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Accurate and precise regulation of gene expression programmes in eukaryotes involves the coordinated control of transcription, mRNA stability and translation. In recent years, significant progress has been made about the role of sequence elements in the 3′ untranslated region for the regulation of mRNA degradation, and a model has emerged in which recruitment of the Ccr4-Not complex is the critical step in the regulation of mRNA decay. Recruitment of the Ccr4-Not complex to a target mRNA results in deadenylation mediated by the Caf1 and Ccr4 catalytic subunits of the complex. Following deadenylation, the 5′ cap structure is removed, and the mRNA subjected to 5′-3′ degradation. Here, the role of the human Ccr4-Not complex in cytoplasmic deadenylation of mRNA is reviewed, with a particular focus on mechanisms of its recruitment to mRNA by sequence motifs in the 3′ untranslated region, codon usage, as well as general mechanisms involving the poly(A) tail.
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INTRODUCTION
In eukaryotes, accurate and precise regulation of gene expression programmes involves the coordinated control of transcription, mRNA stability and translation. Over the last decade, there has been significant progress in understanding the role of sequence motifs in the 3′ untranslated region on mRNA stability via recruitment of proteins involved in 5′-3′ mRNA decay, which is a major pathway for the degradation of cytoplasmic mRNA (Muhlrad et al., 1994; Stoecklin et al., 2006; Bonisch et al., 2007). In particular, the structural basis for understanding critical steps in the pathway have been uncovered. A model has emerged in which mRNA decay is controlled at the level of deadenylation with a key role attributed to the Ccr4-Not deadenylase, which has been shown to interact with a number of mRNA-binding factors. Moreover, deadenylation and subsequent mRNA degradation can also be induced via interactions with the poly(A) tail and the ribosome.
In this review, we will focus on mechanisms of recruitment of the Ccr4-Not deadenylase with emphasis on examples where structural information is available and that can serve as paradigms for understanding the regulation of mRNA degradation. Emphasis will be placed on the structure and function of the human proteins with information obtained from the analysis of model organisms included where they provide additional insight. In addition, it should be noted that the Ccr4-Not complex is not only involved in deadenylation, but can also reduce translational efficiency through multiple interactions with proteins involved in translational control (Meijer et al., 2013; Chen et al., 2014; Mathys et al., 2014).
DEADENYLATION AND THE 5′-3′ DEGRADATION PATHWAY
The 5′-3′ mRNA decay pathway requires the coordinated action and enzymatic activities associated with several multi-subunit protein complexes (Figure 1). The initial and rate-limiting step of this mRNA degradation pathway is the enzymatic shortening of the poly(A) tail (deadenylation) (Parker and Song, 2004; Goldstrohm and Wickens, 2008). There are two main deadenylases involved in this step: the Pan2-Pan3 complex that may complete initial, fast deadenylation, while the Ccr4-Not complex may be engaged in the second, slower phase (Yamashita et al., 2005). Following deadenylation, the Lsm1-7/Pat1 complex binds the 3′ end followed by recruitment of the Dcp1-Dcp2 decapping complex (Chowdhury et al., 2007; Chowdhury et al., 2014). This exposes the 5′ end to exoribonucleolytic attack by the Xrn1 enzyme, which carries out 5′-3′ degradation of the mRNA body (Parker and Song, 2004; Chen and Shyu, 2011; Jonas and Izaurralde, 2015). Notwithstanding the importance of poly(A) tail shortening as the initial step in mRNA decay, the relationship between the length of the poly(A) tail, translational efficiency, and mRNA stability is complex [reviewed in (Passmore and Coller, 2022)]. Indeed, many highly expressed mRNAs that are stable and efficiently translated are characterised by the presence of short poly(A) tails (Peng and Schoenberg, 2005; Lima et al., 2017).
[image: Figure 1]FIGURE 1 | Role of deadenylation in the 5′-3′ degradation pathway. Schematic diagram of the 5′-3′ mRNA degradation pathway. Indicated are RNA proteins regulating mRNA stability, the sequential steps of the 5′-3′ degradation pathway, and protein complexes required. The open reading frame (ORF) and 3′ untranslated region (UTR) are indicated. Arrows indicate direct interactions between components; the dotted line indicates indirect interactions between poly(A)-binding protein and Ccr4-Not.
In the 5′-3′ pathway, the main mechanism leading to enhanced deadenylation involves interactions between trans-acting factors binding the mRNA and the Ccr4-Not deadenylase. This includes mRNA-specific mechanisms using sequence elements typically located in the 3′ untranslated region (UTR), that are recognised by trans-acting factors including sequence-specific mRNA binding proteins, and the TNRC6 (GW182) component of the miRNA-repression machinery (Goldstrohm and Wickens, 2008; Jonas and Izaurralde, 2015). However, additional mechanisms of recruitment of the Ccr4-Not deadenylase have also been described. First, binding of the Ccr4-Not complex to the ribosome is linked with the prevalence of low abundance codons and poor translational efficiency in Saccharomyces cerevisiae (Buschauer et al., 2020). Secondly, the Ccr4-Not complex can be recruited to the poly(A) tail via the cytoplasmic poly(A)-binding protein 1 (PABPC1) (Figure 1) (Ezzeddine et al., 2007; Mauxion et al., 2008; Ezzeddine et al., 2012; Stupfler et al., 2016).
STRUCTURE OF THE CCR4-NOT DEADENYLASE COMPLEX
The human Ccr4-Not complex has a molecular weight of approximately 675 kDa and contains eight subunits (Figure 2A) (Collart and Panasenko, 2012; Wahle and Winkler, 2013). The complex has a highly conserved core, but there are also some differences between fungal and metazoan complexes in terms of subunit composition (Table 1). Based on single-particle analysis by electron microscopy of yeast Ccr4-Not, the complex has a flat, L-shaped structure (Nasertorabi et al., 2011).
[image: Figure 2]FIGURE 2 | Structure of the Ccr4-Not complex. (A) Overview of the architecture of the Ccr4-Not complex. Indicated are the subunits and conserved domains. Interactions are indicated using dotted lines. The colours represent functional modules. (B) Structure of the human Ccr4-Not complex. Indicated are the N-terminal module composed of the N-terminal region of CNOT1, CNOT10 (light orange) and CNOT11 (dark orange) (PDB entry: 8BFI) (Mauxion et al., 2022), MIF4G-like domain 1 of CNOT1 (PDB entry:4J8S) (Fabian et al., 2013), the nuclease module composed of the CNOT1 MIF4G domain, Caf1/CNOT7 (light yellow) and Ccr4/CNOT6L (dark yellow) (PDB entries 3NGQ and 7VOI) (Wang et al., 2010; Zhang et al., 2022), the CNOT9 module (PDB entry: 4−ΔΔCT6 or 4CRV) (Chen et al., 2014; Mathys et al., 2014) composed of the DUF3819 domain of CNOT1 and CNOT9 (green), a second MIF4G-like domain of CNOT1 (modelled on the structure of the Chaetomium thermophilum fragment, PDB entry 6H3Z) (Raisch et al., 2018), and the NOT module composed of the CNOT1 C-terminal domain and the conserved NOT-Box regions located at the C-termini of CNOT2 (light blue) and CNOT3 (blue) (PDB entry: 4C0D) (Boland et al., 2013). Numbers in brackets refer to the amino acid residues of CNOT1.
TABLE 1 | Composition of eukaryotic Ccr4-Not complexes.
[image: Table 1]The backbone of the complex is formed by the large subunit CNOT1 (Not1), which contains at least six structured domains connected by short linkers that display a degree of flexibility (Bawankar et al., 2013). The subunit can be viewed as a string containing beads, with several beads comprising one or two additional subunits forming well-structured, rigid sub-complexes or modules (Figure 2B). Structures for four modules have been determined by x-ray crystallography. Firstly, the N-terminal module is composed of the N-terminal region of CNOT1 that forms a complex interface with CNOT10 and CNOT11 (Mauxion et al., 2022). A relatively long region without known function links the N-terminal module to a MIF4G-like domain, which contains an interaction region with the TTP protein that recognises the AU-rich element in mRNA (Fabian et al., 2013).
The nuclease module is composed of the MIF4G domain and the catalytic subunits Caf1 and Ccr4 (Figure 2B). Caf1 contains an DEDDh nuclease domain that directly interacts with the MIF4G domain of CNOT1 (Not1). In addition, Caf1 interacts with a leucine-rich repeat (LRR) domain at the N-terminus of Ccr4, which is linked to the C-terminal EEP (exonuclease, endonuclease, phosphatase) nuclease domain of Ccr4 (Wang et al., 2010; Basquin et al., 2012; Petit et al., 2012; Chen et al., 2021; Zhang et al., 2022). Both catalytic subunits are encoded by two paralogues in vertebrates: CNOT7 and CNOT8 encode the Caf1 subunit, while CNOT6 and CNOT6L are orthologues of Ccr4. The proteins encoded by the paralogous genes appear to have similar functions, and at the cellular level, both CNOT7 and CNOT8 have largely redundant and overlapping roles in both human and mouse cells (Aslam et al., 2009; Mostafa et al., 2020). Similar observations have been made for CNOT6 and CNOT6L (Mittal et al., 2011; Mostafa et al., 2020). Interestingly, as determined by x-ray crystallography and electron paramagnetic resonance spectroscopy, there is a significant distance (approximately 65 Å in the human complex) between the catalytic centres of Caf1 and Ccr4 indicating that the Caf1 and Ccr4 subunits have unique functions, or that significant conformational changes take place during mRNA deadenylation (Basquin et al., 2012; Zhang et al., 2022).
Caf1 and Ccr4 are both poly(A)-selective ribonucleases (Goldstrohm and Wickens, 2008; Wahle and Winkler, 2013). The presence of guanosine residues inhibits deadenylation, and the inclusion of non-A residues in poly(A) tails by TENT4A (PAPD7) and TENT4B (PAPD5) can prevent rapid deadenylation and mRNA turnover (Lim et al., 2018; Tang and Stowell, 2019; Kim et al., 2020). In the case of Ccr4, selective recognition of poly(A) residues involves specific recognition of adenosine bases by amino acid residues (Wang et al., 2010). By contrast, the Caf1 nuclease forms multiple interactions with the phosphate-sugar backbone without significant base interactions. In this case, recognition of poly(A) is based on the formation of the form A single stranded helical RNA conformation that depends on multiple base-base stacking interactions, which is disrupted by the presence of non-A residues (Tang and Stowell, 2019).
While it is not fully established whether the Caf1 and Ccr4 subunits contribute independently, or act interdependently in reconstituted systems (Maryati et al., 2015; Stowell et al., 2016; Raisch et al., 2019; Chen et al., 2021; Pekovic et al., 2022), their cellular roles are not equivalent. Using knockdown strategies, it has been shown that the Caf1 and Ccr4 paralogues differentially affect deadenylation and gene expression in mammalian cells (Aslam et al., 2009; Mittal et al., 2011; Yi et al., 2018). Moreover, while the Caf1 paralogues are essential for viability of mouse embryonic fibroblasts, cells lacking both Ccr4 paralogues remain viable (Mostafa et al., 2020).
A third module is composed of the DUF3819 domain that interacts with the CNOT9 (CAF40) subunit (Figure 2B) (Chen et al., 2014; Mathys et al., 2014). The DUF3819 domain is connected to the MIF4G domain by a short linker region. The conserved region of CNOT9 (CAF40) protein, the ARM domain, is composed of armadillo repeats and has a crescent-like shape with a positively charged cleft (Garces et al., 2007; Chen et al., 2014; Mathys et al., 2014). Adjacent on the C-terminal end of the CNOT9-interaction domain of CNOT1 (Not1) is a second MIF4G-like domain, which has no known function (Raisch et al., 2018).
The final well-characterised module is the ‘NOT-module’ composed of the C-terminal region of CNOT1 (Not1) that forms a trimeric subcomplex with the NOT-box regions of the CNOT2 (Not2) and CNOT3 (Not5) subunits (Figure 2B) (Bhaskar et al., 2013; Boland et al., 2013). The NOT-Box regions are located in the C-termini of CNOT2 (Not2) and CNOT3 (Not3). Limited structural information is available about the N-terminal extension of CNOT2 (Not2). Similarly, there is limited structural information about the central region of CNOT3 (Not3). By contrast, the N-terminus of CNOT3 (Not3) is highly conserved and forms a three-helix bundle (Buschauer et al., 2020).
Differences between the structure of the yeast and vertebrate complexes are evident in the proteins associating with the N-terminal region of CNOT1 (Not1), which is composed of a large number of α-helical HEAT repeats (Basquin et al., 2012; Mauxion et al., 2022). In fungi, the N-terminus of Not1 provides a platform for the Caf130 subunit, which is not conserved in metazoans (Chen et al., 2001). Instead, in Drosophila and human Ccr4-Not, the N-terminal region of CNOT1 provides an interaction surface for binding to the CNOT10 and CNOT11 subunits (Bawankar et al., 2013; Mauxion et al., 2013; Mauxion et al., 2022). In Schizosaccharomyces pombe, the YTH-domain protein Mmi1 is a stable component of the complex (Ukleja et al., 2016). The Mmi1 protein directs removal of meiotic mRNAs containing DSR sequence elements in the 3’ UTR during vegetative growth (Harigaya et al., 2006). In a reconstituted system, Mmi1 recognises the DSR element, and stimulates deadenylation of substrates containing the DSR sequence (Stowell et al., 2016). In S. pombe, Mmi1 is also required for the formation of heterochromatin at meiotic genes and sub-telomeric DNA in a manner that is dependent on the nuclease subunits (Cotobal et al., 2015).
Another difference between fungal and metazoan complexes is the association of the CNOT4 (Not4) subunit. This protein provides ubiquitin-protein ligase activity by binding the E2 ubiquitin-conjugating enzyme UbcH5b (Ubc4/5 in yeast) (Dominguez et al., 2004; Bhaskar et al., 2015). In fungi, the Not4 subunit is stably associated with the large subunit Not1 (Bhaskar et al., 2015). By contrast, the protein is not stably attached to metazoan complexes, where a short peptide motif in the C-terminus of CNOT4 (NOT4) interacts with CNOT9 (NOT9) in addition to the C-terminal domain of CNOT1 (Keskeny et al., 2019).
REGULATION OF MRNA DEADENYLATION BY SEQUENCE ELEMENTS IN 3’ UTR
There are several mechanisms for the recruitment of the Ccr4-Not complex that are controlled by sequence elements -typically located in the 3’ UTR of the target mRNA. First, sequence elements can be recognised by protein-RNA interactions in a manner analogous to the recognition of DNA promoter elements by transcription factors. Sequence elements recognised by protein-RNA interactions are not necessarily linear sequences, but can include RNA structural elements, or covalent base modifications. Alternatively, Ccr4-Not recruitment by the miRNA-repression machinery involves recognition of the sequence element by RNA-RNA base pairing.
Recruitment of the Ccr4-Not deadenylase by RNA-binding proteins
The notion that recruitment of the Ccr4-Not deadenylase can occur via direct interactions with RNA-binding regulators came from observations from diverse experimental systems. For example, in S. cerevisiae, it was shown that Mpt5p, a member of the Pumilio family of proteins that are known regulators of mRNA stability and translation, binds directly to the Caf1 subunit, and induces mRNA deadenylation by Ccr4 (Goldstrohm et al., 2006; Goldstrohm et al., 2007). The interaction between Pumilio proteins and Ccr4-Not is conserved in humans (Goldstrohm et al., 2006). In Drosophila, Ccr4-Not was shown to play an important role in development, for example, via interactions with the RNA-binding proteins Smaug and Bicaudal-C (Zaessinger et al., 2006; Chicoine et al., 2007). In human cells, the A/U-rich element (ARE)-binding protein Tristetraprolin TTP (ZFP36) was also shown to interact directly with subunits of the Ccr4-Not complex (Lykke-Andersen and Wagner, 2005; Sandler et al., 2011). Interestingly, Cth2, the yeast orthologue of ZFP36, mediates ARE-mediated decay and is also able to interact with the Ccr4-Not complex (Perea-Garcia et al., 2020).
Using knockdown or knockout strategies, Ccr4-Not is also implicated in the destabilisation of specific transcripts in mammalian cells. For instance, using a liver-specific conditional knockout Cnot1 mouse model, it was demonstrated that Ccr4-Not targets mRNAs for degradation through interactions with ZFP36L1 (butyrate response factor 1), which recognises ARE elements in the 3’ UTR of mRNAs, and Ago2, a component of the miRNA-repression complex (Takahashi et al., 2020). By contrast, in 4T1 breast cancer cells, CNOT7 preferentially regulates levels of mRNAs containing the cytoplasmic polyadenylation element (CPE), Pumilio binding element (PUM), Nanos response elements (NRE), and cleavage and polyadenylation stimulation factor binding element (CPSF) (Faraji et al., 2016). Interestingly, in this model, transcripts containing the ARE were not preferentially targeted by Ccr4-Not (Faraji et al., 2016).
Below, we discuss several interactions between RNA-binding regulators and the Ccr4-Not complex for which structural information is available. Interestingly, in many cases, interactions are mediated by relatively short peptide motifs present in the RNA-binding protein, and structured domains of Ccr4-Not subunits.
Roquin
Tumour necrosis factor α (TNF-α) is a pro-inflammatory cytokine, which is expressed in multiple cell types, including monocytes and macrophages. Tight control of the expression levels of TNF-α must be maintained, which involve multiple sequence elements in the 3’ UTR of the TNF-α mRNA, including an A/U-rich element (ARE), and a constitutive decay element (CDE) which is 37 nucleotides in length (Tan et al., 2014). In the active conformation, the CDE forms an RNA stem loop structure which can be recognised by the Roquin proteins, which in turn recruit the Ccr4-Not complex to the mRNA (Leppek et al., 2013). The N-terminal ROQ domain facilitates binding of Roquin 1 to the CDE RNA element (Tan et al., 2014), while the C-terminal region is able to associate with CNOT1 (Leppek et al., 2013). Even though the C-terminal region of Roquin 1 is not conserved, human Roquin 2 and Drosophila Roquin also interact with Ccr4-Not via their C-terminal regions via multiple short motifs (Sgromo et al., 2017). One interaction motif was mapped to around 23 amino acids, which can form an amphipathic α-helical structure. This peptide motif binds directly to the concave side of CNOT9 (CAF40) via multiple hydrophobic interactions (Figure 3A) (Sgromo et al., 2017).
[image: Figure 3]FIGURE 3 | Recruitment of Ccr4-Not by regulators of mRNA stability. (A) Interaction of peptide motifs recognised by the CNOT9 (CAF40) subunit. Left panel, Drosophila CAF40 in complex with a peptide of the RNA-binding protein Roquin. PDB entry: 5LSW (Sgromo et al., 2017). Middle panel, Drosophila NOT1-CAF40 in complex with a peptide from the RNA binding protein Bag-of-Marbles. PDB entry: 5ONA (Sgromo et al., 2018). Right panel, Human CNOT1-CNOT9 in complex with two tryptophan residues. PDB entry: 4CRV (Chen et al., 2014) or 4−ΔΔCT7 (Mathys et al., 2014). (B) Interaction of a peptide from the RNA-binding protein Nanos in complex with C-terminal domain (CTD) of human CNOT1 (PDB entry: 4CQO) (Bhandari et al., 2014). The model includes the position of the NOT-Box regions of CNOT2 and CNOT3 obtained by superposition of PDB entry 4C0D (Boland et al., 2013). (C) Binding of a TTP peptide to a MIF4G-like domain of CNOT1. PDB entry: 4J8S (Fabian et al., 2013). (D) Model of the N-terminal module in complex with a fragment of GGNBP2. The model was created by superimposing PDB entries 8BFI and 8BFJ (Mauxion et al., 2022).
Bag-of-marbles (Bam)
Bag-of-marbles (Bam) is a determinant of the fate of germ cells in Drosophila. It is conserved in diptera and has no orthologues in human and mouse cells (Sgromo et al., 2018). It is not clear whether Bam binds RNA directly, or whether it influences RNA recognition of other proteins, such as Pumilio (Malik et al., 2019). Regardless, Bam can directly induce mRNA degradation and repress translation via interactions with Ccr4-Not. This ability is confined to an N-terminal α-helical region of 24 amino acids, which folds into an amphipathic helix that interacts with the CNOT9 (CAF40) subunit of Ccr4-Not (Sgromo et al., 2018). The interaction is mediated via hydrophobic residues that bind the concave side of CNOT9 and overlaps with the binding site of Roquin (Figure 3A).
Interestingly, the Bam/Roquin binding site of CNOT9 is also exploited by proteins that are not directly involved in recognition of RNA sequence elements. The CNOT4 (NOT4) subunit is not a core subunit in Drosophila and human Ccr4-Not complexes. Again, this subunit interacts with sites on multiple Ccr4-Not subunits, including CNOT1 and CNOT9. In case of CNOT9, a 23-amino acid motif that is conserved between Drosophila and human mediates the interaction of CNOT4 (NOT4) (Keskeny et al., 2019). The binding site of this motif overlaps with those of Bam and Roquin. In addition, the E3 ubiquitin protein-ligase RNF219 also binds the same interface of CNOT9 via a short peptide motif (Poetz et al., 2021).
Tristetraprolin
Tristetraprolin (TTP), also known as zinc finger protein (ZFP) 36, is a small RNA-binding protein, which is implicated in the regulation of components of the inflammatory response. TTP is well conserved, with members of the TTP family found in all major groups of the eukaryotes (Patial and Blackshear, 2016). TTP targets for degradation those mRNAs which contain AU-rich elements in the 3′UTR. The interaction between TTP and the AU-rich element is conferred by a central tandem zinc finger (TZF) domain (Patial and Blackshear, 2016). TTP recruits the Ccr4-Not complex via multiple short interaction motifs present in both the N- and C-termini of TTP, which can interact with the CNOT1 and CNOT9 subunits (Sandler et al., 2011; Fabian et al., 2013; Bulbrook et al., 2018). Motifs interacting with the CNOT9 subunit contain multiple tryptophan residues that are recognised by W-binding motifs of CNOT9 (Figure 3A) (Bulbrook et al., 2018) and are also involved in miRNA-mediated repression (see below) (Chen et al., 2014; Mathys et al., 2014). The W-binding pockets do not overlap with the concave area of CNOT9 involved in recognition of the amphipathic a-helical interaction motifs of Roquin and Bam (Figure 3A).
In addition to tryptophan-containing interaction motifs, TTP also binds to CNOT1 via a short peptide region located at the C-terminus of TTP. The domain of CNOT1 (amino acids 828-1,004) interacting with the TTP peptide forms four helix-turn-helix motifs that are similar to the MIF4G domain that is part of the nuclease module and interacts with the Caf1/CNOT7 subunit (Fabian et al., 2013) (Figure 3B). The interaction of the TTP peptide with the N-terminal part of the CNOT1 domain is mediated via central hydrophobic interactions, as well as electrostatic interactions (Fabian et al., 2013).
Nanos
In most vertebrates, three paralogues of the Nanos protein exist. For example, in the mouse, Nanos 1 is expressed in oocytes and the adult brain, Nanos 2 in male primordial germ cells (PGCs) and Nanos 3 in PGCs of both sexes (Bhandari et al., 2014). The Nanos proteins contain a conserved CCHC-type zinc finger domain which facilitates its binding with the 3′UTR of target mRNAs. Vertebrate Nanos 1 has a short, 17-amino acid NOT1-interacting motif containing an FxxWxDYxxL consensus sequence. This motif directly interacts with the C-terminal region of CNOT1 (Figure 3C) (Bhandari et al., 2014). Nanos proteins do not contain this sequence in all organisms surveyed. For example, the motif is absent in some invertebrate organisms, including Drosophila. In this organism, Nanos interacts with the Ccr4-Not complex using redundant motifs that interact with the NOT module (Raisch et al., 2016). While the Ccr4-Not interacting peptides of Drosophila Nanos are longer (approx. 30-60 amino acids) than the short peptide motifs found in vertebrate Nanos, one of the motifs also interacts with the NOT-module of the Ccr4-Not complex. Interestingly, the Ccr4-Not-interaction peptide from Drosophila Nanos requires the intact NOT-module for interaction, and is bound on a different interaction surface compared to the short interaction motif present in vertebrate Nanos (Raisch et al., 2016).
Another RNA-binding protein interacting with the C-terminal region of CNOT1 is YTHDF2 (Du et al., 2016). This protein selectively recognises a sequence element containing an adenosine methylated at the N6 position (GmACU/A) via its C-terminal YTH domain (Li et al., 2014). This abundant RNA base modification is conserved in eukaryotes, and is involved in a number of processes important for the regulation of gene expression including pre-mRNA processing, nuclear export, mRNA degradation, and translation (He and He, 2021). Recruitment of YTHDF2 to a reporter mRNA containing fragments from the PLAC2 lncRNA that are known to be modified by adenosine methylation, or artificial tethering to a reporter mRNA results in enhanced deadenylation and mRNA degradation (Du et al., 2016). YTHDF2 is highly similar to YTHDF1 and YTHDF3 (overall 55.9% identity, 77.9% similarity). The region of YTHDF2 interacting with CNOT1 was mapped to amino acids 101–200. This region is also highly conserved in YTHDF1 and YTHDF3 (50% identity, 86% similarity), suggesting that YTHDF1 and YTHDF3 may also interact with CNOT1. While no structural details are currently available, the structural information currently available suggests that the NOT-module is a platform for interactions with multiple regulators of mRNA stability.
Gametogenetin binding protein 2 (GGNBP2)
Gametogenetin binding protein 2 (GGNBP2) is a ubiquitously expressed gene involved in spermatogenesis and the regulation of cancer cell proliferation and metastasis. While there is relatively little information about the function of the gene, the protein binds to the N-terminal module of the Ccr4-Not complex via CNOT11 (Figure 3D). In this case, the interaction region of GGNBP2 comprises approximately 32 amino acids, which form two α-helices that wrap around the HEAT repeats of the C-terminal region of CNOT11 (Mauxion et al., 2022). Because knockdown of CNOT10 in mouse ES cells results in upregulation of a large number of mRNAs (Du et al., 2020), it is tempting to speculate that recruitment of Ccr4-Not via the N-terminal module can serve as a mechanism for the regulation of mRNA levels (Mauxion et al., 2022).
RECRUITMENT OF CCR4-NOT BY THE MIRNA-REPRESSION MACHINERY
Repression mediated by miRNAs is conserved in metazoan organisms. Recognition of the regulatory sequence in the mRNA is mediated by imperfect base pairing of the miRNA. The impact on translation and mRNA deadenylation and decay is mediated via the RNA-induced silencing complex (RISC), which contains several proteins including the AGO proteins that bind the single stranded miRNA, and the glycine-tryptophan (GW) rich protein TNRC6 (GW182). Tethering TNRC6 (GW182) to a reporter mRNA mimics repression induced by a miRNA-target site indicating that TNRC6 (GW182) is a critical component of the RNA-induced silencing complex (Pillai et al., 2004).
The TNRC6 (GW182) protein can bind to the Ccr4-Not complex via interactions with the CNOT1 and CNOT9 subunits. Regarding CNOT1, TNRC6 (GW182) directly interacts with CNOT1via two LWG-repeat motifs in the C-terminal domain that both bind to CNOT1 (Braun et al., 2011; Chekulaeva et al., 2011; Fabian et al., 2011). In addition, TNRC6 (GW182) can interact with the CNOT9 subunit of Ccr4-Not (Chen et al., 2014; Mathys et al., 2014). In this case, two binding pockets for tryptophan residues have been identified on the convex surface of CNOT9 (Figure 3A) (Chen et al., 2014; Mathys et al., 2014). As mentioned above, these pockets were also found to be important for the interaction with peptide motifs of TTP (Bulbrook et al., 2018) and do not overlap with the area on the concave side of CNOT9 that interacts with amphipathic helical peptide motifs from Bam or Roquin (Sgromo et al., 2017; Sgromo et al., 2018).
RECRUITMENT OF THE CCR4-NOT DEADENYLASE TO MRNAS CONTAINING RARE CODONS
The correlation between codon usage, transcript stability and translational efficiency has been observed in eukaryotes ranging from yeast to human cells (Hoekema et al., 1987; Presnyak et al., 2015; Bazzini et al., 2016; Wu et al., 2019). Transcripts containing open-reading frames containing the most abundant codons (major codons) are more efficiently translated, and display greater stability compared to transcripts containing less abundant codons (minor codons) that are less efficiently translated. The mechanistic connection between these processes has been elusive, but recent experiments carried out in the budding yeast S. cerevisiae offer a possible mechanism. Work by Buschauer et al. showed that the N-terminal domain of yeast Not5, the orthologue of human CNOT3, can bind ribosomes in the E-site when the A-site is empty (Buschauer et al., 2020) (Figure 4A). The E-site is available for binding by Not5 when minor codons are encountered and the A-site is unoccupied due to the low abundance of the incoming tRNA-aminoacyl complex. The N-terminal region of Not5 in the E-site contains three helices and makes extensive interactions with the tRNA in the P-site (Figure 4B). Both ribosomes containing the initiator tRNA (tRNAiMet) in the P-site, as well as elongating ribosomes containing the nascent polypeptide can be bound by CNOT3 (Buschauer et al., 2020). It can be envisaged that recruitment of the Ccr4-Not complex via Not5 results in deadenylation and subsequent decay by the 5′-3′ degradation pathway, providing a mechanism linking the presence of minor codons, translational efficiency and mRNA stability. Interestingly, binding of Not5 is dependent on ubiquitylation of the ribosomal eS7 subunit by Not4 and requires tRNA to be present in the P-site (Panasenko and Collart, 2012; Ikeuchi et al., 2019; Buschauer et al., 2020; Allen et al., 2021).
[image: Figure 4]FIGURE 4 | Interactions between the ribosome and Ccr4-Not subunits. (A) Complex of the S. cerevisiae ribosome with an empty A-site, the N-terminal domain of Not5 located in the E-site (green), and tRNAiMet occupying the P-site (orange). The small 40S (white) and large 60S (light yellow) ribosome subunits are indicated; 18S rRNA (yellow); 5S, 5.8S and 25S rRNA (grey) are represented using ribbons. (B) Detail of the interactions of S. cerevisiae Not5 located in the E-site (green) with the tRNAiMet occupying the P-site (orange) and the small ribosome subunit S25 (blue). PDB entry 6TB3 (Buschauer et al., 2020).
Binding of the N-terminal domain of CNOT3 into the ribosomal E-site is conserved in mammalian cells (Absmeier et al., 2022). Intriguingly, mutations in CNOT3 have been associated with T-cell acute lymphoblastic leukaemia (ALL) (De Keersmaecker et al., 2013). A recurring mutation in CNOT3 involves the substitution of a conserved amino acid (Arg-57 corresponding to Lys-58 in yeast) in the N-terminal domain of CNOT3. The equivalent amino acid is presumed to make an important contribution in the interaction between Not5 and the ribosome in yeast (Buschauer et al., 2020). De novo and inherited mutations in CNOT3 are also associated with the intellectual developmental disorder with speech delay, autism, and dysmorphic facies (IDDSADF) suggesting that the recruitment of Ccr4-Not by CNOT3 to transcripts with minor codons and low translational efficiency is essential for development (Meyer et al., 2020).
POLY(A)-MEDIATED RECRUITMENT OF DEADENYLATION
A third mechanism by which Ccr4-Not can be recruited to mRNA involves members of the BTG/TOB family of proteins and the cytoplasmic poly(A)-binding protein 1 (PABPC1). This mechanism appears to be unique to vertebrates, as no homologues of BTG/TOB proteins have been identified in fungi or Drosophila (Mauxion et al., 2009; Winkler, 2010).
The BTG/TOB proteins are characterised by an N-terminal domain that directly interacts with the Caf1 catalytic subunits of Ccr4-Not (Yang et al., 2008; Horiuchi et al., 2009) (Figure 5A). In addition to the conserved N-terminal domain, family members contain divergent C-terminal extensions. Six BTG/TOB proteins are encoded in the human genome: the paralogues TOB1 and TOB2, the paralogues BTG1 and BTG2, and the more distantly related proteins BTG3 and BTG4. These proteins share the ability to repress proliferation and cell-cycle progression upon overexpression, which depends on the interaction with the Caf1 subunit of Ccr4-Not (Ezzeddine et al., 2007; Doidge et al., 2012; Ezzeddine et al., 2012; Stupfler et al., 2016).
[image: Figure 5]FIGURE 5 | Recruitment of the Ccr4-Not complex by PABPC1. (A) Overview of the BTG/TOB proteins. Indicated are the conserved BTG (APRO) domain (grey), PAM2 motifs present in TOB1 and TOB2 (blue), and Box C regions in BTG1 and BTG2 (yellow). (B) Model of Hs PABPC1 (Uniprot P11940) (Jumper et al., 2021). Indicated are RRM1 (orange) that interacts with Box C regions of BTG1/BTG2, RRM2-RRM4 (yellow, light blue, pink), and the MLLE domain (green) interacting with PAM2 motifs of TOB1/TOB2. (C) Model of the human nuclease module in complex with BTG2-PABPC1 (RRM1-2)-poly(A) (PDB_Dev entry PDBDEV_00000099) (Ameerul et al., 2022). Indicated are PABPC1 (white); BTG2 (light blue); TOB1 (plum); Caf1/CNOT7 (light green); Ccr4/CNOT6L (purple); CNOT1 (MIF4G domain, yellow) and poly (A) RNA (blue). Highlighted (orange, black arrow) are active site residues of Caf1/CNOT7 (Asp-40, Glu-42, Asp-161, His-225, and Asp-230).
While BTG1/BTG2 and TOB1/TOB2 directly interact with PABPC1 and stimulate deadenylation by Ccr4-Not in the presence of PABPC1, different mechanisms of recruitment are involved. TOB1/TOB2 contain the well-characterised PAM2 motif (PABP-interacting Motif 2) in their C-termini. This short peptide motif (approximately 12 amino acids) binds to the C-terminal MLLE domain (PABC) of PABPC1 (Figures 5A,B) (Xie et al., 2014). This domain (approximately 70 amino acid residues) is named after a four amino acid motif, MLLE, that is central to recognition of the PAM2 motif. Although TOB1/TOB2 variants that are unable to interact with PABPC1 fail to stimulate mRNA deadenylation and degradation, artificial recruitment of the proteins to mRNA can induce mRNA deadenylation and degradation (Ezzeddine et al., 2007; Ezzeddine et al., 2012). Similarly, TOB1/TOB2 variants unable to interact with the Caf1 subunit of the Ccr4-Not complex do not induce mRNA deadenylation and degradation (Ezzeddine et al., 2007; Ezzeddine et al., 2012). This suggests a model in which the TOB1/TOB2 proteins are recruited to target mRNAs by interactions between the PAM2 motifs of TOB1/TOB2 and the MLLE domain of PABPC1 resulting in mRNA deadenylation and degradation by recruitment of the Ccr4-Not complex. Interestingly, phosphorylation of unstructured regions surrounding the PAM2 motifs by c-Jun amino-terminal kinase (JNK) can reduce interactions between the TOB2 and PABPC1 suggesting a possible regulatory mechanism that controls deadenylation by Ccr4-Not by TOB1/TOB2 (Huang et al., 2013). By contrast, phosphorylation of a specific residue within the PAM2 motif (Ser-254 of TOB2) occurs via a JNK-independent pathway and enhances the interaction between PABPC1 and TOB2 (Chen et al., 2020). In addition to recruitment via PABPC1, TOB1 -but not BTG1/BTG2-can be targeted to mRNAs by the cytoplasmic polyadenylation element-binding proteins (CPEBs) (Hosoda et al., 2011; Ogami et al., 2014; Poetz et al., 2022). In this case, a short peptide motif located between the BTG domain and the first PAM2 motif is required (Hosoda et al., 2011).
More recently, BTG1/BTG2 were also shown to interact with PABPC1 (Stupfler et al., 2016). However, in this case, the interaction is mediated by a short motif, Box C region of BTG1/BTG2. This motif, comprised of approximately 11 amino acids, is located adjacent to the conserved BTG domain of BTG1/BTG2, and mediates interactions with the first N-terminal RNA Recognition Motif (RRM1) of PABPC1 (Stupfler et al., 2016; Amine et al., 2021; Ameerul et al., 2022). As is the case for TOB1/TOB2, a BTG2 variant that is unable to interact with PABPC1 does not inhibit cell cycle progression indicating that both the ability to bind Ccr4-Not and PABPC1 are important for the function of BTG2 (Stupfler et al., 2016). A recently published model of a quaternary Caf1-BTG2-PABPC1-RNA complex suggests how deadenylation can be stimulated by BTG2 in the presence of PABPC1 (Figure 5C) (Ameerul et al., 2022). In the model, the 3′ end of poly(A) bound to PABPC1 is directly oriented towards the active site residues of Caf1, which degrades the poly(A) tail in a 3′-5′ direction.
Stimulation of deadenylation by the Caf1 subunit by PABPC1 (Stupfler et al., 2016; Ameerul et al., 2022) appears to be contradictory to a model in which PABPC1 inhibits Caf1 activity and the Ccr4 subunit is active on poly(A) tails containing poly(A)-binding protein (Webster et al., 2018; Yi et al., 2018). A possible explanation could be that there is no orthologue of BTG1/BTG2 in S. pombe. In addition, BTG1/BTG2 appear to be downregulated in many mammalian cell lines. Alternatively, PABPC1 recruits the Caf1 subunit via BTG1/BTG2 when bound at a short distance from the 3’ end. In this scenario, Caf1 deadenylates the free, unbound terminal end of the poly(A) tail, while its recruitment is stimulated by PABCP1 and BTG1/BTG2.
Deadenylation initiated by interactions involving BTG/TOB proteins, Ccr4-Not and PABPC1 suggests a global mechanism of poly(A) control. Indeed (over-)expression of TOB2 induces a global change in poly(A) tail length and mRNA levels in U2OS cells ectopically expressing TOB2 (Chen et al., 2020). A role for BTG1 and BTG2 in the control of global poly(A)-tail length has also been proposed. Both proteins are important for the maintenance of T-cell quiescence, a state of low proliferation and cellular metabolism. In the absence of both BTG1 and BTG2, proliferation is increased, and spontaneous T-cell activation occurs. Moreover, in native T-cells lacking BTG1 and BTG2, global mRNA levels are elevated, and the global poly(A)-tail length increased (Hwang et al., 2020). Interestingly, recurrent mutations in BTG1 and BTG2 are found in diffuse, large B-cell lymphoma (DLBCL) (Morin et al., 2011; Lohr et al., 2012). This may suggest that global regulation of poly(A) tails may be dysregulated in this type of non-Hodgkin lymphoma, and contributes to malignant transformation.
CONCLUDING REMARKS
In recent years, a model has emerged in which mRNA degradation is regulated at the step of recruitment of the Ccr4-Not deadenylase. Recruitment of the deadenylase can be achieved in different ways. Specific mRNAs can be regulated by interactions mediated by proteins recognising sequence elements in the target mRNA, including elements recognised by miRNAs or protein-RNA interactions. These interactions typically involve sequences located in the 3’ UTR. Several examples illustrate how recruitment of the Ccr4-Not deadenylase is achieved. Roquin and Bag-of-marbles contain short peptide motifs that can bind to the concave surface of the CNOT9 (CAF40) subunit. TTP and the TNRC6 (GW182) also bind CNOT9, but in this case interact with the W-binding motifs on the convex side of CNOT9 (CAF40). In addition, TTP and TNRC6 use additional, distinct interaction surfaces of CNOT1. In the case of Nanos, peptide motifs bind the C-terminal region of CNOT1.
A second mode of Ccr4-Not recruitment provides a mechanistic link between codon usage and mRNA stability. The discovery that the N-terminal domain of S. cerevisiae Not5 can directly interact with the ribosome when the A-site for the incoming aminoacyl⋅tRNA is unoccupied has provided a molecular mechanism explaining a well-established correlation between codon usage, translational efficiency and mRNA stability. Finally, it has become clear that general mechanisms of Ccr4-Not recruitment involving interactions between PABPC1, members of the BTG/TOB protein family and the Caf1 subunit of Ccr4-Not can lead to global regulation of poly(A) tail length in vertebrates. Exactly how this process can contribute to accurate regulation of gene expression programmes relating to cell proliferation and differentiation remains unclear, even though the importance is illustrated by T-cell activation and cell transformation. In each of these cases, structural information is available for key interactions. Thus, while questions remain, a structural view of regulated deadenylation and mRNA degradation is emerging.
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