Chem (2012) 287(2):893–904. doi:10.1074/jbc.M111.306472

	Yesilkanal, AE, and Rosner, MR. Targeting Raf kinase inhibitory protein regulation and function. Cancers (Basel) (2018) 10(9):306. doi:10.3390/cancers10090306

	Aquila, S, Santoro, M, Caputo, A, Panno, ML, Pezzi, V, and De Amicis, F. The tumor suppressor PTEN as molecular switch node regulating cell metabolism and autophagy: implications in immune system and tumor microenvironment. Cells (2020) 9(7):1725. doi:10.3390/cells9071725

	Bonavida, B. Linking autophagy and the dysregulated NFκB/SNAIL/YY1/RKIP/PTEN loop in cancer: therapeutic implications. Crit Reviews™ Oncogenesis (2018) 23(5-6):307–20. doi:10.1615/CritRevOncog.2018027212

	Cetintas, VB, and Batada, NN. Is there a causal link between PTEN deficient tumors and immunosuppressive tumor microenvironment?J Transl Med (2020) 18(1):1–11. doi:10.1186/s12967-020-02219-w

	Vasudevan, KM, Gurumurthy, S, and Rangnekar, VM. Suppression of PTEN expression by NF-κB prevents apoptosis. Mol Cell Biol (2004) 24(3):1007–21. doi:10.1128/MCB.24.3.1007-1021.2004

	Ren, G, Baritaki, S, Marathe, H, Feng, J, Park, S, Beach, S, et al. Polycomb protein EZH2 regulates tumor invasion via the transcriptional repression of the metastasis suppressor RKIP in breast and prostate CancerEpigenetic silencing of RKIP expression in cancer metastasis. Cancer Res (2012) 72(12):3091–104. doi:10.1158/0008-5472.CAN-11-3546

	Vivarelli, S, Falzone, L, Grillo, CM, Bonavida, B, Crimi, C, La Mantia, I, et al. Computational analyses of YY1 and its target RKIP reveal their diagnostic and prognostic roles in lung cancer. Cancers (Basel) (2022) 14(4):922. doi:10.3390/cancers14040922

	Beach, S, Tang, H, Park, S, Dhillon, AS, Keller, ET, Kolch, W, et al. Snail is a repressor of RKIP transcription in metastatic prostate cancer cells. Oncogene (2008) 27(15):2243–8. doi:10.1038/sj.onc.1210859

	Palmer, MB, Majumder, P, Cooper, JC, Yoon, H, Wade, PA, and Boss, JM. Yin yang 1 regulates the expression of snail through a distal enhancer. Mol Cancer Res (2009) 7(2):221–9. doi:10.1158/1541-7786.MCR-08-0229

	Reddy, SDN, Pakala, SB, Molli, PR, Sahni, N, Karanam, NK, Mudvari, P, et al. Metastasis-associated protein 1/histone deacetylase 4-nucleosome remodeling and deacetylase complex regulates phosphatase and tensin homolog gene expression and function. J Biol Chem (2012) 287(33):27843–50. doi:10.1074/jbc.M112.348474

	Yeung, K, Seitz, T, Li, S, Janosch, P, McFerran, B, Kaiser, C, et al. Suppression of Raf-1 kinase activity and MAP kinase signalling by RKIP. Nature (1999) 401(6749):173–7. doi:10.1038/43686

	Baritaki, S, Huerta-Yepez, S, da Lourdas Cabrava-Haimandez, M, Sensi, M, Canevari, S, Libra, M, et al. Unique pattern of overexpression of Raf-1 kinase inhibitory protein in its inactivated phosphorylated form in human multiple myeloma. Onco Ther (2011) 2(2). doi:10.1615/ForumImmunDisTher.v2.i2.90

	Bonavida, B, and Baritaki, S. Dual role of NO donors in the reversal of tumor cell resistance and EMT: downregulation of the NF-κB/Snail/YY1/RKIP circuitry. Nitric Oxide (2011) 24(1):1–7. doi:10.1016/j.niox.2010.10.001

	Stafford, LJ, Vaidya, KS, and Welch, DR. Metastasis suppressors genes in cancer. The International Journal Biochemistry and Cell Biology (2008) 40(5):874–91. doi:10.1016/j.biocel.2007.12.016

	Fu, Z, Smith, PC, Zhang, L, Rubin, MA, Dunn, RL, Yao, Z, et al. Effects of raf kinase inhibitor protein expression on suppression of prostate cancer metastasis. J Natl Cancer Inst (2003) 95(12):878–89. doi:10.1093/jnci/95.12.878

	Wang, Y, and Bonavida, B. A new linkage between the tumor suppressor RKIP and autophagy: targeted therapeutics. Crit Reviews™ Oncogenesis. (2018) 23(5-6):281–305. doi:10.1615/CritRevOncog.2018027211

	Dangi-Garimella, S, Yun, J, Eves, EM, Newman, M, Erkeland, SJ, Hammond, SM, et al. Raf kinase inhibitory protein suppresses a metastasis signalling cascade involving LIN28 and let-7. The EMBO Journal (2009) 28(4):347–58. doi:10.1038/emboj.2008.294

	Lamiman, K, Keller, JM, Mizokami, A, Zhang, J, and Keller, ET. Survey of Raf kinase inhibitor protein (RKIP) in multiple cancer types. Crit Reviews™ Oncogenesis (2014) 19(6):455–68. doi:10.1615/CritRevOncog.2014011987

	Hagan, S, Al-Mulla, F, Mallon, E, Oien, K, Ferrier, R, Gusterson, B, et al. Reduction of Raf-1 kinase inhibitor protein expression correlates with breast cancer metastasis. Clin Cancer Res (2005) 11(20):7392–7. doi:10.1158/1078-0432.CCR-05-0283

	Al-Mulla, F, Bitar, MS, Thiery, JP, Zea, TT, Chatterjee, D, Bennett, L, et al. Clinical implications for loss or diminution of expression of Raf-1 kinase inhibitory protein and its phosphorylated form in ductal breast cancer. Am J Cancer Res (2013) 3(5):446–64.

	Keller, ET, Fu, Z, and Brennan, M. The biology of a prostate cancer metastasis suppressor protein: raf kinase inhibitor protein. J Cell Biochem (2005) 94(2):273–8. doi:10.1002/jcb.20169

	Fu, Z, Kitagawa, Y, Shen, R, Shah, R, Mehra, R, Rhodes, D, et al. Metastasis suppressor gene Raf kinase inhibitor protein (RKIP) is a novel prognostic marker in prostate cancer. Prostate (2006) 66(3):248–56. doi:10.1002/pros.20319

	Deb, G, Thakur, VS, and Gupta, S. Multifaceted role of EZH2 in breast and prostate tumorigenesis: epigenetics and beyond. Epigenetics (2013) 8(5):464–76. doi:10.4161/epi.24532

	Li, HZ, Gao, Y, Zhao, XL, Liu, YX, Sun, BC, Yang, J, et al. Effects of raf kinase inhibitor protein expression on metastasis and progression of human breast cancer. Mol Cancer Res (2009) 7(6):832–40. doi:10.1158/1541-7786.MCR-08-0403

	Al-Mulla, F, Hagan, S, Behbehani, AI, Bitar, MS, George, SS, Going, JJ, et al. Raf kinase inhibitor protein expression in a survival analysis of colorectal cancer patients. J Clin Oncol (2006) 24(36):5672–9. doi:10.1200/JCO.2006.07.5499

	Yu, M, Wang, Q, Ding, JW, Yang, Z, Xie, C, and Lu, NH. Association between raf kinase inhibitor protein loss and prognosis in cancers of the digestive system: a meta-analysis. Cancer Biomark (2014) 14(5):389–400. doi:10.3233/CBM-140410

	Martinho, O, Simões, K, Longatto-Filho, A, Jacob, CE, Zilberstein, B, Bresciani, C, et al. Absence of RKIP expression is an independent prognostic biomarker for gastric cancer patients. Oncol Rep (2013) 29(2):690–6. doi:10.3892/or.2012.2179

	Guo, W, Dong, Z, Guo, Y, Lin, X, Chen, Z, Kuang, G, et al. Aberrant methylation and loss expression of RKIP is associated with tumor progression and poor prognosis in gastric cardia adenocarcinoma. Clin Exp Metastasis (2013) 30(3):265–75. doi:10.1007/s10585-012-9533-x

	Schuierer, MM, Bataille, F, Hagan, S, Kolch, W, and Bosserhoff, A-K. Reduction in raf kinase inhibitor protein expression is associated with increased ras-extracellular signal-regulated kinase signaling in melanoma cell lines. Cancer Res (2004) 64(15):5186–92. doi:10.1158/0008-5472.CAN-03-3861

	Shvartsur, A, Givechian, KB, Garban, H, and Bonavida, B. Overexpression of RKIP and its cross-talk with several regulatory gene products in multiple myeloma. J Exp Clin Cancer Res (2017) 36(1):1–14. doi:10.1186/s13046-017-0535-z

	Huerta-Yepez, S, Baritaki, S, Liu, H, Mendez-Maldonado, KM, Penichet, ML, Vega, MI, et al. The overexpression of inactive phosphorylated raf-1 kinase inhibitory protein (RKIP) in multiple myeloma (MM) regulates the resistance to bortezomib-induced cytotoxicity: reversal of resistance by the PKC inhibitor bisindolylmalemide. Blood (2011) 118(21):2892. doi:10.1182/blood.V118.21.2892.2892

	Matallanas, D, Birtwistle, M, Romano, D, Zebisch, A, Rauch, J, von Kriegsheim, A, et al. Raf family kinases: old dogs have learned new tricks. Genes Cancer (2011) 2(3):232–60. doi:10.1177/1947601911407323

	Rapozzi, V, and Xodo, LE. Role of RKIP in the tumor response to photooxidative damage. In: Prognostic and Therapeutic Applications of RKIP in Cancer . Elsevier (2020). p. 77–93. doi:10.1016/B978-0-12-819612-0.00004-3

	Yesilkanal, AE, and Rosner, MR. Raf kinase inhibitory protein (RKIP) as a metastasis suppressor: regulation of signaling networks in cancer. Crit Reviews™ Oncogenesis (2014) 19(6):447–54. doi:10.1615/CritRevOncog.2014012000

	Al-Mulla, F, Bitar, MS, Taqi, Z, Rath, O, and Kolch, W. RAF kinase inhibitory protein (RKIP) modulates cell cycle kinetics and motility. Mol Biosyst (2011) 7(3):928–41. doi:10.1039/C0MB00208A

	Keller, ET, Fu, Z, and Brennan, M. The role of Raf kinase inhibitor protein (RKIP) in health and disease. Biochem Pharmacol (2004) 68(6):1049–53. doi:10.1016/j.bcp.2004.04.024

	Zhang, B, Wang, O, Qin, J, Liu, S, Sun, S, Liu, H, et al. cis-Acting elements and trans-acting factors in the transcriptional regulation of raf kinase inhibitory protein expression. PLoS One (2013) 8(12):e83097. doi:10.1371/journal.pone.0083097

	Zhang, H, Wu, J, Keller, JM, Yeung, K, Keller, ET, and Fu, Z. Transcriptional regulation of RKIP expression by androgen in prostate cells. Cell Physiol Biochem (2012) 30(6):1340–50. doi:10.1159/000343323

	Rama, M, and Bonavida, B. Identification of regulatory crosstalks between RKIP and BRCA1 tumor suppressors in healthy tissues and cancer (breast and ovarian): therapeutic implications. In: Prognostic and Therapeutic Applications of RKIP in Cancer . Elsevier (2020). p. 175–209. doi:10.1016/B978-0-12-819612-0.00011-0

	Liang, Y, Wu, H, Lei, R, Chong, RA, Wei, Y, Lu, X, et al. Transcriptional network analysis identifies BACH1 as a master regulator of breast cancer bone metastasis. J Biol Chem (2012) 287(40):33533–44. doi:10.1074/jbc.M112.392332

	Lee, J, Lee, J, Farquhar, KS, Yun, J, Frankenberger, CA, Bevilacqua, E, et al. Network of mutually repressive metastasis regulators can promote cell heterogeneity and metastatic transitions. Proc Natl Acad Sci (2014) 111(3):E364–E73. doi:10.1073/pnas.1304840111

	Yun, J, Frankenberger, CA, Kuo, WL, Boelens, MC, Eves, EM, Cheng, N, et al. Signalling pathway for RKIP and Let-7 regulates and predicts metastatic breast cancer. The EMBO Journal (2011) 30(21):4500–14. doi:10.1038/emboj.2011.312

	Sanna, L, Marchesi, I, Melone, MA, and Bagella, L. The role of enhancer of zeste homolog 2: from viral epigenetics to the carcinogenesis of hepatocellular carcinoma. J Cell Physiol (2018) 233(9):6508–17. doi:10.1002/jcp.26545

	Cannell, IG, Kong, YW, and Bushell, M. How do microRNAs regulate gene expression?Biochem Soc Trans (2008) 36(6):1224–31. doi:10.1042/BST0361224

	Li, J, Wang, Y, Song, Y, Fu, Z, and Yu, W. miR-27a regulates cisplatin resistance and metastasis by targeting RKIP in human lung adenocarcinoma cells. Mol Cancer (2014) 13(1):1–9. doi:10.1186/1476-4598-13-193

	Li, Y, Tian, Z, Tan, Y, Lian, G, Chen, S, Chen, S, et al. Bmi-1-induced miR-27a and miR-155 promote tumor metastasis and chemoresistance by targeting RKIP in gastric cancer. Mol Cancer (2020) 19(1):1–14. doi:10.1186/s12943-020-01229-y

	Hatzl, S, Geiger, O, Kuepper, MK, Caraffini, V, Seime, T, Furlan, T, et al. Increased expression of miR-23a mediates a loss of expression in the RAF kinase inhibitor protein RKIPLoss of RKIP is caused by increased expression of miR-23a. Cancer Res (2016) 76(12):3644–54. doi:10.1158/0008-5472.CAN-15-3049

	Du, Y, Liu, XH, Zhu, HC, Wang, L, Ning, JZ, and Xiao, CC. MiR-543 promotes proliferation and epithelial-mesenchymal transition in prostate cancer via targeting RKIP. Cell Physiol Biochem (2017) 41(3):1135–46. doi:10.1159/000464120

	Huang, L, Dai, T, Lin, X, Zhao, X, Chen, X, Wang, C, et al. MicroRNA-224 targets RKIP to control cell invasion and expression of metastasis genes in human breast cancer cells. Biochem Biophys Res Commun (2012) 425(2):127–33. doi:10.1016/j.bbrc.2012.07.025

	Li, D-M, and Sun, H. TEP1, encoded by a candidate tumor suppressor locus, is a novel protein tyrosine phosphatase regulated by transforming growth factor β. Cancer Res (1997) 57(11):2124–9.

	Li, J, Yen, C, Liaw, D, Podsypanina, K, Bose, S, Wang, SI, et al. PTEN, a putative protein tyrosine phosphatase gene mutated in human brain, breast, and prostate cancer. Science (1997) 275(5308):1943–7. doi:10.1126/science.275.5308.1943

	Liaw, D, Marsh, DJ, Li, J, Dahia, PL, Wang, SI, Zheng, Z, et al. Germline mutations of the PTEN gene in Cowden disease, an inherited breast and thyroid cancer syndrome. Nat Genet (1997) 16(1):64–7. doi:10.1038/ng0597-64

	Bigner, SH, Mark, J, Mahaley, MS, and Bigner, DD. Patterns of the early, gross chromosomal changes in malignant human gliomas. Hereditas (1984) 101(1):103–13. doi:10.1111/j.1601-5223.1984.tb00455.x

	Bigner, SH, Mark, J, Burger, PC, Mahaley, JMS, Bullard, DE, Muhlbaier, LH, et al. Specific chromosomal abnormalities in malignant human gliomas. Cancer Res (1988) 48(2):405–11.

	Rasheed, BA, Fuller, GN, Friedman, AH, Bigner, DD, and Bigner, SH. Loss of heterozygosity for 10q loci in human gliomas. Genes Chromosomes Cancer (1992) 5(1):75–82. doi:10.1002/gcc.2870050111

	Pershouse, MA, Stubblefield, E, Hadi, A, Killary, AM, Alfred Yung, W, and Steck, PA. Analysis of the functional role of chromosome 10 loss in human glioblastomas. Cancer Res (1993) 53(20):5043–50.

	Wang, SI, Parsons, R, and Ittmann, M. Homozygous deletion of the PTEN tumor suppressor gene in a subset of prostate adenocarcinomas. Clin Cancer Research: An Official Journal Am Assoc Cancer Res (1998) 4(3):811–5.

	Bose, S, Wang, SI, Terry, MB, Hibshoosh, H, and Parsons, R. Allelic loss of chromosome 10q23 is associated with tumor progression in breast carcinomas. Oncogene (1998) 17(1):123–7. doi:10.1038/sj.onc.1201940

	Tashiro, H, Blazes, MS, Wu, R, Cho, KR, Bose, S, Wang, SI, et al. Mutations in PTEN are frequent in endometrial carcinoma but rare in other common gynecological malignancies. Cancer Res (1997) 57(18):3935–40.

	Yehia, L, Ngeow, J, and Eng, C. PTEN-opathies: from biological insights to evidence-based precision medicine. The J Clinical Investigation (2019) 129(2):452–64. doi:10.1172/JCI121277

	Hollander, MC, Blumenthal, GM, and Dennis, PA. PTEN loss in the continuum of common cancers, rare syndromes and mouse models. Nat Rev Cancer (2011) 11(4):289–301. doi:10.1038/nrc3037

	Lee, Y-R, Chen, M, and Pandolfi, PP. The functions and regulation of the PTEN tumour suppressor: new modes and prospects. Nat Reviews Mol Cell Biology (2018) 19(9):547–62. doi:10.1038/s41580-018-0015-0

	Álvarez-Garcia, V, Tawil, Y, Wise, HM, and Leslie, NR. Mechanisms of PTEN loss in cancer: it’s all about diversity. Semin Cancer Biol 59 (2019) 66–79. doi:10.1016/j.semcancer.2019.02.001

	Singh, B, Ittmann, MM, and Krolewski, JJ. Sporadic breast cancers exhibit loss of heterozygosity on chromosome segment 10q23 close to the Cowden disease locus. Genes Chromosomes Cancer (1998) 21(2):166–71. doi:10.1002/(SICI)1098-2264(199802)21:2<166::AID-GCC13>3.0.CO;2-P

	García, JM, Silva, J, Peña, C, Garcia, V, Rodríguez, R, Cruz, MA, et al. Promoter methylation of the PTEN gene is a common molecular change in breast cancer. Genes Chromosomes Cancer (2004) 41(2):117–24. doi:10.1002/gcc.20062

	Lu, Y-M, Cheng, F, and Teng, L-S. The association between phosphatase and tensin homolog hypermethylation and patients with breast cancer, a meta-analysis and literature review. Sci Rep (2016) 6(1):32723. doi:10.1038/srep32723

	Kurose, K, Zhou, X-P, Araki, T, Cannistra, SA, Maher, ER, and Eng, C. Frequent loss of PTEN expression is linked to elevated phosphorylated Akt levels, but not associated with p27 and cyclin D1 expression, in primary epithelial ovarian carcinomas. The Am Journal Pathology (2001) 158(6):2097–106. doi:10.1016/S0002-9440(10)64681-0

	Risinger, JI, Hayes, K, Fau - Maxwell, GL, Maxwell, GF-CME, Carney, MF-DRK, Dodge, RF-BJC, et al. PTEN mutation in endometrial cancers is associated with favorable clinical and pathologic characteristics. Clin Cancer Res 1998:1078–0432.

	Tao, Y, and Liang, B. PTEN mutation: a potential prognostic factor associated with immune infiltration in endometrial carcinoma. Pathol Res Pract (2020) 216(6):152943. doi:10.1016/j.prp.2020.152943

	Poluri, RTK, and Audet-Walsh, É. Genomic deletion at 10q23 in prostate cancer: more than PTEN loss?Front Oncol (2018) 8:246. doi:10.3389/fonc.2018.00246

	Krohn, A, Diedler, T, Burkhardt, L, Mayer, PS, De Silva, C, Meyer-Kornblum, M, et al. Genomic deletion of PTEN is associated with tumor progression and early PSA recurrence in ERG fusion-positive and fusion-negative prostate cancer. Am J Pathol (2012) 181(2):401–12. doi:10.1016/j.ajpath.2012.04.026

	Jamaspishvili, T, Berman, DM, Ross, AE, Scher, HI, De Marzo, AM, Squire, JA, et al. Clinical implications of PTEN loss in prostate cancer. Nat Rev Urol (2018) 15(4):222–34. doi:10.1038/nrurol.2018.9

	Cossu-Rocca, P, Orrù, S, Muroni, MR, Sanges, F, Sotgiu, G, Ena, S, et al. Analysis of PIK3CA mutations and activation pathways in triple negative breast cancer. PLoS One (2015) 10(11):e0141763. doi:10.1371/journal.pone.0141763

	Koomen, JM, and Smalley, KS. Using quantitative proteomic analysis to understand genotype specific intrinsic drug resistance in melanoma. Oncotarget (2011) 2(4):329–35. doi:10.18632/oncotarget.263

	Bucheit, AD, Chen, G, Siroy, A, Tetzlaff, M, Broaddus, R, Milton, D, et al. Complete loss of PTEN protein expression correlates with shorter time to brain metastasis and survival in stage IIIB/C melanoma patients with BRAFV600 mutations. Clin Cancer Res (2014) 20(21):5527–36. doi:10.1158/1078-0432.CCR-14-1027

	Molinari, F, and Frattini, M. Functions and regulation of the PTEN gene in colorectal cancer. Front Oncol (2014) 3:3–2013. doi:10.3389/fonc.2013.00326

	Gkountakos, A, Sartori, G, Falcone, I, Piro, G, Ciuffreda, L, Carbone, C, et al. PTEN in lung cancer: dealing with the problem, building on new knowledge and turning the game around. Cancers (Basel) (2019) 11(8):1141. doi:10.3390/cancers11081141

	Chandler, RL, Damrauer, JS, Raab, JR, Schisler, JC, Wilkerson, MD, Didion, JP, et al. Coexistent ARID1A-PIK3CA mutations promote ovarian clear-cell tumorigenesis through pro-tumorigenic inflammatory cytokine signalling. Nat Commun (2015) 6:6118. doi:10.1038/ncomms7118

	Martins, FC, Couturier, D-L, Paterson, A, Karnezis, AN, Chow, C, Nazeran, TM, et al. Clinical and pathological associations of PTEN expression in ovarian cancer: a multicentre study from the Ovarian Tumour Tissue Analysis Consortium. Br J Cancer (2020) 123(5):793–802. doi:10.1038/s41416-020-0925-2

	Hoshiai, KO, and Hoshiai, H. Common genetic changes between endometriosis and ovarian cancer. Gynecol Obstet Invest (2000) 50(1):39–43. doi:10.1159/000052877

	Frisk, T, Foukakis, T, Dwight, T, Lundberg, J, Höög, A, Wallin, G, et al. Silencing of the PTEN tumor-suppressor gene in anaplastic thyroid cancer. Genes Chromosomes Cancer (2002) 35(1):74–80. doi:10.1002/gcc.10098

	Bandargal, S, Rajab, M, Forest, V-I, Pusztaszeri, MP, Hier, MP, da Silva, SD, et al. Characteristics of PTEN mutation in thyroid tumours: a retrospective chart review. Cancers (Basel) (2023) 15(5):1575. doi:10.3390/cancers15051575

	Tuli, G, Munarin, J, Mussa, A, Carli, D, Gastaldi, R, Borgia, P, et al. Thyroid nodular disease and PTEN mutation in a multicentre series of children with PTEN hamartoma tumor syndrome (PHTS). Endocrine (2021) 74(3):632–7. doi:10.1007/s12020-021-02805-y

	Weng, W-H, Yu, K-J, Li, L-C, Pang, Y-J, Chen, Y-T, Pang, S-T, et al. Low PTEN expression and overexpression of phosphorylated Akt Ser473 and Akt Thr308 are associated with poor overall survival in upper tract urothelial carcinoma. Oncol Lett (2020) 20(6):1. doi:10.3892/ol.2020.12210

	Noorolyai, S, Shajari, N, Baghbani, E, Sadreddini, S, and Baradaran, B. The relation between PI3K/AKT signalling pathway and cancer. Gene (2019) 698:120–8. doi:10.1016/j.gene.2019.02.076

	Robbins, HL, and Hague, A. The PI3K/Akt pathway in tumors of endocrine tissues. Front Endocrinol (Lausanne) (2016) 6:188. doi:10.3389/fendo.2015.00188

	Shimura, T, Noma, N, Oikawa, T, Ochiai, Y, Kakuda, S, Kuwahara, Y, et al. Activation of the AKT/cyclin D1/Cdk4 survival signaling pathway in radioresistant cancer stem cells. Oncogenesis (2012) 1(6):e12–e. doi:10.1038/oncsis.2012.12

	Hermida, MA, Kumar, JD, and Leslie, NR. GSK3 and its interactions with the PI3K/AKT/mTOR signalling network. Adv Biological Regulation (2017) 65:5–15. doi:10.1016/j.jbior.2017.06.003

	Brunet, A, Bonni, A, Zigmond, MJ, Lin, MZ, Juo, P, Hu, LS, et al. Akt promotes cell survival by phosphorylating and inhibiting a Forkhead transcription factor. Cell (1999) 96(6):857–68. doi:10.1016/S0092-8674(00)80595-4

	Szanto, A, Bognar, Z, Szigeti, A, Szabo, A, Farkas, L, and Gallyas, F. Critical role of bad phosphorylation by Akt in cytostatic resistance of human bladder cancer cells. Anticancer Res (2009) 29(1):159–64.

	Ocana, A, Vera-Badillo, F, Al-Mubarak, M, Templeton, AJ, Corrales-Sanchez, V, Diez-Gonzalez, L, et al. Activation of the PI3K/mTOR/AKT pathway and survival in solid tumors: systematic review and meta-analysis. PLoS One (2014) 9(4):e95219. doi:10.1371/journal.pone.0095219

	Engelman, JA, Luo, J, and Cantley, LC. The evolution of phosphatidylinositol 3-kinases as regulators of growth and metabolism. Nat Rev Genet (2006) 7(8):606–19. doi:10.1038/nrg1879

	Bermudez Brito, M, Goulielmaki, E, and Papakonstanti, E. Focus on PTEN regulation. Front Oncol (2015) 5:166. doi:10.3389/fonc.2015.00166

	Shen, YH, Zhang, L, Gan, Y, Wang, X, Wang, J, LeMaire, SA, et al. Up-regulation of PTEN (phosphatase and tensin homolog deleted on chromosome ten) mediates p38 MAPK stress signal-induced inhibition of insulin signaling: a cross-talk between stress signaling and insulin signaling in resistin-treated human endothelial cells. J Biol Chem (2006) 281(12):7727–36. doi:10.1074/jbc.M511105200

	Virolle, T, Adamson, ED, Baron, V, Birle, D, Mercola, D, Mustelin, T, et al. The Egr-1 transcription factor directly activates PTEN during irradiation-induced signalling. Nat Cell Biol (2001) 3(12):1124–8. doi:10.1038/ncb1201-1124

	Haddadi, N, Lin, Y, Travis, G, Simpson, AM, Nassif, NT, and McGowan, EM. PTEN/PTENP1:‘Regulating the regulator of RTK-dependent PI3K/Akt signalling’, new targets for cancer therapy. Mol Cancer (2018) 17(1):1–14. doi:10.1186/s12943-018-0803-3

	Patel, L, Pass, I, Coxon, P, Downes, CP, Smith, SA, and Macphee, CH. Tumor suppressor and anti-inflammatory actions of PPARγ agonists are mediated via upregulation of PTEN. Curr Biol (2001) 11(10):764–8. doi:10.1016/S0960-9822(01)00225-1

	Xia, D, Srinivas, H, Ahn, YH, Sethi, G, Sheng, X, Yung, WA, et al. Mitogen-activated protein kinase kinase-4 promotes cell survival by decreasing PTEN expression through an NFκB-dependent pathway. J Biol Chem (2007) 282(6):3507–19. doi:10.1074/jbc.M610141200

	Fan, C, He, L, Kapoor, A, Rybak, AP, De Melo, J, Cutz, J-C, et al. PTEN inhibits BMI1 function independently of its phosphatase activity. Mol Cancer (2009) 8:1–14. doi:10.1186/1476-4598-8-98

	Yokoyama, A, Igarashi, K, Sato, T, Takagi, K, Otsuka, M, Shishido, Y, et al. Identification of myelin transcription factor 1 (MyT1) as a subunit of the neural cell type-specific lysine-specific demethylase 1 (LSD1) complex. J Biol Chem (2014) 289(26):18152–62. doi:10.1074/jbc.M114.566448

	Yang, L, Ge, D, Chen, X, Qiu, J, Yin, Z, Zheng, S, et al. FOXP4-AS1 participates in the development and progression of osteosarcoma by downregulating LATS1 via binding to LSD1 and EZH2. Biochem Biophys Res Commun (2018) 502(4):493–500. doi:10.1016/j.bbrc.2018.05.198

	Bhat, AV, Palanichamy, KM, Rao, VK, Pignata, L, Lim, HJ, Suriyamurthy, S, et al. Epigenetic regulation of the PTEN–AKT–RAC1 Axis by G9a is critical for tumor growth in alveolar rhabdomyosarcoma. Cancer Res (2019) 79(9):2232–43. doi:10.1158/0008-5472.CAN-18-2676

	Meng, F, Henson, R, Wehbe–Janek, H, Ghoshal, K, Jacob, ST, and Patel, T. MicroRNA-21 regulates expression of the PTEN tumor suppressor gene in human hepatocellular cancer. Gastroenterology (2007) 133(2):647–58. doi:10.1053/j.gastro.2007.05.022

	Poliseno, L, Salmena, L, Riccardi, L, Fornari, A, Song, MS, Hobbs, RM, et al. Identification of the miR-106b∼ 25 microRNA cluster as a proto-oncogenic PTEN-targeting intron that cooperates with its host gene MCM7 in transformation. Sci Signaling (2010) 3(117):ra29–ra. doi:10.1126/scisignal.2000594

	Jindra, PT, Bagley, J, Godwin, JG, and Iacomini, J. Costimulation-dependent expression of microRNA-214 increases the ability of T cells to proliferate by targeting Pten. The J Immunol (2010) 185(2):990–7. doi:10.4049/jimmunol.1000793

	Li, J, Hu, K, Gong, G, Zhu, D, Wang, Y, Liu, H, et al. Upregulation of MiR-205 transcriptionally suppresses SMAD4 and PTEN and contributes to human ovarian cancer progression. Sci Rep (2017) 7(1):1–9. doi:10.1038/srep41330

	Zhao, W, Han, T, Li, B, Ma, Q, Yang, P, and Li, H. miR-552 promotes ovarian cancer progression by regulating PTEN pathway. J Ovarian Research (2019) 12:1–10. doi:10.1186/s13048-019-0589-y

	Li, N, Miao, Y, Shan, Y, Liu, B, Li, Y, Zhao, L, et al. MiR-106b and miR-93 regulate cell progression by suppression of PTEN via PI3K/Akt pathway in breast cancer. Cell Death Dis (2017) 8(5):e2796–e. doi:10.1038/cddis.2017.200

	Mahinfar, P, Baradaran, B, Davoudian, S, Vahidian, F, Cho, WC, and Mansoori, B. Long non-coding RNAs in multidrug resistance of glioblastoma. Genes (2021) 12(3):455. doi:10.3390/genes12030455

	Xin, X, Wu, M, Meng, Q, Wang, C, Lu, Y, Yang, Y, et al. Long noncoding RNA HULC accelerates liver cancer by inhibiting PTEN via autophagy cooperation to miR15a. Mol Cancer (2018) 17(1):1–16. doi:10.1186/s12943-018-0843-8

	Wang, R-Q, Long, X-R, Zhou, N-N, Chen, D-N, Zhang, M-Y, Wen, Z-S, et al. Lnc-GAN1 expression is associated with good survival and suppresses tumor progression by sponging mir-26a-5p to activate PTEN signaling in non-small cell lung cancer. J Exp Clin Cancer Res (2021) 40(1):1–19. doi:10.1186/s13046-020-01819-0

	Yang, X, Tao, L, Zhu, J, and Zhang, S. Long noncoding RNA FTX reduces hypertrophy of neonatal mouse cardiac myocytes and regulates the PTEN/PI3K/Akt signaling pathway by sponging MicroRNA-22. Med Science Monitor: International Medical Journal Experimental Clinical Research (2019) 25:9609–17. doi:10.12659/MSM.919654

	Yan, J, Yao, L, Li, P, Wu, G, and Lv, X. Long non-coding RNA MIR17HG sponges microRNA-21 to upregulate PTEN and regulate homoharringtonine-based chemoresistance of acute myeloid leukemia cells. Oncol Lett (2022) 23(1):1–7. doi:10.3892/ol.2021.13142

	Torres Ibáñez, JM, and Pulido Murillo, R. The tumor suppressor PTEN is phosphorylated by the protein kinase CK2 at its C terminus: IMPLICATIONS for PTEN stability to PROTEASOME-MEDIATED degradation. J Biol Chem (2001) 276(2):993–8. doi:10.1074/jbc.M009134200

	Miller, SJ, Lou, DY, Seldin, DC, Lane, WS, and Neel, BG. Direct identification of PTEN phosphorylation sites. FEBS Lett (2002) 528(1-3):145–53. doi:10.1016/s0014-5793(02)03274-x

	Stamos, JL, Chu, ML-H, Enos, MD, Shah, N, and Weis, WI. Structural basis of GSK-3 inhibition by N-terminal phosphorylation and by the Wnt receptor LRP6. Elife (2014) 3:e01998. doi:10.7554/eLife.01998

	Al-Khouri, AM, Ma, Y, Togo, SH, Williams, S, and Mustelin, T. Cooperative phosphorylation of the tumor suppressor phosphatase and tensin homologue (PTEN) by casein kinases and glycogen synthase kinase 3β. J Biol Chem (2005) 280(42):35195–202. doi:10.1074/jbc.M503045200

	Yang, S, and Kim, H-M. The RhoA-ROCK-PTEN pathway as a molecular switch for anchorage dependent cell behavior. Biomaterials (2012) 33(10):2902–15. doi:10.1016/j.biomaterials.2011.12.051

	Gabriela-Freitas, M, Pinheiro, J, Raquel-Cunha, A, Cardoso-Carneiro, D, and Martinho, O. RKIP as an inflammatory and immune system modulator: implications in cancer. Biomolecules (2019) 9(12):769. doi:10.3390/biom9120769

	Candido, S, Salemi, R, Piccinin, S, Falzone, L, and Libra, M. The PIK3CA H1047R mutation confers resistance to BRAF and MEK inhibitors in A375 melanoma cells through the cross-activation of MAPK and PI3K–Akt pathways. Pharmaceutics (2022) 14(3):590. doi:10.3390/pharmaceutics14030590

	Fang, L, Li, H, Wang, L, Hu, J, Jin, T, Wang, J, et al. MicroRNA-17-5p promotes chemotherapeutic drug resistance and tumour metastasis of colorectal cancer by repressing PTEN expression. Oncotarget (2014) 5(10):2974–87. doi:10.18632/oncotarget.1614

	Jin, YY, Chen, QJ, Xu, K, Ren, HT, Bao, X, Ma, YN, et al. Involvement of microRNA-141-3p in 5-fluorouracil and oxaliplatin chemo-resistance in esophageal cancer cells via regulation of PTEN. Mol Cell Biochem (2016) 422:161–70. doi:10.1007/s11010-016-2816-9

	Liao, Y, Shen, L, Zhao, H, Liu, Q, Fu, J, Guo, Y, et al. LncRNA CASC2 interacts with miR-181a to modulate glioma growth and resistance to TMZ through PTEN pathway. J Cell Biochem (2017) 118(7):1889–99. doi:10.1002/jcb.25910

	Li, Y, Ye, Y, Feng, B, and Qi, Y. Long noncoding RNA lncARSR promotes doxorubicin resistance in hepatocellular carcinoma via modulating PTEN-PI3K/Akt pathway. J Cell Biochem (2017) 118(12):4498–507. doi:10.1002/jcb.26107

	Vahabi, M, Pulito, C, Sacconi, A, Donzelli, S, D’Andrea, M, Manciocco, V, et al. miR-96-5p targets PTEN expression affecting radio-chemosensitivity of HNSCC cells. J Exp Clin Cancer Res (2019) 38(1):1–16. doi:10.1186/s13046-019-1119-x

	Ding, S, Zheng, Y, Xu, Y, Zhao, X, and Zhong, C. MiR-21/PTEN signaling modulates the chemo-sensitivity to 5-fluorouracil in human lung adenocarcinoma A549 cells. Int J Clin Exp Pathol (2019) 12(6):2339–52.

	Wu, J, Gao, H, Ge, W, and He, J. Over expression of PTEN induces apoptosis and prevents cell proliferation in breast cancer cells. Acta Biochim Pol (2020) 67(4):515–9. doi:10.18388/abp.2020_5371

	Dou, L, and Zhang, Y. miR-4461 regulates the proliferation and metastasis of ovarian cancer cells and cisplatin resistance. Front Oncol (2021) 11:614035. doi:10.3389/fonc.2021.614035

	Fischer, T, Hartmann, O, Reissland, M, Prieto-Garcia, C, Klann, K, Pahor, N, et al. PTEN mutant non-small cell lung cancer require ATM to suppress pro-apoptotic signalling and evade radiotherapy. Cell Biosci (2022) 12(1):50. doi:10.1186/s13578-022-00778-7

	Bonavida, B. RKIP-mediated chemo-immunosensitization of resistant cancer cells via disruption of the NF-κB/Snail/YY1/RKIP resistance-driver loop. Crit Reviews™ Oncogenesis (2014) 19(6):431–45. doi:10.1615/CritRevOncog.2014011929

	Zaravinos, A, Bonavida, B, Chatzaki, E, and Baritaki, S. RKIP: a key regulator in tumor metastasis initiation and resistance to apoptosis: therapeutic targeting and impact. Cancers (Basel) (2018) 10(9):287. doi:10.3390/cancers10090287

	Bonavida, B, Baritaki, S, Huerta-Yepez, S, Vega, MI, Chatterjee, D, and Yeung, K. Novel therapeutic applications of nitric oxide donors in cancer: roles in chemo-and immunosensitization to apoptosis and inhibition of metastases. Nitric Oxide (2008) 19(2):152–7. doi:10.1016/j.niox.2008.04.018

	Bai, M, Ma, X, Li, X, Wang, X, Mei, Q, Li, X, et al. The accomplices of NF-κB lead to radioresistance. Curr Protein Pept Sci (2015) 16(4):279–94. doi:10.2174/138920371604150429152328

	Taylor, A, and Rudd, CE. Glycogen synthase kinase 3 inactivation compensates for the lack of CD28 in the priming of CD8+ cytotoxic T-cells: implications for anti-PD-1 immunotherapy. Front Immunol (2017) 8:1653. doi:10.3389/fimmu.2017.01653

	Lin, J, Song, T, Li, C, and Mao, W. GSK-3β in DNA repair, apoptosis, and resistance of chemotherapy, radiotherapy of cancer. Biochim Biophys Acta (BBA)-Molecular Cell Res (2020) 1867(5):118659. doi:10.1016/j.bbamcr.2020.118659

	Yamaguchi, I, Nakajima, K, Shono, K, Mizobuchi, Y, Fujihara, T, Shikata, E, et al. Downregulation of PD-L1 via FKBP5 by celecoxib augments antitumor effects of PD-1 blockade in a malignant glioma model. Neuro-Oncology Adv (2020) 2(1):vdz058. doi:10.1093/noajnl/vdz058

	Peng, W, Chen, JQ, Liu, C, Malu, S, Creasy, C, Tetzlaff, MT, et al. Loss of PTEN promotes resistance to T cell–mediated immunotherapy. Cancer Discov (2016) 6(2):202–16. doi:10.1158/2159-8290.CD-15-0283

	Chida, K, Kawazoe, A, Kawazu, M, Suzuki, T, Nakamura, Y, Nakatsura, T, et al. A low tumor mutational burden and PTEN mutations are predictors of a negative response to PD-1 blockade in MSI-H/dMMR gastrointestinal TumorsLow TMB and PTEN mutations predict ICI response in MSI-H GI tumors. Clin Cancer Res (2021) 27(13):3714–24. doi:10.1158/1078-0432.CCR-21-0401

	Lin, Y-X, Wang, Y, Ding, J, Jiang, A, Wang, J, Yu, M, et al. Reactivation of the tumor suppressor PTEN by mRNA nanoparticles enhances antitumor immunity in preclinical models. Sci Transl Med (2021) 13(599):eaba9772. doi:10.1126/scitranslmed.aba9772

	Agrawal, A, Tay, J, Ton, S, Agrawal, S, and Gupta, S. Increased reactivity of dendritic cells from aged subjects to self-antigen, the human DNA. The J Immunol (2009) 182(2):1138–45. doi:10.4049/jimmunol.182.2.1138

	Bonavida, B, and Baritaki, S. The novel role of Yin Yang 1 in the regulation of epithelial to mesenchymal transition in cancer via the dysregulated NF-κB/Snail/YY1/RKIP/PTEN Circuitry. Crit Reviews™ Oncogenesis (2011) 16(3-4):211–26. doi:10.1615/CritRevOncog.v16.i3-4.50

	Waterhouse, NJ, Sutton, VR, Sedelies, KA, Ciccone, A, Jenkins, M, Turner, SJ, et al. Cytotoxic T lymphocyte–induced killing in the absence of granzymes A and B is unique and distinct from both apoptosis and perforin-dependent lysis. The J Cell Biology (2006) 173(1):133–44. doi:10.1083/jcb.200510072

	Garbán, HJ, and Bonavida, B. Nitric oxide inhibits the transcription repressor Yin-Yang 1 binding activity at the silencer region of the Fas promoter: a pivotal role for nitric oxide in the up-regulation of Fas gene expression in human tumor cells. The J Immunol (2001) 167(1):75–81. doi:10.4049/jimmunol.167.1.75

	Bonavida, B, Jazirehi, AR, Vega, MI, Huerta-Yepez, S, and Baritaki, S. Roles each of Snail, Yin Yang 1, and RKIP in the regulation of tumor cells chemo-immuno-resistance to apoptosis. Onco Ther (2013) 4(1). doi:10.1615/ForumImmunDisTher.2013008299

	Baritaki, S, Katsman, A, Chatterjee, D, Yeung, KC, Spandidos, DA, and Bonavida, B. Regulation of tumor cell sensitivity to TRAIL-induced apoptosis by the metastatic suppressor Raf kinase inhibitor protein via Yin Yang 1 inhibition and death receptor 5 up-regulation. The J Immunol (2007) 179(8):5441–53. doi:10.4049/jimmunol.179.8.5441

	Baritaki, S, Suzuki, E, Umezawa, K, Spandidos, DA, Berenson, J, Daniels, TR, et al. Inhibition of Yin Yang 1-dependent repressor activity of DR5 transcription and expression by the novel proteasome inhibitor NPI-0052 contributes to its TRAIL-enhanced apoptosis in cancer cells. The J Immunol (2008) 180(9):6199–210. doi:10.4049/jimmunol.180.9.6199

	Marei, HE, Hasan, A, Pozzoli, G, and Cenciarelli, C. Cancer immunotherapy with immune checkpoint inhibitors (ICIs): potential, mechanisms of resistance, and strategies for reinvigorating T cell responsiveness when resistance is acquired. Cancer Cell International (2023) 23(1):64. doi:10.1186/s12935-023-02902-0

	Pandey, P, Khan, F, Qari, HA, Upadhyay, TK, Alkhateeb, AF, and Oves, M. Revolutionization in cancer therapeutics via targeting major immune checkpoints PD-1, PD-L1 and CTLA-4. Pharmaceuticals (2022) 15(3):335. doi:10.3390/ph15030335

	Cretella, D, Digiacomo, G, Giovannetti, E, and Cavazzoni, A. PTEN alterations as a potential mechanism for tumor cell escape from PD-1/PD-L1 inhibition. Cancers (2019) 11(9):1318. doi:10.3390/cancers11091318

	Bergholz, JS, Wang, Q, Wang, Q, Ramseier, M, Prakadan, S, Wang, W, et al. PI3Kβ controls immune evasion in PTEN-deficient breast tumours. Nature (2023) 617(7959):139–46. doi:10.1038/s41586-023-05940-w

	Gao, C, Yuan, X, Jiang, Z, Gan, D, Ding, L, Sun, Y, et al. Regulation of AKT phosphorylation by GSK3β and PTEN to control chemoresistance in breast cancer. Breast Cancer Research Treatment (2019) 176(2):291–301. doi:10.1007/s10549-019-05239-3

	Trimboli, AJ, Cantemir-Stone, CZ, Li, F, Wallace, JA, Merchant, A, Creasap, N, et al. Pten in stromal fibroblasts suppresses mammary epithelial tumours. Nature (2009) 461(7267):1084–91. doi:10.1038/nature08447

	Bronisz, A, Godlewski, J, Wallace, JA, Merchant, AS, Nowicki, MO, Mathsyaraja, H, et al. Reprogramming of the tumour microenvironment by stromal PTEN-regulated miR-320. Nat Cell Biol (2012) 14(2):159–67. doi:10.1038/ncb2396

	Lin, K, Baritaki, S, Militello, L, Malaponte, G, Bevelacqua, Y, and Bonavida, B. The role of B-raf mutations in melanoma and the induction of EMT via dysregulation of the NF-κB/Snail/RKIP/PTEN circuit. Genes Cancer (2010) 1(5):409–20. doi:10.1177/194760191037

	Roskoski, JR. RAF protein-serine/threonine kinases: structure and regulation. Biochem Biophys Res Commun (2010) 399(3):313–7. doi:10.1016/j.bbrc.2010.07.092

	Shen, B, Li, Y, Ye, Q, and Qin, Y. YY1-mediated long non-coding RNA Kcnq1ot1 promotes the tumor progression by regulating PTEN via DNMT1 in triple negative breast cancer. Cancer Gene Ther (2021) 28(10-11):1099–112. doi:10.1038/s41417-020-00274-2

	Hart, JR, and Vogt, PK. Phosphorylation of AKT: a mutational analysis. Oncotarget (2011) 2(6):467–76. doi:10.18632/oncotarget.293

	Sokolosky, ML, Stadelman, KM, Chappell, WH, Abrams, SL, Martelli, AM, Stivala, F, et al. Involvement of Akt-1 and mTOR in sensitivity of breast cancer to targeted therapy. Oncotarget (2011) 2(7):538–50. doi:10.18632/oncotarget.302

	Zawel, L. P3Ka: a driver of tumor metastasis?Oncotarget (2010) 1(5):315–6. doi:10.18632/oncotarget.162

	Garrett, JT, Chakrabarty, A, and Arteaga, CL. Will PI3K pathway inhibitors be effective as single agents in patients with cancer?Oncotarget (2011) 2(12):1314–21. doi:10.18632/oncotarget.409

	Sander, S, and Rajewsky, K. Burkitt lymphomagenesis linked to MYC plus PI3K in germinal center B cells. Oncotarget (2012) 3(10):1066–7. doi:10.18632/oncotarget.726

	Alinari, L, Christian, B, and Baiocchi, RA. Novel targeted therapies for mantle cell lymphoma. Oncotarget (2012) 3(2):203–11. doi:10.18632/oncotarget.426

	Arciuch, VGA, Russo, MA, Dima, M, Kang, KS, Dasrath, F, Liao, X-H, et al. Thyrocyte-specific inactivation of p53 and Pten results in anaplastic thyroid carcinomas faithfully recapitulating human tumors. Oncotarget (2011) 2(12):1109–26. doi:10.18632/oncotarget.380

	Weber, GL, Parat, M-O, Binder, ZA, Gallia, GL, and Riggins, GJ. Abrogation of PIK3CA or PIK3R1 reduces proliferation, migration, and invasion in glioblastoma multiforme cells. Oncotarget (2011) 2(11):833–49. doi:10.18632/oncotarget.346

	Dbouk, HA, and Backer, JM. A beta version of life: p110β takes center stage. Oncotarget (2010) 1(8):729. doi:10.18632/oncotarget.207

	Martelli, AM, Chiarini, F, Evangelisti, C, Ognibene, A, Bressanin, D, Billi, AM, et al. Targeting the liver kinase B1/AMP-activated protein kinase pathway as a therapeutic strategy for hematological malignancies. Expert Opin Ther Targets (2012) 16(7):729–42. doi:10.1517/14728222.2012.694869

	Bressanin, D, Evangelisti, C, Ricci, F, Tabellini, G, Chiarini, F, Tazzari, PL, et al. Harnessing the PI3K/Akt/mTOR pathway in T-cell acute lymphoblastic leukemia: eliminating activity by targeting at different levels. Oncotarget (2012) 3(8):811–23. doi:10.18632/oncotarget.579

	Chiarini, F, Grimaldi, C, Ricci, F, Tazzari, PL, Evangelisti, C, Ognibene, A, et al. Activity of the novel dual phosphatidylinositol 3-kinase/mammalian target of rapamycin inhibitor NVP-BEZ235 against T-cell acute lymphoblastic leukemiaNVP-BEZ235–Mediated cytotoxicity in T-ALL. Cancer Res (2010) 70(20):8097–107. doi:10.1158/0008-5472.CAN-10-1814

	Habib, SL. Mechanism of activation of AMPK and upregulation of OGG1 by rapamycin in cancer cells. Oncotarget (2011) 2(12):958–9. doi:10.18632/oncotarget.381

	Jansen, M, Ten Klooster, JP, Offerhaus, GJ, and Clevers, H. LKB1 and AMPK family signaling: the intimate link between cell polarity and energy metabolism. Physiol Rev (2009) 89(3):777–98. doi:10.1152/physrev.00026.2008

	van der Velden, YU, and Haramis, A-PG. Insights from model organisms on the functions of the tumor suppressor protein LKB1: zebrafish chips in. Aging (Albany N Y). (2011) 3(4):363–7. doi:10.18632/aging.100319

	Oliveras-Ferraros, C, Cufí, S, Vazquez-Martin, A, Torres-Garcia, VZ, Del Barco, S, Martin-Castillo, B, et al. Micro (mi) RNA expression profile of breast cancer epithelial cells treated with the anti-diabetic drug metformin: induction of the tumor suppressor miRNA let-7a and suppression of the TGFβ-induced oncomiR miRNA-181a. Cell Cycle (2011) 10(7):1144–51. doi:10.4161/cc.10.7.15210

	Chappell, WH, Abrams, SL, Franklin, RA, LaHair, MM, Montalto, G, Cervello, M, et al. Ectopic NGAL expression can alter sensitivity of breast cancer cells to EGFR, Bcl-2, CaM-K inhibitors and the plant natural product berberine. Cell Cycle (2012) 11(23):4447–61. doi:10.4161/cc.22786

	Stambolic, V, MacPherson, D, Sas, D, Lin, Y, Snow, B, Jang, Y, et al. Regulation of PTEN transcription by p53. Mol Cell (2001) 8(2):317–25. doi:10.1016/S1097-2765(01)00323-9

	Kim, NH, Cha, YH, Eun, KS, Mi Lee, Y, Lee, I, Young, CS, et al. p53 regulates nuclear GSK-3 levels through miR-34-mediated Axin2 suppression in colorectal cancer cells. Cell Cycle (2013) 12(10):1578–87. doi:10.4161/cc.24739

	Li, Q, Li, Z, Luo, T, and Shi, H. Targeting the PI3K/AKT/mTOR and RAF/MEK/ERK pathways for cancer therapy. Mol Biomedicine (2022) 3(1):47. doi:10.1186/s43556-022-00110-2

	Li, B, Thrasher, JB, and Terranova, P. Glycogen synthase kinase-3: a potential preventive target for prostate cancer management. Urol Oncol Semin Original Invest (2015) 33(11):456–63. doi:10.1016/j.urolonc.2015.05.006

	Bono, JSD, Sweeney, C, Bracarda, S, Sternberg, CN, Chi, KN, Olmos, D, et al. PI3K/AKT pathway biomarkers analysis from the phase III IPATential150 trial of ipatasertib plus abiraterone in metastatic castration-resistant prostate cancer. J Clin Oncol (2021) 39(6_Suppl. l):13.

	Armanious, H, Deschenes, J, Gelebart, P, Ghosh, S, Mackey, J, and Lai, R. Clinical and biological significance of GSK-3β inactivation in breast cancer—an immunohistochemical study. Hum Pathol (2010) 41(12):1657–63. doi:10.1016/j.humpath.2010.04.015

	Segditsas, S, Rowan, AJ, Howarth, K, Jones, A, Leedham, S, Wright, NA, et al. APC and the three-hit hypothesis. Oncogene (2009) 28(1):146–55. doi:10.1038/onc.2008.238

	Nie, F, Cao, J, Tong, J, Zhu, M, Gao, Y, and Ran, Z. Role of Raf-kinase inhibitor protein in colorectal cancer and its regulation by hydroxycamptothecine. J Biomed Sci (2015) 22(1):56. doi:10.1186/s12929-015-0162-y

	Benito, R, Gil-Benso, R, Quilis, V, Perez, M, Gregori-Romero, M, Roldan, P, et al. Primary glioblastomas with and without EGFR amplification: relationship to genetic alterations and clinicopathological features. Neuropathology (2010) 30(4):392–400. doi:10.1111/j.1440-1789.2009.01081.x

	Singh, N, Miner, A, Hennis, L, and Mittal, S. Mechanisms of temozolomide resistance in glioblastoma-a comprehensive review. Cancer Drug Resistance (2021) 4(1):17. doi:10.20517/cdr.2020.79

	Bou-Gharios, J, Assi, S, Bahmad, HF, Kharroubi, H, Araji, T, Chalhoub, RM, et al. The potential use of tideglusib as an adjuvant radio-therapeutic treatment for glioblastoma multiforme cancer stem-like cells. Pharmacol Rep (2021) 73(1):227–39. doi:10.1007/s43440-020-00180-5

	Trejo-Solis, C, Escamilla-Ramirez, A, Jimenez-Farfan, D, Castillo-Rodriguez, RA, Flores-Najera, A, and Cruz-Salgado, A. Crosstalk of the wnt/β-catenin signaling pathway in the induction of apoptosis on cancer cells. Pharmaceuticals (2021) 14(9):871. doi:10.3390/ph14090871

	Regad, T. Molecular and cellular pathogenesis of melanoma initiation and progression. Cell Mol Life Sci (2013) 70(21):4055–65. doi:10.1007/s00018-013-1324-2

	Chang, H, Qi, XY, Claudio, J, Zhuang, L, Patterson, B, and Stewart, AK. Analysis of PTEN deletions and mutations in multiple myeloma. Leuk Res (2006) 30(3):262–5. doi:10.1016/j.leukres.2005.07.008

	Wu, C. β-catenin inhibitors ICG-001 and pyrvinium sensitize bortezomib-resistant multiple myeloma cells to bortezomib. Oncol Lett (2022) 24(1):1–9. doi:10.3892/ol.2022.13326

	Jiang, Q, Xiao, J, Hsieh, Y-C, Kumar, NL, Han, L, Zou, Y, et al. The role of the PI3K/Akt/mTOR axis in head and neck squamous cell carcinoma. Biomedicines (2024) 12(7):1610. doi:10.3390/biomedicines12071610

	Meco, M, Giustiniano, E, Nisi, F, Zulli, P, and Agosteo, E. MAPK, PI3K/Akt pathways, and GSK-3β activity in severe acute heart failure in intensive care patients: an updated review. J Cardiovasc Development Dis (2025) 12(7):266. doi:10.3390/jcdd12070266

	Doble, BW, and Woodgett, JR. GSK-3: tricks of the trade for a multi-tasking kinase. J Cell Sci (2003) 116(7):1175–86. doi:10.1242/jcs.00384

	Yeung, KC, Rose, DW, Dhillon, AS, Yaros, D, Gustafsson, M, Chatterjee, D, et al. Raf kinase inhibitor protein interacts with NF-κB-inducing kinase and TAK1 and inhibits NF-κB activation. Mol Cellular Biology (2001) 21(21):7207–17. doi:10.1128/MCB.21.21.7207-7217.2001

	Chalhoub, N, and Baker, SJ. PTEN and the PI3-kinase pathway in cancer. Annu Rev Pathol Mech Dis (2009) 4(1):127–50. doi:10.1146/annurev.pathol.4.110807.092311

	Hunter, T. The age of crosstalk: phosphorylation, ubiquitination, and beyond. Mol Cell (2007) 28(5):730–8. doi:10.1016/j.molcel.2007.11.019

	Song, MS, Salmena, L, and Pandolfi, PP. The functions and regulation of the PTEN tumour suppressor. Nat Reviews Mol Cell Biology (2012) 13(5):283–96. doi:10.1038/nrm3330

	Wang, X, and Jiang, X. Post-translational regulation of PTEN. Oncogene (2008) 27(41):5454–63. doi:10.1038/onc.2008.241

	Fragoso, R, and Barata, JT. Kinases, tails and more: regulation of PTEN function by phosphorylation. Methods (2015) 77:75–81. doi:10.1016/j.ymeth.2014.10.015

	Li, X, Yang, P, Hou, X, and Ji, S. Post-translational modification of PTEN protein: quantity and activity. Oncol Rev (2024) 18:1430237. doi:10.3389/or.2024.1430237

	Corbit, KC, Trakul, N, Eves, EM, Diaz, B, Marshall, M, and Rosner, MR. Activation of Raf-1 signaling by protein kinase C through a mechanism involving Raf kinase inhibitory protein. J Biol Chem (2003) 278(15):13061–8. doi:10.1074/jbc.M210015200

	Mahalingam, D, Saeed, A, Powell, S, Huerta, M, Sahai, V, Coveler, A, et al. Phase II study of elraglusib (9-ING-41), a GSK-3β inhibitor, in combination with gemcitabine plus nab-paclitaxel in previously untreated metastatic pancreatic cancer. ESMO Open (2025) 10(6):105122. doi:10.1016/j.esmoop.2025.105122

	Exposito, F, Redrado, M, Houry, M, Hastings, K, Molero-Abraham, M, Lozano, T, et al. PTEN loss confers resistance to anti–PD-1 therapy in non–small cell lung cancer by increasing tumor infiltration of regulatory T cells. Cancer Res (2023) 83(15):2513–26. doi:10.1158/0008-5472.CAN-22-3023

	Figy, C, Guo, A, Fernando, VR, Furuta, S, Al-Mulla, F, and Yeung, KC. Changes in expression of tumor suppressor gene RKIP impact how cancers interact with their complex environment. Cancers (2023) 15(3):958. doi:10.3390/cancers15030958

	Bazzichetto, C, Conciatori, F, Pallocca, M, Falcone, I, Fanciulli, M, Cognetti, F, et al. PTEN as a prognostic/predictive biomarker in cancer: an unfulfilled promise?Cancers (2019) 11(4):435. doi:10.3390/cancers11040435

	Vijay, GV, Zhao, N, Den Hollander, P, Toneff, MJ, Joseph, R, Pietila, M, et al. GSK3β regulates epithelial-mesenchymal transition and cancer stem cell properties in triple-negative breast cancer. Breast Cancer Res (2019) 21(1):37. doi:10.1186/s13058-019-1125-0

	Thorne, CA, Wichaidit, C, Coster, AD, Posner, BA, Wu, LF, and Altschuler, SJ. GSK-3 modulates cellular responses to a broad spectrum of kinase inhibitors. Nat Chem Biol (2015) 11(1):58–63. doi:10.1038/nchembio.1690

	E Grassilli, R Narloch, EA Federzoni, L Ianzano, F Pisano, and R Giovannoni editors. Cancer Therapy: Preclinical Inhibition of GSK 3 B Bypass Drug Resistance of P 53-Null Colon Carcinomas by Enabling Necroptosis in Response to Chemotherapy2013. doi:10.1158/1078-0432.CCR-12-3289

	Park, Y-L, Kim, H-P, Cho, Y-W, Min, D-W, Cheon, S-K, Lim, YJ, et al. Activation of WNT/β-catenin signaling results in resistance to a dual PI3K/mTOR inhibitor in colorectal cancer cells harboring PIK3CA mutations. Int J Cancer (2019) 144(2):389–401. doi:10.1002/ijc.31662

	Hopkins, BD, and Parsons, RE. Molecular pathways: intercellular PTEN and the potential of PTEN restoration therapy. Clin Cancer Res (2014) 20(21):5379–83. doi:10.1158/1078-0432.CCR-13-2661

	Stanford, SM, and Bottini, N. Targeting tyrosine phosphatases: time to end the stigma. Trends Pharmacol Sci (2017) 38(6):524–40. doi:10.1016/j.tips.2017.03.004

	Kathman, SG, Xu, Z, and Statsyuk, AV. A fragment-based method to discover irreversible covalent inhibitors of cysteine proteases. J Medicinal Chemistry (2014) 57(11):4969–74. doi:10.1021/jm500345q

	Zhang, ZY. Drugging the undruggable: therapeutic potential of targeting protein tyrosine phosphatases. Acc Chemical Research (2017) 50(1):122–9. doi:10.1021/acs.accounts.6b00537

	Dietrich, L, Rathmer, B, Ewan, K, Bange, T, Heinrichs, S, Dale, TC, et al. Cell permeable stapled peptide inhibitor of Wnt signaling that targets β-catenin protein-protein interactions. Cell Chem Biol (2017) 24(8):958–68.e5. doi:10.1016/j.chembiol.2017.06.013

	Bonavida, B. RKIP: a pivotal gene product in the pathogenesis of cancer. MDPI (2022) 14:6092. doi:10.3390/cancers14246092

	Parate, S, Kumar, V, Hong, JC, and Lee, KW. Investigation of marine-derived natural products as raf kinase inhibitory protein (RKIP)-Binding ligands. Mar Drugs (2021) 19(10):581. doi:10.3390/md19100581

	Bouali, S, Zheng, X, Figy, C, Lapurga, G, Daiea, R, Saxton, K, et al. Knock-in reporter constructs and drug screening for compounds to restore RKIP expression in cancer. Biochim Biophys Acta (Bba) - Mol Basis Dis (2026) 1872(4):168189. doi:10.1016/j.bbadis.2026.168189

	Walker, EJ, Rosenberg, SA, Wands, JR, and Kim, M. Role of Raf kinase inhibitor protein in hepatocellular carcinoma. Onco Ther (2011) 2(2):195–204. doi:10.1615/ForumImmunDisTher.v2.i2.110

	Papale, M, Netti, GS, Stallone, G, and Ranieri, E. Understanding mechanisms of RKIP regulation to improve the development of new diagnostic tools. Cancers (Basel) (2022) 14(20):5070. doi:10.3390/cancers14205070

	Lugli, A, Minoo, P, and Zlobec, I. Prognostic and predictive role of Raf kinase inhibitor protein (RKIP) within the RAS/MAP signaling pathway in colorectal cancer. Onco Ther (2011) 2(2):161–9. doi:10.1615/ForumImmunDisTher.v2.i2.70

	Xu, Y, Wang, J, Li, F, Zhang, C, Zheng, X, Cao, Y, et al. Identifying individualized risk subpathways reveals pan-cancer molecular classification based on multi-omics data. Comput Struct Biotechnol J (2022) 20:838–49. doi:10.1016/j.csbj.2022.01.022

	Bustamante, A, Baritaki, S, Zaravinos, A, and Bonavida, B. Relationship of signaling pathways between RKIP expression and the inhibition of EMT-inducing transcription factors SNAIL1/2, TWIST1/2 and ZEB1/2. Cancers (2024) 16(18):3180. doi:10.3390/cancers16183180

	Schürch, M, Boos, LA, Heinzelmann-Schwarz, V, Gut, G, Krauthammer, M, Wicki, A, et al. Towards AI-based precision oncology: a machine learning framework for personalized counterfactual treatment suggestions based on multi-omics data. doi:10.48550/arXiv.2402.12190

	Huang, Y, He, Y, Zeng, L, Liu, L, and Zhong, F. From black box to biological insight: AttentioFuse unlocks multi-omics dynamics in lung cancer. Cancers (Basel) (2026) 18(5):878. doi:10.3390/cancers18050878

	Alum, EU. AI-driven biomarker discovery: enhancing precision in cancer diagnosis and prognosis. Discover Oncology (2025) 16(1):313. doi:10.1007/s12672-025-02064-7


Copyright © 2026 Mosalam, Abdallah, Gardouh, Hamza, Bahaa, Nazih, Al-Dhelaan and Kamal. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/jpps-29-16610-g005.jpg
Low expression of PTEN in cancer.

Cancer Cell
/

Cytoplasm Tumor Cell Tuma Growth
Proliferation

° ®
[
i —a@n] — e — &
- oV Low Upregulation . @
. Expression Tumor Cell Metastasis

Spreading

Resistance to

Therapeutics Poor Survival





OPS/images/jpps-29-16610-g006.jpg
Downregulation Downregulation

Actlvatlo

SNAIL

Upregulatlon ' Upregulatlon





OPS/images/jpps-29-16610-g003.jpg
Plasma Membrane

) —| @A) Swavitzation .
N
(prcatenin))

Nuclear Translocation

Nucleus
Whnt/beta-catenin
Induced Gene Expression
is Modulated by

GSK-3

Transcriptionnal complexcomplex
Cyclin D1, c-Myc, PPARS, DKK1, Axin2, c-Jun, VEGF and other genes

Ligands & Receptors

Wht, Frizzled, LRP5/6 Initiate signaling at the plasma membrane

Regulatory Points of the Wnat/p-
Catenin Pathway

Wat ligand binding inhibits
the B-catenin destruction
complex.

Inhibition of GSK-3p leads to
stabilization of B-catenin.

Stabilized B-catenin
translocates into the nucleus
to activate transcription.

This signaling pathway
regulates genes controlling
cell proliferation.
differentiation. and
development.

Destruction Complex

Axin, APC, GSK-3B, CK1, Dvl

Regulates B-catenin stability; inhibited upon Wnt activation

Signal Transducer

B-catenin

Stabilized upon Wnt binding and translocates to the nucleus

TCF/LEF, Bcl-9, Pygo, CBP

Transcriptional Complex

Forms a complex with B-catenin to drive gene transcription

Target Genes

Cyclin D1, c-Myc, Axin2, etc.

Genes transcribed to regulate proliferation and cell fate






OPS/images/jpps-29-16610-g004.jpg
Low expression of RKIP in cancer.
Cancer Cell

+

Low Expression

e

Resistance to
Therapeutics

Tumor Cell
Proliferation Tumor Cell

Spreading

®e® X [
BN
N
. Poor Survival
Metastasis

Tumor Growth






OPS/images/jpps-29-16610-g009.jpg
The Cross-Talk Between GSK-38, RKIP, and PTEN in Cancer: A Therapeutic Insight

NORMAL CELL: CONTROLLED SIGNALING

CROSS-TALK & THERAPEUTIC TARGETS CANCER CELL: DYSREGULATED SIGNALING
(Tumor Suppression) (Intervention Strategy) (Pro-Tumorigenic)
o e ®
" [/ Gsk-3p e
Node
RO~
< | e INACTIVE
Restore Inhibit Inhi
RKIP/PTEN RaflMEKIERK PI3K/
| I -"""’ ? - ©yclin0))
IJ..,r 1\ Active Transcription
Therapeutlc Agents

\‘_ o , (Wnt, NF-kB, EMT genes)
~ &

Uncontrolled Proliferation
EMT (Epithelial-Mesenchymal Transition)
Metastasis
— (=) = Activation
Outcome:

Drug Resistance
—_ =

Inhibition Outcome:
. @ = Phosphorylation 3 5
Normal Homeostasis @ = Ubiquitination Tumor Growth & Progression
X = Inactivation/Downregulation

Outcome:

Sfumor Suppression & Sensitization






OPS/images/jpps-29-16610-g007.jpg
Over Expression of RKIP and PTEN in Cancer.

Overexpression

Synergizes With
Inhibits : : Therapeutlcs
Proliferatit/ High Expression \

Inhlblts Reverses
Metastasu eSIStance to
Therapeut|cs - '\« —7,

C(’

, v noxi,
é \\_/Kms Cancer\ ‘E

Sensitization to Cells
Reduces Tumor Therapeutics Longer
Growth Prevents Spread Survival






OPS/images/jpps-29-16610-g008.jpg
GF Receptor Activated

F
G > ( PIP2 ) PIP3

:’/ Grb2 R Pathway Action / Impact on GSK-38 /
<Y g — Component  Regulation Cellular Process
J(She) / Interaction

AKT
phosphoryl
ation

ERK

phosphoryl
ation

b --

RSK
@ @—»0

Dephosph | Inhibits AKT
orylates pathway, indirectly
PIP3 to promoting GSK-3p
PIP2 activity

GSK-3p Phosphoryl | Inhibits Wnt/B-

CREB‘Y/LEF\‘l\ FKHRQ \a Calemn @ ibooome activity ates B- catenin signaling,
3 V.. ¢ 4 @ = - catenin, | protein synthesis,

FRHR (B-Catenin)

TFs elF2B,and | and promotes

Regulatory Points NF-kB apoptosis

* GSK-3p functions as a central signaling node integrating Ras/Raf/MEK/ERK and PI3K/AKT/mTOR pathways.

* Growth factor-mediated activation of AKT and ERK leads toi 3B, thereby promoting cell proliferation.
* PTEN negatively regulatesthe PI3K/AKT pathway, mdlrectly ac
* mTORC1 activationenhances proteinsynthesis via §
* Under basal conditions, GSK-3B suppresses cell proliferation and promotes apoptosis, highlightingits role as a critical regulator of cell fate.

and 4E-





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		The cross-talk between GSK-3β, RKIP, and PTEN as potential targets for therapeutic implications in cancer: a comprehensive insight		INTRODUCTION

		GLYCOGEN SYNTHASE KINASE-3 (GSK-3)		Isoforms: GSK-3α and GSK-3β

		GSK-3 activity is controlled by phosphorylation/dephosphorylation

		Biochemical functions of GSK-3

		Context-dependent determinants of GSK-3β function in cancer		GSK-3 as a tumor-promoter

		Dual and context-dependent role of GSK-3β

		GSK-3β inhibitors with quantitative potency, clinical-stage data and side effects









		RKIP AND PTEN AS COORDINATED MODULATORS OF ONCOGENIC SIGNALING		RKIP characteristics		General properties

		RKIP expression in cancer

		RKIP-mediated signaling

		Regulation of RKIP expression		Transcriptional regulation of RKIP expression

		Epigenetic regulation of RKIP expression

		Post-transcriptional regulation of RKIP expression

		Post-translational regulation of RKIP expression









		Characteristics of PTEN		General properties

		PTEN expression in cancer

		PTEN-mediated signaling

		Regulation of PTEN expression		Transcriptional regulation of PTEN expression

		Epigenetic regulation of PTEN expression

		Post-transcriptional regulation of PTEN expression

		Post translational regulation of PTEN expression





		Role of PTEN, RKIP, and GSK-3β in resistance		Resistance to chemotherapy

		Resistance to immunotherapy













		CROSS-TALK SIGNALING PATHWAYS BETWEEN RKIP, GSK-3Β AND PTEN		Indirect regulation between MAPK and PI3/Akt pathway

		Indirect regulation via NF-κB/Snail/YY1 loop

		The PI3K/PTEN/Akt/mTOR pathway and GSK-3

		Liver kinase B1 (LKB1)/AMPK network interactions with GSK-3 and PI3K/Akt/mTORC1 pathway

		Integration of p53 signaling with the GSK-3β/PTEN axis

		Post-translational modifications as regulators of GSK-3β, PTEN, and RKIP signaling dynamics





		RECENT CLINICAL AND TRANSLATIONAL EVIDENCE TARGETING THE GSK-3Β/RKIP/PTEN AXIS

		CHALLENGES IN CLINICAL TRANSLATION OF TARGETING THE GSK-3Β/RKIP/PTEN AXIS

		DISCUSSION

		FUTURE PERSPECTIVES

		LIMITATIONS

		CONCLUSION

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		REFERENCES









OPS/images/cover.jpg
ESPS |ipps==






OPS/images/jpps-29-16610-g001.jpg
Functional Outcome:

* Phosphorylation at Ser9 ($9) - Inhibits GSK-3p
activity

* Phosphorylation at Tyr216 (Y216) - Activates
GSK-3B activity

N-terminus (amino terminus -NH) Reported Kinases and

Phosphatases Regulating GSK-3p:
* Inhibitory Kinases:
AKT, PKA, PKC, p90RSK, p70S6K,
ERK, p38 MAPK
* Activating Phosphatases:
PP1, PP2A

Fyn, PYK2

‘Kinase .Phosphatases = Inhibition == Activation .Actlvatlng 'Inactlvatmg

phosphorylation phosphorylation

AKT: protein kinase B, ERK: extracellular signal-regulated kinase, Fyn: Fyn proto-oncogene tyrosine-protein kinase, GSK-3B:
glycogen synthase kinase-3 Beta, p38MAPK: p38 mitogen-activated protein kinase, p70S6K: p70 ribosomal S6 kinase, p90Rsk:
p90 ribosomal S6 kinase, PKA: protein kinase A, PKC: protein kinase C, PP1: protein phosphatase 1, PP2A: protein phosphatase
2A, and PYK2: proline-rich tyrosine kinase 2.





OPS/images/jpps-29-16610-g002.jpg
atenin P

B-catenin”

\P
elF28

.
&°

(P
Redd1

Cos

‘ R TR E ‘I T GSK-3 substrates and their functional regulation
ctivated Transcription Factor nactivated Protein P ———— itvatd by  GSK3|imctvoed by  GSKS
& Inactivated Transcription Factor (@) Activating phosphorylation (Examples) (Examples)

Transcription Factors Notch, p53, CREB, RAR | NF-kB, c-Myc, Snail, HIF-1a
Other Proteins APC, Axin, BCL-3, p70S6K PTEN, B-catenin, cyclinD1, GS

‘ Activated Protein — @ Inactivating phosphorylation










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg





