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Abstract

:

The additional sex combs-like (ASXL) family, a mammalian homolog of the additional sex combs (Asx) of Drosophila, has been implicated in transcriptional regulation via chromatin modifications. Abnormal expression of ASXL family genes leads to myelodysplastic syndromes and various types of leukemia. De novo mutation of these genes also causes developmental disorders. Genes in this family and their neighbor genes are evolutionary conserved in humans and mice. This review provides a comprehensive summary of epigenetic regulations associated with ASXL family genes. Their expression is commonly regulated by DNA methylation at CpG islands preceding transcription starting sites. Their proteins primarily engage in histone tail modifications through interactions with chromatin regulators (PRC2, TrxG, PR-DUB, SRC1, HP1α, and BET proteins) and with transcription factors, including nuclear hormone receptors (RAR, PPAR, ER, and LXR). Histone modifications associated with these factors include histone H3K9 acetylation and methylation, H3K4 methylation, H3K27 methylation, and H2AK119 deubiquitination. Recently, non-coding RNAs have been identified following mutations in the ASXL1 or ASXL3 gene, along with circular ASXLs and microRNAs that regulate ASXL1 expression. The diverse epigenetic regulations linked to ASXL family genes collectively contribute to tumor suppression and developmental processes. Our understanding of ASXL-regulated epigenetics may provide insights into the development of therapeutic epigenetic drugs.
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1. Introduction


Epigenetic regulation is a dynamic process that enables the activation or repression of genes at the transcriptional level in response to external stimuli, developmental cues, and cellular demands. It plays a particularly important role in development, cellular homeostasis, and cancer. The molecular mechanism underlying transcription involves the binding of transcription factors to specific DNA sequences for the regulation of target genes [1]. However, transcription factors typically do not act alone; they require the assistance of transcriptional coregulators to precisely manage gene expression. Coregulators, a diverse group of proteins, interact directly or indirectly with transcription factors. Participating in epigenetic regulation, coregulators modify the chromatin structure by inducing biochemical changes, such as methylation, acetylation, and other modifications. Considering their essential role in regulating the expression of genes controlling metabolism and cell fate, dysregulation of coregulators has been implicated in various defects, including metabolic disorders and malignancy [2,3].



The additional sex combs (Asx) gene in Drosophila acts as a transcriptional coregulator during embryonic development [4,5,6]. The mammalian homolog, known as additional sex combs-like (ASXL) gene (including ASXL1, ASXL2, and ASXL3), shares functional similarities [7,8,9]. In Drosophila, Asx participates in both transcriptional repression and activation through genetic interactions with the polycomb-repressive complex 2 (PRC2) or trithorax group (TrxG). It is currently unclear whether the mammalian ASXL family functions in transcriptional regulation similar to Drosophila Asx. This function may be influenced by promoter context, extracellular signals, or targeted transcription factors associated with epigenetic modifications. ASXL1 mutations are associated with disorders such as Bohring–Opitz syndrome (BOS), acute myeloid leukemia (AML), and embryonic developmental defects [10,11,12,13,14]. While the molecular biology of ASXL1 has been partially clarified, certain epigenetic mechanisms remain elusive. This review provides insight into the epigenetic regulation governed by the ASXL family.




2. Genetic and Structural Conservation


The chromosomal loci of ASXL family genes vary among family members and across species: for example, there is human hASXL1 at 20q11, hASXL2 at 2p23.3, and hASXL3 at 18q12.1 but murine mAsxl1 at 2H1, mAsxl2 at 12A1.1, and mAsxl3 at 18A2 (Figure 1).



Unlike other species, Drosophila lacks a familial gene for Asx. The increased number of ASXL homologous genes may stem from gene duplication, leading to the evolution of new biological functions or divergence in the DNA sequence from the original gene [15]. Genetic evidence suggests that the ASXL family underwent gene duplication during evolution. Sequence comparisons of ASXL family genes suggest that ASXL2 and ASXL3 originated from a duplication of the ancestral ASXL1 gene during early mammalian evolution. In addition to the sequence similarities within the ASXL family, there is evidence of evolutionary conservation of neighboring genes around ASXL family members in both humans and mice (Figure 1) [15]. The KIF3B gene is located upstream of ASXL1, whereas KIF3C is positioned upstream of ASXL2. DNMT3B/NCOA6 and DNMT3A/NCOA1, common neighbor genes, are located downstream of ASXL1 and ASXL2, respectively. DTNB and DTNA genes are shared downstream genes for ASXL2 and ASXL3. NOL4L and NOL4 genes are downstream of ASXL1 and ASXL3. The presence of related neighboring genes around the ASXL family suggests that the evolutionary conservation of paralogous ASXL genes plays crucial roles in functional diversification and contributes to essential regulatory elements in biological processes, reflecting the evolutionary history of the genome.



The three proteins encoded by ASXL family genes exhibit evolutionarily conserved domains similar to Asx, including the ASX N-terminal domain (ASXN), the ASX homologous domain (ASXH), and the plant homeodomain (PHD) (Figure 2). While Drosophila Asx consists of 1669 amino acids (aa), its human homologs have varying lengths: 1541 aa (ASXL1), 1435 aa (ASXL2), and 2248 aa (ASXL3) [16]. The N-terminal ASXN domain contains the HARE-HTH motif, absent in Asx, and is predicted to mediate DNA binding [17]. The ASXH domain, highly conserved in both Asx and ASXL members, includes a DEUBAD domain that interacts with and activates BAP1 (Calypso in Drosophila) to remove ubiquitin from the monoubiquitinated histone H2A at lysine 119 (H2AK119ub) [18,19,20]. The C-terminal PHD finger is implicated in preferential binding to dimethylated histone 3 lysine 4, H3K4me2 [21]. The nuclear receptor (NR) box, responsible for nuclear hormone receptor-mediated transcriptional regulation, is conserved in the ASXL family [21,22,23,24,25]. ASXL1 and ASXL3 share the heterochromatin protein 1 (HP1)-binding motif, which is absent in ASXL2 [23]. The ASXH domain in the ASXL family is responsible for interaction with the histone demethylase KDM1A (LSD1) [21,25]. In addition, an interaction between the ASXM domain of ASXL1/3 and BRD4, a member of the bromodomain and extraterminal (BET) proteins, has recently been reported [26,27].




3. Tumor Suppression


Mutations in ASXL1, a candidate tumor suppressor gene, are frequently observed in myeloid malignancies, such as acute myeloid leukemia and myelodysplastic syndrome (MDS), which are often associated with a poor prognosis [11,12,28,29,30]. The predominant ASXL1 mutations involve frameshift or nonsense mutations in exon 12, causing the expression of truncated forms of ASXL1 [31,32,33]. These mutations typically lead to a loss of protein, but in some instances, they result in the production of truncated proteins with gain-of-function or dominant-negative features [32,34,35,36]. Numerous studies have demonstrated that truncated ASXL1 mutants, including the ASXL1 fragment containing amino acids 1–587, promote myeloid transformation by forming a stable polycomb-repressive deubiquitinase (PR-DUB) complex with BAP1, enhancing BAP1 deubiquitinase (DUB) activity [37,38,39]. This mutant also interacts with BRD4 and activates the transcription of genes involved in myeloid malignancies [27,40]. However, the precise mechanism by which ASXL1 mutations acquire a dominant-negative function needs further investigation. Several mouse models have been developed to investigate the impact of changes in ASXL1 on hematopoiesis and myeloid transformation [13,41,42,43,44]. ASXL1 is also considered a tumor suppressor in other types of cancers, including that of the prostate, colorectal, and lung [45,46,47]. Database analysis of circular RNAs in bladder cancer has shown that circASXL1 is highly expressed in bladder cancer tissues and correlated with overall survival [48].



ASXL2 is believed to have overlapping or redundant functions with ASXL1 due to their similarity in protein domains, expression patterns, and neighboring gene sets at their genomic loci. However, they differ in certain aspects. Unlike the high mutation rate in exon 12 of ASXL1, ASXL2 mutations in myeloid malignancies are found at exons 11 and 12 [49]. Notably, ASXL2 mutations occur frequently in acute myeloid leukemia with t(8;21)/RUNX1-RUNX1T1 and less frequently in other myeloid malignancies, indicating mutual exclusivity with ASXL1 mutations [49,50]. Mouse studies have suggested that Asxl2 loss dysregulates the self-renewal of hematopoietic stem cells and accelerates leukemogenesis driven by AML1-ETO, indicating distinct effects from Asxl1 deletion [51]. Another study demonstrated that Asxl2 deletion leads to a myelodysplastic syndrome-like disease and increases the self-renewal of hematopoietic stem cells [52]. The mutual exclusivity between ASXL1 and ASXL2 mutations remains unclear. Similar to ASXL1, ASXL2 forms a stable and distinct PR-DUB complex with BAP1, promoting ubiquitin removal from histone H2A. However, unlike ASXL1, ASXL2 is stabilized by BAP1 [53,54], indicating the existence of additional regulatory mechanisms. ASXL2 is also associated with solid tumors. Elevated ASXL2 expression is linked to poor survival and is correlated with the prognosis of breast, colorectal, and pancreatic cancers [21,55,56], whereas its downregulation is associated with hepatocellular carcinoma [57]. In mice, ASXL2 loss leads to myeloid leukemia, suggesting a dual role in tumorigenesis.



The relationship between ASXL3 and tumor development is unclear, as it is rarely mutated and not as closely associated with leukemia as ASXL1 and ASXL2 [58,59]. However, recent studies have found its potential role in certain cancers. A study demonstrated that ASXL3 forms an oncogenic axis with BRD4 and BAP1, activating ASCL1/MYCL/E2F signaling in small cell lung cancer [26]. Despite its limited involvement in tumorigenesis, changes in ASXL3 are implicated in developmental defects, congenital heart disease, and Bainbridge–Ropers syndrome (BRS) [60,61,62], which shares similarities with BOS, caused by autosomal truncations in ASXL1 [63,64].




4. Developmental Roles


In addition to their roles in myeloid malignancies, deletion studies in mice have shown that both Asxl1 and Asxl2 regulate hematopoiesis [41,42,43,44,51,52], whereas the role of Asxl3 in hematopoiesis remains unexplored. De novo mutations in ASXL family members are associated with various developmental defects: ASXL1 mutations are linked to BOS, ASXL2 mutations to Shashi–Pena syndrome (SPS), and ASXL3 mutations to BRS [10,62,63,64,65,66]. ASXL1 mutations leading to BOS are characterized by distinctive facial features, cleft palates, intellectual disability, microcephaly, breathing problems, skeletal abnormalities, and eye defects [10,65,67]. However, the molecular mechanisms underlying the role of such mutations in causing BOS are not fully understood. In vitro studies have shown that Asxl1 ablation in embryonic stem cells from mice impairs neural differentiation [68]. ASXL1-deleted mouse models have defects in kidney podocyte development [69], embryonic fibroblast proliferation [70], and embryonic lung maturation [14]. Germline mutations of ASXL2 cause developmental syndromes, including SPS, characterized by the absence of slowed growth and microcephaly [66,71]. ASXL3 mutations leading to BRS are associated with intellectual disability, developmental delay, and speech and language difficulties. However, the underlying molecular mechanisms remain unclear [63,72,73]. This different phenotype suggests that the epigenetic mechanisms of ASXL1/3 and ASXL2 may differ. Notably, ASXL1 and ASXL2 have opposite roles in mediating adipogenesis and lipogenesis in vitro [23,24], with ASXL1 demonstrating similar effects to ASXL3 in repressing LXRα during lipogenesis [25].




5. Epigenetic Associations


5.1. CpG Islands and DNA Methylation


In addition to their functional similarity, ASXL familial genes share a common genetic feature: CpG islands, evolutionarily conserved in both humans and mice, are located before the transcriptional starting sites of genes (Figure 3). Using hg18 as the reference genome for humans and mm9 for mice, the length of the CpG island for human ASXL1 and mouse Asxl1 genes is identical at 592 base pairs, with identical sequences (Figure 3).



These findings suggest the importance of ASXL1 gene regulation, preserved throughout evolution. Both human ASXL2 and mouse Asxl2 have the same CpG island length (i.e., 496 bp). However, the alignment rate of the CpG island between humans and mice is only 44.71%. The CpG islands of ASXL3 differ in length between humans (948 bp) and mice (2010 bp), with a relatively high alignment ratio (73.52%), suggesting that the activity of ASXL genes may be regulated by DNA methylation at CpG islands. In line with this, the publicly available dataset GSE81680, generated by methylated DNA immunoprecipitation sequencing, provides evidence of DNA methylation around ASXL genes in murine embryonic stem cells [74]. Conversely, genome-wide DNA methylation profiles could be altered by ASXL1 mutations [75,76]. The interaction between Asxl1 and Wtip during podocyte development suggests that Asxl1 regulates DNA methylation [69]. Wtip interacts with the transcription factor WT1, which in turn regulates DNA methylation by interacting with the TET2 enzyme [77]. However, whether Asxl1 or other family members participate in the regulation of DNA methylation via WT1 or TET2 has not been investigated. Considering the prognostic and therapeutic significance of ASXL1, WT1, and TET2 mutations in myeloid leukemia, further investigations are needed to elucidate the mechanisms underlying the transcriptional regulation of ASXL genes through DNA methylation.




5.2. Histone Modifications


Early studies on Drosophila Asx revealed its dual role as a member of the “enhancers of trithorax and polycomb” (ETP) group, influencing epigenetic processes through differential histone modifications. It represses or activates transcription by modulating the trimethylation levels of histone H3 lysine 27 (H3K27me3) or histone H3 lysine 4 (H3K4me3) through direct interaction with histone methyltransferases Enhancer of zeste E(z), a member of the polycomb group, or by Trx, a member of the Trithorax group, respectively [6,78]. In mammalian systems, ASXL family members interact with various histone modifiers, including PRC2, TrxG, BAP1 deubiquitinase, NCOA1 (SRC1), HP1α, histone demethylase KDM1A (LSD1), and BRD4 (Figure 4A). However, their functions and underlying mechanisms in transcriptional regulation are unclear. The role of the ASXL family in regulating gene expression through interactions with PRC2 has been extensively investigated [70,79,80]. Enhancer of zeste homolog 2 (EZH2), a key component of PRC2, acts as a histone methyltransferase, catalyzing the trimethylation of H3K27, leading to transcriptional repression (Figure 4B). ASXL1 participates in transcriptional repression by interacting with EZH2 [42,70,79]. ASXL2 also mediates chromatin recruitment of EZH2 and increases H3K27me3 levels [80]. Compared to ASXL1 or ASXL2, the function of PRC2-associated ASXL3 remains unexplored. In particular, considering the frequent mutations of ASXL1 in various types of leukemia, the synergistic role of ASXL2 and PRC2 complex in leukemia development and hematopoiesis has been explored [80].



Recent studies have demonstrated that lysine demethylase 6B (KDM6B), which demethylates H3K27me3, is elevated in ASXL1-mutant leukemic cells [81]. This upregulation enhances the expression of leukemogenic genes and contributes to myeloid transformation. The effects of KDM6B have been validated through the heterozygous deletion of Kdm6b in Asxl1Y588XTg mice. The histone modification H3K4me3 is a crucial epigenetic marker of active gene expression [82,83]. TrxG proteins include the histone lysine methyltransferases MLL and SET1, which regulate H3K4me3 by adding methyl groups to histone H3 at lysine 4 and modulate lineage commitment during differentiation [84,85,86]. The bivalent histone code, involving both H3K4me3 and H3K27me3, is essential for maintaining gene expression patterns during differentiation and development [87,88]. Unlike the dual role observed in the Drosophila Asx protein, the mammalian ASXL family shows diverse functions, functioning as a coactivator or corepressor, depending on specific isotypes and promoter contexts. ASXL family members exhibit distinct roles in modulating the transcriptional activity of NRs by influencing various histone modifications (Table 1) [21,22,23,24,25]. In particular, ASXL1 and ASXL3 act as corepressors for certain NRs (PPARα and LXRα) by interacting with HP1α, resulting in an increase in the repressive histone mark H3K9me3. Conversely, ASXL1 acts as a coactivator for retinoic acid receptor α (RARα) by interacting with SRC1, a histone acetyltransferase, leading to the accumulation of acetylated H3K9. ASXL2 acts as a coactivator for estrogen receptor α (ERα) by upregulating the active histone mark H3K4me3 and downregulating the repressive marks H3K9me2 and H3K27me3. Despite their similar structure and domain arrangements, the precise mechanism underlying the bivalent roles of the ASXL members in modulating H3K27me3 and H3K4me3 remain elusive.



In addition to the bivalent epigenetic mechanism involving H3K27me3 and H3K4me3, the ASXL family plays a crucial role in regulating histone H2A (H2AK119ub) ubiquitination, an essential epigenetic process during cellular differentiation, organ development, and disease pathology [89,90]. H2AK119ub is catalyzed by PRC1 and subsequently removed by the polycomb-repressive deubiquitinase (PR-DUB) complex, including BAP1 and ASXL1 in both Drosophila and mammals (Figure 4B) [18,19,20]. EZH2, a component of core PRC2, is the key enzyme responsible for catalyzing H3K27me3. Subsequently, PRC1 recognizes H3K27me3 through CBX, leading to H2A ubiquitination via RING1B for gene repression [91]. Truncated ASXL1 mutants promote myeloid transformation by creating a potent PR-DUB complex with BAP1 [37,38,39]. ASXL2 interacts with the C-terminal domain of BAP1 and enhances PR-DUB activity. In cancer cells expressing a BAP1 mutant defective in ASXL2 binding, PR-DUB activity is disrupted, suggesting that BAP1 C-terminal domain mutations may contribute to cancer development [53]. Intriguingly, ASXL3, similar to ASXL1 and ASXL2, forms a PR-DUB complex with BAP1 but also exclusively interacts with BRD4, which binds to acetylated histones via its bromodomains in small cell lung carcinoma [26]. The intricate epigenetic coordination between H3K27me3 catalyzation and H2AK119ub elimination by ASXL family members provides insights into the regulation mediated by ASXL proteins.



Recent studies have revealed that ASXL proteins are physically and functionally linked to histone acetylation (Figure 4B) [26,27,40]. The BET protein family, acting as an epigenetic reader of acetylation for histones H3 and H4, is associated with the RNA polymerase II complex to activate transcription [92,93]. During leukemogenesis, truncated ASXL1 acts as a gain-of-function mutant through interaction with BRD4, a BET protein [26,40]. Although previous studies have mainly focused on the physical interaction between ASXL1–3 and BRD4 and the biological significance of truncated ASXL1 in hematological malignancies, the epigenetic role of this interaction in regulating target genes and histone acetylation needs further exploration. In small cell lung cancer patients, BRD4 interacts with ASXL3 but not ASXL1 or ASXL2 [27]. The PR-DUB.3 complex shares common target genes with BRD4 through its interaction with ASXL3. Although the binding of PR-DUB.3 and BRD4 to target genes has been validated by chromatin immunoprecipitation followed by sequencing, the precise epigenetic mechanism driving the oncogenic function of the ASXL3 complex remains unclear. Moreover, it is essential to explore the physical interaction between ASXL1–3 and other BET proteins, such as BRD2, BRD3, and BRDT, and to investigate their biological and epigenetic roles during tumorigenesis and developmental processes. Understanding these mechanisms could lead to the development of epigenetic drugs, such as BET inhibitors, for cancer therapy.




5.3. Non-Coding RNAs (ncRNAs)


NcRNAs constitute a diverse group of RNAs that perform various biological functions, independent of translation [94,95]. They can be categorized based on their length, shape, or function. MicroRNAs (miRNAs), typically consisting of 21–23 nucleotides and forming short hairpins before maturation, serve as epigenetic regulators by interacting with target mRNAs and suppressing their expression. Circular RNAs (circRNAs), characterized by a single-stranded RNA with a covalently closed continuous loop, can be generated through the RNA splicing process. They play an indirect role in epigenetic regulation by acting as miRNA sponges, where miRNAs are sequestered against the complementary region of circRNA, resulting in enhanced expression of the corresponding miRNA target genes. Furthermore, they serve as sequestering agents for RNA-binding proteins and transcription factors. Their interactions with transcriptional regulators can impact the enzymatic activities of epigenetic modifiers. Although numerous approaches have been used to investigate the role of ASXLs in epigenetics, the biological relationship between the ASXL family and ncRNAs has not been fully explored. Notably, ASXL1 gene mutations with C-terminal truncations lead to elevated miR-125a expression by disrupting the EZH2-mediated methylation of H3K27, resulting in a myelodysplastic syndrome-like disease in mice [42]. The increased miR-125a level downregulates Clec5a expression, which is associated with normal myeloid differentiation. Moreover, during DMSO-induced myocardial differentiation of P19 cells, ASXL3 knockdown induces differential expression of various miRNAs linked to the PI3K-Akt, MAP kinase, and Rap1 signaling pathways, as well as heart development [96].



Unlike the ncRNAs regulated by ASXL proteins, certain circRNAs are transcribed at the gene loci of the ASXL family. For instance, circASXL1 (circBase ID: hsa_circ_0001136), initially identified through the circular RNA database related to bladder cancer, is associated with tumor grade and shorter overall survival [48]. In colorectal cancer (CRC) progression [97], circASXL1 induces GRIK3 expression by sponging miR-1205, thereby promoting tumor growth. Additional circASXL1 variants have been identified through RNA sequencing in leukemic cells, with one reported to bind directly to BAP1, inhibiting the deubiquitinase activity of the PR-DUB complex [98]. However, the mechanism by which circASXL1 interferes with BAP1 activity and whether it affects ASXL1 expression through a feedback loop remain to be determined. ASXL1 is also susceptible to downregulation by specific ncRNAs. For instance, circ-ITGA7, downregulated in CRC cells, suppresses CRC proliferation by sponging miR-3187–3p, which potentially targets ASXL1–5′UTR, resulting in the silencing of ASXL1 expression [99]. On the other hand, LINC00586, a long ncRNA, exhibits high expression in CRC and promotes tumorigenesis by recruiting LSD1 into the ASXL1 promoter, causing ASXL1 downregulation [100]. In addition to cancers, circASXLs have been implicated in other diseases. For instance, the role of circAsxl2 in neuronal injury has been demonstrated in the neuronal cells of mice [101], revealing that it is upregulated in cells subjected to oxygen-glucose deprivation/reperfusion treatment, leading to increased Foxo3 expression through sponging miR-130b-5p. However, the biological function of circASXL3 remains unexplored. Further exploration on the roles of ncRNAs linked to the ASXL family may facilitate biomarker identification and advancements in epigenetic therapy.





6. Conclusions and Future Perspectives


Despite the first documentation of the biological function of the Drosophila Asx gene in 1986, our understanding of the various mechanisms utilized by the chromatin factor Asx or the ASXL family in mammals to regulate ASXL-related physiological processes remains incomplete, particularly at the epigenetic level. Most studies have investigated the mutation sites and their role in cancer. For example, the role of different truncated ASXL1 (aa 1–587, aa 1–635, aa 1–643, aa 1–646) in hematopoietic stem cells has been investigated to understand the ASXL association in cancer progression [37,38,39,40,42]. However, the development of therapeutic strategies based on the molecular mechanisms of ASXL mutants is still lacking. De novo mutations in ASXL members can cause severe developmental disorders, but our understanding of the underlying molecular mechanisms is currently limited. The tissue-specific functions of ASXL genes can be determined through the conditional deletion of these genes in mice. Primary cells, including stem cells derived from ASXL-deleted mice, offer a valuable resource to investigate the molecular mechanisms underlying ASXL-associated physiological processes. Recently, several notable advancements have been made in the knowledge of epigenetics, based on molecular biological techniques and innovative bioinformatic technology. For a comprehensive understanding of the dynamic regulation of target genes at chromatin, linked to DNA methylation and histone modification, further identification of transcription factors beyond NRs [21,22,23,24,25] or the FOXK family [102,103] may extend our understanding of the chromatin localization of the ASXL family and their biological importance at the transcriptional level. In addition, genome-wide studies, encompassing ChIP sequencing, ATAC sequencing, and chromosome conformation capture (3C) technology coupled with high-throughput sequencing, are necessary to unveil the role of ASXL proteins in orchestrating chromatin rearrangement and three-dimensional genome organization at specific genomic loci. To investigate genomic interactions, an initial approach would be to examine the physical interaction between ASXL proteins and the CCCTC-binding factor/cohesin complex, a regulator of high-order chromatin organization. Truncated ASXL1 mutants, specifically the ASXL1 fragment containing amino acids 1–587, drive myeloid transformation by forming a stable PR-DUB complex with BAP1, thereby enhancing BAP1 deubiquitinase activity [37,38,39]. This mutant also interacts with the BET protein BRD4, activating the transcription of genes involved in myeloid malignancies [26,40]. In contrast to the oncogenic function of truncated ASXL1 mutants, the mechanism underlying the tumor-suppressing role of full-length ASXL1 requires exploration across various types of cancers, including leukemia. Peptide pull-down and ChIP assays can be employed to demonstrate the interaction between ASXL1 and BET proteins (BRD2–4 and BRDT) disrupting BET association with acetylated chromatin (at lysine 5 and 12 of histone 4 or lysine 14 of histone 3) through its bromodomain, leading to downregulation of target oncogenes such as MYC and BCL2. Subsequent studies should involve other ASXL family members, ASXL2 and ASXL3, to ascertain whether their functions are redundant or distinct in cancers and developmental defects. The crucial involvement of ASXL family genes in cancer and development suggests that exploring novel epigenetic drugs targeting their underlying molecular mechanisms could present a promising avenue for therapeutic development.







Author Contributions


Conceptualization, N.K. and S.-J.U.; graphic, S.B. and N.K.; genome analysis, S.B. and N.K.; writing, N.K. and S.-J.U.; supervision and funding acquisition, S.-J.U. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the Basic Research Program through the National Research Foundation of Korea funded by the Ministry of Science and ICT (2020R1A2C1007445), and also supported by Korea Basic Science Institute (National research Facilities and Equipment Center) grant funded by the Ministry of Education (2023R1A6C101A045), South Korea.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We apologize to the researchers whose works were not cited due to space limitations.




Conflicts of Interest


The authors have no conflicts of interest to declare.




References


	



Stallcup, M.R.; Poulard, C. Gene-Specific Actions of Transcriptional Coregulators Facilitate Physiological Plasticity: Evidence for a Physiological Coregulator Code. Trends Biochem. Sci. 2020, 45, 497–510. [Google Scholar] [CrossRef]

	



Mouchiroud, L.; Eichner, L.J.; Shaw, R.J.; Auwerx, J. Transcriptional coregulators: Fine-tuning metabolism. Cell Metab. 2014, 20, 26–40. [Google Scholar] [CrossRef]

	



Bishop, T.R.; Zhang, Y.; Erb, M.A. Pharmacological Modulation of Transcriptional Coregulators in Cancer. Trends Pharmacol. Sci. 2019, 40, 388–402. [Google Scholar] [CrossRef]

	



Sinclair, D.A.; Campbell, R.B.; Nicholls, F.; Slade, E.; Brock, H.W. Genetic analysis of the additional sex combs locus of Drosophila melanogaster. Genetics 1992, 130, 817–825. [Google Scholar] [CrossRef]

	



Sinclair, D.A.; Milne, T.A.; Hodgson, J.W.; Shellard, J.; Salinas, C.A.; Kyba, M.; Randazzo, F.; Brock, H.W. The Additional sex combs gene of Drosophila encodes a chromatin protein that binds to shared and unique Polycomb group sites on polytene chromosomes. Development 1998, 125, 1207–1216. [Google Scholar] [CrossRef]

	



Milne, T.A.; Sinclair, D.A.; Brock, H.W. The Additional sex combs gene of Drosophila is required for activation and repression of homeotic loci, and interacts specifically with Polycomb and super sex combs. Mol. Gen. Genet. 1999, 261, 753–761. [Google Scholar] [CrossRef]

	



Fisher, C.L.; Berger, J.; Randazzo, F.; Brock, H.W. A human homolog of Additional sex combs, ADDITIONAL SEX COMBS-LIKE 1, maps to chromosome 20q11. Gene 2003, 306, 115–126. [Google Scholar] [CrossRef]

	



Katoh, M.; Katoh, M. Identification and characterization of ASXL2 gene in silico. Int. J. Oncol. 2003, 23, 845–850. [Google Scholar] [CrossRef]

	



Katoh, M.; Katoh, M. Identification and characterization of ASXL3 gene in silico. Int. J. Oncol. 2004, 24, 1617–1622. [Google Scholar] [CrossRef]

	



Hoischen, A.; van Bon, B.W.; Rodríguez-Santiago, B.; Gilissen, C.; Vissers, L.E.; de Vries, P.; Janssen, I.; van Lier, B.; Hastings, R.; Smithson, S.F.; et al. De novo nonsense mutations in ASXL1 cause Bohring-Opitz syndrome. Nat. Genet. 2011, 43, 729–731. [Google Scholar] [CrossRef]

	



Gelsi-Boyer, V.; Trouplin, V.; Adélaïde, J.; Bonansea, J.; Cervera, N.; Carbuccia, N.; Lagarde, A.; Prebet, T.; Nezri, M.; Sainty, D.; et al. Mutations of polycomb-associated gene ASXL1 in myelodysplastic syndromes and chronic myelomonocytic leukaemia. Br. J. Haematol. 2009, 145, 788–800. [Google Scholar] [CrossRef]

	



Carbuccia, N.; Murati, A.; Trouplin, V.; Brecqueville, M.; Adélaïde, J.; Rey, J.; Vainchenker, W.; Bernard, O.A.; Chaffanet, M.; Vey, N.; et al. Mutations of ASXL1 gene in myeloproliferative neoplasms. Leukemia 2009, 23, 2183–2186. [Google Scholar] [CrossRef]

	



Abdel-Wahab, O.; Gao, J.; Adli, M.; Dey, A.; Trimarchi, T.; Chung, Y.R.; Kuscu, C.; Hricik, T.; Ndiaye-Lobry, D.; Lafave, L.M.; et al. Deletion of Asxl1 results in myelodysplasia and severe developmental defects in vivo. J. Exp. Med. 2013, 210, 2641–2659. [Google Scholar] [CrossRef]

	



Moon, S.; Im, S.K.; Kim, N.; Youn, H.; Park, U.H.; Kim, J.Y.; Kim, A.R.; An, S.J.; Kim, J.H.; Sun, W.; et al. Asxl1 exerts an antiproliferative effect on mouse lung maturation via epigenetic repression of the E2f1-Nmyc axis. Cell Death Dis. 2018, 9, 1118. [Google Scholar] [CrossRef]

	



Katoh, M. Functional and cancer genomics of ASXL family members. Br. J. Cancer 2013, 109, 299–306. [Google Scholar] [CrossRef]

	



Katoh, M. Functional proteomics of the epigenetic regulators ASXL1, ASXL2 and ASXL3: A convergence of proteomics and epigenetics for translational medicine. Expert Rev. Proteom. 2015, 12, 317–328. [Google Scholar] [CrossRef]

	



Aravind, L.; Iyer, L.M. The HARE-HTH and associated domains: Novel modules in the coordination of epigenetic DNA and protein modifications. Cell Cycle 2012, 11, 119–131. [Google Scholar] [CrossRef] [PubMed]

	



Scheuermann, J.C.; de Ayala Alonso, A.G.; Oktaba, K.; Ly-Hartig, N.; McGinty, R.K.; Fraterman, S.; Wilm, M.; Muir, T.W.; Müller, J. Histone H2A deubiquitinase activity of the Polycomb repressive complex PR-DUB. Nature 2010, 465, 243–247. [Google Scholar] [CrossRef]

	



De, I.; Chittock, E.C.; Grötsch, H.; Miller, T.C.R.; McCarthy, A.A.; Müller, C.W. Structural Basis for the Activation of the Deubiquitinase Calypso by the Polycomb Protein ASX. Structure 2019, 27, 528–536.e4. [Google Scholar] [CrossRef]

	



Ge, W.; Yu, C.; Li, J.; Yu, Z.; Li, X.; Zhang, Y.; Liu, C.P.; Li, Y.; Tian, C.; Zhang, X.; et al. Basis of the H2AK119 specificity of the Polycomb repressive deubiquitinase. Nature 2023, 616, 176–182. [Google Scholar] [CrossRef]

	



Park, U.H.; Kang, M.R.; Kim, E.J.; Kwon, Y.S.; Hur, W.; Yoon, S.K.; Song, B.J.; Park, J.H.; Hwang, J.T.; Jeong, J.C.; et al. ASXL2 promotes proliferation of breast cancer cells by linking ERα to histone methylation. Oncogene 2016, 35, 3742–3752. [Google Scholar] [CrossRef]

	



Cho, Y.S.; Kim, E.J.; Park, U.H.; Sin, H.S.; Um, S.J. Additional sex comb-like 1 (ASXL1), in cooperation with SRC-1, acts as a ligand-dependent coactivator for retinoic acid receptor. J. Biol. Chem. 2006, 281, 17588–17598. [Google Scholar] [CrossRef] [PubMed]

	



Park, U.H.; Yoon, S.K.; Park, T.; Kim, E.J.; Um, S.J. Additional sex comb-like (ASXL) proteins 1 and 2 play opposite roles in adipogenesis via reciprocal regulation of peroxisome proliferator-activated receptor γ. J. Biol. Chem. 2011, 286, 1354–1363. [Google Scholar] [CrossRef] [PubMed]

	



Park, U.H.; Seong, M.R.; Kim, E.J.; Hur, W.; Kim, S.W.; Yoon, S.K.; Um, S.J. Reciprocal regulation of LXRα activity by ASXL1 and ASXL2 in lipogenesis. Biochem. Biophys. Res. Commun. 2014, 443, 489–494. [Google Scholar] [CrossRef] [PubMed]

	



Shin, N.; Lee, Y.K.; Park, U.H.; Jeong, J.C.; Um, S.J. Repression of LXRα by a novel member of additional sex comb-like family, ASXL3. Biochem. Biophys. Res. Commun. 2014, 454, 479–485. [Google Scholar] [CrossRef] [PubMed]

	



Szczepanski, A.P.; Zhao, Z.; Sosnowski, T.; Goo, Y.A.; Bartom, E.T.; Wang, L. ASXL3 bridges BRD4 to BAP1 complex and governs enhancer activity in small cell lung cancer. Genome Med. 2020, 12, 63. [Google Scholar] [CrossRef] [PubMed]

	



Burgess, A.E.; Kleffmann, T.; Mace, P.D. Oncogenic Truncations of ASXL1 Enhance a Motif for BRD4 ET-Domain Binding. J. Mol. Biol. 2021, 433, 167242. [Google Scholar] [CrossRef]

	



Chou, W.C.; Huang, H.H.; Hou, H.A.; Chen, C.Y.; Tang, J.L.; Yao, M.; Tsay, W.; Ko, B.S.; Wu, S.J.; Huang, S.Y.; et al. Distinct clinical and biological features of de novo acute myeloid leukemia with additional sex comb-like 1 (ASXL1) mutations. Blood 2010, 116, 4086–4094. [Google Scholar] [CrossRef] [PubMed]

	



Lin, Y.; Zheng, Y.; Wang, Z.C.; Wang, S.Y. Prognostic significance of ASXL1 mutations in myelodysplastic syndromes and chronic myelomonocytic leukemia: A meta-analysis. Hematology 2016, 21, 454–461. [Google Scholar] [CrossRef]

	



Gao, X.; You, X.; Droin, N.; Banaszak, L.G.; Churpek, J.; Padron, E.; Geissler, K.; Solary, E.; Patnaik, M.M.; Zhang, J. Role of ASXL1 in hematopoiesis and myeloid diseases. Exp. Hematol. 2022, 115, 14–19. [Google Scholar] [CrossRef]

	



Schnittger, S.; Eder, C.; Jeromin, S.; Alpermann, T.; Fasan, A.; Grossmann, V.; Kohlmann, A.; Illig, T.; Klopp, N.; Wichmann, H.E.; et al. ASXL1 exon 12 mutations are frequent in AML with intermediate risk karyotype and are independently associated with an adverse outcome. Leukemia 2013, 27, 82–91. [Google Scholar] [CrossRef]

	



Asada, S.; Fujino, T.; Goyama, S.; Kitamura, T. The role of ASXL1 in hematopoiesis and myeloid malignancies. Cell. Mol. Life Sci. 2019, 76, 2511–2523. [Google Scholar] [CrossRef] [PubMed]

	



Fujino, T.; Kitamura, T. ASXL1 mutation in clonal hematopoiesis. Exp. Hematol. 2020, 83, 74–84. [Google Scholar] [CrossRef]

	



Inoue, D.; Matsumoto, M.; Nagase, R.; Saika, M.; Fujino, T.; Nakayama, K.I.; Kitamura, T. Truncation mutants of ASXL1 observed in myeloid malignancies are expressed at detectable protein levels. Exp. Hematol. 2016, 44, 172–176.e1. [Google Scholar] [CrossRef]

	



Micol, J.B.; Abdel-Wahab, O. The Role of Additional Sex Combs-Like Proteins in Cancer. Cold Spring Harb. Perspect. Med. 2016, 6, a026526. [Google Scholar] [CrossRef]

	



Yang, F.C.; Agosto-Peña, J. Epigenetic regulation by ASXL1 in myeloid malignancies. Int. J. Hematol. 2023, 117, 791–806. [Google Scholar] [CrossRef] [PubMed]

	



Balasubramani, A.; Larjo, A.; Bassein, J.A.; Chang, X.; Hastie, R.B.; Togher, S.M.; Lähdesmäki, H.; Rao, A. Cancer-associated ASXL1 mutations may act as gain-of-function mutations of the ASXL1-BAP1 complex. Nat. Commun. 2015, 6, 7307. [Google Scholar] [CrossRef]

	



Asada, S.; Goyama, S.; Inoue, D.; Shikata, S.; Takeda, R.; Fukushima, T.; Yonezawa, T.; Fujino, T.; Hayashi, Y.; Kawabata, K.C.; et al. Mutant ASXL1 cooperates with BAP1 to promote myeloid leukaemogenesis. Nat. Commun. 2018, 9, 2733. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Birch, N.W.; Zhao, Z.; Nestler, C.M.; Kazmer, A.; Shilati, A.; Blake, A.; Ozark, P.A.; Rendleman, E.J.; Zha, D.; et al. Epigenetic targeted therapy of stabilized BAP1 in ASXL1 gain-of-function mutated leukemia. Nat. Cancer 2021, 2, 515–526. [Google Scholar] [CrossRef]

	



Yang, H.; Kurtenbach, S.; Guo, Y.; Lohse, I.; Durante, M.A.; Li, J.; Li, Z.; Al-Ali, H.; Li, L.; Chen, Z.; et al. Gain of function of ASXL1 truncating protein in the pathogenesis of myeloid malignancies. Blood 2018, 131, 328–341. [Google Scholar] [CrossRef]

	



Fisher, C.L.; Pineault, N.; Brookes, C.; Helgason, C.D.; Ohta, H.; Bodner, C.; Hess, J.L.; Humphries, R.K.; Brock, H.W. Loss-of-function Additional sex combs like 1 mutations disrupt hematopoiesis but do not cause severe myelodysplasia or leukemia. Blood 2010, 115, 38–46. [Google Scholar] [CrossRef]

	



Inoue, D.; Kitaura, J.; Togami, K.; Nishimura, K.; Enomoto, Y.; Uchida, T.; Kagiyama, Y.; Kawabata, K.C.; Nakahara, F.; Izawa, K.; et al. Myelodysplastic syndromes are induced by histone methylation–altering ASXL1 mutations. J. Clin. Investig. 2013, 123, 4627–4640. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Li, Z.; He, Y.; Pan, F.; Chen, S.; Rhodes, S.; Nguyen, L.; Yuan, J.; Jiang, L.; Yang, X.; et al. Loss of Asxl1 leads to myelodysplastic syndrome-like disease in mice. Blood 2014, 123, 541–553. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, P.; Chen, Z.; Li, R.; Guo, Y.; Shi, H.; Bai, J.; Yang, H.; Sheng, M.; Li, Z.; Li, Z.; et al. Loss of ASXL1 in the bone marrow niche dysregulates hematopoietic stem and progenitor cell fates. Cell Discov. 2018, 4, 4. [Google Scholar] [CrossRef] [PubMed]

	



Grasso, C.S.; Wu, Y.M.; Robinson, D.R.; Cao, X.; Dhanasekaran, S.M.; Khan, A.P.; Quist, M.J.; Jing, X.; Lonigro, R.J.; Brenner, J.C.; et al. The mutational landscape of lethal castration-resistant prostate cancer. Nature 2012, 487, 239–243. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.H.; Lee, J.H.; Ahn, B.K.; Paik, S.S.; Kim, H.; Lee, K.H. Loss of ASXL1 expression is associated with lymph node metastasis in colorectal cancer. Indian J. Pathol. Microbiol. 2020, 63, 221–225. [Google Scholar] [CrossRef] [PubMed]

	



Chang, Y.S.; Tu, S.J.; Yen, J.C.; Lee, Y.T.; Fang, H.Y.; Chang, J.G. The Fusion Gene Landscape in Taiwanese Patients with Non-Small Cell Lung Cancer. Cancers 2021, 13, 1343. [Google Scholar] [CrossRef] [PubMed]

	



Tang, G.; Xie, W.; Qin, C.; Zhen, Y.; Wang, Y.; Chen, F.; Du, Z.; Wu, Z.; Zhang, B.; Shen, Z.; et al. Expression of circular RNA circASXL1 correlates with TNM classification and predicts overall survival in bladder cancer. Int. J. Clin. Exp. Pathol. 2017, 10, 8495–8502. [Google Scholar] [PubMed]

	



Micol, J.B.; Duployez, N.; Boissel, N.; Petit, A.; Geffroy, S.; Nibourel, O.; Lacombe, C.; Lapillonne, H.; Etancelin, P.; Figeac, M.; et al. Frequent ASXL2 mutations in acute myeloid leukemia patients with t(8;21)/RUNX1-RUNX1T1 chromosomal translocations. Blood 2014, 124, 1445–1449. [Google Scholar] [CrossRef]

	



Medina, E.A.; Delma, C.R.; Yang, F.C. ASXL1/2 mutations and myeloid malignancies. J. Hematol. Oncol. 2022, 15, 127. [Google Scholar] [CrossRef]

	



Micol, J.B.; Pastore, A.; Inoue, D.; Duployez, N.; Kim, E.; Lee, S.C.; Durham, B.H.; Chung, Y.R.; Cho, H.; Zhang, X.J.; et al. ASXL2 is essential for haematopoiesis and acts as a haploinsufficient tumour suppressor in leukemia. Nat. Commun. 2017, 8, 15429. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; He, F.; Zhang, P.; Chen, S.; Shi, H.; Sun, Y.; Guo, Y.; Yang, H.; Man, N.; Greenblatt, S.; et al. Loss of Asxl2 leads to myeloid malignancies in mice. Nat. Commun. 2017, 8, 15456. [Google Scholar] [CrossRef]

	



Daou, S.; Hammond-Martel, I.; Mashtalir, N.; Barbour, H.; Gagnon, J.; Iannantuono, N.V.; Nkwe, N.S.; Motorina, A.; Pak, H.; Yu, H.; et al. The BAP1/ASXL2 Histone H2A Deubiquitinase Complex Regulates Cell Proliferation and Is Disrupted in Cancer. J. Biol. Chem. 2015, 290, 28643–28663. [Google Scholar] [CrossRef] [PubMed]

	



Daou, S.; Barbour, H.; Ahmed, O.; Masclef, L.; Baril, C.; Sen Nkwe, N.; Tchelougou, D.; Uriarte, M.; Bonneil, E.; Ceccarelli, D.; et al. Monoubiquitination of ASXLs controls the deubiquitinase activity of the tumor suppressor BAP1. Nat. Commun. 2018, 9, 4385. [Google Scholar] [CrossRef] [PubMed]

	



Cui, R.; Yang, L.; Wang, Y.; Zhong, M.; Yu, M.; Chen, B. Elevated Expression of ASXL2 is Associated with Poor Prognosis in Colorectal Cancer by Enhancing Tumorigenesis and Inducing Cell Proliferation. Cancer Manag. Res. 2020, 12, 10221–10228. [Google Scholar] [CrossRef] [PubMed]

	



Wang, G.; Yang, L.; Gao, J.; Mu, H.; Song, Y.; Jiang, X.; Chen, B.; Cui, R. Identification of Candidate Biomarker ASXL2 and Its Predictive Value in Pancreatic Carcinoma. Front Oncol. 2021, 11, 736694. [Google Scholar] [CrossRef]

	



Hu, Z.; Zhang, Z.; Teng, F.; Feng, J.; Wu, X.; Chang, Q. Role of Asxl2 in non-alcoholic steatohepatitis-related hepatocellular carcinoma developed from diabetes. Int. J. Mol. Med. 2021, 47, 101–112. [Google Scholar] [CrossRef] [PubMed]

	



Oak, J.S.; Ohgami, R.S. Focusing on frequent ASXL1 mutations in myeloid neoplasms, and considering rarer ASXL2 and ASXL3 mutations. Curr. Med. Res. Opin. 2017, 33, 781–782. [Google Scholar] [CrossRef]

	



Duployez, N.; Micol, J.B.; Boissel, N.; Petit, A.; Geffroy, S.; Bucci, M.; Lapillonne, H.; Renneville, A.; Leverger, G.; Ifrah, N.; et al. Unlike ASXL1 and ASXL2 mutations, ASXL3 mutations are rare events in acute myeloid leukemia with t(8;21). Leuk. Lymphoma 2016, 57, 199–200. [Google Scholar] [CrossRef]

	



Wayhelova, M.; Oppelt, J.; Smetana, J.; Hladilkova, E.; Filkova, H.; Makaturova, E.; Nikolova, P.; Beharka, R.; Gaillyova, R.; Kuglik, P. Novel de novo frameshift variant in the ASXL3 gene in a child with microcephaly and global developmental delay. Mol. Med. Rep. 2019, 20, 505–512. [Google Scholar] [CrossRef]

	



Fu, F.; Li, R.; Lei, T.Y.; Wang, D.; Yang, X.; Han, J.; Pan, M.; Zhen, L.; Li, J.; Li, F.T.; et al. Compound heterozygous mutation of the ASXL3 gene causes autosomal recessive congenital heart disease. Hum. Genet. 2021, 140, 333–348. [Google Scholar] [CrossRef] [PubMed]

	



Schirwani, S.; Woods, E.; Koolen, D.A.; Ockeloen, C.W.; Lynch, S.A.; Kavanagh, K.; Graham, J.M., Jr.; Grand, K.; Pierson, T.M.; Chung, J.M.; et al. Familial Bainbridge-Ropers syndrome: Report of familial ASXL3 inheritance and a milder phenotype. Am. J. Med. Genet. A 2023, 191, 29–36. [Google Scholar] [CrossRef]

	



Bainbridge, M.N.; Hu, H.; Muzny, D.M.; Musante, L.; Lupski, J.R.; Graham, B.H.; Chen, W.; Gripp, K.W.; Jenny, K.; Wienker, T.F.; et al. De novo truncating mutations in ASXL3 are associated with a novel clinical phenotype with similarities to Bohring-Opitz syndrome. Genome Med. 2013, 5, 11. [Google Scholar] [CrossRef]

	



Ayoub, M.C.; Anderson, J.T.; Russell, B.E.; Wilson, R.B. Examining the neurodevelopmental and motor phenotypes of Bohring-Opitz syndrome (ASXL1) and Bainbridge-Ropers syndrome (ASXL3). Front. Neurosci. 2023, 17, 1244176. [Google Scholar] [CrossRef]

	



Dangiolo, S.B.; Wilson, A.; Jobanputra, V.; Anyane-Yeboa, K. Bohring-Opitz syndrome (BOS) with a new ASXL1 pathogenic variant: Review of the most prevalent molecular and phenotypic features of the syndrome. Am. J. Med. Genet. A 2015, 167, 3161–3166. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, Y.; Yang, L.; Niu, M.; Zhao, S.; Liang, L.; Wu, Y.; Li, T.; Yang, F.; Yang, Z.; Wang, Y.; et al. Identification of a de novo variant in the ASXL2 gene related to Shashi-Pena syndrome. Mol. Genet. Genom. Med. 2023, 11, e2251. [Google Scholar] [CrossRef]

	



Zhao, W.; Hu, X.; Liu, Y.; Wang, X.; Chen, Y.; Wang, Y.; Zhou, H. A de novo Variant of ASXL1 Is Associated With an Atypical Phenotype of Bohring-Opitz Syndrome: Case Report and Literature Review. Front. Pediatr. 2021, 9, 678615. [Google Scholar] [CrossRef] [PubMed]

	



An, S.; Park, U.H.; Moon, S.; Kang, M.; Youn, H.; Hwang, J.T.; Kim, E.J.; Um, S.J. Asxl1 ablation in mouse embryonic stem cells impairs neural differentiation without affecting self-renewal. Biochem. Biophys. Res. Commun. 2019, 508, 907–913. [Google Scholar] [CrossRef] [PubMed]

	



Moon, S.; Um, S.J.; Kim, E.J. Role of Asxl1 in kidney podocyte development via its interaction with Wtip. Biochem. Biophys. Res. Commun. 2015, 466, 560–566. [Google Scholar] [CrossRef]

	



Youn, H.S.; Kim, T.Y.; Park, U.H.; Moon, S.T.; An, S.J.; Lee, Y.K.; Hwang, J.T.; Kim, E.J.; Um, S.J. Asxl1 deficiency in embryonic fibroblasts leads to cellular senescence via impairment of the AKT-E2F pathway and Ezh2 inactivation. Sci. Rep. 2017, 7, 5198. [Google Scholar] [CrossRef]

	



Jiao, Z.; Zhao, X.; Wang, Y.; Wei, E.; Mei, S.; Liu, N.; Kong, X.; Shi, H. A de novo and novel nonsense variants in ASXL2 gene is associated with Shashi-Pena syndrome. Eur. J. Med. Genet. 2022, 65, 104454. [Google Scholar] [CrossRef] [PubMed]

	



Dinwiddie, D.L.; Soden, S.E.; Saunders, C.J.; Miller, N.A.; Farrow, E.G.; Smith, L.D.; Kingsmore, S.F. De novo frameshift mutation in ASXL3 in a patient with global developmental delay, microcephaly, and craniofacial anomalies. BMC Med. Genom. 2013, 6, 32. [Google Scholar] [CrossRef]

	



Yang, L.; Guo, B.; Zhu, W.; Wang, L.; Han, B.; Che, Y.; Guo, L. Bainbridge-ropers syndrome caused by loss-of-function variants in ASXL3: Clinical abnormalities, medical imaging features, and gene variation in infancy of case report. BMC Pediatr. 2020, 20, 287. [Google Scholar] [CrossRef]

	



Kim, H.S.; Tan, Y.; Ma, W.; Merkurjev, D.; Destici, E.; Ma, Q.; Suter, T.; Ohgi, K.; Friedman, M.; Skowronska-Krawczyk, D.; et al. Pluripotency factors functionally premark cell-type-restricted enhancers in ES cells. Nature 2018, 556, 510–514. [Google Scholar] [CrossRef]

	



Nielsen, H.M.; Andersen, C.L.; Westman, M.; Kristensen, L.S.; Asmar, F.; Kruse, T.A.; Thomassen, M.; Larsen, T.S.; Skov, V.; Hansen, L.L.; et al. Epigenetic changes in myelofibrosis: Distinct methylation changes in the myeloid compartments and in cases with ASXL1 mutations. Sci. Rep. 2017, 7, 6774. [Google Scholar] [CrossRef] [PubMed]

	



Rahmani, N.E.; Ramachandra, N.; Sahu, S.; Gitego, N.; Lopez, A.; Pradhan, K.; Bhagat, T.D.; Gordon-Mitchell, S.; Pena, B.R.; Kazemi, M.; et al. ASXL1 mutations are associated with distinct epigenomic alterations that lead to sensitivity to venetoclax and azacytidine. Blood Cancer J. 2021, 11, 157. [Google Scholar] [CrossRef]

	



Rampal, R.; Alkalin, A.; Madzo, J.; Vasanthakumar, A.; Pronier, E.; Patel, J.; Li, Y.; Ahn, J.; Abdel-Wahab, O.; Shih, A.; et al. DNA hydroxymethylation profiling reveals that WT1 mutations result in loss of TET2 function in acute myeloid leukemia. Cell Rep. 2014, 9, 1841–1855. [Google Scholar] [CrossRef]

	



Li, T.; Hodgson, J.W.; Petruk, S.; Mazo, A.; Brock, H.W. Additional sex combs interacts with enhancer of zeste and trithorax and modulates levels of trimethylation on histone H3K4 and H3K27 during transcription of hsp70. Epigenetics Chromatin 2017, 10, 43. [Google Scholar] [CrossRef] [PubMed]

	



Abdel-Wahab, O.; Adli, M.; LaFave, L.M.; Gao, J.; Hricik, T.; Shih, A.H.; Pandey, S.; Patel, J.P.; Chung, Y.R.; Koche, R.; et al. ASXL1 mutations promote myeloid transformation through loss of PRC2-mediated gene repression. Cancer Cell 2012, 22, 180–193. [Google Scholar] [CrossRef]

	



Lai, H.L.; Wang, Q.T. Additional sex combs-like 2 is required for polycomb repressive complex 2 binding at select targets. PLoS ONE 2013, 8, e73983. [Google Scholar] [CrossRef]

	



Ge, G.; Zhang, P.; Sui, P.; Chen, S.; Yang, H.; Guo, Y.; Rubalcava, I.P.; Noor, A.; Delma, C.R.; Agosto-Peña, J.; et al. Targeting lysine demethylase 6B ameliorates ASXL1 truncation-mediated myeloid malignancies in preclinical models. J. Clin. Investig. 2023, 2, e163964. [Google Scholar] [CrossRef]

	



Vermeulen, M.; Timmers, H.T. Grasping trimethylation of histone H3 at lysine 4. Epigenomics 2010, 2, 395–406. [Google Scholar] [CrossRef]

	



Park, S.; Kim, G.W.; Kwon, S.H.; Lee, J.S. Broad domains of histone H3 lysine 4 trimethylation in transcriptional regulation and disease. FEBS J. 2020, 287, 2891–2902. [Google Scholar] [CrossRef]

	



Schuettengruber, B.; Martinez, A.M.; Iovino, N.; Cavalli, G. Trithorax group proteins: Switching genes on and keeping them active. Nat. Rev. Mol. Cell Biol. 2011, 12, 799–814. [Google Scholar] [CrossRef] [PubMed]

	



Kingston, R.E.; Tamkun, J.W. Transcriptional regulation by trithorax-group proteins. Cold Spring Harb. Perspect. Biol. 2014, 6, a019349. [Google Scholar] [CrossRef] [PubMed]

	



Ma, Q.; Song, C.; Yin, B.; Shi, Y.; Ye, L. The role of Trithorax family regulating osteogenic and Chondrogenic differentiation in mesenchymal stem cells. Cell Prolif. 2022, 55, e13233. [Google Scholar] [CrossRef] [PubMed]

	



Harikumar, A.; Meshorer, E. Chromatin remodeling and bivalent histone modifications in embryonic stem cells. EMBO Rep. 2015, 16, 1609–1619. [Google Scholar] [CrossRef]

	



Macrae, T.A.; Fothergill-Robinson, J.; Ramalho-Santos, M. Regulation, functions and transmission of bivalent chromatin during mammalian development. Nat. Rev. Mol. Cell Biol. 2023, 24, 6–26. [Google Scholar] [CrossRef]

	



Loh, C.H.; Veenstra, G.J.C. The Role of Polycomb Proteins in Cell Lineage Commitment and Embryonic Development. Epigenomes 2022, 6, 23. [Google Scholar] [CrossRef]

	



Oss-Ronen, L.; Sarusi, T.; Cohen, I. Histone Mono-Ubiquitination in Transcriptional Regulation and Its Mark on Life: Emerging Roles in Tissue Development and Disease. Cells 2022, 11, 2404. [Google Scholar] [CrossRef]

	



Di Croce, L.; Helin, K. Transcriptional regulation by Polycomb group proteins. Nat. Struct. Mol. Biol. 2013, 20, 1147–1155. [Google Scholar] [CrossRef] [PubMed]

	



Filippakopoulos, P.; Knapp, S. Targeting bromodomains: Epigenetic readers of lysine acetylation. Nat. Rev. Drug Discov. 2014, 13, 337–356. [Google Scholar] [CrossRef] [PubMed]

	



Shi, J.; Vakoc, C.R. The mechanisms behind the therapeutic activity of BET bromodomain inhibition. Mol. Cell 2014, 54, 728–736. [Google Scholar] [CrossRef] [PubMed]

	



Dahariya, S.; Paddibhatla, I.; Kumar, S.; Raghuwanshi, S.; Pallepati, A.; Gutti, R.K. Long non-coding RNA: Classification, biogenesis and functions in blood cells. Mol. Immunol. 2019, 112, 82–92. [Google Scholar] [CrossRef] [PubMed]

	



Beňačka, R.; Szabóová, D.; Guľašová, Z.; Hertelyová, Z.; Radoňak, J. Non-Coding RNAs in Human Cancer and Other Diseases: Overview of the Diagnostic Potential. Int. J. Mol. Sci. 2023, 24, 16213. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.Q.; Cheng, M.; Fu, F.; Li, R.; Han, J.; Yang, X.; Deng, Q.; Li, L.S.; Lei, T.Y.; Li, D.Z.; et al. Identification of differential microRNAs and messenger RNAs resulting from ASXL transcriptional regulator 3 knockdown during during heart development. Bioengineered 2022, 13, 9948–9961. [Google Scholar] [CrossRef] [PubMed]

	



Fang, G.; Wu, Y.; Zhang, X. CircASXL1 knockdown represses the progression of colorectal cancer by downregulating GRIK3 expression by sponging miR-1205. World J. Surg. Oncol. 2021, 19, 176. [Google Scholar] [CrossRef] [PubMed]

	



Jadhav, S.P.; Kumari, N.; Ng, L.; Tan, P.F.; Yeo-The, N.S.L.; Goh, Y.; Fam, W.N.; Tng, J.Q.; Tian, J.S.; Koh, B.T.H.; et al. circASXL1-1 regulates BAP1 deubiquitinase activity in leukemia. Haematologica 2020, 105, e343–e348. [Google Scholar] [CrossRef] [PubMed]

	



Yang, G.; Zhang, T.; Ye, J.; Yang, J.; Chen, C.; Cai, S.; Ma, J. Circ-ITGA7 sponges miR-3187-3p to upregulate ASXL1, suppressing colorectal cancer proliferation. Cancer Manag. Res. 2019, 11, 6499–6509. [Google Scholar] [CrossRef]

	



Liu, F.; Ma, X.; Bian, X.; Zhang, C.; Liu, X.; Liu, Q. LINC00586 Represses ASXL1 Expression Thus Inducing Epithelial-To-Mesenchymal Transition of Colorectal Cancer Cells Through LSD1-Mediated H3K4me2 Demethylation. Front. Pharmacol. 2022, 13, 887822. [Google Scholar] [CrossRef]

	



Zhang, W.; Liu, D.; Yi, J.; Fan, J. Downregulation of circAsxl2 Relieves Neuronal Injury Induced by oxygen-glucose deprivation/reperfusion. Mol. Neurobiol. 2023, 61, 812–820. [Google Scholar] [CrossRef] [PubMed]

	



Kolovos, P.; Nishimura, K.; Sankar, A.; Sidoli, S.; Cloos, P.A.; Helin, K.; Christensen, J. PR-DUB maintains the expression of critical genes through FOXK1/2- and ASXL1/2/3-dependent recruitment to chromatin and H2AK119ub1 deubiquitination. Genome Res. 2020, 30, 1119–1130. [Google Scholar] [CrossRef]

	



Xia, Y.K.; Zeng, Y.R.; Zhang, M.L.; Liu, P.; Liu, F.; Zhang, H.; He, C.X.; Sun, Y.P.; Zhang, J.Y.; Zhang, C.; et al. Tumor-derived neomorphic mutations in ASXL1 impairs the BAP1-ASXL1-FOXK1/K2 transcription network. Protein Cell 2021, 12, 557–577. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 25 05119 g001] 





Figure 1. Illustration of the ASXL family and their neighbor genes in human and mouse genomes. 
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Figure 2. Schematic representation of Asx and ASXL proteins, highlighting their interaction domains with partner proteins. 
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Figure 3. Conserved CpG islands of ASXL genes in human and mouse. (A) CpG islands in the three human ASXL genes. CpG island analysis in ASXL family genes was performed using the DBCAT web tool (http://dbcat.cgm.edu.tw/, accessed on 24 March 2023). (B) Alignment rate of CpG island of ASXL genes between human and mouse. The alignment rate was analyzed using the Multalin web tool (http://multalin.toulouse.inra.fr/multalin/, accessed on 25 March 2023). 
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Figure 4. Schematic representation of transcriptional mechanism related to the ASXL family. (A) Epigenetic regulators interacting with the ASXL family. (B) Histone tails and their modifications by ASXL-associated epigenetic modifiers and readers (BET and HP1a). 
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Table 1. Histone modifications associated with ASXL-mediated nuclear receptor regulation.
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ASXL

	
NR *

	
Interactions

	
Transcription

	
Histone Marks **

	
Reference






	
ASXL1

	
RARα

	
SRC1

	
Activation

	
H3K9ac ↑

	
[32]




	
PPARγ

	
HP1α

	
Repression

	
H3K9me3 ↑

	
[33]




	
LXRα

	
ND *

	
Repression

	
ND

	
[34]




	
ASXL2

	
ERα

	
LSD1, UTX, MLL2

	
Activation

	
H3K9me2 ↓, H3K27me3 ↓, H3K4me3 ↑

	
[30]




	
PPARγ,

	
MLL1

	
Activation

	
H3K9ac ↑, H3K4me3 ↑

	
[33]




	
LXRα

	
ND

	
Activation

	
ND

	
[34]




	
ASXL3

	
LXRα

	
LSD1, HP1α

	
Repression

	
ND

	
[35]








* NR, nuclear receptor. **: ↑, increased; ND, not determined; ↓, decreased.
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