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Cajal bodies (CBs) are subnuclear domains that contribute to the biogenesis of several different classes of ribonucleoproteins (RNPs), including small nuclear RNPs. Only some cell types contain abundant CBs, such as neuronal cells and skeletal muscle, but CBs are invariant features of transformed cells. In contrast, coilin, the CB marker protein, is a ubiquitously expressed nuclear protein, but the function of coilin in cell types that lack CBs is not well understood. We have previously shown that coilin promotes microRNA biogenesis by promoting phosphorylation of DGCR8, a component of the microprocessor. Here, we identify seven additional residues of DGCR8 with decreased phosphorylation upon coilin knockdown. In addition to phosphorylation, the addition of a small ubiquitin-like modifier (SUMO) to DGCR8 also increases its stability. Because of coilin’s role in the promotion of DGCR8 phosphorylation, we investigated whether coilin is involved in DGCR8 SUMOylation. We show that coilin knockdown results in global decrease of protein SUMOylation, including decreased DGCR8 and Sp100 (a PML body client protein) SUMOylation and decreased SMN expression. Alternatively, we found that coilin expression rescued Sp100 SUMOylation and increased DGCR8 and SMN levels in a coilin knockout cell line. Furthermore, we found that coilin facilitates RanGAP1 SUMOylation, interacts directly with components of the SUMOylation machinery (Ubc9 and SUMO2), and, itself, is SUMOylated in vitro and in vivo. In summary, we have identified coilin as a regulator of DGCR8 phosphorylation and a promotor of protein SUMOylation with SUMO E3 ligase-like activity.
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INTRODUCTION
Cajal bodies (CBs) are subnuclear domains that function in the biogenesis of ribonucleoproteins (RNPs) including telomerase (Kiss, 2004). Coilin is required for CB formation and maintenance (Tucker et al., 2001; Collier et al., 2006; Liu et al., 2009). CBs are found in some cell types (such as neuronal cells) but not in others (such as fibroblasts) (Pena et al., 2001; Young et al., 2001; Hearst et al., 2009) (Spector et al., 1992). However, CBs are invariant features of transformed cells (Spector et al., 1992; Hearst et al., 2009). CBs contain additional proteins including the survival of motor neuron (SMN) protein and WRAP53 (TCAB1/WDR79) (Liu and Dreyfuss, 1996; Matera and Frey, 1998; Carvalho et al., 1999; Young et al., 2000; Mahmoudi et al., 2010). We have previously shown a functional relationship between coilin, the CB marker protein, and microRNA (miRNA) biogenesis. Specifically, we observed that coilin knockdown (KD) decreases mature miRNA and DGCR8 (Logan et al., 2020; Lett et al., 2021). DGCR8 and Drosha are major components of the microprocessor, which crops primary-miRNA generating precursor-miRNA during miRNA biogenesis (Han et al., 2004; Landthaler et al., 2004; Tomari and Zamore, 2005; Yeom et al., 2006). Importantly, we observed decreased miRNA biogenesis and decreased DGCR8 protein upon coilin KD in cell lines with CBs (HeLa) or lacking this structure (WI-38). Upon further investigation, we found that coilin not only interacts with DGCR8 but also promotes DGCR8 stability by promoting phosphorylation at S377 (Lett et al., 2021).
Protein SUMOylation regulates multiple biological processes, including cell division, DNA repair, and cellular metabolism (Eifler and Vertegaal, 2015; Sarangi and Zhao, 2015; Kamynina and Stover, 2017; Zhu et al., 2022). SUMO is conjugated to lysine residues in target proteins catalyzed by SUMO-specific activating (E1), conjugating (E2, Ubc9), and ligating (E3) enzymes (Wang and Dasso, 2009). There are three major SUMO proteins: SUMO1, SUMO2, and SUMO3 (Matunis et al., 1996; Mahajan et al., 1997). The SUMO groups linked to target proteins can interact with other proteins through SUMO-interaction motifs (SIMs). Thus, SUMO modification provides a platform to enhance protein–protein interaction (Minty et al., 2000). SUMOylation can influence protein localization, activity, and stability. Dysregulation of protein SUMOylation has been implicated in a wide variety of diseases (Li et al., 2003; Bawa-Khalfe and Yeh, 2010; Kho et al., 2011; Kessler et al., 2012; O’Rourke et al., 2013; Weetman et al., 2013; Luo et al., 2014; Ferdaoussi et al., 2015; Heo et al., 2015; Yu et al., 2015; Hasegawa et al., 2016).
One mechanism by which SUMOylation leads to disease is by influencing miRNA biogenesis (Herbert et al., 2013; Zhu et al., 2015; Zhu et al., 2016). MiRNAs negatively regulate gene expression by influencing the stability or the translational efficiency of target mRNAs (Pratt and MacRae, 2009). The microprocessor must be heavily regulated as disruption of miRNA function is associated with a variety of diseases (Lekka and Hall, 2018). DGCR8 is regulated by Drosha at the mRNA level and by post-translational modifications, including phosphorylation, SUMOylation, and acetylation (Han et al., 2004; Kadener et al., 2009; Triboulet et al., 2009; Wada et al., 2012; Herbert et al., 2013; Zhu et al., 2015; Zhu et al., 2016). Phosphorylation of DGCR8 has been shown to increase protein stability, and at least 23 phosphorylation sites have been identified (Herbert et al., 2013). The phosphorylation of DGCR8 promotes its SUMOylation, which acts synergistically to further increase protein stability. SUMOylation also affects the affinity of the Microprocessor for certain pri-miRNAs and the cellular localization of DGCR8 (Zhu et al., 2015; Zhu et al., 2016).
The CB-enriched protein SMN is also a substrate for SUMOylation. SMN functions in many aspects of RNP biogenesis, such as small nuclear RNP (snRNP) biogenesis (Liu and Dreyfuss, 1996; Liu et al., 1997; Pellizzoni et al., 1998; Wan et al., 2005; Workman et al., 2012) and mRNA axonal transport (Fallini et al., 2012). A deficiency of SMN causes the neurodegenerative disease spinal muscular atrophy (Lefebvre et al., 1995). SMN has a SIM-like motif in the Tudor domain (Tapia et al., 2014; Riboldi et al., 2021). Interestingly, loss of the SIM motif in SMN disrupts the formation of both the SMN complex and CBs, severely impairing snRNP biogenesis (Tapia et al., 2014; Riboldi et al., 2021). Disruption of SMN SUMOylation results in aberrant accumulation of SMN in the cytoplasm (Riboldi et al., 2021). In contrast, hyper-SUMOylation of SMN marks the protein for degradation via the proteasome (Zhang et al., 2021). In mice, a deficiency of SUMO/sentrin-specific protease 2 (SENP2), which deconjugates SUMO1 from SMN, results in hyper-SUMOylated SMN, increased degradation of SMN, and eventually an SMN deficiency (Zhang et al., 2021). SENP2-deficient mice also develop an SMA-like phenotype including flaccid paralysis, decreased motor neuron number, decreased muscle fiber number and size, and inhibition of CB formation (Zhang et al., 2021).
CBs are known to associate with the PML body (Sun et al., 2005). PML bodies are dynamic nuclear protein aggregates that function in a variety of cell processes, including DNA repair, apoptosis, and carcinogenesis (Salomoni and Pandolfi, 2002; Bernardi and Pandolfi, 2007; Bernardi et al., 2008). The PML protein is the scaffold of PML bodies (Maul et al., 2000). SUMOylation of the PML protein regulates the number and size of PML bodies (Hirano and Udagawa, 2022). Mutant PML that can no longer be SUMOylated is unable to recruit Sp100 and other PML body client proteins (Zhong et al., 2000). Sp100 is also SUMOylated by SUMO1, 2, and 3, which increases its stability (Sternsdorf et al., 1999). The interaction between SIM motifs and SUMOs on PML body proteins contributes to the liquid–liquid phase separation of these domains (Van Damme et al., 2010).
Here, we further investigate coilin’s role in the post-translational modification of DGCR8. Tandem MS confirmed our previous finding of decreased phosphorylation at S377 and identified seven additional sites with decreased phosphorylation after coilin KD. Because of the closely intertwined relationship of phosphorylation and SUMOylation of DGCR8, we examined changes in protein SUMOylation in primary and transformed cells upon coilin KD and found a global reduction in protein SUMO1 and SUMO2/3 modification. We also observed decreased SUMOylation of DGCR8 and Sp100 as well as decreased SMN expression. Moreover, we found that expression of coilin in coilin knockout (KO) mouse embryonic fibroblasts (MEF) resulted in increased Sp100 SUMOylation and increased expression of DGCR8 and SMN. We then conducted in vitro SUMOylation assays to investigate how coilin promotes SUMOylation and found that coilin promotes RanGAP1 SUMOylation similar to SUMO E3 ligases. Deletion of residues 121–291, which are in the central, intrinsically disordered region of coilin (Makarov et al., 2013), did not promote SUMOylation of RanGAP1 to the same extent as wildtype (WT) coilin. Furthermore, we found that coilin interacts directly with components of the SUMOylation machinery and can be auto-SUMOylated in vitro. We also show that coilin is SUMOylated in vivo. Given the known connections and interactions between coilin with CBs, PML bodies, DGCR8, SMN, and the biogenesis of snRNPs, small nucleolar RNPs, small Cajal body-specific RNPs, telomerase, and miRNAs (Grande et al., 1996; Hebert et al., 2001; Sun et al., 2005; Strzelecka et al., 2010; Broome and Hebert, 2013; Enwerem et al., 2014; Logan et al., 2020; Lett et al., 2021; Logan et al., 2021; Logan et al., 2022), the identification of coilin as a promoter of SUMOylation provides important mechanistic insights into the function of coilin in cell types with or without CBs.
RESULTS
Coilin promotes DGCR8 phosphorylation and affects global protein SUMOylation
To expand on our previous findings that coilin functions in miRNA biogenesis by promoting the phosphorylation of DGCR8 at S377 (Lett et al., 2021), we examined the phosphorylation status of DGCR8 after 72 h control or coilin KD. HeLa cells were transfected with FLAG-DGCR8 DNA 48 h after siRNA treatment. The lysate was generated and subjected to immunoprecipitation (IP) with anti-FLAG beads 24 h later. The immunoprecipitates were run on SDS-PAGE gel and Coomassie-stained, and the DGCR8 band was excised and subjected to phospho-proteomic analysis. As shown in Figure 1A and Supplementary Table S1, this analysis confirmed that S377 phosphorylation is decreased upon coilin KD and identified seven additional residues that are hypophosphorylated in coilin KD compared to control KD, including one phosphorylation site that had not yet been identified, S314. We did not detect any residues that were hyperphosphorylated with coilin KD compared to the control. All the mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD036370.
[image: Figure 1]FIGURE 1 | Coilin positively regulates DGCR8 phosphorylation and global SUMOylation. (A) DGCR8 phosphopeptide analysis. HeLa cells were transfected with the negative control or coilin siRNA for 48 h and then transfected with FLAG-DGCR8 for 24 h, followed by IP. IP complexes were isolated and subjected to MS/MS analysis. The abundance ratios for residues shown to be hypophosphorylated upon coilin KD compared to control KD are shown. (B) Analysis of global protein SUMOylation after coilin and Ubc9 reduction. HeLa cells were transfected with control, coilin, and Ubc9 siRNA for 72 h. Cells were harvested, and lysates were subjected to Western blotting. Anti-SUMO2/3 antibody was used to assess global protein SUMOylation. Anti-coilin and anti-Ubc9 antibodies were used to confirm siRNA knockdown.
Phosphorylation and SUMOylation of DGCR8 have been shown to act synergistically to increase protein stability, and DGCR8 phosphorylation induces SUMOylation (Zhu et al., 2015). Because we found that coilin KD reduced DGCR8 phosphorylation and protein levels (Lett et al., 2021), we hypothesized that coilin KD would also affect protein SUMOylation. To test this, we transfected HeLa cells with control, coilin, or Ubc9 siRNA for 72 h (Figure 1B). We examined total SUMO2/3 protein SUMOylation via Western blotting and saw a decrease in SUMO2/3 signal in cells with coilin KD compared to the control (top panel, lane 2 compared to lane 1). Because the mature forms of SUMO2 and 3 are approximately 97% identical, there is no available antibody that can differentiate between the two. As expected, KD of Ubc9, the only SUMO E2 enzyme in humans, greatly decreased the number of proteins modified by SUMO2/3 (top panel, lane 3 compared to lane 1). Ubc9 and coilin KD were verified by probing with the appropriate antibodies.
Decreased protein SUMOylation after coilin reduction in primary and transformed cells
While the data in Figure 1 suggest a role for coilin in protein SUMOylation, we examined the effects of the reduction of coilin and other CB proteins in cells with and without CBs (Figure 2) to provide further support for our hypothesis. To explore whether SUMOylation is a function of nucleoplasmic coilin or CBs, we utilized cells expressing abundant (HeLa) or few (WI-38) CBs (Spector et al., 1992). Endogenous SUMO1 and SUMO2/3 levels were examined by Western blotting from cells in which coilin, SMN, and WRAP53 were reduced. HeLa lysate showed decreased SUMO1 (Figure 2A) and SUMO2/3 (Figure 2B) with coilin KD (lane 2) compared to the control (lane 1). However, we did not see a comparable decrease in SUMO1 or SUMO2/3 signals after SMN or WRAP53 KD (lanes 3 and 4, respectively). Quantification of the SUMO signals normalized to actin confirmed a statistically significant decrease in SUMO1 (Figure 2C) and SUMO2/3 (Figure 2D) after coilin KD in HeLa cells. For SUMO2/3, there was no statistical difference with SMN and WRAP53 KD. However, while there was not a significant change in SUMO1 levels with WRAP53 KD, we did see a statistically significant decrease in SUMO1 with SMN KD. Additionally, we saw a decrease in SUMO2/3 signal using three different siRNAs to KD coilin (Supplementary Figure S1A).
[image: Figure 2]FIGURE 2 | Coilin knockdown in cells with and without CBs reduces protein SUMOylation. HeLa (A,B) and WI-38 (E,F) cells were transfected with indicated siRNA for 72 h, followed by Western blotting to assess endogenous SUMO1 [(A) HeLa; (E) WI-38] and SUMO2/3 [(B) HeLa; (F) WI-38] levels. Actin was detected to assess protein loading. Quantifications of HeLa SUMO1 (C) and SUMO2/3 (D) and WI-38 SUMO1 (G) and SUMO2/3 (H) normalized to actin with the control ratio set to 1 are shown. N > 4, including three biological replicates. Error bars represent SD. *p < 0.0332, **p < 0.0021, ***p < 0.0002, ****p < 0.0001. ns, not significant. Brackets indicate the SUMO1 or 2/3 signal used for the quantification.
Our results from a primary cell line that has few CBs, WI-38 (Figures 2E–H), are similar to those obtained with HeLa. Specifically, SUMO1 (Figure 2E) and SUMO2/3 (Figure 2F) signals were decreased after coilin reduction compared to the control (lane 2 compared to lane 1), but we did not see a reduction in SUMO1 or SUMO2/3 signal with SMN (lane 3) or WRAP53 (lane 4) KDs. Quantification of SUMO1 (Figure 2G) and SUMO2/3 (Figure 2H) revealed a significant reduction in protein SUMOylation upon coilin KD comparable to that seen in HeLa cells. SUMO1 levels with SMN and WRAP KDs were not significantly changed compared to the control, and neither were SUMO2/3 levels with WRAP53 KD. However, SMN KD in WI-38 cells caused a significant increase in SUMO2/3 signal compared to the control. The increase of SUMO2/3 SUMOylation upon 72 h SMN KD in WI-38 is surprising but may reflect the deleterious consequences of SMN KD in this primary cell line that result in reduced cell numbers. All siRNA KDs were confirmed via Western blotting (Supplementary Figure S1). Overall, these data indicate that nucleoplasmic coilin, not strictly CBs, is involved in protein SUMOylation.
Coilin knockout results in global reduction of protein SUMOylation
To provide further evidence of coilin’s role in protein SUMOylation, we examined endogenous SUMO1 and SUMO2/3 protein modifications in the wild-type MEF (MEF26) and coilin knockout MEF (MEF42) cell lines. The MEF42 cell line was generated by deleting 85% of the coilin gene’s coding sequence, a 10 kb deletion encompassing exon 2 through exon 7 (Tucker et al., 2001). Coilin KO was confirmed by Western blotting (Figure 3A). As shown in Figure 3, protein SUMOylation in WT MEF26 and coilin KO MEF42 cells was assessed via Western blotting. Coilin KO resulted in decreased protein modification with both SUMO1 (Figure 3B, lane 2 vs. lane 1) and SUMO2/3 (Figure 3D, lane 2 vs. lane 1). Similar to the results observed after coilin KD in HeLa and WI-38 cells, quantification of SUMO1 (Figure 3C) and SUMO2/3 (Figure 3E) revealed a significant (∼50%) decrease in MEF42 compared to MEF26 cells.
[image: Figure 3]FIGURE 3 | Coilin KO results in a global decrease in SUMO1 and SUMO2/3 protein modification. (A) Coilin KO was confirmed via Western blotting of MEF26 (WT) and MEF42 (KO) lysates by probing with anti-coilin antibodies. Anti-actin antibodies were used to assess protein loading. Protein was isolated from wild-type MEF cells (MEF26) and coilin KO cells (MEF42) and subjected to SDS PAGE, followed by Western blotting. Proteins modified by SUMO1 (B) and SUMO2/3 (D) were detected with appropriate antibodies. Blots were also probed with actin to assess loading. Quantifications of SUMO1 (C) and SUMO2/3 (E) signals normalized to actin with the MEF26 ratio set to 1. Error bars represent SD. **p < 0.0021, ****p < 0.0001. Red brackets indicate the SUMO1 or 2/3 signal used for quantification. N > 5, including two biological replicates.
Coilin KD decreases SUMOylation of DGCR8 and Sp100 and reduces SMN levels
Our data thus far demonstrate a role for coilin in protein SUMOylation. Next, we aimed to identify specific proteins whose SUMOylation is disrupted by coilin reduction. Our previously published results showing a relationship between coilin and miRNA biogenesis, DGCR8 protein levels, and DGCR8 post-translational modification (Logan et al., 2020; Lett et al., 2021; Logan et al., 2021; 2022) inspired us to first examine DGCR8 SUMOylation. As shown in Figure 4A, HeLa cells were transfected with control or coilin siRNA, followed by transfection with FLAG-DGCR8 and His-SUMO1. His-SUMO1-conjugated proteins were pulled down with nickel-nitrilotriacetic acid (Ni-NTA) beads, and Western blotting was used to visualize total FLAG-DGCR8 and SUMOylated FLAG-DGCR8 (top panel, lane 3). Compared to the control (lane 3), the amount of SUMOylated FLAG-DGCR8 (bracket) was decreased upon coilin KD (lane 4). We also observed decreased total SUMO1 signals in the coilin KD input and pulldown lanes compared to the control (bottom panel; compare the SUMO1 signals in lanes 2 and 4 to those in lanes 1 and 3). These data further support the role of coilin in the regulation of the microprocessor and miRNA biogenesis.
[image: Figure 4]FIGURE 4 | Coilin KD decreases SUMOylation of DGCR8 and Sp100 and SMN expression. HeLa cells were transfected with indicated siRNA for 48 h, followed by DNA transfection with His-SUMO1 and FLAG-DGCR8 (A) or YFP-Sp100 (B) for 24 h. Ni-NTA beads were used to pull down proteins modified with His-tagged SUMO1. Lysates were incubated with Ni-NTA beads for 1 h, followed by washing, SDS-PAGE, and Western blotting. YFP-Sp100 was detected with anti-GFP antibodies, and FLAG-DGCR8 was detected with anti-FLAG antibodies. Input lanes represent 4% of lysate used for pulldown. (C) HeLa cells were transfected with the control or coilin siRNA for 48 h, followed by transfection with myc-SMN alone or myc-SMN and His-SUMO1 for 24 h. Western blotting was used to analyze myc-SMN expression, and the blot was probed with indicated antibodies.
Another process that is heavily dependent upon protein SUMOylation is PML body formation. Pathological conditions, such as viral infections, disrupt PML bodies by inhibition of PML protein SUMOylation and abolishment of SUMOylated Sp100 (Kim et al., 2011; Schilling et al., 2017). For our studies, we examined Sp100 SUMOylation (Figure 4B). HeLa cells were transfected with siRNA, followed by DNA transfection with YFP-Sp100 and His-SUMO1. Ni-NTA beads were used to pull down proteins modified by His-SUMO1, followed by Western blotting and detection of total (top, left panel) and SUMOylated Sp100 (top, right panel). When probing for YFP-Sp100 (top panel), we found a decrease in SUMOylated YFP-Sp100 in the coilin KD compared to the control and WRAP53 KDs (lane 6 compared to lanes 5 and 7, respectively; SUMOylated YFP-Sp100 bands are denoted with a bracket). Additionally, we found less total YFP-Sp100 in coilin KD compared to the control and WRAP53 KDs (lane 2 compared to lanes 1 and 3, respectively). However, because we also see less total YFP-Sp100 in the Ubc9 KD (lane 4 compared to lane 1), and the actin probing (bottom panel) indicates equal protein loading, we attribute the decrease in total YFP-Sp100 to the protein being less stable in the coilin KD background due to decreased SUMOylation.
The final SUMOylated protein that we investigated is SMN (Figure 4C). SMN is a known CB protein that interacts directly with coilin (Hebert et al., 2001; Hebert et al., 2002; Toyota et al., 2010; Tapia et al., 2014). SMN also has a SIM motif in its Tudor domain, indicating SMN interacts with other SUMOylated proteins (Tapia et al., 2014; Riboldi et al., 2021). SUMOylation of SMN modulates its stability, localization, and degradation (Tapia et al., 2014; Riboldi et al., 2021; Zhang et al., 2021). After control and coilin KDs, HeLa cells were transfected with myc-SMN alone or in combination with His-SUMO1. When probing for myc-SMN, we observed an increased myc-SMN expression when co-transfected with His-SUMO1 for both the control (lane 3 compared to lane 1) and the coilin KD (lane 4 compared to lane 2). However, myc-SMN expression was decreased in the coilin KD compared to the control with (lane 4 compared to lane 3) and without His-SUMO1 (lane 2 compared to lane 1). Coilin KD was confirmed (lanes 2 and 4 compared to lanes 1 and 3), and the blot was probed with actin to assess protein loading (bottom panel). We also conducted Ni-NTA pulldowns to evaluate the level of His-SUMO1 conjugated SMN, with and without coilin KD, but were unable to detect SUMOylated SMN (our unpublished observations). We hypothesize that the lack of detected SUMOylated SMN in this assay is a consequence of there being fewer SUMOylated residues in SMN compared to those found in Sp100.
Coilin promotes Sp100 and global SUMOylation and the expression of DGCR8 and SMN in a coilin KO cell line
After finding that coilin KD decreases DGCR8 and Sp100 SUMOylation and SMN expression, we investigated whether the opposite would also be true—that coilin expression would increase SUMOylation and/or expression. To explore what region of coilin may be responsible for this activity, in addition to full-length coilin, we also utilized a coilin construct with a deletion within coilin’s intrinsically disordered region (Δ121–291: deletion of aa 121–291). This region of coilin is predicted to be highly SUMOylated and contains one of coilin’s three predicted SIMs. Therefore, we hypothesize that deletion of this region would hinder coilin’s ability to promote protein SUMOylation. Coilin KO MEF42 cells were transfected with FLAG-DGCR8 alone (Figure 5A, lane 1), FLAG-DGCR8 and His-SUMO1 (lane 2), FLAG-DGCR8, His-SUMO1, and WT myc-coilin (lane 3), or FLAG-DGCR8, His-SUMO1, and myc-coilin Δ121–291 (lane 4). Western blot of the lysates showed the highest FLAG-DGCR8 expression when co-transfected with His-SUMO1 and WT myc-coilin (top panel, lane 3 compared to lanes 1, 2, and 4), followed by co-transfection with His-SUMO1 and myc-coilin Δ121–291 (top panel, lane 4 compared to lanes 1 and 2). Because FLAG-DGCR8 expression increased with the addition of His-SUMO1 (lane 2 compared to lane 1) and further increased with the addition of WT myc-coilin (lane 3 compared to lane 2), we believe this increased expression is due to greater protein stability via promotion of SUMOylation by coilin. Furthermore, MEF42 cells transfected with His-SUMO1 and Δ121–291 displayed greater expression of FLAG-DGCR8 than those transfected with His-SUMO1 (top panel, lane 4 compared to lane 2) but less expression than those transfected with His-SUMO1 and WT myc-coilin (top panel, lane 4 compared to lane 3), indicating that this region contributes to the promotion of DGCR8 expression. However, it is also possible that deletion of a large region of the intrinsically disordered region in coilin, such as that found in the Δ121–291 mutant, disrupts the N- and C-terminal structured domains of coilin, thereby altering coilin function. Transfections were confirmed with anti-coilin (second panel) and anti-SUMO1 (third panel) antibodies, and actin levels were used to assess total protein loading (bottom panel).
[image: Figure 5]FIGURE 5 | Exogenous coilin expression increases Sp100 SUMOylation and expression of DGCR8 and SMN. (A) MEF42 cells were transfected with FLAG-DGCR8 alone (lane 1), FLAG-DGCR8 and His-SUMO1 (lane 2), FLAG-DGCR8, His-SUMO1, and WT myc-coilin (lane 3), and FLAG-DGCR8, His-SUMO1, and myc-coilin ∆121–291 (lane 4) for 24 h. Cells were lysed, and lysates were subjected to SDS-PAGE, followed by Western blotting. (B) MEF42 cells were transfected with YFP-Sp100 alone (lanes 1 and 5), YFP-Sp100 and His-SUMO1 (lanes 2 and 6), YFP-Sp100, His-SUMO1, and WT myc-coilin (lanes 3 and 7), and YFP-Sp100, His-SUMO1, and myc-coilin ∆121–291 (lanes 4 and 8). Lysates from cells transfected with YFP-Sp100 were incubated with Ni beads for 1 h to pull down His-SUMO1-modified proteins. Western blotting was used to analyze the input lysate (lanes 1–4) and pulldown proteins (lanes 5–8). The blot was probed with indicated antibodies. Input represents 4% of lysate used for pulldown. (C) MEF42 cells were transfected with myc-SMN alone (lane 1), myc-SMN and His-SUMO1 (lane 2), myc-SMN, His-SUMO1, and WT myc-coilin (lane 3) and myc-SMN, His-SUMO1, and myc-coilin ∆121–291 (lane 4) for 24 h. Western blotting was used to analyze myc-SMN and FLAG-DGCR8 expression and was probed with indicated antibodies.
In contrast to DGCR8, Sp100 is a highly SUMOylated protein. Therefore, changes in Sp100 SUMOylation are more easily detected compared to DGCR8. To explore the effect of coilin expression on Sp100 SUMOylation, coilin KO MEF42 cells were transfected with YFP-Sp100 alone (Figure 5B, lanes 1 and 5), YFP-Sp100 and His-SUMO1 (lanes 2 and 6), YFP-Sp100, His-SUMO1, and WT myc-coilin (lanes 3 and 7), or YFP-Sp100, His-SUMO1, and myc-coilin Δ121–291 (lanes 4 and 8). Ni-NTA beads were used to pull down proteins modified with His-SUMO1. Input lysates and pulldowns were subjected to Western blotting. When transfecting with YFP-Sp100 alone, we did not detect any SUMOylated YFP-SP100 after Ni-NTA pulldown (top panel, lane 5) but we did when YFP-Sp100 was co-transfected with His-SUMO1 (top panel, lane 6). Interestingly, we see an increase in SUMOylated YFP-Sp100 when myc-coilin Δ121–291 was expressed (top panel, lane 8 compared to lane 6) and a further increase with the addition of WT myc-coilin (top panel, lane 7 compared to lane 8). Like DGCR8, we see a similar pattern in total YFP-SP100 expression with the highest expression occurring when WT myc-coilin was co-transfected (top panel, lane 3), followed by myc-coilin Δ121–291 (top panel, lane 4). Transfections were confirmed with anti-coilin (second panel) and anti-SUMO1 (third panel) antibodies, and actin expression was used to assess protein loading (bottom panel).
Finally, we investigated SMN expression in coilin KO MEFs (Figure 5C). MEF42 cells were transfected with myc-SMN alone (lane 1), myc-SMN and His-SUMO1 (lane 2), myc-SMN, His-SUMO1, and WT myc-coilin (lane 3), or myc-SMN, His-SUMO1, and myc-coilin Δ121–291 (lane 4). Western blotting was used to visualize differences in myc-SMN expression. Similar to the results observed with FLAG-DGCR8 and YFP-Sp100, the highest expression of myc-SMN occurred when myc-SMN was co-transfected with His-SUMO1 and WT myc-coilin (top panel, lane 3). Again, co-transfection of myc-SMN with His-SUMO1 and myc-coilin Δ121–291 yielded greater expression than myc-SMN alone and myc-SMN co-transfected with His-SUMO1, but less than WT myc-coilin (top panel, lane 4 compared to lanes 1, 2, and 3, respectively). Transfections were confirmed (second and third panels), and actin levels were used to assess total protein loading (bottom panel). In summary, all three proteins, SMN, DGCR8, and Sp100, displayed the greatest increase of expression when WT myc-coilin was expressed, while Sp100 also showed increased SUMOylation. In all coilin expression experiments in MEF42, the total SUMO1 signal was greatest in reactions containing WT myc-coilin. We also conducted Ni-NTA pulldowns in the MEF42 background with DGCR8 and SMN but were unable to detect SUMOylated DGCR8 or SMN by this assay (unpublished observations). Both DGCR8 and SMN have fewer SUMOylated residues compared to Sp100, and we speculate that this accounts for our inability to detect SUMOylated DGCR8 and SMN in the coilin KO background.
Coilin is capable of SUMO E3 ligase-like activity in vitro
One way in which coilin could be promoting protein SUMOylation is by altering the levels or activity of the SUMO conjugation (Ubc9) or deconjugation (SENPs) enzymes. However, we did not see any change in Ubc9 or SENP1 levels after coilin KD in primary (WI-38) or transformed (HeLa) cells (Supplementary Figures S2A–D). This suggests coilin might be enhancing SUMOylation via E3 ligase-like activity. To test this idea, we conducted in vitro SUMOylation assays to investigate whether coilin possesses E3 ligase-like activity. These reactions were conducted using a decreased amount of E1 and E2 enzymes in order to evaluate E3 ligase activity, as previously described (Yang et al., 2018b). His-T7-tagged coilin or WRAP53 partially purified from E. coli were added to SUMOylation reactions containing diluted E1 and E2 enzymes, SUMO1, Mg-ATP, and a RanGAP1 fragment as the target protein. Reactions were subjected to SDS-PAGE, Western blotting, and probing with anti-SUMO1 antibodies (Figure 6A). Reactions using the standard amount of E1 and E2 enzymes were also conducted, without and with Mg-ATP, to verify that SUMO1 was enzymatically added to RanGAP1 (lanes 4 and 5). The RanGAP1-SUMO1 signal when coilin was added to the reaction (top panel, lane 2) is greater than that observed for elution buffer control (lane 1) or WRAP53 (lane 3), indicating that coilin may possess E3 ligase-like activity. The presence of partially purified coilin and WRAP53 proteins was confirmed by probing for coilin (middle panel) and T7 (bottom panel), respectively. Quantification of SUMOylated RanGAP1 showed a two-fold increase when coilin was included in the reaction compared to the elution buffer control or WRAP53 (Figure 6B).
[image: Figure 6]FIGURE 6 | Coilin promotes SUMOylation of RanGAP1 in vitro. (A) In vitro SUMOylation assay, containing a RanGAP1 fragment as the target, decreased amounts of E1 and E2 enzymes, SUMO1, Mg-ATP, and elution buffer (lane 1), His-T7-coilin (lane 2), or His-T7-WRAP53 (lane 3). Reactions with undiluted amounts of E1 and E2 with (lane 5) and without (lane 4) Mg/ATP are shown for comparison. Reactions were subjected to SDS-PAGE, Western blotting, and probing with indicated antibodies. * denotes residual SUMO1 signal. (B) Quantification of in vitro SUMOylation assays with elution buffer set to 1 (N = 6; **p < 0.0021; ns, not significant). (C) In vitro SUMOylation of RanGAP1 was conducted as described in (A) with elution buffer (lane 1), His-T7-coilin (lane 2), His-T7-coilin C-terminal fragment (C214, lane 3), and His-T7-coilin N-terminal fragment (N362, lane 4). The blot was probed with anti-SUMO1 (top) and anti-coilin (bottom) antibodies. Arrows denote the location of full-length (FL) coilin, C214, and N362. * denotes a residual SUMO1 signal. Note: the data shown in lanes 1 and 2 are obtained from the same experiment shown in panel A, lanes 1 and 2. (D) In vitro SUMOylation of RanGAP1 was conducted as described in (A) with water (lane 1), elution buffer (lane 2), His-T7-coilin (lane 3), His-T7-coilin Δ121–291 (lane 4), and His-T7-coilin Δ241–291 (lane 5). Western blot of the assay was probed with anti-SUMO1 (top) and anti-coilin (bottom) antibodies. * denotes a residual SUMO1 signal. (E) Quantification of in vitro SUMOylation assays normalized to full-length coilin (N = 8; ****p < 0.0001; ns, not significant). (F) In vitro SUMOylation assay including RanGAP1 fragment substrate, E1 and E2 enzymes, SUMO1, Mg/ATP, and varying amounts of highly purified coilin (0 ng–lane 1, 35 ng–lane 2, and 70 ng–lane 3). Western blot of the assay was probed with anti-SUMO1 (top) and anti-coilin (bottom) antibodies.
Known SUMO E3 ligases can be divided into two groups: those that contain SIMs and those with SP-RING domains. Coilin has three predicted SIMs (aa 29–32, 145–148, and 512–515). To begin an analysis of the region in coilin responsible for this putative SUMO E3 ligase-like activity, we conducted additional in vitro SUMOylation assays (using the same conditions in 6A) with an N-terminal (aa 1–362, N362) or C-terminal (aa 362–576, C214) coilin fragment (Figure 6C). N362 is missing one SIM (512–515), while C214 is missing two SIMs (29–32 and 145–148). Neither of these fragments promoted the SUMOylation of RanGAP1 to the level observed with full-length coilin (top panel, lane 2 compared to lanes 3 and 4), indicating that all three SIMs or the central, intrinsically disordered region of coilin spanning these two fragments may be essential for this activity. Full-length coilin, C214, and N362 fragments were detected with anti-coilin antibodies (bottom panel, lanes 2, 3, and 4, respectively; labeled with arrows). We next examined coilin constructs with deletions in coilin’s intrinsically disordered region (Δ121–291: deletion of aa 121–291 and Δ241–291: deletion of aa 241–291). The Δ121–291 coilin construct is also missing one SIM (145–148). In vitro SUMOylation assays (using the same conditions as 6A) revealed that Δ121–291 was not capable of promoting the SUMOylation of RanGAP1 to the same extent as full-length coilin (Figure 6D, upper panel, lane 4 compared to lane 3). Anti-coilin antibodies were used to detect full-length coilin, Δ121–291, and Δ241–291 (bottom panel, lanes 3, 4, and 5, respectively). Quantification of SUMOylated RanGAP1, when corrected for the amount of coilin construct present and normalized to that obtained for reactions using full-length coilin, revealed that reactions containing Δ121–291 had less SUMOylated RanGAP1. No significant difference in the ability of Δ241–291 and full-length coilin to promote RanGAP1 SUMOylation (Figure 6E) was observed. The data indicate that amino acids 121–241 are required to achieve coilin’s full ability to promote SUMOylation. However, this section of coilin is not solely responsible for the activity as deletion of these residues reduced but did not eliminate the SUMOylation ability of coilin as evidenced by the enrichment of the SUMO1 signal with the addition of Δ121–291 compared to an elution buffer (Figure 6D, compare lane 2 to lane 4).
Even though bacteria are not capable of SUMOylating proteins, and no SUMOylation enzymes have been identified in bacteria, we next conducted experiments with highly purified bacterially expressed coilin (Supplementary Figure S2E) to confirm that coilin is, in fact, responsible for the promotion of RanGAP1 SUMOylation. We have previously published the coilin purification protocol, which involves bacterial expression of GST-coilin, GST-tag removal, RNase/DNase treatment, SDS-PAGE, electroelution of the excised SDS-PAGE coilin band, SDS removal, and dialysis against high salt PBS (Broome and Hebert, 2013). An amount (35 or 70 ng) of highly purified coilin in high-salt PBS was added to SUMOylation assays containing decreased amounts of E1 and E2, RanGAP1, SUMO1, and Mg/ATP. A reaction containing decreased amounts of E1 and E2, RanGAP1, SUMO1, Mg/ATP, and high-salt PBS was used as the control (Figure 6F). Western blot of these assays revealed that the addition of 35 ng of highly purified coilin resulted in increased SUMOylation of RanGAP1 compared to no coilin (top panel, lane 2 compared to lane 1), and the addition of 75 ng of coilin further increased RanGAP1 SUMOylation (top panel, lane 3 compared to lane 2). The addition of coilin to the assays was confirmed by probing with anti-coilin antibodies (bottom panel).
Coilin directly interacts with Ubc9 and SUMO2 in vitro
Our observation that coilin is involved in protein SUMOylation in vitro and in vivo led us to investigate whether coilin can directly interact with the SUMOylation machinery. To test this, we performed Ni-NTA pulldown assays using pure Ubc9 and SUMO2 and partially purified His-T7 tagged coilin and WRAP53 (Figure 7). Ubc9 was incubated with Ni beads alone (Figure 7A, lane 2), Ni beads and His-T7-coilin (lane 3), or Ni beads and His-T7-WRAP53 (lane 4) for 1 h at 4°C. The beads were then extensively washed and subjected to Western blotting and probing for Ubc9. As shown in Figure 7A, reactions containing coilin recovered the most Ubc9 compared to the amount recovered by WRAP53 or beads alone. The presence of His-T7-tagged coilin and WRAP53 was confirmed using the appropriate antibodies (bottom panel). Ni-NTA pulldowns utilizing SUMO2 were performed in the same manner (Figure 7B), and we observed similar results. Specifically, the most SUMO2 was recovered in reactions containing His-T7-coilin (top panel, lane 3). The presence of His-T7-tagged coilin and WRAP53 was confirmed with appropriate antibodies (bottom panel). We also found a direct interaction between SUMO1 and coilin (Supplementary Figure S2F).
[image: Figure 7]FIGURE 7 | Coilin interacts directly with Ubc9 and SUMO2. His-T7-tagged coilin and WRAP53 were partially purified from bacteria and incubated with 1 ul Ubc9 (A) and SUMO2 (B) for 1 h at 4°C along with Ni-NTA beads. Beads were then washed and subjected to SDS-PAGE, Western blotting, and protein detection. Input [lane 1, (A,B)] represents 100% (1 ul) of protein used for pulldown. Ubc9 and SUMO2 were incubated with Ni-NTA beads alone as a negative control [(A), lane 2 and (B), lane 2, respectively]. Western blot of input and the Ni pulldowns were probed with indicated antibodies.
Coilin is SUMOylated in vitro and in vivo
Auto-SUMOylation, the ability to self-SUMOylate in the absence of an E3 ligase, is one of the hallmarks of bona fide SUMO E3 ligases (Pichler et al., 2017). Therefore, we next examined if coilin is SUMOylated in cells and is capable of auto-SUMOylation in vitro. Using highly purified coilin (Supplementary Figure S2E), we performed in vitro auto-SUMOylation assays with (Figure 8A, lane 2) and without Mg/ATP (lane 1). Western blot of the assays was probed with anti-SUMO1 antibodies that detected SUMOylated coilin (top panel, lane 2 compared to lane 1). In addition to bands corresponding in size to SUMOylated coilin, we detected a slight decrease in unconjugated SUMO1 when Mg/ATP was present (top panel, lane 2 compared to lane 1, denoted with arrow). To evaluate if coilin is SUMOylated in vivo and begin an examination of the coilin regions that are SUMOylated, HeLa cells were transfected with WT myc-coilin or myc-coilin Δ121–291 with and without His-SUMO1 for 24 h, followed by Ni-NTA pulldown of His-SUMO1 (Figure 8B). Western blot of input lysates (lanes 2–5) and pulldowns (lanes 6–7) were probed with anti-coilin antibodies. Bands corresponding in size to SUMOylated WT myc-coilin in both the input and the Ni-NTA pulldown lanes that were co-transfected with His-SUMO1 were detected (top panel, lane 3 compared to lane 2 and lane 7 compared to 6, respectively). However, we did not detect any SUMOylated myc-coilin Δ121–291 when co-transfected with His-SUMO1 in the input or pulldown lanes (top panel, lane 5 compared to lane 4 and lane 9 compared to lane 8, respectively), indicating that amino acids 121–291 contain SUMOylated lysine residues. However, it is also possible that this deletion alters the coilin structure and inhibits SUMOylation. The blot was also probed with anti-SUMO1 antibodies to confirm transfections (bottom panel).
[image: Figure 8]FIGURE 8 | Coilin is auto-SUMOylated in vitro and SUMOylated in vivo. (A) In vitro SUMOylation assays containing 70 ng of highly purified coilin as the substrate, E1 and E2 enzymes, and SUMO1 with (lane 2) and without Mg/ATP (lane 1). SUMOylated coilin and unconjugated SUMO1 are denoted. (B) HeLa cells were transfected with WT myc-coilin or myc-coilin ∆121–291 with and without His-SUMO1 (WT myc-coilin alone: lanes 2 and 6; WT myc-coilin + His-SUMO1: lanes 3 and 7; myc-coilin ∆121–291 alone: lanes 4 and 8; myc-coilin ∆121–291 + His–SUMO1: lanes 5 and 9). (C) HeLa cells were transfected with GFP-coilin with (lanes 2 and 4) and without His-SUMO1 (lanes 1 and 3). (D) HeLa cells were transfected with coilin-GFP with (lanes 2 and 4) and without His-SUMO1 (lanes 1 and 3). All Ni-NTA pulldowns (B–D) were incubated on Ni beads for 1 h, followed by SDS-PAGE and Western blotting. Inputs represent 4% of lysate used for pulldowns. Blots were probed with anti-coilin and anti-SUMO1 antibodies. Brackets indicate SUMOylated coilin. (E) Schematic of possible target proteins of coilin-promoted SUMOylation and impacted cell processes.
Lastly, we examined the SUMOylation of coilin with a GFP tag located on the N-terminus (GFP-coilin; Figure 8C) or the C-terminus (coilin-GFP; Figure 8D). These two constructs exhibit different localization patterns when expressed in cells. Specifically, GFP-coilin has clear enrichment in the nucleoplasm, as does endogenous coilin, in addition to enrichment in CBs. In contrast, coilin-GFP has relatively less nucleoplasmic signal and can generate numerous and large CBs when overexpressed (Shpargel et al., 2003). We were curious whether this localization difference could be due to changes in SUMOylation that are influenced by the location of the GFP tag on the N-terminus or C-terminus of coilin. To test this concept, HeLa cells were transfected with GFP-coilin with and without His-SUMO1, followed by Ni-NTA pulldown of His-SUMO1 (Figure 8C). Western blot of input lysates (lanes 1 and 2) and pulldowns (lanes 3 and 4) was probed with anti-GFP (top panel), anti-coilin (middle panel), and anti-SUMO1 (bottom panel) antibodies. However, bands corresponding in size to SUMOylated GFP-coilin were not detected in pulldown lanes co-transfected with His-SUMO1 (lane 4 compared to lane 3). Interestingly, we were able to detect SUMOylated coilin-GFP. HeLa cells were transfected with coilin-GFP with and without His-SUMO1, followed by Ni-NTA pulldown of His-SUMO1 modified proteins (Figure 8D). Input lysates and pulldowns were subjected to SDS-PAGE, followed by Western blotting. Anti-GFP antibodies detected bands corresponding in size to SUMOylated coilin-GFP in the pulldown lane that was co-transfected with His-SUMO1 (top right panel, lane 4 compared to lane 3; indicated by bracket). These bands were also slightly detected in the input lane co-transfected with His-SUMO1 (top left panel, lane 2 compared to lane 1). The signal of these bands was enriched in the Ni-NTA pulldown lane, indicating the specificity of the pulldown. His-SUMO1 transfections were confirmed by probing with anti-SUMO1 antibodies (bottom panels).
DISCUSSION
Here, we have further explored coilin’s role in the regulation of miRNA biogenesis and identified a new role of coilin in protein modification. We have shown by Western blot utilizing siRNA KD and coilin KO cell lines, Ni-NTA pulldown assays, and in vitro SUMOylation experiments that coilin plays a role in protein SUMOylation. The expression of DGCR8 is tightly regulated because it is required for normal miRNA biogenesis and normal cell functions. Dysregulation of DGCR8 and associated aberrant expression of miRNAs is detected in many diseases such as schizophrenia and several kinds of cancers (Horikawa et al., 2008; Brzustowicz and Bassett, 2012; Earls et al., 2012; Kitagawa et al., 2013; Kim et al., 2014). Post-translational modifications are one of the many mechanisms utilized to regulate DGCR8 protein levels. Phosphorylation has been shown to produce a graded increase in DGCR8 stability and is conducted at least in part by extracellular signal-regulated kinases (ERKs) linking the microprocessor activity to extracellular signals. Furthermore, HeLa cells transfected with a phospho-mimic DGCR8 exhibit increased cell proliferation and migration (Herbert et al., 2013). Therefore, phosphorylation of DGCR8 not only increased microprocessor levels but also altered the miRNA profile (Herbert et al., 2013). We have previously reported coilin as a regulator of miRNA biogenesis at least in part by promoting the phosphorylation of DGCR8 at S377 and increasing protein stability (Lett et al., 2021). Here, we identified seven additional residues of DGCR8 whose phosphorylation is promoted by coilin. Our previous data in combination with our current finding that coilin KD causes global reduction in protein SUMOylation have led us to believe that coilin is specifically involved in DGCR8 SUMOylation either directly or indirectly by promoting its phosphorylation. DGCR8 has at least four SUMOylation sites (Supplementary Figure S3A). SUMOylation of K707 acts synergistically with phosphorylation to increase DGCR8 stability and also affects the direct functions of pri-miRNAs, while K259 SUMOylation is responsible for nuclear localization (Zhu et al., 2015; Zhu et al., 2016). Our data demonstrate that coilin possesses SUMO E3 ligase-like activity and promotes the SUMOylation of DGCR8, indicating yet another role for coilin in the regulation of the microprocessor. However, coilin’s role in DGCR8 phosphorylation and how coilin-promoted phosphorylation contributes to DGCR8 stability compared to SUMOylation is not yet clear. Future studies will aim to elucidate the mechanism by which coilin promotes DGCR8 phosphorylation. We also plan to identify and mutate lysine residues in DGCR8 that are SUMOylated by coilin and examine whether coilin-mediated SUMOylation, phosphorylation, or both contribute to DGCR8 protein stability.
We also investigated coilin’s role in SUMOylation of the PML body client protein, Sp100, and CB protein, SMN. The protein–protein interactions afforded by SUMO proteins and SIMs are required for PML body condensation, as unmodified PML protein is unable to recruit client proteins (Hirano and Udagawa, 2022). Our results showed decreased SUMOylation of Sp100 with coilin reduction and increased Sp100 SUMOylation with coilin expression. Similarly, we have shown that coilin reduction decreases SMN expression, while coilin expression enhances SMN expression. Our data also demonstrate that WT coilin enhances Sp100 SUMOylation and SMN expression more so than coilin Δ121–291, indicating that this region is necessary to achieve coilin’s full potential in these processes. CBs are known to associate with PML bodies, possibly via coilin’s interaction with PIAS4, a known SUMO E3 ligase (Sun et al., 2005). Future studies will investigate whether coilin contributes to PIAS4 SUMOylation or SUMOylation of other PML body client proteins, as well as PML body formation.
In contrast to ubiquitin E2 conjugation enzymes, SUMO E2s do not require an E3 ligase for conjugation. E3 protein ligases often facilitate this process through two mechanisms: recruiting the E2∼SUMO and substrate into a complex to promote specificity or stimulating the ability of the E2 enzyme to discharge SUMO to substrates. SUMO E3 ligases typically fall into one of two categories: those with a SIM motif or an SP-RING domain (Pichler et al., 2017). Coilin has three predicted SIM motifs (Beauclair et al., 2015) (Supplementary Figure S3B). Moreover, SUMO E3 ligases without a SIM motif or SP-RING domain have been reported, but how they function is not clear, and their classification as a SUMO E3 ligase is controversial (Hochstrasser, 2001; Pichler et al., 2017). Pichler et al. (2017) have identified hallmarks of bona fide SUMO E3 ligases and steps for identifying bona fide SUMO E3 ligases. All known SUMO E3 ligases are heavily automodified and function at substoichiometric concentrations relative to substrates. Detailed structural analyses are required to investigate how the E3 ligases discharge activated SUMO from the E2, as all known E3s interact with Ubc9 and SUMO to bind activated SUMOs in nearly identical conformations (Pichler et al., 2017). Our in vitro SUMOylation assays demonstrated coilin’s ability to promote RanGAP1 SUMOylation in a concentration-dependent manner and indicated that amino acids 121–291 are essential for attaining coilin’s full activity. This region of coilin is within its intrinsically disordered region and contains one of the three predicted SIM motifs (aa 145–148) (Beauclair et al., 2015). However, deletion of this segment only reduced, but did not abolish, coilin’s ability to promote RanGAP1 SUMOylation. The N362 coilin fragment, which contains the amino acids in question but is missing the C-terminal SIM (aa 512–414), did not enhance the SUMOylation of RanGAP1. Therefore, all three SIMs may be required to achieve coilin’s full SUMO E3 ligase-like activity. Further support for the hypothesis that coilin may be functioning as an E3 ligase came from our Ni-NTA pulldown assays demonstrating that coilin interacts directly with Ubc9 and SUMO2, one of the hallmarks of bona fide E3s. Additionally, automodification of known SUMO E3 ligases has been shown to modulate SUMO E3 ligase activity (Ihara et al., 2005; Jansen and Vertegaal, 2021). Therefore, we explored the SUMOylation status of coilin in vitro and in vivo. We found that highly purified coilin is capable of auto-SUMOylation in vitro, and WT myc-coilin and coilin-GFP are SUMOylated in vivo, while myc-coilin Δ121–291 is not. These data suggest that most SUMOylated lysine residues exist in the region of amino acids 121–291. Large-scale proteomic analyses have demonstrated that coilin has 11 identified SUMO2 sites (K127, K151, K160, K204, K209, K274, K281, K293, K297, K444, and K496) (Xiao et al., 2015; Hendriks et al., 2017), and seven of these are located between amino acids 121 and 291. Interestingly, we also found that GFP-coilin, in contrast to coilin-GFP, is not highly SUMOylated. This could be due to alternative protein folding depending on where the GFP tag is located, making the protein more or less accessible to the SUMOylation machinery. Our current studies are investigating how SUMOylation regulates coilin localization in the nucleoplasm and CB. Because SUMOylation plays a role in PML body formation, it is possible that increased coilin-GFP SUMOylation contributes to the tendency of this fusion protein to form many and large CBs when overexpressed, with correspondingly little nucleoplasmic enrichment (Shpargel et al., 2003).
Together, our data provide evidence indicating a clear role for coilin in protein SUMOylation and serve as the foundation for further studies aiming to identify coilin as a SUMO E3 ligase. Detailed structural analyses of how coilin interacts with Ubc9 and activated SUMO are needed in order to be able to classify coilin as an E3 ligase. However, because coilin has a large region of intrinsic disorder, structural analyses may be difficult to achieve. Our future studies will focus on further investigation of coilin domains responsible for its E3 ligase-like activity. Specifically, we will create a variety of coilin constructs with one or more SIM deletions and investigate the ability of these constructs to promote SUMOylation. We will also aim to identify other coilin target proteins and characterize cell processes dependent upon coilin-promoted SUMOylation. Although the RanGAP1 fragment can serve as a SUMO substrate for coilin-promoted in vitro SUMOylation, it is possible that RanGAP1 is not a target protein for coilin in vivo. The most likely targets for coilin’s SUMO E3 ligase-like activity in vivo would be proteins that coilin normally interacts with, such as components of snRNPs, snoRNPs, scaRNPs, telomerase, and miRNA biogenesis. Many snRNP, snoRNP, and telomerase components are SUMOylated, such as SmE, SmB/B′, Prp3 (snRNP components), Mop58, Nhp2, Nopp140 (snoRNP components), and dyskerin (telomerase components) (Westman and Lamond, 2011; Miyagawa et al., 2014; Pozzi et al., 2017; Yalcin et al., 2017; Zalzman et al., 2020). Many of these proteins are enriched in CBs and are known to interact with coilin (Isaac et al., 1998; Xu et al., 2005; Poole and Hebert, 2016). Taken together, our data show a role for coilin in the promotion of SUMOylation. Although far from proven, this coilin SUMO E3 ligase-like activity likely contributes to the biogenesis of several different classes of RNPs in addition to influencing the formation of nuclear bodies, including CBs (Figure 8E).
Very interestingly, although CBs are not found in all cell types, CBs are invariant features of transformed cells (Spector et al., 1992), (Hearst et al., 2009). Many studies have shown that expression of the SUMO E1, E2, and E3 ligases appears to be enhanced in numerous cancers (Coppola et al., 2009; Bellail et al., 2014; Liu et al., 2015; Seeler and Dejean, 2017). Specifically, in cancers with activating mutations of the Ras oncogene (∼25% of human cancers), inhibition of the SUMO E1 and E2 enzymes is lethal (Yu et al., 2015). Furthermore, myc-driven tumors with lower SUMO E1 expression are correlated with longer metastasis-free survival (Kessler et al., 2012). In patients with acute lymphoblastic leukemia, higher coilin expression has been identified as a negative prognostic indicator (Yue et al., 2018). Identification of coilin as an E3 ligase in conjunction with further investigation to identify more target proteins will provide insights into the transformation process. Given how many proteins are known to be SUMOylated, it does not appear that there are enough identified SUMO E3 ligases. Therefore, there must be other proteins with SUMO E3 ligase activity that have yet to be identified (Pichler et al., 2017). Our data clearly demonstrate that coilin promotes protein SUMOylation, is capable of auto-SUMOylation, and interacts directly with Ubc9 and SUMO2, identifying coilin as a potential SUMO E3 ligase pending further investigation.
MATERIALS AND METHODS
Cell lines, plasmids, and transfections
HeLa and WI-38 cells were obtained from the American Type Culture Collection (ATCC). Cells were cultured as previously described (Enwerem et al., 2014). MEF26 and MEF42 cell lines were previously described (Tucker et al., 2001). All siRNAs were obtained from Integrated DNA Technologies (Coralville, IA) and utilized with RNAiMax (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s protocol. The negative control, coilin 2, coilin A, coilin 3′UTR, SMN, and WRAP53 siRNAs were previously described (Poole et al., 2016; Logan et al., 2018). The sequences of the Ubc9 siRNA used are forward (5′-rGrUrUrUrGrGrCrArArGrArArCrUrUrGrUrUrUrArCrArACA-3′) and reverse (5′-rUrGrUrUrGrUrArArArCrArArGrUrUrCrUrUrGrCrCrArArArCrCrA-3′). All siRNA transfections were conducted for 72 h. In experiments with both siRNA and DNA transfections, HeLa cells were treated with siRNA for 48 h, followed by DNA transfection for 24 h resulting in 72 h knockdown and 24 h plasmid expression. DNA transfections in HeLa cells were conducted using FuGene HD (Promega, Madison, WI); those conducted in WI-38 and MEF42 cells utilized Lipofectamine 2000 (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s protocols. His-SUMO1, YFP-Sp100, and FLAG-DGCR8 plasmids were obtained from Addgene (Watertown, MA, United States). GFP-coilin (Hebert and Matera, 2000) and coilin-GFP plasmids (Shpargel et al., 2003) previously contained a point mutation (K496E) shown to impact CB formation (Basello et al., 2022). For the work shown here, we used constructs containing the WT sequence. Myc-tagged SMN was a kind gift of G. Dreyfuss (HHMI, University of Pennsylvania, Philadelphia). WT myc-coilin was obtained from the Lamond lab (University of Dundee) and was mutated to form the deletion construct myc-coilin Δ121–291.
Western blotting
Cells were lysed in RIPA as previously described (Poole et al., 2016). Lysate (15 μL) was run on a precast 10% Mini-PROTEAN Gel (Bio-Rad Laboratories, Hercules, California, United States). For Ni-NTA pulldown experiments, 20 uL of 2x SDS loading buffer was added to the beads. Pulldowns and input lysates were run on a precast 10% Mini-Protean Gel (Bio-Rad Laboratories, Hercules, CA, United States). In vitro SUMOylation assays were run on gradient 4%–20% precast Mini-Protean Gels (Bio-Rad Laboratories, Hercules, CA, United States). Western blotting was conducted using a Trans-Blot Turbo Transfer System according to the manufacturer’s protocol (Bio-Rad, Hercules, CA, United States). The primary antibodies used were: anti-coilin rabbit polyclonal antibody (sc-32860, Santa Cruz Biotechnology Inc., Dallas, TX, United States); anti-SUMO-1 rabbit polyclonal antibody (4930, Cell Signaling Technology, Danvers, MA, United States); anti-SUMO-2/3 rabbit monoclonal antibody (4971, Cell Signaling Technology, Danvers, MA, United States); anti-Ubc9 rabbit monoclonal antibody (4786, Cell Signaling Technology, Danvers, MA, United States); anti-SENP1 rabbit polyclonal antibody (25349-1-AP, Proteintech, Rosemont, IL, United States); anti-GFP mouse monoclonal antibody (11814460001, Sigma Aldrich, St. Louis, MO, United States); anti-β-actin mouse monoclonal antibody (3700, Cell Signaling Technology, Danvers, MA, United States); anti-SMN mouse monoclonal antibody (610646, BD Transduction Laboratories, San Jose, CA, United States); anti-WRAP53 rabbit polyclonal antibody (A301-442A, Bethyl Laboratories Inc., Montgomery, TX, United States); and anti-FLAG mouse monoclonal antibody (F3165, Sigma-Aldrich, St. Louis, MO, United States). Secondary antibodies used were goat anti-mouse HRP (31440, Thermo Fisher Scientific, Waltham, MA, United States) and goat anti-rabbit HRP (31460, Thermo Fisher Scientific, Waltham, MA, United States). The secondary antibodies were detected with SuperSignal West Pico Chemiluminescent Substrate (34580, Thermo Fisher Scientific, Waltham, MA, United States) following the manufacturer’s suggested protocol. Imaging was performed on a ChemiDoc (Bio-Rad, Hercules, CA, United States). Adjustments to images were made using the transformation settings on Image Lab software and applied across the entire image.
Nickel-nitrilotriacetic acid (Ni-NTA) pulldown assays
His-T7-tagged coilin and WRAP53, after transformation into E. coli BL21(DE3)pLysS cells, were induced and isolated using Ni-NTA beads (30210, Qiagen, Germantown, MD, United States) as previously described (Hebert et al., 2001). SUMO1 and Ubc9 proteins used in Ni-NTA pulldowns were from the in vitro SUMOylation kit (ab139470, Abcam, Cambridge, MA, United States). SUMO2 and Ubc9 were added to tubes containing PBS, 50 uL 50% Ni-NTA beads, and His-T7-coilin or His-T7-WRAP53. For Ni-NTA pulldowns using cell lysate, the cells were lysed in modified RIPA buffer (50 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 0.25% Na-Deoxycholate, no EDTA, no SDS). Prior to lysis, 20 uL of 1 M N-ethylmaleimide per mL mRIPA was added to inhibit SENPs. Proteins and cell lysates were incubated with the Ni-NTA beads for 1 h at 4°C. The beads were then washed three times with PBS for protein pulldowns and with modified RIPA for lysate pulldowns, followed by the addition of 20 uL of 2x loading buffer.
In-gel trypsin digestion of SDS gel bands
Preparation of the excised SDS-PAGE bands, LC/MS/MS, and data analysis were performed by the Cornell Institute of Biotechnology Proteomics and Metabolomics Facility. The protein band from an SDS-PAGE gel was sliced into ∼1 mm cubes and subjected to in-gel digestion, followed by extraction of the tryptic peptide, as reported previously (Yang et al., 2007). The excised gel pieces were washed consecutively with 200 μL distilled/deionized water, followed by 50 mM ammonium bicarbonate, 50% acetonitrile, and, finally, 100% acetonitrile. The dehydrated gel pieces were reduced with 50 μL of 10 mM DTT in 100 mM ammonium bicarbonate for 1 h at 56°C and alkylated with 50 μL of 55 mM iodoacetamide in 100 mM ammonium bicarbonate at room temperature in the dark for 45 min. The wash steps described previously were repeated. The gel was then dried and rehydrated with trypsin (Promega) at an estimated 1:10 w/w ratio in 50 mM ammonium bicarbonate, 10% ACN (100 ul used to overlay gel @ 10 ng/µl trypsin, total enzyme used 1 µg). The gel was incubated at 37°C for 18 h. The digested peptides were extracted twice with 200 μL of 50% acetonitrile and 5% formic acid and once with 200 μL of 75% acetonitrile and 5% formic acid. Extractions from each sample were pooled and filtered with a 0.22 um spin filter (Costar Spin-X from Corning) and dried in the speed vacuum. Each sample was reconstituted in 0.5% formic acid prior to LC-MS/MS analysis.
LC/MS/MS analysis
The in-gel tryptic digests were reconstituted in 20 μL of 0.5% FA for nanoLC-ESI-MS/MS analysis, which was carried out using an Orbitrap Fusion™ Tribrid™ (Thermo Fisher Scientific, San Jose, CA, United States) mass spectrometer equipped with a nanospray Flex Ion Source and coupled with a Dionex UltiMate 3000 RSLCnano system (Thermo, Sunnyvale, CA, United States) (Thomas et al., 2017; Yang et al., 2018a). The gel-extracted peptide samples (2.5 μL) were injected onto a PepMap C-18 RP nano trapping column (5 μm, 100 µm i.d. × 20 mm) at 20 μL/min flow rate for rapid sample loading and then separated on a PepMap C-18 RP nano column (2 μm, 75 μm × 25 cm) at 35°C. The tryptic peptides were eluted in a 90-min gradient of 5%–35% acetonitrile (ACN) in 0.1% formic acid at 300 nL/min, followed by an 8-min ramping to 90% can in 0.1% FA and an 8 min hold at 90% ACN in 0.1% FA. The column was re-equilibrated with 0.1% FA for 25 min prior to the next run. The Orbitrap Fusion was operated in positive ion mode with the spray voltage set at 1.9 kV and source temperature at 275°C with advanced peak determination. External calibration for FT, IT, and quadrupole mass analyzers was performed. In data-dependent acquisition (DDA) analysis, the instrument was operated using an FT mass analyzer in an MS scan to select precursor ions, followed by three “Top Speed” data-dependent CID ion trap MS/MS scans at 1.6 m/z quadrupole isolation for precursor peptides with multiple charged ions above a threshold ion count of 10,000 and normalized collision energy of 30%. MS survey scans at a resolving power of 120,000 (fwhm at m/z 200) for the mass range of m/z 375–1,600. Dynamic exclusion parameters were set at 35 s of exclusion duration with ±10 ppm exclusion mass width. All data were acquired using Xcalibur 4.3 operation software (Thermo Fisher Scientific).
Data analysis
The DDA raw files for CID MS/MS were subjected to database searches using Proteome Discoverer (PD) 2.4 software (Thermo Fisher Scientific, Bremen, Germany) with the SEQUEST HT algorithm. The processing workflow used precursor-based quantification. The PD 2.4 processing workflow containing an additional node of Minora Feature Detector for precursor ion-based quantification was used for protein identification. The database search was conducted against the Homo sapiens UniProt database, which has 20,315 sequences. Two missed trypsin cleavage sites were allowed. The peptide precursor tolerance was set to 10 ppm, and fragment ion tolerance was set to 0.6 Da. Variable modification of methionine oxidation, deamidation of asparagine/glutamine, phosphorylation of serine/threonine/tyrosine, and fixed modification of cysteine carbamidomethylation were set for the database search. To confidently localize phosphorylation sites, the phosphoRS 3.0 node integrated into the PD 2.4 workflow was also used. The algorithm of phosphoRS 3.0 software enables automated and confident localization of phosphosites by determining individual probability values for each putatively phosphorylated site within the validated peptide sequences (Taus et al., 2011). Only high-confidence peptides defined by Sequest HT with a 1% FDR by percolator were considered for the peptide identification. All phosphorylated peptides were validated by manual inspection of the relevant MS/MS spectra. The occupancy rates of all phosphorylated peptides were calculated based on the peak area of XICs versus their counterpart native peptides in different charge states using Xcalibur software under the assumption that ionization efficiency is the same or similar between the native peptide and its phosphorylated form. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD036370.
SUMOylation and auto-SUMOylation assays
A SUMOylation kit was utilized for the in vitro SUMOylation assays (ab139470, Abcam, Cambridge, MA, United States). The amounts of buffer, Mg-ATP, RanGAP1, and SUMO1 were added according to the manufacturer’s suggested protocol. However, where noted, we used decreased amounts of E1 activation and E2 conjugation enzymes (1/2 and 1/10 the suggested amounts, respectively), as it has been shown that using smaller amounts of E1 and E2 allows better visualization of changes caused by the addition of an E3 ligase (Yang et al., 2018b). His-tagged full-length coilin, WRAP53, and coilin fragments C214, N362, Δ121–291, and Δ241–291 were induced and isolated as previously described after transformation into E. coli BL21 (DE3) pLysS cells (Hebert et al., 2001). Elution buffer (50 mM NaH2PO4, 300 mM NaCl, and 250 mM imidazole, pH 8) used to elute the His-tagged proteins was used as a control, and ∼50 ng of partially purified proteins was added to the reactions. For coilin auto-SUMOylation assays and RanGAP1 SUMOylation assays, GST-coilin was expressed by E. coli BL21 (DE3) pLysS, followed by removal of the GST tag and purification as previously described (Broome and Hebert, 2012; Broome et al., 2013). Highly purified coilin (35 and 70 ng) were added to the SUMOylation assay of RanGAP1 in Figure 6F, and 70 ng of purified coilin was used in the coilin autoSUMOylation assay. Coilin auto-SUMOylation assays were performed using 1 uL E1 and E2, Mg/ATP, and SUMO1. The reactions were run for 1 h at 37°C, followed by SDS-PAGE, Western blotting, and probing with the indicated antibodies.
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SUPPLEMENTARY FIGURE S1 | siRNA knockdown confirmation in HeLa and WI-38 cells. HeLa (A–C) and WI-38 (D,E) cells were transfected with indicated siRNAs. Knockdowns were confirmed by probing with anti-coilin [(A,B) left panel, and (C)], anti-WRAP53 [(B) right panel, (D)], and anti-SMN (B,C) antibodies. Additionally, global SUMOylation was detected with anti-SUMO2/3 antibodies after coilin KD using various siRNAs (A). Blots were also probed with actin to assess protein loading.
SUPPLEMENTARY FIGURE S2 | Coilin KD does not alter the protein levels of Ubc9 or SENP1. Ubc9 (A,B) and SENP1 (C,D) protein levels in HeLa (A,C) and WI-38 (B,D) cells after 72 h KD with negative control, coilin, SMN, and WRAP53 siRNA. (E) Highly purified coilin and BSA were subjected to SDS-PAGE, followed by Coomassie staining. Full-length coilin and coilin degradation fragments are denoted with arrows. (F) Ni-NTA pulldown demonstrating coilin’s interaction with SUMO1 in vitro. Partially purified His-tagged coilin was incubated with SUMO1 and Ni-NTA beads (lane 3) for 1 h at 4°C. SUMO1 was also incubated with Ni beads alone as a negative control (lane 2). Input (lane 1) represents 100% (1 uL) of protein used for pulldowns. Western blots of input and the Ni pulldowns were probed with the indicated antibodies.
SUPPLEMENTARY FIGURE S3 | Schematic of DGCR8 (A) and coilin (B) proteins. Structured regions of the proteins are labeled. Green diamonds denote phosphosites of DGCR8 (A), and S, T, and Y reflect phosphorylated serine, threonine, and tyrosine residues, respectively. Red balloons mark sites of SUMOylation. Predicted SIMs are shown in green boxes.
SUPPLEMENTARY TABLE S1 | Quantification of DGCR8 phosphorylated peptides between the negative control and coilin knockdown. All proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD036370.
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