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DNA packs into highly condensed chromatin to organize the genome in eukaryotes but occludes many regulatory DNA elements. Access to DNA within nucleosomes is therefore required for a variety of biological processes in cells including transcription, replication, and DNA repair. To cope with this problem, cells employ a set of specialized ATP-dependent chromatin-remodeling protein complexes to enable dynamic access to packaged DNA. In the present review, we summarize the recent advances in the functional and mechanistic studies on a particular chromatin remodeler SMARCAD1Fun30 which has been demonstrated to play a key role in distinct cellular processes and gained much attention in recent years. Focus is given to how SMARCAD1Fun30 regulates various cellular processes through its chromatin remodeling activity, and especially the regulatory role of SMARCAD1Fun30 in gene expression control, maintenance and establishment of heterochromatin, and DNA damage repair. Moreover, we review the studies on the molecular mechanism of SMARCAD1Fun30 that promotes the DNA end-resection on double-strand break ends, including the mechanisms of recruitment, activity regulation and chromatin remodeling.
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INTRODUCTION

In eukaryotes, DNA is highly packaged to form chromatin. Nucleosomes are the basic units of chromatin, consisting of roughly 1.75 super-helical turns of DNA wrapped around octamers composed of four core histones: one histone H3-H4 tetramer and two histone H2A-H2B dimers (Kornberg, 1974; Kornberg and Thomas, 1974). Biological processes such as DNA replication, transcription, and DNA damage repair all occur at the chromatin level. However, the highly compacted state of chromatin hinders the access of corresponding regulatory factors to DNA. Chromatin remodelers utilize the energy of ATP to change the structure of chromatin, thereby ensuring the normal progress of nuclear processes (Clapier and Cairns, 2009; Hargreaves and Crabtree, 2011).

Chromatin remodelers that have a conserved ATPase domain belong to the DNA helicase superfamily 2. Phylogenetic and functional analyses have divided the remodelers into four subfamilies: imitation switch (ISWI), chromo-domain helicase DNA-binding (CHD), switch/sucrose non-fermentable (SWI/SNF) and INO80. Each subfamily uses different mechanisms to achieve nucleosome positioning, sliding, ejection, or changes in nucleosome composition (Clapier and Cairns, 2009; Hargreaves and Crabtree, 2011; Bartholomew, 2014; Clapier et al., 2017). For instance, remodelers of the INO80 subfamily remove a particular histone within a nucleosome and replace it with either a canonical or a variant histone. SWI/SNF subfamily remodelers primarily render the chromatin more accessible to proteins through sliding nucleosomes along with the DNA, evicting nucleosome components (such as H2A-H2B dimers) or ejecting full nucleosomes (Clapier et al., 2017). Recently, the structural and mechanistic studies of chromatin remodelers have gained much attention. Up to now, the structures of chromatin remodelers in almost all subfamilies in yeast and humans have been determined, such as the RSC complex of the SWI/SNF subfamily, INO80 complex and SWR1 complex of the INO80 subfamily, and Chd1 of the CHD subfamily (Farnung et al., 2017; Liu et al., 2017; Ayala et al., 2018; Eustermann et al., 2018; Feng et al., 2018; Willhoft et al., 2018; Li et al., 2019; Yan et al., 2019; Ye et al., 2019; He et al., 2020), which brings new insights into how the chromatin remodelers bind to the nucleosomes, and how they translocate DNA to break histone-DNA contact for specific outcomes (slide, exchange, position) (Bartholomew, 2014; Zhou C.Y. et al.., 2016). Nonetheless, it remains to elucidate how the activity of remodelers is regulated by chromatin factors or post-translational modifications.

Fun30 is a newly discovered chromatin remodeler (Awad et al., 2010) and has been proved to play an important role in a variety of cellular processes (Rowbotham et al., 2011; Chen X. et al., 2012; Costelloe et al., 2012; Lee et al., 2017). Initially, fun30 was a gene discovered during the whole genome sequencing of budding yeast. Fun30 is highly conserved in different species, including yeast, arabidopsis, nematodes, zebrafish, mouse, and human. The human homolog, SMARCAD1 (SWI/SNF-related, Matrix-associated, Actin-dependent Regulator Chromatin group A, contain DEAE box) has been mapped to the chromosome 4q22-q23 region, which is rich in breakpoints and deletion mutants of genes involved in several human diseases (Adra et al., 2000). SMARCAD1 mutations or deletions are closely related to many diseases, such as breast cancer and some autosomal-dominant inherited diseases, e.g., Adermatoglyphia and Basan Syndrome (Nousbeck et al., 2011; Marks et al., 2014; Al Kubaisy et al., 2016; Arafat et al., 2018).

Moreover, SMARCAD1 is a vital regulator in many cellular processes including DNA replication, transcription regulation, establishment and maintenance of heterochromatin, and DNA damage repair (Rowbotham et al., 2011; Chen X. et al., 2012; Costelloe et al., 2012; Doiguchi et al., 2016). This raises many interesting questions regarding the molecular mechanism by which SMARCAD1 regulates various cellular processes and how its ATPase motor domain is regulated. Comprehension of the detailed molecular mechanisms of SMARCAD1Fun30-dependent regulation is believed to be of importance for fundamental research and disease treatment.

In this review, we summarize the recent studies on how SMARCAD1Fun30 regulates various cellular processes through its chromatin remodeling activity, especially the regulatory role of SMARCAD1Fun30 in DNA damage repair.



THE DOMAIN ARCHITECTURES AND BIOLOGICAL FUNCTIONS OF SMARCAD1FUN30

SMARCAD1 and its orthologs contain approximately 1000 amino acids, which have a highly conserved ATPase domain (aa 509-677) and a helicase domain (aa 858-1010) (Figure 1A). In yeast, Fun30 is a single-subunit chromatin remodeler and acts in a homodimeric form (Awad et al., 2010). However, in humans, no in vitro experiments have demonstrated that SMARCAD1 alone has chromatin remodeling activity. When SMARCAD1 was purified from HEK293 cells, some subunits of other chromatin remodeler complexes were found, such as RUVBL1, RUVBL2, and ACTL6A (Rowbotham et al., 2011). Indeed, most chromatin remodelers work in multi-subunit complexes, which raises the possibility that SMARCAD1 may function in the form of complexes and its recruitment may be affected by these subunits. Bioinformatics analysis showed that the ATPase domain and helicase domain of yeast Fun30 share a high degree of homology with Swr1 and Ino80 (Flaus et al., 2006). Moreover, SMARCAD1 and almost all its orthologs are predicted to contain ubiquitin-binding CUE (Coupling of Ubiquitin conjugation to Endoplasmic reticulum degradation) domains, which probably engage in interaction with ubiquitinated proteins (Neves-Costa et al., 2009).
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FIGURE 1. Domain architectures and biological functions of the human SMARCAD1. (A) SMARCAD1 contains two CUE domains (aa 157-199, aa 251-294), which probability engage in ubiquitinated protein interactions. The ATPase domain (aa 509-677) and helicase domain (aa 858-1010) are catalytic domain, and there is an insert (aa 677-858) between the ATPase domain and the helicase domain. (B) The biological functions of SMARCAD1 mainly include controlling gene expression, establishing and maintaining the heterochromatin, and promoting DNA damage repair.


It has been confirmed in previous studies that SMARCAD1 and its orthologs mainly function by altering the structure of chromatin (Awad et al., 2010; Byeon et al., 2013; Steglich et al., 2015; Lee et al., 2017). They can not only regulate gene expression by promoting dissociation of nucleosomes, but also make an important contribution to gene silencing of centromeres, telomeres, and other regions (Neves-Costa et al., 2009; Rowbotham et al., 2011; Yu et al., 2011; Durand-Dubief et al., 2012; Steglich et al., 2015; Lee et al., 2017; Ding et al., 2018; Jahn et al., 2018). SMARCAD1 and its orthologs mediated gene silencing is mainly achieved by maintaining heterochromatin markers on nucleosomes (Durand-Dubief et al., 2012; Taneja et al., 2017; Sachs et al., 2019) or recruiting the methyltransferase G9a to modify newly synthesized histones (such as H3K9me3) for establishing heterochromatin de novo during DNA replication (Rowbotham et al., 2011; Yu et al., 2011). There is evidence that SMARCAD1 can also promote the formation of euchromatin, indicating the dual role of SMARCAD1 in the regulation of chromatin structure (Xiao et al., 2017). In addition, SMARCAD1 and its yeast ortholog Fun30 play a central role in promoting long-range resection of DNA (Chen X. et al., 2012; Costelloe et al., 2012; Eapen et al., 2012). This process may require the eviction of nucleosomes and the destruction of chromatin to facilitate the production of single-stranded DNA by nucleases, which is the initial step in DNA damage repair by homologous recombination (Sun et al., 2020). The diverse functions of SMARCAD1 are likely to depend on different remodeling mechanisms (sliding, positioning, dimer exchange) (Figure 1B).


SMARCAD1Fun30 Controls Gene Expression

In 2017, a complex that acetylates histone H2A in an ATP-dependent manner was purified from Drosophila nuclear extracts and found to contain SMARCAD1 and histone acetylases P300/CBP. In vitro experiments showed that SMARCAD1 enhanced CBP-catalyzed H2A K5 and K8 acetylation in an ATP-dependent manner to promote transcription. Also in vivo, Chip-seq and Drosophila genetic experiments revealed that SMARCAD1 and CBP are co-localized, and interact with each other (Doiguchi et al., 2016). Therefore, SMARCAD1 is inferred as a transcriptional activator.

Through genetic screening, Lee et al. found that Fft3 (SMARCAD1 homolog in fission yeast) regulates RNAPII occupation in the transcription region. The discriminate of nucleosome occupancy between WT and fft3Δ cells further revealed that Fft3 promotes RNAPII transcription mainly by hydrolyzing ATP to disrupt histone-DNA interactions to induce nucleosome disassembly (Lee et al., 2017).

Although some roles of SMARCAD1 and its orthologs in regulating gene expression have been mentioned, the overall importance of their contribution to transcription regulation remains to be elucidated. At least in budding yeast, the absence of Fun30 caused only minor changes in the expression of few proteins (Chen X. et al., 2012), possibly reflecting redundancy effects with other nucleosome remodelers (Barbaric et al., 2007; Smolle et al., 2012). Therefore, the function of SMARCAD1 and its orthologs in promoting transcription needs to be further studied.



SMARCAD1Fun30 Establishes and Maintains the Heterochromatin

Different from the role of SMARCAD1 in transcription activation, it is surprising and interesting that SMARCAD1 and all of its orthologs can localize heterochromatin and contribute to the establishment and maintenance of heterochromatin (Neves-Costa et al., 2009; Rowbotham et al., 2011; Stralfors et al., 2011; Yu et al., 2011; Durand-Dubief et al., 2012; Steglich et al., 2015; Taneja et al., 2017; Ding et al., 2018; Jahn et al., 2018; Sachs et al., 2019).

Rowbotham et al. (2011) used FLAG-affinity protein purification in HEK293 cells to identify the interaction partners of SMARCAD1. Mass spectrometry revealed that the SMARCAD1 interacting proteins mainly include heterochromatin maintenance factor KAP1, deacetylase HDAC1/2, and H3K9 methylase G9a. Interestingly, knockout of SMARCAD1 increased the acetylation level of H3/H4 but reduced the methylation level of H3K9, which was considering as a mark of transition from euchromatin to heterochromatin (Filion et al., 2010; Fierz, 2014). These results suggested that SMARCAD1 may cooperate with HDAC1/2 and G9a to regulate the level of histone modifications, therefore inducing the formation of heterochromatin. Moreover, it was reported that SMARCAD1 was recruited to the sites of DNA replication by directly interacting with PCNA (Rowbotham et al., 2011), a central component of the replication machinery. During the DNA replication process, SMARCAD1 recruits the G9a/GLP to methylate the newly synthesized histones, thus establishing the H3K9 methylation and heterochromatin de novo. Overall, these results indicated the important role of SMARCAD1 in the formation of heterochromatin.

Notably, SMARCAD1 and its orthologs are not only involved in de novo generating heterochromatin but also participate in the maintenance of heterochromatin or silent chromatin (Neves-Costa et al., 2009; Stralfors et al., 2011; Durand-Dubief et al., 2012; Taneja et al., 2017). For example, Fun30 and Fft3 are essential for maintaining a proper chromatin structure at centromeres and subtelomeres, rDNA repeats, and mating type loci (Neves-Costa et al., 2009; Stralfors et al., 2011; Durand-Dubief et al., 2012; Steglich et al., 2015; Taneja et al., 2017; Jahn et al., 2018). In 2017, Fft3 was identified as a factor to affect heterochromatin maintenance through genetic screening. It was further demonstrated by nucleosome exchange assay that Fft3 mainly inhibits the parent histones dilution in the progeny DNA during DNA replication, thereby promotes the inheritance of the heterochromatin marker (Taneja et al., 2017). When Fft3 is defective, euchromatin invades the centromere and subtelomeres, causing the change of histone modifications, incorrect incorporation of histone variants, misregulation of gene expression, and severe chromosome segregation defects (Stralfors et al., 2011). Moreover, Fun30 has also been found to ensure the formation of the correct centromere structure by inhibiting the transcription of genes in the centromere region and to ensure the correct separation of chromosomes (Neves-Costa et al., 2009; Durand-Dubief et al., 2012).



SMARCAD1Fun30 Is Involved in DNA Damage Response and Repair

In addition to the functions mentioned above, the role of SMARCAD1 in DNA damage repair has also attracted attention and been more thoroughly studied. In 1999, Fun30 was identified in budding yeast by genetic screening to affect chromosomal stability and segregation (Ouspenski et al., 1999). This is the first connection of Fun30 to the DNA damage response. Fun30 is not essential for the survival of yeast, but its loss can lead to genomic instability (Stralfors et al., 2011; Durand-Dubief et al., 2012). Interestingly, overexpression of Fun30 was also shown to lead to genomic instability (Ouspenski et al., 1999). Besides, SMARCAD1 overexpression has been observed in a retroviral E1A-expressing HeLa cell line with an increased capacity for gene reactivation by genomic rearrangements, suggesting a role for SMARCAD1 in genomic instability.

The core of DNA damage signaling is a pair of related protein kinases, ATM (ataxia telangiectasia mutated) and ATR (ATM and Rad3-related), which are activated by DNA damage. Matsuoka et al. (2007) screened the potential substrates of ATR and ATM through peptide IP and SILAC technology and identified SMARCAD1 involving in DNA damage repair. Fun30 and SMARCAD1 were further connected to the DNA mismatch repair pathway (MMR) and shown to be required for the resistance to irradiation and camptothecin (CPT) (Neves-Costa et al., 2009; Costelloe et al., 2012; Chen Z. et al.., 2016; Chakraborty et al., 2018; Terui et al., 2018). These results indicated that SMARCAD1Fun30 may be essential for DNA damage repair. This poses an interesting question as to how SMARCAD1 promotes DNA damage repair.

In 2012, a series of pioneering studies established a key role of Fun30 and SMARCAD1 in DNA damage repair (Chen X. et al., 2012; Costelloe et al., 2012; Eapen et al., 2012). Fun30 was discovered by performing a yeast genomic screen using a plasmid-based assay to identify novel proteins that are important in homologous recombination. Knock out of Fun30 caused defects in the DNA end-resection, a key step of homologous recombination. As an ATP-dependent chromatin remodeler, SMARCAD1Fun30 was speculated to facilitate the role of DNA end-resection factors by altering the structure of chromatin, thereby promoting the process of DNA end-resection. This speculation has indeed been confirmed by in vivo experiments. SMARCAD1Fun30 and its ATPase activity are both essential for efficient long-range resection (Chen X. et al., 2012; Costelloe et al., 2012; Eapen et al., 2012; Bantele et al., 2017).

Notably, Chen et al. found that one of the main functions of Fun30 is to antagonize the DNA end resection inhibitor Rad9, a member of the DNA damage checkpoint. The DNA damage checkpoint is a signal transduction pathway that communicates the occurrence and severity of DNA damage to the cell and activates the subsequent cellular response. This cascade is initiated by the sensor proteins Ku/MRX, RPA and 9-1-1 complex, which are recruit to DNA damage sites by specifically recognizing the damage-specific DNA structures. For example, Ku/MRX is recruited by specifically recognizing the ends of DNA double-strand breaks, RPA is recruited by ssDNA, and 9-1-1 is loaded at the ss-dsDNA junction. Subsequently, these sensor proteins recruit the apical kinases Mec1ATR and Tel1ATM. Moreover, the mediator proteins Rad9 and scaffold protein Dpb11 are also recruited to DNA damage sites (Bantele, 2018).

Rad9 (structurally and functionally equivalent to human MDC1/BRCA1/53BP1) is the first identified checkpoint player (Weinert and Hartwell, 1988). It is associated with damaged chromatin in two ways (Figure 2). First, Rad9 is recruited to the DSB sites by interacting with Tel1-mediated H2A S129 phosphorylation and Dot1-catalyzed H3K79 mono-methylation (H3K79me) (Wysocki et al., 2005; Toh et al., 2006; Grenon et al., 2007; Hammet et al., 2007). Second, in S, G2, and M phases, Rad9 is recruited to DSB sites through direct interaction with the S462 and T474 phosphorylated BRCT1+2 domain of Dbp11 in a CDK-dependent manner (Granata et al., 2010; Pfander and Diffley, 2011).
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FIGURE 2. Rad9 is recruited to the DSB sites in two ways. First, CDK-dependent Dbp11 phosphorylation on S462/T474 residues promote Rad9 binding to the BRCT1+2 domain of Dbp11 to form a ternary checkpoint complex (green and orange). Second, Rad9 recognized modified histones in a bivalent mode, with its TUDOR domain (blue) recognizing H3K79me and its C-terminal BRCT domain (yellow) interacting with γH2A.


Then, the damaged chromatin-anchored Rad9 provides a recruitment platform for DSB response proteins and activates the subsequent checkpoint signals. For example, phosphorylated Rad9 by the apical kinase Ddc2 recruits and activates repair factors such as the signaling kinase Rad53 (human CHK2) to induce a delay of the cell cycle (Schwartz et al., 2002; Sweeney et al., 2005). On the other hand, Rad9 inhibits the DNA end-resection at the DSB sites and the telomere, thereby protecting the broken ends of the DNA and avoiding the occurrence of DNA resection in G1 phase to generate ssDNA (Sweeney et al., 2005; Lazzaro et al., 2008; Clerici et al., 2014; Ferrari et al., 2015).

Chen et al. compared the rate of DNA resection with or without Rad9, showing that the degree of DNA resection was significantly increased in rad9Δ cells, with an average rate of 10 kb/h–1 compared with 4 kb/h–1 in wild-type cells, and moderately increased (6–7 kb/h–1) in hta1/2-S129∗ or dot1 mutant cells. It was demonstrated that Rad9 could indeed inhibit DNA end-resection. Conversely, the rate of DNA resection in Fun30 cells was significantly decreased. Surprisingly, Fun30 was found to be dispensable for resection in the absence of Rad9 (Chen X. et al., 2012). These results suggested that Fun30 is particularly important for remodeling and resection within Rad9-bound chromatin. One possibility is that Fun30 helps to overcome the resection barrier formed by Rad9. Indeed, more Rad9 was accumulated at DSB ends in fun30Δ cells than in wild-type ones (Chen X. et al., 2012).

Rad9 is also conserved in various species, and the homolog in humans is 53BP1. 53BP1 is a really important regulator for DSB repair. It was first discovered as a binding partner of the tumor suppressor protein p53 about two decades ago (Iwabuchi et al., 1994). 53BP1 is recruited to DSB sites through recognizing H2AK15Ub and H4K20me2 with its UDR domain and Tudor domain, respectively (Fradet-Turcotte et al., 2013; Wilson et al., 2016). In addition, the recruitment of 53BP1 may be also dependent on the interaction of its BRCT domain at the C-terminus with p53 and EXPAND1 (Huen et al., 2010). Similar to Rad9, 53BP1 has two main functions. First, it acts as a scaffold for DNA damage response factors, promoting the activation of DNA damage checkpoint signals. Second, it inhibits the DNA end-resection and promotes the repair process of non-homologous end joining (Panier and Boulton, 2014).

Densham et al. (2016) found that the double knockout of 53BP1 and SMARCAD1 did make the rates of DNA end-resection similar to WT. This meant that SMARCAD1-direct regulation in processes such as DNA end-resection and Rad51 nuclear foci is dependent on the existence of 53BP1. Moreover, the knockout of SMARCAD1 caused 53BP1 accumulation at the DSB sites in the S phase. These results indicated that SMARCAD1 antagonizes 53BP1 to facilitate DNA end-resection, a regulatory mechanism similar to Fun30 in yeast (Densham et al., 2016).

To address the question of how SMARCAD1Fun30 removes 53BP1Rad9, Bantele et al. demonstrated the interaction between phosphorylated Fun30 and the scaffold protein Dbp11 through yeast two-hybrid, co-immunoprecipitation and in vitro pull-down assay. Mutations of the phosphorylation site affected the recruitment of Fun30, further confirming that Fun30 recruitment to the DSB sites is dependent on scaffold protein Dbp11 and 9-1-1 complex (Bantele et al., 2017). Moreover, they demonstrated that this regulatory process is also conserved in humans. The recruitment of SMARCAD1 to DSB sites is also dependent on CDK-catalyzed phosphorylation on its N-terminus and then binding to TOPBP1 (Dbp11 homolog in humans) (Bantele et al., 2017). Coincidentally, the phosphorylated Fun30 by CDK was recruited through the BRCT1+2 domain of Dbp11, which is also the binding site for Rad9 recruitment. Besides, as a chromatin remodeler, Fun30 has been shown to interact with nucleosomes in vitro (Awad et al., 2010). Therefore, Bantele et al. (2017) proposed a regulatory model that Fun30 antagonizes the binding of Rad9 at the DSB sites by occupying the two binding sites of nucleosomes and Dbp11. However, this antagonism is dependent on its chromatin remodeling enzyme activity, because mutations in the active site of ATPase, whether in humans or yeast, caused DNA end-resection defects (Chen X. et al., 2012; Chakraborty et al., 2018).

In summary, the core function of SMARCAD1Fun30 in promoting DNA resection is to release the inhibition of 53BP1Rad9. SMARCAD1Fun30 antagonizes the inhibition effect of 53BP1Rad9 by altering the structure or composition of chromatin through its remodeling enzyme activity, thereby promoting the long-range DNA end-resection.



MOLECULAR MECHANISM OF SMARCAD1FUN30 PROMOTING THE DNA END-RESECTION ON DOUBLE-STRAND BREAK ENDS

In the past decade, many experimental studies have demonstrated that SMARCAD1Fun30 antagonizes the DNA end-resection inhibitor 53BP1Rad9 and then promotes the process of homologous recombination. To understand the molecular mechanism of SMARCAD1Fun30 promoting the DNA end-resection, mechanistic studies have been carried out on three aspects. First, the recruitment mechanism of SMARCAD1Fun30. Second, the factors that regulate the remodeling enzyme activity of SMARCAD1Fun30. Finally, the possible remodeling mechanism of SMARCAD1Fun30.


Recruitment Mechanism of SMARCAD1Fun30

To elucidate the detailed molecular mechanism by which SMARCAD1Fun30 functions at the DNA double-strand break sites, it is necessary to understand how SMARCAD1Fun30 is recruited to DSB sites. There are divergent opinions on the recruitment mechanism of SMARCAD1Fun30, which are mainly divided into the following four parts (Figure 3).
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FIGURE 3. Possible recruitment mechanism of SMARCAD1Fun30. (A) Cell cycle-dependent SMARCAD1Fun30 targeting via the 9-1-1-TOPBP1Dbp11-SMARCAD1Fun30 complex. The CDK-dependent SMARCAD1Fun30 phosphorylation is recognized by the BRCT1+2 domain of TOPBP1Dbp11 to form a ternary complex with the 9-1-1 and then recruited to the DSB sites. (B) Histone ubiquitination recruits SMARCAD1. SMARCAD1 recognizes BRCA1-BARD1-dependent H2A (K125/127/129) ubiquitination through its CUE domain and then is recruited to DSB sites. (C) The recruitment of Fun30 through protein-protein interactions with exonuclease (Exo1), endonuclease Dna2, and single-chain binding protein RPA. It probably constitutes a positive biological feedback loop. (D) The C-terminal phosphorylation and ubiquitination of SMARCAD1 facilitate its recruitment. SMARCAD1 is phosphorylated by ATM kinase at T906 residue to promote the RING1-catalyzed K63-polyubiquitination at K905 residue, which recruits BRCA1 to further ubiquitinate histone H2A. Then, the ubiquitinated H2A-containing nucleosomes recruit SMARCAD1. It also constitutes a positive feedback loop.



N-Terminus Phosphorylation-Dependent SMARCAD1Fun30 Recruitment

Both SMARCAD1 and Fun30 have been identified as substrates of CDK-dependent phosphorylation. Phosphorylation of Fun30 occurs at three residues (S20, S28, and S34), while SMARCAD1 is phosphorylated at T71 residue (Ubersax et al., 2003; Chen X. et al.., 2016; Bantele et al., 2017). Phosphorylation has been demonstrated to facilitate the interaction between Fun30 and the scaffold protein Dbp11. This phosphorylation directed interaction might be conserved in species. In humans, the recruitment of SMARCAD1 to DSB sites by binding to TOPBP1 (Dbp11 in yeast) is also dependent on its N-terminal phosphorylation. Then, the interaction between SMARCAD1Fun30 and TOPBP1Dbp11 results in the formation of a ternary complex with the 9-1-1 complex, thereby targeting SMARCAD1Fun30 to the DSB sites. The formation of this ternary complex is essential for the recruitment and function of SMARCAD1Fun30 because mutations in the phosphorylation site of SMARCAD1Fun30 led to defects in DNA resection (Figure 3A; Bantele et al., 2017).



SMARCAD1 Is Recruited to DSB Sites by Binding Ubiquitinated Nucleosome

Another hypothesis is that SMARCAD1Fun30 is recruited to the DSB sites by recognizing ubiquitinated nucleosomes with its CUE domain. Fun30 and its orthologs have been bioinformatically predicted to contain at least one CUE domain, especially, SMARCAD1 has two CUE domains (Neves-Costa et al., 2009). The CUE domain has been identified to recognize ubiquitin for many years (Kang et al., 2003; Umebayashi, 2003). Densham et al. confirmed the interaction of SMARCAD1 with H2AUb-containing nucleosomes by in vitro pull-down experiments (Densham et al., 2016). Through fluorescence electron microscopy, it was found that mutations of the CUE domain indeed led to a decrease in foci of SMARCAD1 at the DSB sites. Moreover, the transfection of the E3 ligase-inactivating BARD1-R99E mutant into the BARD1 deletion cells still impaired DNA end resection, and, as mentioned previously, the cells were hypersensitivity to genotoxic agents such as olaparib. However, the expression of a ubiquitin-H2A fusion protein in BARD1Δ cells helped to restore DNA end resection and resisted genotoxic agents in a SMARCAD1-dependent manner (Densham et al., 2016). Therefore, SMARCAD1 may recognize BRCA1-BARD1-catalyzed histone H2A (K125/127/129) ubiquitination through its CUE domain to locate at the DSB sites and promote the DNA end-resection (Figure 3B).

However, such a mechanism is unlikely to be an evolutionary conserved (Chen X. et al., 2012; Pfander and Bantele, 2019). First, the ubiquitinated protein specifically recognized by the CUE domain of yeast Fun30 has not been discovered. Second, the mutation of the CUE domain of Fun30 neither affected DNA binding nor DNA end resection (Chen X. et al., 2012). Third, previous studies revealed that SMARCAD1 interacts with the transcriptional repressor KAP1 through its CUE domain to target heterochromatin regions (Rowbotham et al., 2011). Ding et al. (2018) discovered that KAP1 interacts with the CUE1 domain through its RBCC domain, promoting the recruitment of SMARCAD1 to the characteristic genes. The molecular details of the interaction between the RBCC domain and CUE1 domain were recently elucidated by Svejstrup and co-workers (Lim et al., 2019). SMARCAD1 interacts with the coiled-coil surface of the RBCC domain through its CUE1 domain. Although the structure of the RBCC domain and the ubiquitin are completely different, the affinity of the CUE1 domain of SMARCAD1 for the KAP1 RBCC domain (Kd≈158 nM) is over 1,000-fold greater than that for mono-Ub (Kd≈952 μM). These above results suggested that the CUE domain of Fun30 and the CUE1 domain of SMARCAD1 may not contribute to its recruitment to the DSB sites.

53BP1 is recruited to the DSB sites through bivalent recognition of ubiquitinated/methylated nucleosomes, which is completely different from the recognition of phosphorylated/methylated nucleosomes by Rad9 in yeast (Fradet-Turcotte et al., 2013; Wilson et al., 2016). Therefore, the recruitment mechanism that recognizes ubiquitinated nucleosomes through the second CUE domain may be the result of species evolution. Although there is already evidence in vivo that the CUE domain is essential for the recruitment of SMARCAD1 and DNA end-resection, the in vitro reconstruction experiments followed by the structural determination of the related complex may still be required to support this theory. Nonetheless, several post-translational modifications, such as acetylation and methylation, have been demonstrated to regulate the recruitment and function of chromatin remodelers (Javaheri et al., 2006; Wysocka et al., 2006; VanDemark et al., 2007), but SMARCAD1 related process is the first case in linking ubiquitination to the regulation of chromatin remodeler.



Fun30 Is Recruited to DSB Sites by Interacting With Exo1, Dna2, and RPA

In addition to the two possible recruitment mechanisms mentioned above, Fun30 may also be recruited to DSB sites by nucleases and ssDNA binding protein RPA. Biochemical experiments demonstrated that Fun30 co-immunoprecipitated with some DNA resection factors, such as exonuclease Exo1, endonuclease Dna2, and single-chain binding protein RPA. Moreover, further evidence showed that the resection enzymes were recruited next to DSB ends but failed to spread efficiently farther from the break site in fun30Δ cells (Chen X. et al., 2012). Therefore, these may constitute a positive feedback loop, in which Fun30 promotes the DNA end-resection, and then DNA resection factors promote the recruitment of Fun30, further promoting the DNA-end resection (Figure 3C).



The C-Terminal Phosphorylation and Ubiquitination of SMARCAD1 Facilitate Its Recruitment

As mentioned above, SMARCAD1 is a potential substrate of ATR and ATM (Matsuoka et al., 2007). Later, Chakraborty et al. (2018) confirmed that SMARCAD1 is phosphorylated at T906 residue by ATM and this modification is essential for DNA end-resection. T906A mutation was demonstrated to seriously affect the process of DNA end-resection, but phosphorylation mimic mutation (T906E) had little effect. This study also revealed that T906 phosphorylation promotes RING1-dependent K905 ubiquitination, mainly forming the K63 ubiquitin chain. Both T906A and K905R mutations affected the accumulation of SMARCAD1 at the DSB sites. Surprisingly, these mutations also impaired the accumulation of BRCA1 at the DSB sites. Therefore, Chakraborty et al. speculated that T906 phosphorylation and the K63-polyubiquitination at K905 residue facilitate the recruitment of BRCA1, thereby blocking 53BP1 recruitment to DSB sites (Chakraborty et al., 2018). These also constitute a positive feedback loop. SMARCAD1 is phosphorylated by ATM to promote the RING1-dependent K63-polyubiquitination at K905 residue, which recruits BRCA1 to DSB sites. Subsequently, BRCA1, as an E3 ligase, could ubiquitinate the C-terminal of histone H2A, thereby further promoting the recruitment of SMARCAD1 (Figure 3D).

Based on the reported studies, the most likely recruitment mechanism is that SMARCAD1Fun30 is phosphorylated by CDK and then recruited to the DSB sites through the 9-1-1 complex and a scaffold protein TOPBP1Dbp11. And this recruitment mechanism is cell cycle-dependent and highly conserved among species. However, it is confusing that the mutation of the N-terminal phosphorylation site of SMARCAD1Fun30 did not affect its recruitment near the break site (approximately 1 kb), but significantly impaired the recruitment at the far end (Chakraborty et al., 2018). This phenomenon may indicate that SMARCAD1Fun30 has other initial recruitment mechanisms at the near end of the DSB. In general, the recruitment of SMARCAD1Fun30 may be the result of a combination of factors, which need to be further studied.



Activity Regulation

To function properly, the enzyme activity of chromatin remodelers is always regulated by their domains or other interacting proteins. Chromatin remodelers generally have five characteristics, including (Clapier et al., 2017)


(a)the ability to bind nucleosomes;

(b)a single catalytic subunit that contains an ATPase domain;

(c)domains and/or subunits that interact with chaperones, site-specific transcription factors or other chromatin proteins;

(d)domains and/or subunits that recognize histone post-translational modifications;

(e)domains and/or subunits that regulate the ATPase domain.



The first two properties listed above enable chromatin remodelers to act on nucleosomes, whereas the other three attributes allow them to selectively act on the nucleosomes at specific locations (Clapier et al., 2017). Among them, histone modifications act as an important epigenetic regulator to be highly associated with chromatin remodelers. Typically, histone modifications will affect the targeting of chromatin remodelers to specific nucleosomes. Almost all remodelers have domains or subunits that recognize specific histone post-translational modifications. For example, the Drosophila melanogaster nucleosome remodeling factor (NURF) remodeling complex binds to Lys4 trimethylated histone H3 (H3K4me3) (Javaheri et al., 2006; Wysocka et al., 2006). Similarly, the tandem bromodomain of the subunit Rsc4 in the RSC complex specifically recognizes Lys14 acetylated histone H3 (H3K14ac), and this single acetylated residue is sufficient to enhance RSC binding to nucleosomes in vitro (VanDemark et al., 2007).

More importantly, histone modifications can directly regulate the ATPase activity of chromatin remodelers through an allosteric activation mechanism. For the SWI/SNF subfamily members, site-specific H3 acetylation was shown to enhance the remodeling activities of yeast RSC and SWI/SNF, without increasing their nucleosome-binding affinities (Ferreira et al., 2007; Chatterjee et al., 2011). And H3K64ac can increase the sliding activity of Chd1 (Di Cerbo et al., 2014).

This poses an interesting question as to whether the activity of SMARCAD1 is also regulated by histone modifications or specific chromatin structures at the DSB sites.


H2A C-Terminal Ubiquitination Regulates SMARCAD1 Activity

It was mentioned above that SMARCAD1 can recognize the ubiquitinated nucleosome and then be recruited to the DSB sites (Densham et al., 2016; Uckelmann et al., 2018). Mutations of the CUE domain will affect the function of SMARCAD1 in promoting the DNA end-resection. However, the mutation of the CUE domain did not completely reduce the foci of SMARCAD1 at DSB sites. These results implied that the function of SMARCAD1 regulated by ubiquitination might be not limited to the recruitment mechanism. H2A C-terminal ubiquitination (K125/127/129) may participate in the regulation of the enzyme activity of SMARCAD1. Certainly, further evidence of H2A ubiquitination-dependent SMARCAD1 activation should be provided, especially the precise in vitro reconstitution experiments may give intuitive results. Moreover, the structural basis of H2A ubiquitination-activated remodeling may also be an interesting question.



ssDNA Regulates SMARCAD1Fun30 Activity

In vitro, Fun30 was demonstrated to directly bind naked DNA, nucleosome, and chromatin (Awad et al., 2010; Adkins et al., 2013). Furthermore, the gel-shift experiment showed that Fun30 has a stronger bind ability to 0W47 NCP than 0W0 NCP (“W” corresponds to Widom 601 nucleosome-positioning sequence and the numbers indicate the length of linker DNA on both sides of the 601 DNA). Therefore, Fun30 may have a linker DNA binding pattern similar to SWR1C. Surprisingly, the ATPase activity of Fun30 stimulated by single-stranded DNA is 25 times more than that stimulated by double-stranded one (Adkins et al., 2017).

Based on these results, we hypothesize that ssDNA may regulate the activity of SMARCAD1. At the beginning of the DNA end-resection, DSB ends are nucleolytically digested from the DSB sites to generate 3′ ssDNA. In the unresected place, the DNA is wrapped around the octamer, which will form the dsDNA-NCP-ssDNA hybrid. In this hybrid, ssDNA flanking the nucleosome may also promote the binding and activity of Fun30, which helps SMARCAD1Fun30 to disrupt the nucleosome organization around DSB and facilitate the role of DNA resection factors.



C-Terminal Phosphorylation Regulates SMARCAD1 Activity

It was demonstrated that phosphorylation of SMARCAD1 at T906 residue is necessary for promoting DNA end-resection. T906A mutation significantly affected the process of DNA end-resection, but phosphorylation mimic mutations (T906E) had little effect (Chakraborty et al., 2018). Coincidentally, the T906 residue locates on the helicase domain of SMARCAD1 (aa 858-1010), which is the key position of SMARCAD1 for interacting with nucleosomes to disrupt DNA-histone interactions. Therefore, it is reasonable to speculate that the phosphorylation of T906 at the C-terminus of SMARCAD1 may participate in the SMARCAD1-directed nucleosome remodeling.



Remodeling Mechanism

It can be concluded from the previous studies that SMARCAD1Fun30 removes 53BP1Rad9 by competing with the complex formation between nucleosome and TOPBP1Dbp11, thereby promoting the DNA end-resection. This does not seem to require the chromatin remodeling activity of SMARCAD1Fun30. However, the ATPase activity of the remodeling enzyme is also necessary to promote the DNA end resection, indicating that the competition between SMARCAD1Fun30 and 53BP1Rad9 is not the only source of antagonism. Therefore, SMARCAD1Fun30 should alter the structure of chromatin or change the composition of chromatin through its remodeling enzyme activity to antagonize the inhibition effect of 53BP1Rad9. For example, some studies have shown that the removal of the phosphorylation mark of γH2A would lead to a defect in the Rad9 chromatin association (Javaheri et al., 2006; Hammet et al., 2007; Eapen et al., 2012; Clerici et al., 2014), which is consistent with the H2A-H2B dimer exchange activity of Fun30 (Awad et al., 2010). It poses an interesting question of how SMARCAD1Fun30 utilizes its chromatin remodeling activity to release the occupation of 53BP1Rad9 and promote the DNA end-resection.

However, there is no clear conclusion about the remodeling mechanism of SMARCAD1Fun30 in the process of DNA damage repair, but several studies have been conducted to address this question. First, as mentioned above, Fun30 was found to share a high degree of homology with Swr1 and Ino80 (Flaus et al., 2006). Swr1 is the core catalytic subunit of the SWR1 complex. SWR1 complex of the INO80 subfamily cannot slide nucleosomes but has the activity for histone dimer exchange. The high-resolution structure of the SWR1 complex bound to a nucleosome revealed that Swr1 binding caused the DNA to produce a 1 bp bugle at SHL2. Due to the single-base pair DNA translocation, the interaction between the N-terminal domain of SWR1 and another circle of DNA wrapping around the nucleosome is strengthened, which limits the further sliding of the nucleosome (Willhoft et al., 2018). This may be the reason why SWR1 is unable to slide nucleosomes. Unlike the SWR1 complex, the INO80 complex can not only slide but also edit a nucleosome (Brahma et al., 2017). Nevertheless, both INO80 and SWR1 can cause DNA unwrapping and then disrupt the interaction between the DNA and H2A-H2B dimers (Ayala et al., 2018; Willhoft et al., 2018). Therefore, Fun30 may have a similar remodeling mechanism of histone dimer exchange. Second, in vitro experiments indicated that the activity of Fun30 for H2A-H2B dimer exchange is far stronger than that for sliding nucleosomes (Awad et al., 2010). Third, knockout of Fun30 was unable to affect the positioning of nucleosomes near the DSB sites in vivo. Of course, this phenomenon may also be caused by the inability of current technology to dynamically observe changes in the position of nucleosomes in DNA damage repair sites (Costelloe et al., 2012). Fourth, Fun30 has a particular binding preference, it is more inclined to bind nucleosomes without phosphorylation rather than the H2AS129 phosphorylated nucleosomes (Eapen et al., 2012). This phenomenon may imply that Fun30 removes the γH2A-H2B marker through the activity of the H2A/H2B dimer exchange, thereby removing the occupation of Rad9 at DSB sites.

Based on these results, we propose a possible remodeling mechanism of Fun30. The model is that Fun30 removes γH2AX-H2B dimer and then replaces it with other histone dimers (such as H2A.Z-H2B) through its dimer exchange activity, thereby releasing the occupation of Rad9 at DSB sites. Some experimental results showed that the distribution of H2A.Z is indeed affected by Fun30 and Fft3, whether in the whole genome or centromeres, proximal enantiomers, and subtelomere (Stralfors et al., 2011; Durand-Dubief et al., 2012). Moreover, many studies have demonstrated that H2A.Z-H2B plays an important role in DNA damage repair (van Attikum et al., 2007; Kalocsay et al., 2009; Xu et al., 2012; Adkins et al., 2013; Lademann et al., 2017). However, it is unclear whether the change of the H2A.Z distribution caused by Fun30 will occur at the DSB sites. It is also unknown whether the introduction of H2A.Z-H2B contributes to the role of DNA resection factors. Moreover, other experimental data has shown that the occupancy of nucleosomes with H2AS129 phosphorylation at the DNA damage site does not change significantly in fun30Δ cells (Eapen et al., 2012). Bantele (2018) suggested that they observed an increase of the γH2A chip enrichment in fun30Δ cells over the measured γH2A regions, instead of that in DNA break-proximal regions. Therefore, it remains to be studied whether Fun30 exchanges rH2A-H2B dimer in vivo.

In humans, the regulatory mechanism is more complex. First, 53BP1 is recruited to the DSB sites through bivalent recognition of H2A15Ub/H4K20me2 (Fradet-Turcotte et al., 2013; Wilson et al., 2016), which is completely different from the recognition of H2AS129ph/H3K79me2 by yeast Rad9 (Wysocki et al., 2005; Toh et al., 2006; Grenon et al., 2007; Hammet et al., 2007). Second, BRCA1 is the second 53BP1 antagonist present in humans. BRCA1 is recruited to the DSB sites in S and G2 phases, lifting the occupation of 53BP1 and starting the process of homologous recombination. BRCA1 primarily functions as an E3-ligase to form histone H2A ubiquitination. As a downstream factor of BRCA1, SMARCAD1 may have evolved to recognizes ubiquitination through the CUE domain, making the regulation more accurate. Finally, 53BP1 can recruit more effector proteins to form complexes, such as RIF3, Shieldin, PTIP, etc. Similar mechanisms have not been described in yeast (Xu et al., 2015; Dev et al., 2018; Findlay et al., 2018; Gupta et al., 2018; Mirman et al., 2018; Noordermeer et al., 2018; Setiaputra and Durocher, 2019). This may also be the reason why more complex ubiquitin-dependent regulation is needed in humans (Figure 4).
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FIGURE 4. The remodeling mechanism of SMARCAD1Fun30. In the G1 phase, 53BP1 and its effector proteins such as Shieldin complex are recruited to DSB sites, then inhibit the DNA end-resection and promote the repair process of non-homologous end-joining. In S and G2 phases, SMARCAD1 is recruited to DSB sites by interacting with TOPBP1 and ubiquitinated nucleosomes. Then SMARCAD1Fun30 removes γH2AX-H2B dimer and replace it with other histone dimers, such as H2A.Z-H2B. It will also remove 53BP1 recognized histone markers (such as H2AK13/15Ub), resulting in 53BP1 reposition and allowing the completion of resection.




SUMMARY AND OUTLOOK

SMARCAD1 and its orthologs, the newly identified chromatin remodelers are highly associated with a variety of cellular processes. For example, SMARCAD1 helps to establish heterochromatin de novo, Fft3 stabilizes nucleosomes during replication to maintain the heterochromatin, and SMARCAD1 also promotes the long-range resection by removing the DNA resection inhibitors. Although the molecular mechanisms for the diverse functions of SMARCAD1Fun30 need to be further explored, the rising knowledge is deepening our understanding of SMARCAD1Fun30-related regulation.

First, the ssDNA is produced during both homologous recombination and DNA replication. Therefore, it is possible that ssDNA can activate the enzyme activity of SMARCAD1Fun30. Second, SMARCAD1 binds to PCNA during DNA replication, while it also interacts with the Rad9 subunit of 9-1-1 complex in response to DNA damage repair. Both PCNA and the 9-1-1 complex are composed of three proteins to form a similar circular structure, loading on the ds-ssDNA junction. This phenomenon suggested that the DNA clamp should play an important role in regulating the activity of SMARCAD1Fun30 (Pfander and Bantele, 2019).

The above observations pose an interesting question as to why SMARCAD1Fun30 functions to evict nucleosomes during DNA end-resection but stabilizes nucleosomes during DNA replication. Although both DNA replication and DNA damage repair require SMARCAD1 binding with the DNA clamp, the location of SMARCAD1 is completely different in the two processes. During DNA end-resection, the dsDNA is located upstream of the ss-dsDNA junction. Therefore, the 9-1-1 complex is loaded in front of the resection nucleases. By interacting with the 9-1-1 complex, SMARCAD1Fun30 is positioned to remove potential obstacles ahead of the resecting nucleases (Figure 5A). PCNA is loaded at the primer-template junction and it moves behind DNA polymerase and helicase. Therefore, the newly synthesized dsDNA is downstream of the ss-dsDNA junction. The interaction between SMARCAD1 and PCNA makes it work after replisome. In this position, SMARCAD1 can stabilize nucleosomes to ensure the inheritance of heterochromatin markers of newly replicated chromatin (Figure 5B). In conclusion, despite the surprising similarities in the function of SMARCAD1 in different cellular processes, the different locations of SMARCAD1 lead to different roles, such as evicting nucleosomes during resection but stabilizing nucleosomes during DNA replication.
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FIGURE 5. DNA clamp regulates the role of SMARCAD1 in DNA replication and DNA damage repair. (A) In response to DSBs, SMARCAD1 promotes long-range DNA end-resection though mobilization and eviction of nucleosomes. When double-strand breaks occur in DNA, the 9-1-1 complex is loaded at the ss-dsDNA junction, and the dsDNA is located upstream of the ss-dsDNA junction. By interacting with the TOPBP1Dbp11 and 9-1-1 to form a ternary complex, SMARCAD1 is ideally positioned to remove nucleosomes ahead of the resecting nucleases through its chromatin remodeler activity. Moreover, ubiquitinated H2A appears to stabilize SMARCAD1 at the DSB sites, likely via CUE domain-dependent binding of SMARCAD1 to ubiquitinated H2A. (B) During DNA replication, SMARCAD1 contributes to the establishment and maintenance of heterochromatin. SMARCAD1 interacts with PCNA to form a key platform for protein recruitment at the replication fork. PCNA is loaded at the primer-template junction and SMARCAD is located after replisome. In this way, the dsDNA is located downstream of the ss-dsDNA junction. SMARCAD1 can prevent loss of parental histone markers to ensure the inheritance of heterochromatin markers of newly replicated DNA. On the other hand, SMARCAD1 facilitates histone deacetylase HDAC1/2 to deacetylate histone H3/H4 and then histone methylase G9a/GLP to methylate histone H3K9, thus de novo establishes the heterochromatin.


Despite these advances in recent years, some questions still need to be further answered, for example, how the remodeling activity of SMARCAD1 is activated by ubiquitinated nucleosomes or ssDNA and how SMARCAD1 removes the obstacles (such as 53BP1 and nucleosomes) through its histone dimer exchange activity. Take advantage of the recent advances in chemical protein synthesis (McGinty et al., 2008; Fang et al., 2011, 2012; Fierz et al., 2011; Siman et al., 2013; Li et al., 2014, 2018; Morgan et al., 2016; Ai et al., 2019; Chu et al., 2019; Pan et al., 2019) and cryo-electron microscopy techniques, the biochemical and structural studies of ubiquitinated nucleosomes have recently received increasing attention (Zhou L. et al.., 2016; Anderson et al., 2019; Hsu et al., 2019; Jang et al., 2019; Park et al., 2019; Valencia-Sanchez et al., 2019; Worden and Wolberger, 2019; Worden et al., 2019; Xue et al., 2019; Yao et al., 2019; Dao et al., 2020). Both the in vitro reconstruction experiments and the structural analysis of the SMARCAD1-nucleosome complex may provide new insights into the remodeling mechanism of SMARCAD1. Elucidating the molecular mechanisms for functions of SMARCAD1 may be a valuable topic in the following years. Histone ubiquitination-dependent SMARCAD1 recruitment and activation may even lead to comprehension of a new mechanistic model of chromatin remodeling that is regulated by post-translational modifications.
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