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Abstract

:

CBP and p300 are versatile transcriptional co-activators that play essential roles in regulating a wide range of signaling pathways, including Wnt/β-catenin, p53, and HIF-1α. These co-activators influence various cellular processes such as proliferation, differentiation, apoptosis, and response to hypoxia, making them pivotal in normal physiology and disease progression. The Wnt/β-catenin signaling pathway, in particular, is crucial for cellular proliferation, differentiation, tissue homeostasis, and embryogenesis. Aberrant activation of this pathway is often associated with several types of cancer, such as colorectal tumor, prostate cancer, pancreatic and hepatocellular carcinomas. In recent years, significant efforts have been directed toward identifying and developing small molecules as novel anticancer agents capable of specifically inhibiting the interaction between β-catenin and the transcriptional co-activators CBP and p300, which are required for Wnt target gene expression and are consequently involved in the regulation of tumor cell proliferation, migration, and invasion. This review summarizes the most significant and original research articles published from 2010 to date, found by means of a PubMed search, highlighting recent advancements in developing both specific and non-specific inhibitors of CBP/β-catenin and p300/β-catenin interactions. For a more comprehensive view, we have also explored the therapeutic potential of CBP/p300 bromodomain and histone acetyltransferase inhibitors in disrupting the transcriptional activation of genes involved in various signaling pathways related to cancer progression. By focusing on these therapeutic strategies, this review aims to offer a detailed overview of recent approaches in cancer treatment that selectively target CBP and p300, with particular emphasis on their roles in Wnt/β-catenin-driven oncogenesis.
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1. Introduction


CBP (CREB-binding protein) and its paralog p300 are pivotal transcriptional co-activators and histone acetyltransferases (HATs) that have been involved in several different biological functions including cell cycle regulation, proliferation, differentiation, apoptosis, and DNA damage response. Therefore, these proteins play critical roles in modulating multiple signaling pathways essential for maintaining cellular homeostasis and controlling gene expression. Due to their central regulatory functions, the overexpression or mutation of CBP and p300 has been strongly associated with various diseases, particularly cancer.



Among the numerous pathways modulated by CBP and p300, the p53 signaling pathway is one of the most extensively studied. As a key tumor suppressor, p53 governs crucial cellular processes such as cell cycle arrest, apoptosis, and DNA repair in response to cellular stress, often associated with the progression of neoplastic diseases. CBP and p300 acetylate p53 at the lysine residues K370, K372, K373, K381, K382, and K386, thereby stabilizing the protein and enhancing its transcriptional activity [1]. This acetylation enhances the DNA-binding ability of p53 and promotes its transcriptional activity, leading to growth arrest or apoptosis [2]. Therefore, since acetylation is crucial for p53’s antiproliferative and pro-apoptotic functions, the loss or mutation of its acetyltransferases in cancer underscores the importance of CBP and p300 in modulating this pathway, making their role particularly relevant for therapeutic intervention.



Another significant pathway regulated by CBP and p300 is the nuclear factor kappa-light-chain-enhancer of the activated B cell (NF-κB) signaling pathway, which controls the transcription of genes involved in immune responses, inflammation, apoptosis suppression and cell survival. Through the acetylation of key components of the NF-κB pathway, including the NF-κB proteins themselves (e.g., p65/RelA), CBP and p300 enhance the DNA-binding ability and transcriptional activity of NF-κB, leading to the upregulation of genes that promote cell survival, proliferation, and angiogenesis [3]. The NF-κB pathway has been reported to be especially relevant in inflammatory cancers, such as gastric and pancreatic cancers, where CBP/p300 inhibitors could potentially reduce NF-κB activity and suppress tumor-promoting inflammation.



In addition, CBP and p300 appear to be deeply involved in other critical signaling pathways, including the TGF-β/SMAD pathway, where they act as co-activators for SMAD transcription factors, which regulate gene expression involved in cell growth, differentiation, and immune responses [4]. The dysregulation of TGF-β signaling is implicated in cancer progression, and CBP/p300’s involvement in modulating SMAD3-dependent transcription suggests a therapeutic avenue for targeting cancers with altered TGF-β activity.



Moreover, CBP and p300 interact with the Notch signaling pathway, which is crucial for determining cell fate during differentiation. These co-activators promote the transcriptional activity of the Notch intracellular domain, which is relevant in cancers where Notch signaling is aberrantly activated, such as in certain leukemias and solid tumors [5]. Inhibition of CBP/p300 in these contexts may provide a means to disrupt this pathway and hinder tumor progression.



In the context of the hypoxia-inducible factor (HIF-1α) pathway, CBP and p300 facilitate the transcriptional activation of HIF-1α, a key regulator of the cellular response to hypoxia [6]. Hypoxic conditions in solid tumors lead to the upregulation of HIF-1α, which promotes tumor progression and metastasis. Therefore, the inhibition of the transcription factor-co-activator HIF-1α-p300/CBP interaction represents an attractive strategy to inhibit tumor growth under hypoxic conditions.



Finally, Wnt/β-catenin signaling pathway stands out as one of the most studied pathways modulated by CBP and p300. The binding of CBP to β-catenin preferentially activates genes associated with cellular self-renewal and proliferation, making it particularly relevant in the context of cancer stem cell biology. In contrast, the association of p300 with β-catenin is more closely linked to the initiation of genes involved in differentiation [7]. This distinction highlights the nuanced role that these co-activators play in cancer progression and emphasizes their importance as therapeutic targets. Aberrant activation of the Wnt/β-catenin pathway is well established in a range of cancers, including colorectal cancer, liver cancer, and leukemia, making CBP and p300 attractive targets for disrupting this signaling cascade.



Although CBP and p300 are known to be involved in several critical tumorigenic pathways, the first part of the present review will specifically focus on Wnt/β-catenin pathway, as detailed in Section 2, along with the inhibitors that target the interactions between the transcriptional co-activators CBP/p300 and β-catenin itself. Indeed, in Section 3, it will be explored how these interactions influence key cellular processes, such as proliferation and differentiation, and we will explore the latest advancements in the development of small-molecule inhibitors designed to disrupt CBP/p300 and β-catenin interactions, particularly in the context of cancer therapy.



Moreover, with the aim to provide a more comprehensive overview, we will also discuss CBP bromodomain and HAT inhibitors, which have garnered significant attention in recent years. While these inhibitors are not specific to Wnt/β-catenin signaling, they target the broader transcriptional roles of CBP/p300, affecting multiple signaling pathways involved in oncogenesis. Therefore, we believe that the inclusion of these inhibitors will enhance the overall scope of the review, offering a more complete perspective on the therapeutic potential of targeting CBP/p300.




2. Wnt/β-Catenin Signaling Pathway


The Wnt gene was originally identified from the integration-1 gene in mouse breast cancer and the wingless gene of Drosophila. Due to the similarities between these genes and their functional proteins, researchers combined the terms to form the name Wnt gene. Structurally, the Wnt/β-catenin pathway is comprised of four major segments: extracellular signal, membrane segment, cytoplasmatic segment and the nuclear one [8]. Extracellular signals are primarily mediated by Wnt proteins, including Wnt3a, Wnt1, and Wnt5a, which act as ligands to activate this pathway. The membrane segment mainly presents the Wnt receptors frizzled (Fzd), a specific sevenfold transmembrane receptor protein, and low-density lipoprotein receptor-related proteins (LRP) 5/6 (LRP 5/6). The cytoplasmic segment includes several proteins, such as glycogen synthase kinase-3β (GSK-3β), disheveled (DVL), casein kinase 1 (CK1), adenomatous polyposis coli (APC), and Axin, which facilitates the activation and translocation of β-catenin from the cytosol to nucleus, thereby triggers Wnt/β-catenin signaling pathway. The nuclear segment mainly involves β-catenin, T-cell factor (TCF)/lymphoid enhancer-binding factor (LEF) transcription factors, and β-catenin downstream target genes, such as matrix metalloproteinases (MMPs) and c-Myc [8].



The canonical Wnt pathway, also known as wingless/integrase-1 (Wnt)/β-catenin signaling pathway, plays a key role in several physiological processes, including cellular proliferation and differentiation, adult tissue homeostasis regeneration, cellular migration, and apoptosis [9,10,11,12,13]. Consequently, abnormal regulation of this pathway is often associated with different diseases, indicating its potential as a therapeutic target to treat several conditions [14]. In the cytosol, in the absence of an extracellular Wnt stimulus, β-catenin is first phosphorylated and subsequently ubiquitinated by the activity of a multiprotein destruction complex, which is composed of the Ser/Thr kinases glycogen synthase kinase 3 (GSK-3) and CK1, the scaffolding protein Axin, the APC protein, and the β-transducing repeats-containing proteins (β-TrCP). This process leads to β-catenin’s proteolytic degradation, thereby preventing β-catenin-mediated transcription [15].



Conversely, the Wnt/β-catenin pathway is activated when a Wnt ligand binds to the seven-pass transmembrane Fzd receptor and its co-receptor LRP6 or its close relative LRP5 (Figure 1). The binding of Wnt to Fzd and LRP5/6 forms a complex, which, along with the recruitment of the scaffolding protein DVL-1, leads to the phosphorylation and activation of LRP6. This activation subsequently recruits the Axin complex to the receptors, inhibiting the phosphorylation of β-catenin. As a result, β-catenin translocates and accumulates into the cell nucleus, where it activates the expression of T-cell factor (Tcf) and lymphoid enhancer-binding factor (LEF) transcription factors. Additionally, it recruits transcriptional co-activators such as B-cell lymphoma 9 (BCL9) [16,17] and its paralogue BCL9-like (BCL9L) [18], cAMP response element-binding protein (CREB)-binding protein (CBP)/p300 [19], and Pygopus (Pygo 1 or Pygo 2) [20]. Moreover, β-catenin induces epigenetic modifications [21] and, upon binding to E-cadherin, recruits actin filaments in the cytoplasm [22] (Figure 1).



Hence, it becomes apparent that the deregulation of Wnt/β-catenin signaling pathway strongly correlates with initiation and progression of various solid tumors and hematological malignancies [8,23,24,25]. Consequently, Wnt/β-catenin targeting agents have been developed and can be categorized into two major groups: small-molecule inhibitors [26] and monoclonal antibodies.



Small-molecule inhibitors, typically with a molecular weight of less than 500 Da, are generally predicted to have good oral absorption according to Lipinski’s rule of five [27]. Their n-octanol and water partition coefficient facilitates absorption through tissue and cell walls, and their volume of distribution indicates a propensity to redistribute the drug to other tissue compartments. Moreover, these small molecules can be precisely tailored to the receptor binding site through the hit-to-lead optimization process, which enhances their potency, selectivity, and pharmacokinetic properties. This optimization can even allow them to cross the blood–brain barrier, resulting in potential drug-like candidates with improved efficacy and safety profiles.



In contrast, monoclonal antibodies exhibit suboptimal oral bioavailability, limited tissue distribution, and lower concentrations in the target compartment. Additionally, they are more likely to induce immune responses. While small molecules bind to specific intra- or extracellular receptors with high affinity, monoclonal antibodies bind to extracellular and membrane-linked targets, activating the antitumor response of the body’s intrinsic immune system. Therefore, due to their ability to penetrate the cell nucleus and cross the blood–brain barrier, small-molecule drugs are a suitable choice for treating solid tumors; on the other hand, monoclonal antibodies, with their antigenic properties and large molecular weight, are better suited for the treatment of hematological tumors [28].



In the following section of the present review, we aim to provide a comprehensive analysis of recent advancements in targeting CBP and p300 with small-molecule inhibitors, highlighting their potential therapeutic applications in disrupting the Wnt/β-catenin signaling pathway. Through this analysis, we seek to elucidate the evidence supporting the critical role of p300 and CBP in oncogenesis and explore innovative strategies for cancer treatment.




3. CBP and p300


In order to generate a transcriptionally active complex, β-catenin recruits one of the following lysine acetyltransferase type 3 (KAT3) transcriptional co-activators called CBP (cyclic AMP response element-binding (CREB) binding protein) or its closely related homolog, p300, along with other components of the core transcriptional apparatus, thereby triggering the expression of a wide array of downstream target genes [29].



p300, also known as adenovirus early region 1 A (E1A)-associated 300 kDa protein, or KAT3B, is a member of the lysine acetyltransferases (KAT) superfamily and is involved in several biological functions, such as regulation of cell cycle, cell proliferation, differentiation and DNA repair [30,31]. p300 shows 63% homology at the amino-acid level with another member of the KAT superfamily called CBP. Both proteins are key epigenetic regulators that function through histone acetylation, a process that alters chromatin structure and regulates gene expression. Indeed, as histone acetyltransferases (HATs), they primarily acetylate lysine residue on histones H3 and H4, facilitating the release of DNA from nucleosomes. This chromatin relaxation allows greater access to the transcriptional machinery, enabling CBP and p300 to act as transcriptional co-factors and promote gene transcription. Through this mechanism, they play a pivotal role in regulating gene expression and influencing different cellular processes. Moreover, p300 and CBP play a crucial role in epigenetic regulation by acetylating several non-histone proteins, such as p53, p73, E2F, Myb, MyoD, HMG(I)Y, GATA1, and α-importin. This acetylation extends their influence beyond histone modification, linking various signaling pathways to changes in gene expression and modulating transcriptional activity.



Noteworthy, in addition to their role in transcription, p300 and CBP are also involved in DNA replication and repair, processes that require access to chromatin [29,30,31]. They interact with key proteins such as proliferating cell nuclear antigen (PCNA), flap endonuclease 1 (FEN1), DNA polymerase β, and thymine DNA glycosylase, with the latter three also serving as substrates for acetylation. These interactions further underscore the epigenetic influence of CBP and p300 in regulating essential cellular functions.



In other words, CBP and p300 play both common and distinct physiological roles, behaving as links between transcription cofactors of nuclear proteins, including oncoproteins and tumor-suppressor proteins [32,33,34], and the transcriptional machinery. Their involvement in chromatin remodeling and histone modifications is essential for transcriptional regulation, maintaining cellular identity, and regulating developmental processes. [35]. Moreover, they play a pivotal role in epigenetic processes, and their dysregulation has been implicated in the pathogenesis of various diseases. Indeed, it has been reported that CBP and p300 are crucial in human embryogenesis and their overexpression or mutation have been implicated in several diseases, especially leukemia/lymphoma, prostate cancer and other solid tumors [36].



In addition, their role in inflammatory and neurological disorders, as well as in cancer, through CBP/p300-dependent acetylation of H3K27, has also been well documented [37,38,39]. According to a recent review published by Robaszkiewicz [40], CBP/p300 inhibitors can be classified into three groups: catalytic competitors for the Lys-CoA binding pocket, inhibitors that interact with acetyl-lysine binding sites, and unrelated molecules such as NEO1132, NEO2734, and XP-524.



In this section, we present a comprehensive overview of small-molecule inhibitors targeting CBP/β-catenin and p300/β-catenin emphasizing their potential applications in cancer treatment.



3.1. CBP/β-Catenin Inhibitors


The transcriptional co-activator proteins CBP and p300 are KAT3 protein acetyltransferases with high degree of homology. CBP and p300 are composed of multiple highly conserved domains, including a catalytic HAT domain, responsible for acetylating histones and other proteins, and an adjacent bromodomain that binds to acetylated histone tails. The conserved domains allow them to interact with several transcriptional regulators and other proteins [41,42]. Therefore, it is plausible to assume that these conserved domains represent promising targets for anticancer treatments.



The β-catenin signaling pathway shows a dichotomous behavior due to the interaction with these highly homologous co-activators, CBP and p300. Small-molecule modulators of these co-activators have demonstrated the ability to shift the balance between undifferentiated proliferation and differentiation (Figure 2), indicating their promising potential in treating diseases involving stem cells [43]. Selective antagonists of CBP/β-catenin have demonstrated to be effective in several preclinical tumor models, safely eliminating quiescent cancer stem cells (CSCs) without damaging multipotent somatic stem cells (SSCs) [44,45,46]. SSCs, such as hematopoietic and neural stem cells, can differentiate into various cell types within a specific tissue or organ. SSCs can also transform into CSCs, retaining the self-renewal capacity and differentiation potential of their normal SSC counterparts [47]. Several diseases have shown to benefit from treatment with CBP/β-catenin antagonists, for example, myocardial infarction [48], pulmonary fibrosis [49] and other types of fibrosis, as well as neuronal differentiation [50]. The observed benefits in preclinical models treated with CBP/β-catenin antagonists have been correlated with the activation of asymmetric differentiation of SSCs [51].



3.1.1. Non-Specific Antagonists of CBP/β-Catenin Signaling


All-trans retinoic acid (ATRA, Figure 3) and arsenic trioxide (ATO) have been introduced as treatments for acute promyelocytic leukemia (APL), a subtype of acute myeloid leukemia characterized by the accumulation of promyelocytes, a type of immature white blood cell. Both ATRA and ATO, at 1 μM and 0.1–0.5 μM concentrations, respectively, act as differentiating agents and exhibit distinct behavior compared to agents currently used to treat various tumors [52]. The initial evidence of the differentiating properties of ATRA was observed in HL-60 cells, a model for APL, where ATRA promoted the differentiation of promyelocytes into fully mature granulocytes [53]. In healthy cells, the retinoic acid receptor alpha (RARα) binds to nuclear hormone receptor proteins known as retinoid X receptors (RXR), forming a heterodimeric structure [54]. This RARα-RXR heterodimer binds to retinoic acid response elements (RAREs) of DNA, which are involved in self-renewal and differentiation [52]. Upon binding of retinoic acid to RARα, conformational changes occur, enabling the release of co-repressors, recruitment of co-activators, chromatin remodeling, and subsequent gene expression [55].



Furthermore, ATRA has been shown to antagonize aberrant Wnt signaling in colorectal cancer (CRC) cells by binding of the RAR/RXR heterodimer to highly conserved sequences in the N-terminus of CBP, thus mimicking the CBP/β-catenin antagonism exerted by small molecules [56]. However, single treatment with ATRA alone has been demonstrated to be unable to induce durable remission of ALP. In contrast, the combination of ATRA with ATO has demonstrated robust synergistic activity, resulting in the expression of TGM2 and RARβ target genes and durable differentiation of the NB4 human APL cell line [57].



Vitamin D3 (Figure 3) is a micronutrient obtained from dietary sources or supplements and is also biosynthesized in the skin on exposure to solar ultraviolet B radiation. Low levels of vitamin D3 have been correlated with increased incidence of certain cancers [58]. The circulating form of vitamin D3, 25-hydroxyvitamin D [25(OH)D], represents the most reliable indicator of overall vitamin D3 status [59]. High levels of vitamin D3 have been associated with a reduced risk of colorectal and bladder cancers, whereas higher risk of prostate and possibly pancreatic cancers. However, surprisingly, in human studies, vitamin D3 have shown limited protective effects against cancer [58].



The vitamin D3 receptor (VDR), a nuclear receptor, forms a non-permissive heterodimeric complex with the retinoid X receptor (RXR). This RXR-VDR complex enhances VDR-mediated gene expression and vitamin D3-dependent transcription [60]. Vitamin D3 antagonizes the Wnt/β-catenin signaling pathway in CRC cells by binding of the RXR-VDR heterodimer to highly conserved sequence in the CBP N-terminus. Therefore, it has been demonstrated that, like ATRA, vitamin D3 acts as non-specific antagonist of CBP/β-catenin signaling. In fact, both ATRA and vitamin D3 induce the expression of genes that are present in the amino terminus of p300 via the L-SELL protein coding gene sequence [51].




3.1.2. Specific Antagonists of CBP/β-Catenin Signaling


ICG-001 (Figure 4) was identified as an inhibitor of β-catenin-TCF transcriptional activity in SW480 colon carcinoma cells through screening a library of 5000 compounds using the TOP-Flash reporter assay, where it exhibited an IC50 value of 3 μM. Subsequent studies, using affinity chromatography, confirmed that ICG-001 specifically binds to the CBP co-activator, blocking its interaction with β-catenin without affecting β-catenin’s interaction with its closely related homolog p300 [61].



ICG-001 has been shown to inhibit the activation of pancreatic stellate cells, which are myofibroblast-like cells implicated in chronic pancreatitis and pancreatic cancer [62]. Additionally, ICG-001 inhibits the activation of hepatic stellate cells, which are functionally similar to pancreatic stellate cells [63,64]. By specifically antagonizing the CBP/β-catenin interaction, ICG-001 enhances the sensitivity of pancreatic cancer cells and tumors to the pyrimidine nucleoside analog gemcitabine [45]. IGC-001 also demonstrated its ability to inhibit primary tumor formation in Epstein–Barr virus (EBV)-associated metastatic nasopharyngeal carcinoma (NPC) through the miR-134/ITGB1 axis [65]. In human osteosarcoma cell lines KHOS, MG63, and 143B, ICG-001 inhibited cell proliferation by inducing a G0/G1 phase cell cycle blockade but also increased cell migration and metastatic dissemination to the lungs in osteosarcoma mouse models [66]. On the front of cancer stemness and metastasis, ICG-001 treatment reduced self-renewal activity and metastatic potential by suppressing MEIS1 expression [67]. Furthermore, ICG-001’s specific inhibition of CBP/β-catenin signaling promoted differentiation and sensitized quiescent, drug-resistant chronic myelogenous leukemia (CML) cells to Bcr-Abl tyrosine kinase inhibitors, such as imatinib [44].



PRI-724 (Figure 4), an analog of ICG-001, is a prodrug of the active metabolite C-82, which specifically inhibits the interaction between β-catenin and CBP. In lung fibroblasts cell nucleus, C-82 reduced CBP protein levels and increased the binding of β-catenin to p300. In lung fibroblasts treated with TGF-β, C-82 effectively inhibited the expression of α-smooth muscle actin, thereby preventing myofibroblast differentiation. In a mouse model of bleomycin-induced pulmonary fibrosis, a late administration of PRI-724 ameliorated pulmonary fibrosis. In addition, analysis of bronchoalveolar fluid (BALF) showed a decreased of the level of TGF-β1 in mice treated with PRI-724; while the production of TGF-β1 by alveolar macrophages was also inhibited by C-82. These results suggested PRI-724 is a potential antifibrotic agent [68,69]. Additionally, C-82 has been shown to inhibit proliferation of hepatocellular carcinoma cells with constitutively activated β-catenin, leading to an increased number of cells in the G0/G1 phase of the cell cycle and enhanced expression of apoptosis-related proteins [70].



E-7386 (Figure 4) has been reported as a selective inhibitor of the CBP/β-catenin interaction, exerting antitumor activity in tumor models with activated canonical Wnt signaling pathway [71]. Co-immunoprecipitation experiments in HEK293 cells overexpressing FLAG-tagged N-terminal region of CBP, treated with LiCl to activate the Wnt/β-catenin signaling pathway, revealed that E-7386 significantly reduces the CBP-β-catenin interaction. E-7386 also decreased the interaction between β-catenin and CBP in APC-mutated human gastric cancer ECC10 cells, known for their highly active Wnt/β-catenin signaling pathway. E-7386 inhibited TCF/LEF luciferase activity in HEK293 cells stably expressing TCF/LEF luciferase reporter and in ECC10 cells transfected with an expression vector for TCF/LEF luciferase reporter.



In vivo, effectively inhibited tumor growth in the MMTV-Wnt1 isogenic mouse breast cancer model when administered at doses of 12.5–50 mg/kg orally twice daily for 7 days. Furthermore, E-7386 demonstrated synergistic antitumor effects when combined with an anti-PD-1 antibody in mouse preclinical models with activated Wnt/β-catenin signaling pathway [71]. Notably, in the Wnt1 tumor syngeneic mouse model, E-7386 alone exhibited significant antitumor activity, whereas the combination of E-7386 and anti-PD-1 mAb enhanced antitumor effects beyond those achieved by either treatment alone [72].





3.2. p300/β-Catenin Inhibitors


CBP and p300 play distinct roles of co-activators in the Wnt/β-catenin signaling cascade. CBP and p300 co-activators can induce stem cells towards proliferation/maintenance or differentiation state and are associated to several diseases in adult population [73,74]. Disrupting the CBP/β-catenin interaction activates differentiation in stem and progenitor cells (Figure 2), including human pluripotent stem cells [46] and cancer stem/progenitor cells [75].



To date, it is well established that the reduction in cellular p300 levels leads to a decrease in β-catenin/TCF transcription activity and inhibits β-catenin-mediated transformation. This underscores the critical role of p300 in β-catenin/TCF transcription and in the tumorigenesis that results from dysregulated β-catenin activity. Furthermore, it has been found that direct p300/β-catenin inhibition can maintain pluripotency of human pluripotent stem cells and mouse embryonic stem cells of Wnt-dependent signaling pathways [76].



3.2.1. Specific Antagonists of p300/β-Catenin Signaling


YH249 and YH250 (Figure 5) were identified through the screening of a focused library of 90 compounds in HEK293 cells stably transfected with a SuperTopflash reporter. This assay, which evaluates both CBP and p300 co-activators, allowed for the selection of compounds with an IC50 < 10 μM for further testing in the survivin/luciferase reporter assay. This secondary assay aimed to identify selective p300/β-catenin antagonists, which were expected to inhibit SuperTopflash activity without affecting the survivin/luciferase reporter. Both YH249 and YH250 demonstrated over 200-fold selectivity for p300/β-catenin interactions compared to the homologous CBP/β-catenin interaction [76].



The direct binding interaction of YH240 to p300 was confirmed using a previously reported affinity column strategy [77] with a biotinylated derivative of YH249 (Bio-249) incorporating a propargyl amide variant. Both compounds showed to maintain the pluripotency of mouse and human embryonic stem cells, as well as human-induced pluripotent stem cells [65]. Additionally, YH250 was found to stimulate hematopoiesis in lethally or sub-lethally irradiated mice. Administration of a single dose of YH250 24 h post-irradiation significantly enhanced the proliferation of hematopoietic stem cells, prolonged survival, and improved the recovery of peripheral blood counts [78].




3.2.2. Non-Specific Antagonists of p300/β-Catenin Signaling


Similarly to the direct p300/β-catenin inhibition, indirect antagonism of p300/β-catenin has also been shown to maintain pluripotency in both human and mouse stem cells [76].



IQ-1 (Figure 6) is a small molecule that was identified through a high-throughput cell-based assay. IQ-1 has been shown to maintain the pluripotency of murine embryonic stem cells in long-term culture by influencing Wnt-dependent signaling pathways. IQ-1 binds to the PR72/130 subunit of the heterotrimeric Nkd/PR72/PP2A complex, a serine/threonine phosphatase widely expressed in eukaryotic cells. Binding of IQ-1 to PR72/130 reduces the phosphorylation of p300 at Ser89, which concurrently increases the binding affinity of p300 to β-catenin. This results in a reduction in the interaction between p300 and β-catenin, while promoting the interaction between CBP and β-catenin. By preventing the switch from CBP to p300, IQ-1 facilitates the expansion of murine embryonic stem cells and retains their pluripotency without the need for murine embryonic fibroblasts or serum [79].



ID-8 (Figure 6) was originally screened along with IQ-1 in search for compounds able to maintain mouse embryonic stem cell pluripotency. ID-8 was shown to bind members of the DYRK kinase family [63], a target completely different from that of IQ-1. DYRKs (Dual-specificity tyrosine phosphorylation-regulated kinases) are conserved protein kinases present in yeast and humans. In humans, DYRKs can phosphorylate a broad set of proteins involved in many different cellular processes [80]. ID-8 enhances the CBP/β-catenin interaction in human embryonic stem cells, similarly to the action of IQ-1 in mouse embryonic stem cells, at the expense of the p300/β-catenin association. The different behavior of IQ-1 and ID-8 in human versus mouse embryonic stem cells was correlated to the different function/expression of PR72/130 and DYRKs in the two cell lines [46]. Furthermore, ID-8 enhanced human somatic cell reprogramming by upregulating pyruvate dehydrogenase kinase 4 (PDK4) and activating glycolysis [81].



In addition, ID-8 was identified as a potential compound that stimulates the proliferation of human kidney tubular epithelial cells following acute damage in vitro [82].






4. CBP/p300 Bromodomain Inhibitors


CBP and p300 possess HAT activity, which is crucial for chromatin modification. The reversible acetylation of histones modulates the compaction of genomic DNA within the cell nucleus. CBP specifically binds, through a conserved bromodomain, to the tumor suppressor protein p53, which is acetylated at lysine 382 in response to various cellular stress signals. This binding facilitates co-activator recruitment following DNA damage [83]. The crystal structure of the catalytic core of human p300, including its bromodomain, has been resolved at 2.8 Å [84]. Both CBP and p300 induce histone H3 lysine 27 (H3K27) acetylation, thereby activating gene transcription. Due to their high sequence homology and overlapping functions, CBP and p300 are often referred to as a single entity (CBP/p300) [38].



CBP/p300 are overexpressed in cancer cells, including those that are multidrug-resistant. They play a significant role in activating oncogene transcription, promoting cancer cell proliferation, survival, tumorigenesis, metastasis, immune evasion, and drug resistance [85]. In addition, inhibition of the CBP/p300 bromodomain is crucial for the viability of myeloma cells and represses the lymphocyte-specific transcription factor IRF4 target gene c-MYC [86]. Therefore, the CBP/p300 bromodomain inhibitors (Figure 7) act by interacting with acetyl-lysine binding sites, thereby blocking or limiting the interaction between the enzyme and chromatin.



In recent years, the development of CBP bromodomain inhibitors has garnered significant attention from research institutions and leading pharmaceutical companies due to their promising therapeutic potential in treating various cancers and other diseases. However, despite this interest, no CBP bromodomain inhibitors have been approved to date. Therefore, there is an urgent need to discover novel, potent, and specific CBP bromodomain inhibitors with diverse chemotypes to fully explore their therapeutic potential for various human cancers.



GNE compounds. GNE-272 (Figure 8) is a CBP/p300 bromodomain inhibitor with 650-fold selectivity over the bromodomain 1 of the bromodomain-containing protein 4 [BRD4(1)] (BET bromodomain surrogate). GNE-272 was able to modulate CBP/p300 MYC expression and showed antitumor potential in MYC-dependent acute myeloid leukemia (AML) [87,88]. GNE-049 and GNE-781 (Figure 8) are constrained analogues of GNE-272. It has been demonstrated that GNE-049, a potent and selective inhibitor of CBP developed by Genentech, was able to block prostate cancer growth in vitro and in vivo. GNE-049 showed also potent inhibition of bromodomains of both CBP and p300, with IC50s of 1.1 and 2.3 nmol/L, respectively, and inhibited MYC expression with an EC50 of 14 nmol/L in MV-4-11 cells. GNE-049 did not impact androgen receptor (AR) levels but repressed the expression of AR target gene in a dose-dependent manner in AR expressing cell lines dependent on CBP/p300 for proliferation [89]. Similarly, GNE-781 exhibited highly potent and selective CBP/p300 inhibitory activity in a MOLM-16 AML xenograft model, demonstrating good in vivo pharmacokinetics, no central nervous system (CNS) penetration, and a dose-dependent decrease in Foxp3 transcript levels [90].



CCS1477 (Figure 8), developed by CellCentric, is an orally bioavailable and selective inhibitor small molecule of the CBP/p300 conserved common bromodomain that are critical transcriptional co-activators of the androgen receptor [91]. In addition, it represents the first CBP bromodomain inhibitor entering clinical trials. Targeting CBP/p300 via their conserved bromodomain, CCS1477 alleviates the oncogenic effects in castration-resistant prostate cancer (CRPC). CCS1477 was shown to bind CBP and p300 with Kd values of 1.7 and 1.3 nM, respectively, demonstrating only minimal binding to BRD2, 3, 4, 9 in a BROMOscan assay. CCS1477 exhibited potent growth inhibition of the AR-positive prostate cancer cell lines VCaP, 22Rv1 and LNCaP95 with IC50 values below 100 nM. In both 22Rv1 and LNCaP95 cell lines, CCS1477 reduced the expression of AR regulated genes and C-MYC protein after 48 h of treatment. CCS1477 significantly inhibited the growth of 22Rv1 mouse xenografts, with an associated reduction in AR signaling. In a patient-derived model of treatment-resistant lethal prostate cancer, CCS1477 inhibited tumor growth and androgen receptor signaling. In patients with advanced prostate cancer, CCS1477 modulated the levels of plasma kallikrein-related peptidase 3 (KLK3), a marker associated with prostate-specific antigen (PSA) [92] and regulated key prostate cancer therapeutic targets [91]. Furthermore, the combination of CCS1477 at its IC50 concentration with the nucleoside analog 5-azacytidine in MOLM-13 cells (a human leukemia cell line derived from an AML patient) showed a significant reduction in cell viability and synergistic activity. This synergy between CBP/p300 and 5-azacytidine enhances its cell-intrinsic response, providing significant insights for the treatment of hematological diseases [93].



CBP30 (Figure 8) is selective inhibitor of the CBP/p300 bromodomain that strongly reduces immune cell production of proinflammatory cytokines. In particular, CBP30 inhibited the secretion of cytokine IL-17A by Th17 cells in from healthy donors and from actively inflamed joints of patients with ankylosing spondylitis and psoriatic arthritis [94]. Spriano and co-workers [95] demonstrated that CBP30 showed >30-fold selectivity for CBP and p300 compared with other bromodomains, according to the human bromodomains screen performed by Hay et al. [93]. Of note, no binding to bromodomain testis-specific protein (BRDT) was detectable, and CBP30 exhibited only weak activity for the second bromodomains of bromo and extraterminal domain (BET) proteins. Treatment of K562 cells with CBP30 at 2 μM for 48 h induces rapid downregulation of MYC expression, suggesting that the antiproliferative effects in this cell line could be at least partially mediated by MYC, eventually with other transcription factors. Displacement of CBP and p300 from the hematopoietic GATA1 and MYC transcription factor binding sites results by CBP30 resulted in reduced histone acetylation at and consequent decrease in gene expression [96].



NEO2734 (Figure 8) is an orally active dual inhibitor selective for CBP/p300 and BET bromodomains, with IC50 in the nanomolar range. In a recent study conducted by Spriano and co-workers [95], the binding potency of NEO2734 was assessed against a panel of BRDs using a ligand-binding, site-directed competition assay. This studied demonstrated that NEO2734 binds both BET and CBP/EP300 proteins with nanomolar affinity. In particular, the Kds values for BRD2, BRD3, BRD4, and BRDT were in the single nanomolar range [97].



Additionally, exhibited antiproliferative activity across various cell lines, with particularly strong effects observed in those derived from leukemia, prostate cancer, and lymphomas. Diffuse large B-cell lymphoma (DLBCL) cells were particularly sensitive to NEO2734 as well. The compound demonstrated in vivo antitumor activity in activated B-cell (ABC)-DLBCL large B-cell lymphoma (TMD8) cell and AML leukemic MV-4-11 cell models. These findings were consistent with the results obtained in primary AML cells and patient-derived xenografts [98]. NEO2734 efficiently reduced the viability and induced apoptosis in primary AML cells, eliminated leukemic stem/progenitor cells from AML patient samples, and increased the efficacy of combination chemotherapy treatment in an in vivo AML patient-derived mouse model [99].



JQ1 (Figure 8) is a thienotriazolodiazepine compound that act as an inhibitor of the bromodomain-containing 4 proteins (BRD4). It exhibited anticancer activity by regulating BRD4-mediated transcriptional regulation. In addition, JQ1 has demonstrated anti-inflammatory and cardioprotective properties, further highlighting its potential therapeutic applications beyond oncology. It competitively binds to BRD4, inhibiting its transcriptional activation and suppressing the expression of BRD4 target genes. This action inhibits tumor cell proliferation and induces apoptosis in cancer cells [100]. JQ1 has demonstrated good therapeutic efficacy in several tumors, including the inhibition of testicular BRDT, which leads to testicular atrophy and reversible infertility, associated with the modulation of super-enriched gene expression. Furthermore, it has shown broad and potent inhibitory effects in various human AML cell lines and patient samples [101], further underscoring its potential as anticancer agent.



I-CBP112 (Figure 8) is a benzoxazepine compound identified through a research initiative aimed at developing CBP/p300 bromodomain inhibitors with superior affinity compared to JQ1 and I-BET76 BET inhibitors [102]. I-CBP112 showed potent and selective inhibition of CBP/p300, with minimal off-target effects on BET family bromodomains and on two G-protein coupled receptors (α1A and 5HT1). I-CBP112 acts as competitive inhibitor of protein-protein interactions involving acetyl-lysine. The (R)-isomer of I-CBP112 demonstrated to mimic the acetyl-lysine in a cocrystal complex with the bromodomain at 1.6 Å resolution. This interaction with the R1173 side chain formed a pocket accommodating the 3,4-dimethoxyphenyl ring. In addition, the combination of I-CBP112 and doxorubicin showed significant cytotoxicity in leukemia cells [91]. In breast, lung (A549) and hepatic (HepG2) cancer cell lines, I-CBP112 decreased the expression of some ATP-binding cassette (ABC) transporters associated with multidrug resistance in cancer cells. This reduction led to increased intracellular concentrations of chemotherapeutics such as doxorubicin, daunorubicin, and methotrexate. Specifically, in MDA-MB-231 cells, I-CBP112 repressed the gene promoters ABCC1 and ABCC10 and reduced trimethylation of histone H3 lysine 4 (H3K4me3), a modification associated with active transcription [103].




5. CBP/p300 HAT Inhibitors


CBP/p300 proteins are a subfamily of highly conserved HATs that act as acetylases on both histones, especially H3 and H4, and non-histone proteins, but also as co-activators or scaffold proteins in regulatory complexes [104,105]. CBP/p300 and p300/CBP-associated factor (PCAF) cooperate to acetylate the core histones in nucleosomes [39]. CBP/p300 HAT activity is required for CBP/p300-dependent gene transcription [106], while CBP/p300 bromodomain-dependent histone H3K27 acetylation drives the production of enhancer RNAs and its transcription [107]. CBP/p300 are also required to maintain cell identity.



A recent work has also indicated that the inhibition of the CBP/EP300 bromodomain reduces the expression of genes specific to somatic cells, decreases acetylation of histone H3 on lysine 27 (H3K27Ac), and limits chromatin accessibility at targeted promoters and enhancers [108].



Reduction in CBP/p300 expression can lead to Rubinstein–Taybi syndrome, a genetic malformation syndrome associated with an increased propensity to develop tumors [109]. Additionally, this reduction significantly accelerated leukemogenesis in a mouse model of human myelodysplastic syndrome, primarily due to enhanced activation of the MAPK and JAK/STAT pathways, suppression of apoptosis, and the restoration of hematopoietic stem and progenitor cells [110]. Overexpression of CBP/p300 leads to increased transcription of oncogenes, promoting cancer cell proliferation, survival, tumorigenesis, metastasis, and immune evasion [85]. Furthermore, inhibition of CBP/p300 HAT activity induces global histone deacetylation and prevents the formation of pluripotent stem cell (Figure 9) [108].



A-485 (Figure 10) was reported as a potent, selective and drug-like catalytic inhibitor of CBP/p300 that competes with acetyl coenzyme A. A-485 selectively inhibits the proliferation of hematological malignancies and AR+ prostate cancer. Indeed, it has been shown to inhibit the androgen receptor transcriptional program in both androgen-sensitive and castration-resistant prostate cancer, effectively inhibiting tumor growth in a castration-resistant xenograft model [111]. Additionally, A-485 demonstrates selective inhibition of the nuclear protein in testis (NUT) midline carcinoma (NMC), a rare and highly aggressive form of undifferentiated squamous cell carcinoma typically occurring in the head, neck, and chest regions, characterized by chromosomal rearrangements involving the gene encoding NUT [112]. A-485 inhibits p300-mediated histone acetylation, resulting in the disruption of BRD4-NUT binding to hyperacetylated megadomains and the subsequent downregulation of the MYC, CCAT1 and TP63 associated genes [109].



B026 (Figure 10) is a selective and potent small-molecule HAT inhibitor, derived from the validated CBP/p300 inhibitor A485 [113], and developed through an artificial intelligence-assisted research project focused on identifying molecules containing structural elements conducive to inhibiting protein-protein interactions [114]. As a p300 HAT inhibitor, B026 was approximately 30-fold superior to A485, inhibiting cell growth in various hematological and androgen receptor positive (AR+) prostate cancers. This compound also exhibited a good pharmacokinetic profile and demonstrated efficacy in animal models of human cancer [106]. B026 inhibited the CBP with an IC50 value of 9.5 nM and was at least 2000-fold more selective over other HAT family members.



Following studies on B026, B029-2 (Figure 10) was developed [114] as another potent and selective small-molecule inhibitor of p300/CBP HAT, also derived from A-485 [111]. B029-2, which is structurally correlated to B026, showed superior inhibitory activity against p300, with an IC50 of 0.52 nmol/L, as detected by a radioactive acetyltransferase activity assay [115], and selectively inhibited the CBP with an IC50 of 11 nmol/L. Similar to A-485, B029-2 competes with Ac-CoA at the binding pocket. In hepatocellular carcinoma (HCC) xenografts, B029-2 efficiently inhibited the HAT activity of p300/CBP, leading to decrease the expression of cyclin D1 and epigenetic alteration of H3K27ac and H3K18ac.



C646 (Figure 10) is a highly selective small-molecule inhibitor of CBP, and p300 histone lysine acetyltransferases (KAT) discovered from a screening set of commercially available small molecules that were docked into the p300 HAT structure in the Lys-CoA binding pocket Compound C646 at 10 μM was highly selective against p300 with 86% inhibition and showed competitive mechanism versus acetyl-CoA with a Ki of 400 nM using steady-state kinetic analysis [116,117]. p300-HAT inhibitors could benefit patients with CBP-deficient cancers. C646 was able to suppress specifically the growth of CBP-deficient lung and hematopoietic cancer cells in vitro and in vivo [118]. C646 treatment demonstrated a significant reduction in cell growth, with 7/10 cell lines demonstrating > 50% reduction in growth in liquid culture [119]. C646 showed synergistic effect in combination with EZH2 in the treatment of solid tumors [120].



CCT077791 and CCT077792 (Figure 10) were identified by high-throughput screening of a compound library of 35 N-substituted isothiazolones as p300/(CREB binding protein) associated factor (PCAF), a member of the GCN5/PCAF family of nuclear histone acetyltransferases (HATs) [119], and p300 inhibitors. IC50 values were measured for the two peptide conjugates, Lys-CoA and H3- CoA-20, against the PCAF and p300 HAT enzymes. Both compounds inhibited cell proliferation and decreased global cellular acetylation in HCT116 and HT29 cancer cell lines. CCT077791 reduced total acetylation of histones H3 and H4, levels of specific acetylated lysine marks, and acetylation of alpha-tubulin [119]. The proposed mechanism of action was the irreversible binding with proteins detected by the sulforhodamine B assay [120] due to the reactivity of isothiazolones with cysteine residues. The thiol group of Cys177 probably reacts with isothiazolone ring to form a new covalent bond with consequent loss of HAT catalytic activity. According to the covalent bond hypothesis, HAT activity was not restored when PCAF was incubated with both CCT077791 and CCT077792, as reported in the study [111]. However, the exact mechanism of action remains unconfirmed, and an allosteric mechanism that also involves covalent bonding cannot be ruled out.




6. Conclusions


In this review, we examined small-molecule inhibitors, summarized in Table 1, targeting CBP/β-catenin, p300/β-catenin, CBP/p300 bromodomain, and CBP/p300 HAT, highlighting their potential applications in cancer treatment. Selective CBP/β-catenin antagonists proved to be effective and safe antitumor agents in several preclinical tumor models, with the ability to eliminate quiescent cancer stem cells. These CBP/β-catenin antagonists provide benefit in preclinical models, largely due to their ability to activate asymmetric differentiation of somatic stem cells. Specific antagonists of CBP/β-catenin signaling, while disrupting the CBP/β-catenin interaction, promote differentiation in stem and progenitor cells.



Direct inhibition of p300/β-catenin has been shown to maintain the pluripotency of human pluripotent stem cells and mouse embryonic stem cells through Wnt-dependent signaling pathways. CBP/p300 are overexpressed in cancer cells, including the multidrug-resistant cancer cells. Inhibition of the CBP/P300 bromodomain has been found essential for repressing myeloma cell survival and lymphocyte-specific transcription factors. Additionally, inhibition of CBP/p300 histone acetyltransferase prevents the formation of pluripotent stem cells and induces the deacetylation of histones.



CBP and p300 take part in various biological processes and cellular functions, including acting as transcriptional co-factors of oncoproteins, histone acetyltransferases, and influencing somatic mutations. Due to their involvement in numerous pathways, CBP and p300 are likely contributors to the oncogenesis of both hematological and solid tumors. Thus, CBP and p300 represent promising targets for developing novel agents to treat hematological and solid tumors.
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Abbreviations




	25(OH)D
	25-hydroxyvitamin D



	β-TrCP
	β-transducing repeats-containing proteins



	APC
	adenomatous polyposis coli



	APL
	acute promyelocytic leukemia



	ATO
	arsenic trioxide



	ATRA
	all-trans retinoic acid



	BCL9
	B-cell lymphoma 9



	BCL9L
	B-cell lymphoma 9-like



	[BRD4(1)]
	bromodomain-containing protein 4



	BRDT
	bromodomain testis-specific protein



	CBP
	cyclic AMP response element-binding binding protein



	CK1
	casein kinase 1



	CML
	chronic myelogenous leukemia



	CRC
	colorectal cancer



	CREB
	cyclic AMP response element-binding



	DLBCL
	diffuse large B-cell lymphoma



	DVL
	disheveled



	DVL-1
	disheveled 1



	DYRKs
	dual-specificity tyrosine phosphorylation-regulated kinases



	EBV
	Epstein–Barr virus



	Fzd
	frizzled



	GSK-3β
	glycogen synthase kinase-3β



	H3K27
	histone H3 lysine 27



	H3K27Ac
	histone H3 lysine 27 acetylation



	HAT
	histone acetyltransferase



	LEF
	lymphoid enhancer-binding factor



	LRP
	low-density lipoprotein receptor-related proteins



	LRP5
	low-density lipoprotein receptor-related protein 5



	LRP6
	low-density lipoprotein receptor-related protein 6



	MMPs
	matrix metalloproteinases



	NMC
	NUT midline carcinoma



	NPC
	nasopharyngeal carcinoma



	NUT
	nuclear protein of the testis



	RAREs
	retinoic acid response elements



	RARα
	retinoic acid receptor alpha



	RXR
	retinoid X receptors



	SSC
	somatic stem cells



	Tcf
	T-cell factor
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Figure 1. Overview of the canonical Wnt/β-catenin pathway upon activation by Wnt ligands. 
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Figure 2. Model of inhibitors targeting β-catenin interaction with either CBP, promoting proliferation, or p300, driving differentiation. 
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Figure 3. Non-specific antagonists of CBP/β-catenin signaling. 
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Figure 4. Specific antagonists of CBP/β-catenin signaling. 
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Figure 5. Specific antagonists of p300/β-catenin signaling. 
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Figure 6. Non-specific antagonists of p300/β-catenin signaling. 
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Figure 7. Proposed model of action of bromodomain inhibitors. 
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Figure 8. CBP/p300 bromodomain inhibitors. 
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Figure 9. Proposed model of action of HAT inhibitors. 
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Figure 10. CBP/p300 HAT inhibitors. 
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Table 1. Small-molecule inhibitors targeting CBP/β-catenin, p300/β-catenin, CBP/p300 bromodomain, and CBP/p300 HAT.






Table 1. Small-molecule inhibitors targeting CBP/β-catenin, p300/β-catenin, CBP/p300 bromodomain, and CBP/p300 HAT.





	Category
	Compounds
	Ref.





	Non-specific inhibitors of CBP/β-catenin signaling
	ATRA, Vitamin D3
	[51,56]



	Specific inhibitors of CBP/β-catenin signaling
	ICG-001, PRI-724, C-82, E-7386
	[61,62,63,64,70,72]



	Non-specific inhibitors of p300/β-catenin signaling
	IQ-1, ID-8
	[79,81]



	Specific inhibitors of p300/β-cateni