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Abstract

:

Ly108 (SLAMF6) is a homophilic cell surface molecule that binds SLAM-associated protein (SAP), an intracellular adapter protein that modulates humoral immune responses. Furthermore, Ly108 is crucial for the development of natural killer T (NKT) cells and CTL cytotoxicity. Significant attention has been paid towards expression and function of Ly108 since multiple isoforms were identified, i.e., Ly108-1, Ly108-2, Ly108-3, and Ly108-H1, some of which are differentially expressed in several mouse strains. Surprisingly, Ly108-H1 appeared to protect against disease in a congenic mouse model of Lupus. Here, we use cell lines to further define Ly108-H1 function in comparison with other isoforms. We show that Ly108-H1 inhibits IL-2 production while having little effect upon cell death. With a refined method, we could detect phosphorylation of Ly108-H1 and show that SAP binding is retained. We propose that Ly108-H1 may regulate signaling at two levels by retaining the capability to bind its extracellular as well as intracellular ligands, possibly inhibiting downstream pathways. In addition, we detected Ly108-3 in primary cells and show that this isoform is also differentially expressed between mouse strains. The presence of additional binding motifs and a non-synonymous SNP in Ly108-3 further extends the diversity between murine strains. This work highlights the importance of isoform awareness, as inherent homology can present a challenge when interpreting mRNA and protein expression data, especially as alternatively splicing potentially affects function.
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1. Introduction


The SLAM family (SLAMF) of transmembrane protein receptors are involved in many important immune processes [1,2,3,4,5]. Most members of the SLAMF are self-ligands on the cell surface and have immunoreceptor tyrosine-based switch motifs (ITSM) in their cytoplasmic tails enabling them to bind SAP as well as EAT-2, ERT, SHP-1, and SHIP-1 [6,7,8]. SAP deficiency in humans results in the often-fatal X-linked lymphoproliferative disease (XLP) that usually manifests as an inability to control EBV infections and the resulting inflammation [9,10,11,12]. SAP is also critical for the generation of humoral immunity as well as for the development of NKT cells with certain SLAMF members, particularly Ly108, playing a major role therein [5,13,14,15,16,17,18,19,20,21].



Ly108 (SLAMF6, SF2000, NTB-A in humans) is mainly expressed on thymocytes, T cells, B cells, NKT cells, NK cells, and Dendritic Cells [19,22,23,24]. Ongoing research has resulted in an understanding that one major role of Ly108 in immunity is being present on the surface of specialized T cells and, through homotypic binding at cell interfaces, providing signals to developing B and NKT cells [19,25]. However, the specific mechanisms involved in this help have been shown to be more complex than previously thought. One example of this is the finding that the NKT deficiency and B cell defects in SAP-deficient mice could be reversed when crossed with Ly108 knockout mice [20]. It was also shown that SLAMF receptors supported NKT cell development by actually reducing the strength of the T cell signal, and that Ly108 could restore the NKT deficiency in a SLAMF knockout mouse [21].



Additionally, Ly108 plays a major role in cellular interfaces important for NK and cytotoxic T cells [26,27,28,29]. While perhaps expected of NK cells in the killing of hematopoietic target cells that express Ly108, cell surface interactions between NK cells and hematopoietic cells are also important for killing of non-hematopoietic cells (that do not express Ly108) [29]. Ly108/NTB-A in humans is extremely important for NK cell-mediated cytotoxicity [30] and B cell maturation [31], the latter also being dependent on signals provided by NTB-A on T cells [32]. At least in the case of NK cells, Ly108 provides an activating signal in the presence and binding of SAP (and probably EAT-2), and an inhibitory signal in their absence through binding of SHP-1 and SHIP-1 [8,29,33]. This complexity perhaps explains seemingly contradicting findings and presents a challenge moving forward. One important and potentially contributing factor that needs to be considered is that Ly108 has four splice isoforms that are variably expressed and have different intracellular tails [22,34,35,36,37].



The Ly108 gene is found within a region on chromosome 1 containing the nine members of the SLAM family [4]. This region has been implicated in congenic models of murine Lupus, as well as in the development of SLE in humans [38,39,40]. Significant differences in expression and sequences of SLAM family members are found at this locus in the mouse and can be divided into two haplotypes. These differences contribute towards the loss of tolerance as autoimmunity develops when the haplotype-2 SLAM family locus derived from NZW or 129 is present on the C57BL/6 (B6) background, which normally has a haplotype-1 SLAM locus [38]. One significant difference found between strains was in the level of mRNA expression of the two original isoforms of Ly108, with more of the Ly108-1 isoform and less of the Ly108-2 isoform in the Lupus-prone Sle1b mice [34]. Subsequent experiments showed that Ly108-2 could sensitize immature B cells to deletion, thereby possibly preventing autoimmunity by the negative selection of autoreactive cells [41]. Following this, Ly108-3 was described and although expression levels in primary cells have not been shown, it also has two ITSMs like Ly108-1 and Ly108-2, with signaling potential (phosphorylation) intermediate between these isoforms [22]. Alternative splicing of Ly108/SLAMF6 is also present in humans, and although the splicing affects the extracellular domains, isoforms functioned differently [42].



Using protein detection, we previously identified Ly108-H1, a fourth isoform that was notably absent in two congenic mouse models of Lupus, with one other striking difference; it has only one ITSM [35]. Importantly, introduction of Ly108-H1 expression into Sle1b mice ameliorated Lupus-like autoimmunity [35]. Analysis of signaling has shown that, in contrast to Ly108-1 and Ly108-2, tyrosine phosphorylation Ly108-H1 was not detected. As there was also little SAP binding, it was suggested that this isoform could function as a decoy receptor [36]. Based on analysis using mutation of SLAM and NTB-A, however, we expected the SAP binding to the one ITSM present in Ly108-H1 to be preserved [9,43].



To determine the cellular and molecular basis of the suppressed immune response seen in animals expressing Ly108-H1, we used transfection of cell lines to perform functional and biochemical experiments. We were able to detect phosphorylation of Ly108-H1 as well as relatively normal SAP binding. We found, in contrast to Ly108-2, no evidence that Ly108-H1 was associated with activation-induced cell death (AICD), but rather suppressed cytokine production. After alignment of Ly108 isoform sequences, we were able to define targets with which we were able to demonstrate the expression of Ly108-3 at the protein and mRNA level, while simultaneously comparing phosphorylation.




2. Results


2.1. Alignment of Isoforms Illustrates Sequence Homology, but also Potential Signaling Differences


We performed sequence alignment of the four Ly108 isoforms to determine if there were any significant differences that could explain the functional and biochemical differences previously reported between isoforms [22,35,36,41]. In Figure 1 we show the alternative splicing and exon use of the Ly108 gene. Ly108-1 and Ly108-2 are the result of mutually exclusive exon splicing, Ly108-3 has an alternative splice acceptor site proximal to exon 8, and Ly108-H1 is the result of exons 7 and 8 being skipped. When mapping the SAP binding sites (underlined in Figure 1B) Ly108-H1 uniquely has only one ITSM, while the other isoforms have two. Also evident is that, while the mRNA sequences between Ly108-1 and Ly108-3 are very similar, Ly108-3 has a different and unique peptide sequence in its tail due to a frame shift [22].



Searching the PhosphoSitePlus database with the tails of Ly108 isoforms showed, in addition to the described ITSMs, various tyrosines assigned as putative phosphorylation sites [44]. Additional differences in protein binding motifs are shown in Supplementary Figure S1. When comparing these predictions, it remains apparent that the most striking difference with regards to phosphorylation resides in the absence of the second ITSM in Ly108-H1. For this reason, we proceeded to compare Ly108-H1 with this previously studied Ly108-1 and Ly108-2.




2.2. Ly108-H1 Binds SAP Regardless of Low Levels of Phosphorylation


SAP binding to Ly108 is important for its signaling and has been shown to be dependent on phosphorylation [22,36]. We selected Ly108-H1 to examine tyrosine phosphorylation and SAP binding because both may be influenced by its unique characteristic of only having one ITSM. We expected phosphorylation and phosphorylation-dependent SAP binding based on previous studies that utilized targeted mutations of ITSMs to characterize SLAMF1, NTB-A, and Ly108 [43,45,46]. Using the BI-141 T-cell hybridoma transfected with SAP and individual Ly108 isoforms we confirmed that Ly108-2 is less phosphorylated than Ly108-1, as shown in Figure 2A,B [22,36]. Similarly to Dutta et al. we saw almost no detectable phosphorylation of Ly108-H1, with a minimal signal shown using quantitation software (last column Figure 2B) [36]. In contrast to their findings, we show in Figure 2A,C that Ly108-H1 can effectively bind SAP after treatment with the phosphatase inhibitor pervanadate. This prompted us to question whether phosphorylated Ly108-H1 had escaped detection because of dilution in the naturally occurring smeared band of the glycosylated form of the protein. To address this, we performed separate experiments to concentrate the immunoprecipitated Ly108 isoforms by deglycosylation with PNGaseF. This resulted in clear bands and detectable phosphorylation of Ly108-H1, as seen in Figure 2D (top panel). Quantification of relative phosphorylation proved difficult as the pan anti-Ly108 monoclonal antibody 13G3-19D does not detect deglycosylated Ly108, and neither polyclonal detects all isoforms. To estimate total Ly108 we used the pervanadate-treated Ly108-2 to normalize the R1 and R4 results. With this method, we see Ly108-2 to be slightly more phosphorylated than Ly108-1 and Ly108-H1, but these results may be further confounded as R1 unexpectedly showed a higher signal in pervanadate-treated lanes. SAP binding to the three isoforms was confirmed and the levels shown in Figure 2D (bottom panel) and Figure 2F are consistent with those seen in the previous experiment. SAP binding to Ly108-H1 could also be seen in thymocytes from transgenic mice (Supplementary Figure S2).



These results show, therefore, that Ly108-H1 is phosphorylated after which it effectively binds SAP, even though detection of Ly108 phosphorylation was challenging.




2.3. Suppression of Cytokine Production by Ly108-H1


To define the role of Ly108-H1 in T cell function, we measured cytokine production in BI-141 clones that were transfected to stably-expressed SAP and individual isoforms, in a manner previously described [45,47]. In line with phosphorylation experiments, we compared clones expressing Ly108-H1 to those with Ly108-1 and Ly108-2, as well as clones lacking Ly108 (Mock).



The stimulation of BI-141 clones expressing SAP and Ly108 resulted in less IL-2 production than those expressing SAP alone. We consistently saw that Ly108-H1 expression resulted in the greatest reduction of IL-2 production (Figure 3A). A less pronounced reduction in IL-2 was also observed with Ly108-1 expressing clones when compared to control and Ly108-2 expressing clones, although we cannot exclude that this result may be influenced by lower levels of Ly108 on the transfected cells (Supplementary Figure S3). Expression of the individual isoforms of Ly108 had no notable effect on IFN-γ production, as shown in Figure 3B. We ruled out reduced IL-2 being due to excessive activation but did see increased AICD with Ly108-2 as seen in Figure 3C. To examine IL-2 production and AICD in another Ly108-negative T-cell line, we generated stably-transfected DO11.10 T-T hybridoma cells lines expressing Ly108-H1. Here, too, we saw some inhibition of IL-2 production by Ly108-H1, albeit to a lesser extent than that seen in BI-141 cells, when compared to empty vector control (Figure 3D). As in the BI-141 cells, Ly108-H1 did not enhance AICD in DO11.10 cells, as shown in Figure 3E.



In addition to these findings, we performed limited experiments to analyze the effect of individual isoforms on apoptosis using immature thymocytes and the WEHI-231 cell line as described for the two original Ly108 isoforms [41]. Here, we observed that overexpression of Ly108-2 resulted in more apoptosis than Ly108-1, while Ly108-H1 did not show a clear pattern of enhancement (Supplementary Figure S4).



In summary, our findings support those of Kumar and colleagues for Ly108-2 regarding AICD, while demonstrating that there does not seem to be a role for Ly108-H1 therein [41]. Expression of Ly108-H1, and to a lesser extent Ly108-1 and Ly108-2, did, however, result in suppressed IL-2 production in T cell lines.




2.4. Detection of Phosphorylated Isoforms, including Ly108-3, in Primary Cells


To confirm that SAP does not bind unphosphorylated Ly108 in primary cells we established co-immunoprecipitation conditions with cell suspensions of murine thymocytes, as Ly108 in whole thymus is phosphorylated [36]. As shown in Figure 4A, using a monoclonal antibody (13G3) that binds all four isoforms, we were unable to co-immunoprecipitate SAP unless the cells were treated with pervanadate. Due to the dependance of SAP binding on Ly108 phosphorylation we set out to compare phosphorylation of Ly108 isoforms in primary cells.



We took two approaches to compare phosphorylation as well as detect Ly108-3. First, based on previous findings and predictions, we knew that Ly108-3 could be phosphorylated and, therefore, detected using an anti-phosphotyrosine antibody [22]. Second, alignment of the amino acid sequences, together with the targets of our previously generated polyclonal antibodies shown in Figure 1B, lead us to believe that Ly108-3 should also be detectable with antibody R1 (Figure 1B, target shown in blue). R1 had initially been generated to detect Ly108-1 and Ly108-2, but Ly108-3 contains an identical target sequence and is very similar in molecular weight to Ly108-2 (39.1 vs. 38.6 kDa, respectively). Both strategies required pervanadate treatment, as well as deglycosylation and additional separation of isoforms by SDS-PAGE. In the top panel of Figure 4B, three bands of phosphorylated Ly108 are visible in the lane from Sle1b mice. Three corresponding bands are also visible in the middle panel of membranes re-probed with R1 and correspond with Ly108-1, Ly108-2, and Ly108-3, as indicated. As expected, re-probing with R4 in the lower panel resulted in only one band (Ly108-2) in Sle1b mice and two bands (Ly108-H1 and Ly108-2) in B6 mice. Consistent with previous studies, Ly108-1 is the most heavily phosphorylated, followed by Ly108-3 and then Ly108-2 [22,36]. Ly108-H1 phosphorylation in this experiment is not clearly seen (Figure 4B, top panel), but barely visible on the original films, which is also consistent with previous findings [36].



While it seems that Ly108-3 is preferentially expressed in Sle1b mice at the protein level, the experimental conditions are not suitable for accurate comparison. Interestingly, in our search for an explanation for differences in expression we became aware of a non-synonymous single nucleotide polymorphism (SNP) in Ly108-3. Shown in Figure 4C is the site of the SNP and the resulting alignment with B6 after sequencing Ly108-3 from Sle1b mice. We searched a database comparing mouse strains and found that SNP variant present in Sle1b mice is shared with other SLAM haplotype-2 mice [48]. This polymorphism results in a proline to leucine substitution just downstream of the second ITSM and target of polyclonal R1, as shown in Figure 4D.



To test sensitivity of the R1 antibody for Ly108-3 from B6 mice and address potential conformational changes due to this SNP, we used immunoprecipitated B cell lysates that had not been treated with pervanadate, as this has been reported to reduce Ly108 expression [36]. We also compared B6 to 129 wild-type mice to see if Ly108-3 expression was associated with SLAM haplotype-2. Here, too, we could see a discrete band of a protein slightly larger than Ly108-2 (Figure 4E elbow arrow) in 129 mice that is absent when re-probed with R4 (Figure 4E lower panel). This detection pattern is in agreement with that expected of Ly108-3 and confirms that R1 also recognizes unphosphorylated Ly108-3. The increased expression of Ly108-3 protein seems, therefore, to be common in haplotype-2 mice.



Because the differential Ly108-3 expression had only been partly addressed, we performed a semi-quantitative RT-PCR on cDNA from B6 and Sle1b mice using primers that amplify Ly108-1 and Ly108-3 with amplicons of slightly different lengths. As seen in Figure 4F we do see Ly108-3 mRNA present in B6 mice, although it is more prominent in Sle1b.





3. Discussion


SAP-deficient humans and mice have impaired NK and T cell mediated cytotoxicity and have a major defect in humoral immunity [1,2,4,49]. These processes require positive or negative signals which can be supplied by Ly108 (SLAMF6) through homophilic cell surface interactions. The resulting tyrosine phosphorylation of ITSMs allows for binding of the adaptor SAP, or the competing molecules SHP-1 and SHIP-1, to Ly108′s cytoplasmic tail [8]. Importantly, due to alternative splicing, Ly108 has four isoforms with differing cytoplasmic tails, three of which are differentially expressed in Lupus-prone mouse strains [34,35].



The ability to bind the adapter proteins SAP is of utmost importance to the function of those SLAMF members with ITSMs [4,8]. A comparison of binding motifs in Ly108 isoforms shows that Ly108-H1 is unique in that it has one ITSM, while others have two. Previously, analysis of Ly108-H1 showed no tyrosine phosphorylation and little SAP binding [36]. However, we were able to detect low levels of phosphorylated Ly108-H1 after treatment with pervanadate, as well as SAP binding. We think the phosphorylation of Ly108-H1 seen represents the tyrosine contained within the first ITSM because SAP binding was phosphorylation dependent. We also propose that the second ITSM is crucial for further signaling as was shown with SLAMF1, where SAP binding resulted in Fyn-T recruitment, and phosphorylation of distally located tyrosines [45,50]. In addition, it was shown that the second ITSM of SLAM was crucial for signaling through phosphorylation of the downstream mediators Dok-1, Dok-2, and SHIP-1 [45]. The second ITSM is also essential for the function of NTB-A in NK cells [43]. We propose, therefore, that differences between downstream signaling will be more pronounced when comparing Ly108-H1 to other isoforms because it lacks a second ITSM but does bind SAP.



Previous work supported a protective role for Ly108-2 in the protection against Lupus-like autoimmunity in mice by augmented B cell receptor signaling, possibly resulting in a lower threshold for self-reactive immature B cells to undergo negative selection [41]. We later demonstrated that introduction of a Ly108-H1 transgene into Lupus-susceptible congenic mice could ameliorate disease and dampen T and B cell activation [35]. A similar effect could also be attained by transferring T cells expressing Ly108-H1 and here we show that Ly108-H1 had a pronounced inhibitory effect on IL-2; thus, providing support for a T cell mediated regulation of inflammation.



In the context of mouse models of Lupus, expression patterns of Ly108-1, Ly108-2, and Ly108-H1 have been measured in primary cells at the protein and mRNA level from wild-type and Sle1b mice [35,36]. Because little is known of Ly108-3, we set out to detect it at the protein level. We found Ly108-3 protein expressed in thymocytes and B cells from Sle1b mice using extensive separation of isoforms after phosphorylation, immunoprecipitation, and Western blotting with anti-phosphotyrosine antibodies. Expression was confirmed using an antiserum that was predicted to detect Ly108-3, and probably not previously seen due to insufficient separation of isoforms [35]. We could not clearly detect Ly108-3 protein in B6 lysates, and although only assessed in a semi-quantitative manner, we do see preferential mRNA expression of Ly108-3 in Sle1b mice. While trying to explain these differences in Ly108-3 expression we became aware of a non-synonymous SNP which could be of importance. Examination of the primary structure of Ly108-3 shows this SNP located just distally from a SH3 binding site and the target of the polyclonal antibody (Figure 1 and Figure S5). The version of SNP translates into proline in B6 mice, or a leucine in Sle1b and other haplotype-2 mice. It is possible that the proline results in a conformation that is more amenable for binding of adaptor proteins, something that would be of great interest to attain. Therefore, Ly108-3 protein expression, as well as the variant of SNP, seems to distinguish SLAM haplotypes.



Quantification of protein isoforms is of great importance but can be challenging. For example, we previously showed Ly108-1 mRNA levels to be comparable between B6, 129, and Sle1b mice when we performed by RT-PCR [35]. This was not in agreement with quantitative PCR data from other studies showing higher levels of Ly108-1 in 129 and Sle1b mice [34,36,41]. An explanation for this discrepancy lies in sequences shared between Ly108-1 and Ly108-3 isoforms. Using oligonucleotides with targets common to both isoforms would have resulted in amplification of both during quantification, and Ly108-3 seems to have higher expression in 129 and Sle1b mice. As previously noted, this was the case for Ly108-2 where mRNA levels initially measured would have been overestimated because of the then-unknown sequence homology with Ly108-H1 [36], and may have also been the case with protein levels [35]. Taken together, previous mRNA and protein detection including that done in our own laboratory would have inadvertently been inaccurate due to non-specific cross-reactivity of oligonucleotides and antibodies because of isoform homology [34,35]. While Ly108-H1 and Ly108-3 expression seems predominately regulated at the genomic level, accurate expression levels between cell types at various stages of development of activation has yet to be attained.



Ly108-H1 molecules may regulate Ly108 signaling by retaining the capability to bind their extracellular ligands, i.e., all Ly108 isoforms, as well as recruiting the shared intracellular ligand SAP. The capability to signal through downstream mediators may be lacking due to there being only one ITSM and would mean that Ly108-H1 would be competing at two levels with the other Ly108 isoforms. In addition, we show differential expression of Ly108-3, an isoform with potentially interesting signaling properties. We propose that Ly108-H1 and Ly108-3 may be more important than the other isoforms in the context of murine SLE for three reasons. First, the strain-specific differences of Ly108-1 and Ly108-2 do not seem as robust as that of Ly108-H1 and Ly108-3. Second, Ly108-H1 has been the only isoform shown to protect against murine SLE in vivo, although there was still some residual disease [35]. Third, a non-synonymous SNP could affect signaling due to the structural change it provides in proximity to binding domains, thereby also justifying that Ly108-3 is a clear candidate for further characterization. The recent demonstration that alternative splicing of SLAMF6 in humans could be steered by the use of antisense oligonucleotides, thereby increasing anti-tumor effect of tumor infiltrating lymphocytes, is further evidence of the importance of this field of study [42].



Thus, the current work supports the importance of increased awareness of isoforms as these are more abundant than previously thought and can confound expression data [51,52,53,54,55]. We provide additional evidence that isoforms have varying functions which may be important for the resolution of the inflammatory response and could provide insights into additional lines of drug development as well as preventing off-target adverse effects [56].




4. Materials and Methods


4.1. Expression Vectors


Ly108 isoforms were amplified by PCR with primers introducing XhoI and XbaI restriction sites and cloned into pCR2.1-TOPO (Invitrogen, Grand Island, NY, USA) before subcloning into the mammalian expression vector PCI-neo (Promega, Madison, WI, USA). Ly108-1 and Ly108-2 templates were kindly provided by Dr E. Ruley. Ly108-H1 was amplified from C57BL/6 thymus.




4.2. Transfection


BI-141 cells were maintained in complete media (RPMI 10% Fetal Calf Serum) supplemented with glutamine and penicillin/streptomycine. Stable SAP transfectants were obtained by transfection of an SAP IRES GFP retroviral vector followed by cell sorting. For transfection of Ly108 isoforms, 1–2 × 107 BI-141 cells were transfected by electroporation (250 V, 960 μF) with 10 μg of plasmid DNA in 400 μL OptiMEM (Gibco, Grand Island, NY, USA) using a cuvette with a 4 mm electrode gap (Bio-Rad, Richmond, CA, USA). When generating stable transfectants, cells with surface expression were sorted by FACS using the FACSAria (BD Biosciences, San Jose, CA, USA) after 48 h and maintained in media containing the selection antibiotic G418 (0.6 mg/mL) for one week before a second round of cell sorting. Individual clones were isolated by limiting dilution in selection media. DO11.10 cells (kindly provided by Dr J. Buhlman) were transfected by AMAXA technology using the manufacturers protocol for EL-4 cells.




4.3. Mice


C57BL/6 (B6) mice were purchased from Jackson (Bar Harbour, ME) and 129SvEvTac (129) mice from Taconic (Hudson, NY, USA). B6.Sle1b (Sle1b) mice were kindly provided by Dr L. Morel. All animals were housed in the animal facility of the Beth Israel Deaconess Medical Center.




4.4. Cell Stimulation


For cytokine production and activation-induced cell death BI-141 and D011.10 cells were stimulated with the indicated amounts of plate bound anti-CD3 (2C11) for 20 h in complete media. Cytokine levels were determined by ELISA as per the manufacturers’ instructions (BD Pharmingen, San Diego, CA, USA). Dead cells were determined by DAPI (0.5 μg/mL) uptake using FACS analysis.




4.5. Immunoprecipitation and Western Blotting


To phosphorylate Ly108 and perform co-immunoprecipitations assays, cells were treated with pervanadate for 10 min before lysis. Lysed cells were solubilized with the detergent Brij 98. Ly108 was precipitated from lysates with anti-Ly108 (13G3-19D) and protein-G agarose (Invitrogen) followed by denaturing in glycoprotein denaturing buffer. Proteins were separated on a 4–12% gradient SDS-PAGE gel with MOPS running buffer (Invitrogen). After transfer to PVDF membrane, Western blotting was performed with the indicated antibody. Phosphotyrosine was detected by Western blot using the monoclonal antibody 4G10 (Upstate, Lake Placid, NY, USA). These were followed by species-specific secondary HRP-conjugated antibodies (Jackson ImmunoResearch, West Grove, PA, USA). Reactivity was detected by chemiluminescence with Supersignal (Pierce, Rockford, IL, USA).



Individual isoforms were separated as previously described [35]. Briefly, immunoprecipitated Ly108 was resolubilized before deglycosylation with PNGaseF and separated by SDS-PAGE gel with MOPS running buffer. Transfer and detection were performed as above but using the polyclonal antibodies R1 and R4 as described before [35]. Quantification was performed with ImageJ.




4.6. RT-PCR and Sequencing


RNA was extracted from cells using the RNeasy kit (QIAGEN, Valencia, CA, USA) or TRIZOL (Invitrogen). A shorter RT-PCR of Ly108-3 and Ly108-1 was performed with forward primer: 5′-TCATTCCAGAGAGCCCATTT-3′ and reverse primer 5′-GAAGGATCCAGGCTGAAGTG-3′. A full-length RT-PCR of Ly108-1 and Ly108-3 was performed on cDNA templates with the following primers with introduction of restriction sites: Ly108-start: 5′-GGCTCGAGATGGCTGTCTCAAGGGCT-3′; Ly108-1-end: 5′-GGTCTAGATTAAGAGTATTCG-GCCTCTCTGG-3′ before subcloning into vectors for sequencing. Sequences were determined at the Beth Israel Deaconess Medical Center sequence facility and nucleotide sequences were assembled and aligned using Vector NTI Advance (Invitrogen). Each RT was performed with the Protoscript cDNA kit (New England Biolabs, Ipswitch, MA, USA).




4.7. Sequence Alignment and Annotation


Alignment of Ly108 tail sequences was performed with the help of BLAST from the National Center for Biotechnology Information (NCBI) [57] and SnapGene software version 6.2.0 (www.snapgene.com).



The PhosphoSitePlus database was used to determine potential phosphorylation sites at www.phosphosite.org, accessed on 18 November 2022 [44].




4.8. Stastical Analysis


Multiple comparisons (BI-141 cells) were analyzed using the non-parametric Kruskall-Wallis test with the Dunn’s post-hoc test. Single comparisons (DO11.10) were performed using the Mann-Whitney test. Statistical analysis was performed using GraphPad Prism version 9.4.1 for macOS, GraphPad Software, San Diego, CA, USA, www.graphpad.com.









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms24055024/s1. References [58,59] are cited in the Supplementary Materials.





Author Contributions


Conceptualization, S.R., M.K., and C.T.; methodology, S.R., M.K, W.C.; resources, A.C.A.-M. and C.T.; writing—original draft preparation, S.R.; writing—review and editing, W.C., M.K., C.T., A.C.A.-M.; supervision, A.C.A.-M. and C.T.; funding acquisition, A.C.A.-M. and C.T. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants to A.C. Abadía-Molina; (1) Plan Estatal de Investigacioń Cientıfíca y Tećnica y de Innovacioń, ISCIII. Subdirección, General de Evaluación y Fomento de la Investigacioń, Ministerio de Economía y Competitividad, Spain. (Grants PI16/01642), and (2) Grupo de Investigación de Biología e Inmunología Celular, BIO-225, Consejería de Universidad Investigación e Innovación, Junta de Andalucía, Spain. This work was supported by the following grants to C. Terhorst from the National Institutes of Health (DK073339 and AI-065687).




Institutional Review Board Statement


Animal experiments were approved by the Beth Israel Deaconess Medical Center Institutional Animal Care and Use Committee (protocol number 094-2017).




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained with the article.




Acknowledgments


S.R. is a student belonging to the Official Doctoral Programme in Biomedicine of the University of Granada.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wu, N.; Veillette, A. SLAM Family Receptors in Normal Immunity and Immune Pathologies. Curr. Opin. Immunol. 2016, 38, 45–51. [Google Scholar] [CrossRef]

	



Cannons, J.L.; Tangye, S.G.; Schwartzberg, P.L. SLAM Family Receptors and SAP Adaptors in Immunity. Annu. Rev. Immunol. 2011, 29, 665–705. [Google Scholar] [CrossRef]

	



Yigit, B.; Wang, N.; Herzog, R.W.; Terhorst, C. SLAMF6 in Health and Disease: Implications for Therapeutic Targeting. Clin. Immunol. 2019, 204, 3–13. [Google Scholar] [CrossRef] [PubMed]

	



Calpe, S.; Wang, N.; Romero, X.; Berger, S.B.; Lanyi, A.; Engel, P.; Terhorst, C. The SLAM and SAP Gene Families Control Innate and Adaptive Immune Responses. Adv. Immunol. 2008, 97, 177–250. [Google Scholar] [CrossRef]

	



Bahal, D.; Hashem, T.; Nichols, K.E.; Das, R. SLAM-SAP-Fyn: Old Players with New Roles in iNKT Cell Development and Function. Int. J. Mol. Sci. 2019, 20, 4797. [Google Scholar] [CrossRef] [PubMed]

	



Latour, S.; Veillette, A. The SAP Family of Adaptors in Immune Regulation. Semin. Immunol. 2004, 16, 409–419. [Google Scholar] [CrossRef] [PubMed]

	



Calpe, S.; Erdos, E.; Liao, G.; Wang, N.; Rietdijk, S.; Simarro, M.; Scholtz, B.; Mooney, J.; Chang, H.L.; Min, S.S.; et al. Identification and Characterization of Two Related Murine Genes, Eat2a and Eat2b, Encoding Single SH2-Domain Adapters. Immunogenetics 2006, 58, 15–25. [Google Scholar] [CrossRef] [PubMed]

	



Veillette, A.; Dong, Z.; Pérez-Quintero, L.-A.; Zhong, M.-C.; Cruz-Munoz, M.-E. Importance and Mechanism of ‘Switch’ Function of SAP Family Adapters. Immunol. Rev. 2009, 232, 229–239. [Google Scholar] [CrossRef] [PubMed]

	



Sayos, J.; Wu, C.; Morra, M.; Wang, N.; Zhang, X.; Allen, D.; Van Schaik, S.; Notarangelo, L.; Geha, R.; Roncarolo, M.G.; et al. The X-Linked Lymphoproliferative-Disease Gene Product SAP Regulates Signals Induced through the Co-Receptor SLAM. Nature 1998, 395, 462–469. [Google Scholar] [CrossRef]

	



Coffey, A.J.; Brooksbank, R.A.; Brandau, O.; Oohashi, T.; Howell, G.R.; Bye, J.M.; Cahn, A.P.; Durham, J.; Heath, P.; Wray, P.; et al. Host Response to EBV Infection in X-Linked Lymphoproliferative Disease Results from Mutations in an SH2-Domain Encoding Gene. Nat. Genet. 1998, 20, 129–135. [Google Scholar] [CrossRef]

	



Tangye, S.G. XLP: Clinical Features and Molecular Etiology Due to Mutations in SH2D1A Encoding SAP. J. Clin. Immunol. 2014, 34, 772–779. [Google Scholar] [CrossRef] [PubMed]

	



Panchal, N.; Booth, C.; Cannons, J.L.; Schwartzberg, P.L. X-Linked Lymphoproliferative Disease Type 1: A Clinical and Molecular Perspective. Front. Immunol. 2018, 9, 666. [Google Scholar] [CrossRef] [PubMed]

	



Crotty, S.; Kersh, E.N.; Cannons, J.; Schwartzberg, P.L.; Ahmed, R. Nature 2003 Crotty. Nature 2003, 421, 2–7. [Google Scholar] [CrossRef]

	



Hron, J.D.; Caplan, L.; Gerth, A.J.; Schwartzberg, P.L.; Peng, S.L. SH2D1A Regulates T-Dependent Humoral Autoimmunity. J. Exp. Med. 2004, 200, 261–266. [Google Scholar] [CrossRef]

	



Morra, M.; Barrington, R.A.; Abadia-Molina, A.C.; Okamoto, S.; Julien, A.; Gullo, C.; Kalsy, A.; Edwards, M.J.; Chen, G.; Spolski, R.; et al. Defective B Cell Responses in the Absence of SH2D1A. Proc. Natl. Acad. Sci. USA 2005, 102, 4819–4823. [Google Scholar] [CrossRef]

	



Chung, B.; Aoukaty, A.; Dutz, J.; Terhorst, C.; Tan, R. Cutting Edge: Signaling Lymphocytic Activation Molecule-Associated Protein Controls NKT Cell Functions. J. Immunol. 2005, 174, 3153–3157. [Google Scholar] [CrossRef] [PubMed]

	



Nichols, K.E.; Hom, J.; Gong, S.Y.; Ganguly, A.; Ma, C.S.; Cannons, J.L.; Tangye, S.G.; Schwartzberg, P.L.; Koretzky, G.A.; Stein, P.L. Regulation of NKT Cell Development by SAP, the Protein Defective in XLP. Nat. Med. 2005, 11, 340–345. [Google Scholar] [CrossRef]

	



Pasquier, B.; Yin, L.; Fondanèche, M.C.; Relouzat, F.; Bloch-Queyrat, C.; Lambert, N.; Fischer, A.; De Saint-Basile, G.; Latour, S. Defective NKT Cell Development in Mice and Humans Lacking the Adapter SAP, the X-Linked Lymphoproliferative Syndrome Gene Product. J. Exp. Med. 2005, 201, 695–701. [Google Scholar] [CrossRef]

	



Griewank, K.; Borowski, C.; Rietdijk, S.; Wang, N.; Julien, A.; Wei, D.G.; Mamchak, A.A.A.; Terhorst, C.; Bendelac, A. Homotypic Interactions Mediated by Slamf1 and Slamf6 Receptors Control NKT Cell Lineage Development. Immunity 2007, 27, 751–762. [Google Scholar] [CrossRef]

	



Kageyama, R.; Cannons, J.L.; Zhao, F.; Yusuf, I.; Lao, C.; Locci, M.; Schwartzberg, P.L.; Crotty, S. The Receptor Ly108 Functions as a SAP Adaptor-Dependent On-Off Switch for T Cell Help to B Cells and NKT Cell Development. Immunity 2012, 36, 986–1002. [Google Scholar] [CrossRef]

	



Lu, Y.; Zhong, M.C.; Qian, J.; Calderon, V.; Cruz Tleugabulova, M.; Mallevaey, T.; Veillette, A. SLAM Receptors Foster INKT Cell Development by Reducing TCR Signal Strength after Positive Selection. Nat. Immunol. 2019, 20, 447–457. [Google Scholar] [CrossRef]

	



Zhong, M.C.; Veillette, A. Control of T Lymphocyte Signaling by Ly108, a Signaling Lymphocytic Activation Molecule Family Receptor Implicated in Autoimmunity. J. Biol. Chem. 2008, 283, 19255–19264. [Google Scholar] [CrossRef] [PubMed]

	



Dong, Z.; Cruz-Munoz, M.E.; Zhong, M.C.; Chen, R.; Latour, S.; Veillette, A. Essential Function for SAP Family Adaptors in the Surveillance of Hematopoietic Cells by Natural Killer Cells. Nat. Immunol. 2009, 10, 973–980. [Google Scholar] [CrossRef] [PubMed]

	



Valdez, P.A.; Wang, H.; Seshasayee, D.; Van Lookeren Campagne, M.; Gurney, A.; Lee, W.P.; Grewal, I.S. NTB-A, a New Activating Receptor in T Cells That Regulates Autoimmune Disease. J. Biol. Chem. 2004, 279, 18662–18669. [Google Scholar] [CrossRef] [PubMed]

	



Cannons, J.L.; Qi, H.; Lu, K.T.; Dutta, M.; Gomez-Rodriguez, J.; Cheng, J.; Wakeland, E.K.; Germain, R.N.; Schwartzberg, P.L. Optimal Germinal Center Responses Require a Multistage T Cell:B Cell Adhesion Process Involving Integrins, SLAM-Associated Protein, and CD84. Immunity 2010, 32, 253–265. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, F.; Cannons, J.L.; Dutta, M.; Griffiths, G.M.; Schwartzberg, P.L. Positive and Negative Signaling through SLAM Receptors Regulate Synapse Organization and Thresholds of Cytolysis. Immunity 2012, 36, 1003–1016. [Google Scholar] [CrossRef]

	



Chen, S.; Dong, Z. NK Cell Recognition of Hematopoietic Cells by SLAM-SAP Families. Cell. Mol. Immunol. 2019, 16, 452–459. [Google Scholar] [CrossRef]

	



Dong, Z.; Davidson, D.; Pérez-Quintero, L.A.; Kurosaki, T.; Swat, W.; Veillette, A. The Adaptor SAP Controls NK Cell Activation by Regulating the Enzymes Vav-1 and SHIP-1 and by Enhancing Conjugates with Target Cells. Immunity 2012, 36, 974–985. [Google Scholar] [CrossRef]

	



Wu, N.; Zhong, M.C.; Roncagalli, R.; Pérez-Quintero, L.A.; Guo, H.; Zhang, Z.; Lenoir, C.; Dong, Z.; Latour, S.; Veillette, A. A Hematopoietic Cell-Driven Mechanism Involving SLAMF6 Receptor, SAP Adaptors and SHP-1 Phosphatase Regulates NK Cell Education. Nat. Immunol. 2016, 17, 387–396. [Google Scholar] [CrossRef]

	



Bottino, C.; Falco, M.; Parolini, S.; Marcenaro, E.; Augugliaro, R.; Sivori, S.; Landi, E.; Biassoni, R.; Notarangelo, L.D.; Moretta, L.; et al. GNTB-A, a Novel SH2D1A-Associated Surface Molecule Contributing to the Inability of Natural Killer Cells to Kill Epstein-Barr Virus-Infected B Cells in X-Linked Lymphoproliferative Disease. J. Exp. Med. 2001, 194, 235–246. [Google Scholar] [CrossRef]

	



Radomir, L.; Cohen, S.; Kramer, M.P.; Bakos, E.; Lewinsky, H.; Barak, A.; Porat, Z.; Bucala, R.; Stepensky, P.; Becker-Herman, S.; et al. T Cells Regulate Peripheral Naive Mature B Cell Survival by Cell–Cell Contact Mediated through SLAMF6 and SAP. J. Immunol. 2017, 199, 2745–2757. [Google Scholar] [CrossRef] [PubMed]

	



Dragovich, M.A.; Adam, K.; Strazza, M.; Tocheva, A.S.; Peled, M.; Mor, A. SLAMF6 Clustering Is Required to Augment T Cell Activation. PLoS ONE 2019, 14, 1–17. [Google Scholar] [CrossRef]

	



Pérez-Carmona, N.; Farré, D.; Martínez-Vicente, P.; Terhorst, C.; Engel, P.; Angulo, A. Signaling Lymphocytic Activation Molecule Family Receptor Homologs in New World Monkey Cytomegaloviruses. J. Virol. 2015, 89, 11323–11336. [Google Scholar] [CrossRef]

	



Wandstrat, A.E.; Nguyen, C.; Limaye, N.; Chan, A.Y.; Subramanian, S.; Tian, X.H.; Yim, Y.S.; Pertsemlidis, A.; Garner, H.R.; Morel, L.; et al. Association of Extensive Polymorphisms in the SLAM/CD2 Gene Cluster with Murine Lupus. Immunity 2004, 21, 769–780. [Google Scholar] [CrossRef]

	



Keszei, M.; Detre, C.; Rietdijk, S.T.; Muñoz, P.; Romero, X.; Berger, S.B.; Calpe, S.; Liao, G.; Castro, W.; Julien, A.; et al. A Novel Isoform of the Ly108 Gene Ameliorates Murine Lupus. J. Exp. Med. 2011, 208, 811–822. [Google Scholar] [CrossRef]

	



Dutta, M.; Schwartzberg, P.L. Characterization of Ly108 in the Thymus: Evidence for Distinct Properties of a Novel Form of Ly108. J. Immunol. 2012, 188, 3031–3041. [Google Scholar] [CrossRef]

	



Peck, S.R.; Earl Ruley, H. Ly108: A New Member of the Mouse CD2 Family of Cell Surface Proteins. Immunogenetics 2000, 52, 63–72. [Google Scholar] [CrossRef]

	



Morel, L.; Blenman, K.R.; Croker, B.P.; Wakeland, E.K. The Major Murine Systemic Lupus Erythematosus Susceptibility Locus, Sle1, Is a Cluster of Functionally Related Genes. Proc. Natl. Acad. Sci. USA 2001, 98, 1787–1792. [Google Scholar] [CrossRef]

	



Tsao, B.P.; Cantor, R.M.; Kalunian, K.C.; Chen, C.J.; Badsha, H.; Singh, R.; Wallace, D.J.; Kitridou, R.C.; Chen, S.L.; Shen, N.; et al. Evidence for Linkage of a Candidate Chromosome I Region to Human Systemic Lupus Erythematosus. J. Clin. Investig. 1997, 99, 725–731. [Google Scholar] [CrossRef]

	



Wong, E.B.; Soni, C.; Chan, A.Y.; Domeier, P.P.; Shwetank; Abraham, T.; Limaye, N.; Khan, T.N.; Elias, M.J.; Chodisetti, S.B.; et al. B Cell–Intrinsic CD84 and Ly108 Maintain Germinal Center B Cell Tolerance. J. Immunol. 2015, 194, 4130–4143. [Google Scholar] [CrossRef]

	



Kumar, K.R.; Li, L.; Yan, M.; Bhaskarabhatla, M.; Mobley, A.B.; Nguyen, C.; Mooney, J.M.; Schatzle, J.D.; Wakeland, E.K.; Mohan, C. Regulation of B Cell Tolerance by the Lupus Susceptibility Gene Ly108. Science 2006, 312, 1665–1669. [Google Scholar] [CrossRef]

	



Hajaj, E.; Zisman, E.; Tzaban, S.; Merims, S.; Cohen, J.; Klein, S.; Frankenburg, S.; Sade-Feldman, M.; Tabach, Y.; Yizhak, K.; et al. Alternative Splicing of the Inhibitory Immune Checkpoint Receptor SLAMF6 Generates a Dominant Positive Form, Boosting T-Cell Effector Functions. Cancer Immunol. Res. 2021, 9, 637–650. [Google Scholar] [CrossRef]

	



Eissmann, P.; Watzl, C. Molecular Analysis of NTB-A Signaling: A Role for EAT-2 in NTB-A-Mediated Activation of Human NK Cells. J. Immunol. 2006, 177, 3170–3177. [Google Scholar] [CrossRef]

	



Hornbeck, P.V.; Zhang, B.; Murray, B.; Kornhauser, J.M.; Latham, V.; Psp, P.R. PhosphoSitePlus, 2014: Mutations, PTMs and Recalibrations. Nucleic Acids Res. 2015, 43, 512–520. [Google Scholar] [CrossRef]

	



Latour, S.; Roncagalli, R.; Chen, R.; Bakinowski, M.; Shi, X.; Schwartzberg, P.L.; Davidson, D.; Veillette, A. Binding of SAP SH2 Domain to FynT SH3 Domain Reveals a Novel Mechanism of Receptor Signalling in Immune Regulation. Nat. Cell Biol. 2003, 5, 149–154. [Google Scholar] [CrossRef]

	



Fraser, C.C.; Howie, D.; Morra, M.; Qiu, Y.; Murphy, C.; Shen, Q.; Gutierrez-Ramos, J.C.; Coyle, A.; Kingsbury, G.A.; Terhorst, C. Identification and Characterization of SF2000 and SF2001, Two New Members of the Immune Receptor SLAM/CD2 Family. Immunogenetics 2002, 53, 843–850. [Google Scholar] [CrossRef]

	



Patel, V.P.; Moran, M.; Low, T.A.; Miceli, M.C. A Molecular Framework for Two-Step T Cell Signaling: Lck Src Homology 3 Mutations Discriminate Distinctly Regulated Lipid Raft Reorganization Events. J. Immunol. 2001, 166, 754–764. [Google Scholar] [CrossRef]

	



Keane, T.M.; Goodstadt, L.; Danecek, P.; White, M.A.; Wong, K.; Yalcin, B.; Heger, A.; Agam, A.; Slater, G.; Goodson, M.; et al. Mouse Genomic Variation and Its Effect on Phenotypes and Gene Regulation. Nature 2011, 477, 289–294. [Google Scholar] [CrossRef]

	



Engel, P.; Eck, M.J.; Terhorst, C. The SAP and SLAM Families in Immune Responses and X-Linked Lymphoproliferative Disease. Nat. Rev. Immunol. 2003, 3, 813–821. [Google Scholar] [CrossRef]

	



Chan, B.; Lanyi, A.; Song, H.K.; Griesbach, J.; Simarro-Grande, M.; Poy, F.; Howie, D.; Sumegi, J.; Terhorst, C.; Eck, M.J. SAP Couples Fyn to SLAM Immune Receptors. Nat. Cell Biol. 2003, 5, 155–160. [Google Scholar] [CrossRef]

	



Carninci, P.; Kasukawa, T.; Katayama, S.; Gough, J.; Frith, M.C.; Maeda, N.; Oyama, R.; Ravasi, T.; Lenhard, B.; Wells, C.; et al. The Transcriptional Landscape of the Mammalian Genome. Science 2005, 309, 1559–1563. [Google Scholar] [CrossRef]

	



Ergun, A.; Doran, G.; Costello, J.C.; Paik, H.H.; Collins, J.J.; Mathis, D.; Benoist, C. Differential Splicing across Immune System Lineages. Proc. Natl. Acad. Sci. USA 2013, 110, 14324–14329. [Google Scholar] [CrossRef]

	



Bussotti, G.; Leonardi, T.; Clark, M.B.; Mercer, T.R.; Crawford, J.; Malquori, L.; Notredame, C.; Dinger, M.E.; Mattick, J.S.; Enright, A.J. Improved Definition of the Mouse Transcriptome via Targeted RNA Sequencing. Genome Res. 2016, 26, 705–716. [Google Scholar] [CrossRef]

	



Arzalluz-Luqueángeles, Á.; Conesa, A. Single-Cell RNAseq for the Study of Isoforms-How Is That Possible? Genome Biol. 2018, 19, 110. [Google Scholar] [CrossRef]

	



Shalek, A.K.; Satija, R.; Adiconis, X.; Gertner, R.S.; Gaublomme, J.T.; Raychowdhury, R.; Schwartz, S.; Yosef, N.; Malboeuf, C.; Lu, D.; et al. Single-Cell Transcriptomics Reveals Bimodality in Expression and Splicing in Immune Cells. Nature 2013, 498, 236–240. [Google Scholar] [CrossRef]

	



Barnkob, M.B.; Olsen, L.R. Target Isoforms Are an Overlooked Challenge and Opportunity in Chimeric Antigen Receptor Cell Therapy. Immunother. Adv. 2022, 2, 1–4. [Google Scholar]

	



Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic Local Alignment Search Tool. J. Mol. Biol. 1990, 215, 403–410. [Google Scholar] [CrossRef]

	



Greaves, D.R.; Wilson, F.D.; Lang, G.; Kioussis, D. Human CD2 3′-Flanking Sequences Confer High-Level, T Cell-Specific, Position-Independent Gene Expression in Transgenic Mice. Cell 1989, 56, 979–986. [Google Scholar] [CrossRef]

	



Bell, M.P.; Huntoon, C.J.; Graham, D.; McKean, D.J. The Analysis of Costimulatory Receptor Signaling Cascades in Normal T Lymphocytes Using in Vitro Gene Transfer and Reporter Gene Analysis. Nat. Med. 2001, 7, 1155–1158. [Google Scholar] [CrossRef]








[image: Ijms 24 05024 g001 550] 





Figure 1. Schematic comparison of Ly108 isoforms. (A) Exon-intron organization of murine Ly108 (SLAMF6) with alignment of Ly108 isoforms. The Ly108-2 isoform is generated by skipping exon 8 with transcription of exon 9 and 10. Ly108-3 is the result of an alternative splice acceptor site in intron 7 resulting in a frame shift. Ly108-H1 is the result of skipping exon 7 and 8. (B) Alignment of amino acid sequences from the cytoplasmic domains of Ly108 showing SAP binding sites (underlined) and the sequences used to generate polyclonal antibodies R1 (blue) and R4 (red). (C) Illustration of Ly108 isoforms with the position of the tyrosines corresponding to ITSMs (SAP/EAT-2 binding sites) indicated. (D) Experimental ITSMs and plausible phosphorylation sites in the different Ly108 variants. Tyrosine residue annotation (red squares) using Ly108-2 as reference appear in position 295, 319, 335, and 349 (Y1–Y4). Other tyrosines shown are Y3′ in Ly108-1 and Y4′ in Ly108-3. 
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Figure 2. Differential phosphorylation and SAP binding by Ly108 isoforms. (A) Induction of Ly108 phosphorylation and SAP binding with pervanadate (PV) treatment of BI-141 cells expressing individual isoforms. Ly108 isoforms were immunoprecipitated and probed with anti-pTyr (top panel). The amount of total Ly108 was determined by re-probing with mouse anti-Ly108 mAb 13G3 (upper middle panel). The Ly108-SAP association was determined by probing the Ly108 immunoprecipitates with anti-SAP (lower middle panel). Levels of SAP in whole lysates were determined by probing with ant-SAP (bottom panel). Results are representative of three experiments (B) Phosphorylated of Ly108 was quantified and shown relative to total Ly108. Results of quantification are expressed as arbitrary units. (C) SAP association quantified relative to total Ly108. Results of quantification are expressed as arbitrary units. (D) Improved detection of phosphorylated Ly108-H1. Pervanadate treatment, immunoprecipitation, and immunoblotting were performed as above but precipitates were subjected to deglycosylation with PNGase-F in an intermediary step. Note that the gel shift due to phosphorylation is now more evident. A single experiment was performed. (E) Quantification of phosphorylation of Ly108 is shown relative to total Ly108. Total Ly108 was estimated with R1 and R4 by using Ly108-2 to normalize obtained values from pervanadate-treated lanes. (F) SAP association was quantified relative to total Ly108 in the pervanadate-treated lanes. Results of quantification are expressed as arbitrary units. 
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Figure 3. Suppression of IL-2 production by Ly108-H1 in T cell lines. (A,B) Individual clones of BI-141 cells stably expressing SAP and individual isoforms were stimulated with the indicated concentrations of plate-bound anti-CD3. After 20 h IL-2 (A) or (B) IFN-gamma was determined by ELISA. Data points indicate mean ± SEM of three separate clones (Mock: A1, A2, A3. Ly108-1: A1, A5, D4. Ly108-2: C1, C4, C6. Ly108-H1: A7, A17, A18). Each clone was assayed in triplicate. Similar results were obtained in three separate experiments. We performed a Kruskal-Wallis test resulting in p < 0.0001. Shown is the Dunn’s post-test significance comparing individual columns: * p < 0.05. Note the logarithmic scale. (C) AICD was determined by FACS in BI-141 cells stimulated with anti-CD3 using DAPI as a marker for dead cells. Each clone was assayed singularly with data from 10,000 cells collected. Data points indicate mean ± SEM of three separate clones (Mock: A1, A2, A3. Ly108-1: A1, E4, E6. Ly108-2: A1, C1, C4. Ly108-3: A17, A18, B6). Similar results were obtained in two separate experiments. (D) IL-2 production in DO11.10 cells stably expressing Ly108-H1 or the empty vector pCI-neo were performed as above. Data points indicate mean ± SEM of four separate clones (control pCI-neo: A1, A2, A4, A5. Ly108-H1: A3, A4, A11, A12). Each clone was assayed in triplicate. Similar results were obtained in four separate experiments. (E) AICD in DO11.10 cells stably expressing Ly108-H1 or the empty vector pCI-neo was performed as above. Each clone was assayed singularly with data from 10,000 cells collected. Data points indicate mean ± SEM of 5 separate clones (control pCI-neo: A1, A2, A3, A4, A5. Ly108-H1: A3, A4, A8, A11, A12). Similar results were obtained in two separate experiments. 
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Figure 4. Ly108 isoforms, including Ly108-3, are differentially expressed, and phosphorylated in primary cells. (A) Suspended thymocytes from B6 mice were treated where indicated for 20 min with pervanadate (PV+) before lysis, after which immunoprecipitation was performed with the indicated antibodies or isotype control (IgG). After SDS-PAGE and transfer, membranes were blotted for Ly108 and SAP. Phosphorylated Ly108 was detected on stripped membranes that were re-probed with anti-phosphotyrosine. (B) Thymocytes from the indicated strains were treated with pervanadate before lysis. Ly108 was immunoprecipitated (IP) and deglycosylated. After separation by SDS-PAGE and transfer to membrane, phosphorylated isoforms were detected by anti-phosphotyrosine antibody by Western blotting (WB). Further re-probing was performed with polyclonals R1 and R4 antibody to demonstrate specificity. Individual isoforms are indicated with the help of arrows. (C) Exon organization of Ly108-3 showing the location of the non-synonymous SNP rs31534295 (in red) and alignment of a short portion of Sle1b derived Ly108-3 with B6. Shown is the SNP and 10bp flanking sequence. (D) The resulting amino acid substitution (in red) in the tail of Ly108-3 is shown in relation to the second SAP binding site (underlined) and target of polyclonal antibody R1 (blue). (E) Immunoprecipitation of Ly108 from unstimulated B cells from the indicated mouse strains. Some samples were deglycosylated (in the right panels) and Western blotting was performed with the polyclonal antibodies R1 (top panels) or R4 (bottom). Elbow arrow directed at a band corresponding to Ly108-3. (F) Agarose gel (1–3%) electrophoresis. For Ly108-1 and Ly108-3 expression in thymus RT-PCR products were amplified using oligonucleotides covering a region between exon 7–8. Bands of 227 bp and 241 bp correspond to Ly108-1 and Ly108-3. Two mice from each strain are shown. 
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