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Sorting nexin 27 (SNX27) association to the retromer complex mediates intracellular trafficking of cargoes containing PSD95/Dlg1/ZO-1 (PDZ)-binding C-terminal sequences from endosomes to the cell surface, preventing their lysosomal degradation. Antigen recognition by T lymphocyte leads to the formation of a highly organized structure named the immune synapse (IS), which ensures cell-cell communication and sustained T cell activation. At the neuronal synapse, SNX27 recycles PDZ-binding receptors and its defective expression is associated with synaptic dysfunction and cognitive impairment. In T lymphocytes, SNX27 was found localized at recycling endosomal compartments that polarized to the IS, suggesting a function in polarized traffic to this structure. Proteomic analysis of PDZ-SNX27 interactors during IS formation identify proteins with known functions in cytoskeletal reorganization and lipid regulation, such as diacylglycerol (DAG) kinase (DGK) ζ, as well as components of the retromer and WASH complex. In this study, we investigated the consequences of SNX27 deficiency in cytoskeletal reorganization during IS formation. Our analyses demonstrate that SNX27 controls the polarization towards the cell-cell interface of the PDZ-interacting cargoes DGKζ and the retromer subunit vacuolar protein sorting protein 26, among others. SNX27 silencing abolishes the formation of a DAG gradient at the IS and prevents re-localization of the dynactin complex component dynactin-1/p150Glued, two events that correlate with impaired microtubule organizing center translocation (MTOC). SNX27 silenced cells show marked alteration in cytoskeleton organization including a failure in the organization of the microtubule network and defects in actin clearance at the IS. Reduced SNX27 expression was also found to hinder the arrangement of signaling microclusters at the IS, as well as the polarization of the secretory machinery towards the antigen presenting cells. Our results broaden the knowledge of SNX27 function in T lymphocytes by showing a function in modulating IS organization through regulated trafficking of cargoes.
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Introduction

Precise regulation of intracellular transport and vesicle fusion is of great importance in polarized cells, which depend on the delivery of cargoes to specialized areas of the plasma membrane to carry out their functions (1–3). In T cells, intracellular trafficking plays an essential role in the establishment of the immune synapse (IS), allowing the transport of surface receptors, signaling, adhesion, and scaffold molecules towards the cell-cell contact site, as well as their removal from there (4–8). Moreover, this process favors the polarized secretion of cytokines, lytic proteins and additional cargoes towards the antigen presenting cell (APC), modulating cell-cell communication (9–13). In this context, the rapid repositioning of the microtubule-organizing center (MTOC) is functionally linked to polarized trafficking. Although the regulatory mechanisms driving MTOC polarization are not fully understood, the formation of a stable diacylglycerol (DAG) gradient represents the first step for MTOC translocation (14–17).

A relevant player in the regulation of polarized trafficking is the sorting nexin (SNX) 27-retromer complex. SNX27 belongs to the SNX family of proteins, which are involved in intracellular trafficking and endosomal signaling. SNX27 is unique, as it is the only member of its family containing a N-terminal PSD95/Dlg1/ZO-1 (PDZ) domain that allows interaction with proteins bearing a C-terminal class 1 PDZ-binding motif (PDZ-bm). In addition, it can simultaneously mediate interaction with the vacuolar protein sorting protein 26 (Vps26) subunit of the retromer complex, which increases cargoes binding affinity and thus favors their recycling (8, 18). Firstly discovered in yeast, the retromer is a protein complex consisting in the association of two subcomplexes: the cargo-selection subcomplex, composed by the trimer Vps26-Vps35-Vps29, and the membrane-deforming subcomplex, which senses and induces membrane tubulation and is formed by the SNX-BAR heterodimer Vps5-Vps17 (19, 20). In mammals, the retromer trimer is conserved and includes Vps26A/Vps26B, Vps35, and Vps29 proteins (21–23). SNX-BAR heterodimers are formed by association of SNX1/SNX2 with SNX5/SNX6 (24). The retromer regulates the endosome-to-trans Golgi transport and the endosome-to-plasma membrane recycling, preventing cargo degradation (25–27). This tubular-based endosomal traffic is favored by retromer interaction with cytoskeleton components such as the motor dynein/dynactin complex or the Wiskott-Aldrich syndrome protein and SCAR homologue (WASH) complex, which regulates actin polymerization (8, 28, 29).

Several studies reported that SNX27-retromer function as a mediator of retrograde trafficking that contributes to sustain cell polarization. In neurons, SNX27 localizes to recycling endosomes and traffics to spines, facilitating the synaptic delivery of receptors (30). In epithelial cells, SNX27 recruits the epithelial cell-cell junction protein zonula occludens (ZO)-1/2 to recycling endosomes and distributes it to tight junctions (31). Similarly, SNX27 in T lymphocytes locates to recycling endosomes and traffics to the IS. This depends on mechanisms that require the presence of an intact PDZ domain (32, 33). However, the contributions of SNX27 and its associated cargoes to the formation of the IS has not yet been explored.

Here, we investigated the contribution of SNX27 to the polarized trafficking of cargoes and to the establishment of the IS in Jurkat T cells. We described that SNX27 controls the traffic towards the cell-cell interface of reported PDZ-interactors, including the retromer subunit Vps26 and the DAG kinase (DGK) ζ. SNX27 silencing abolishes the formation of a DAG gradient at the IS, an effect probably related to defective retrograde transport of DAG-enriched membranes to the cell-cell interface. Impaired DAG accumulation at the IS results in deficient synaptic recruitment of the motor protein dynactin-1/p150Glued and the PDZ-interactor centromere protein J (CENPJ). Moreover, the absence of a proper DAG accumulation correlates with an incorrect polarization of the MTOC, the inefficient reorganization of the microtubule network, and modest defects in actin clearance at the IS. Furthermore, we observed defects in the arrangement of signaling microclusters, as well as in the polarization of the secretory machinery towards the IS. Our results strongly support a role for the SNX27-retromer-complex in IS-directed transport of associated cargoes, highlighting a critical role of SNX27 in the correct polarization of the MTOC during antigen recognition in Jurkat T cells.



Materials and Methods


Reagents and Antibodies

Reagents used were: poly-L-lysine, bovine serum albumin (BSA), DAPI (all purchased from Sigma-Aldrich), RPMI-1640 and L-glutamine (Biowest), CMAC (CellTracker Blue 7-amino-4-chloromethylcoumarin), BODIPY 630/650, (both from Thermo Fisher), Prolong Gold (Invitrogen), and recombinant human intercellular adhesion molecule 1 (ICAM-1) (R&D systems). For antibody (Ab)-based stimulation, we used a mouse anti-human CD3 monoclonal Ab (300402, Biolegend). For immunofluorescence staining, we used anti-: β-tubulin (MAB3408, Merk Millipore), CENPJ (11517-1-AP, Proteintech), dynactin-1/p150Glued (MA1-070 Thermo Fisher), SNX27 (ab77799, Abcam), pericentrin (ab4448, Abcam), phalloidin-AlexaFluor 488 (A12379, Thermo Fisher), phosphorylated CD3ζ (Y142) (558402, BD biosciences), phosphorylated ZAP70 (Tyr 319) (PA5-17815, Thermo Fisher), phosphorylated LAT (Tyr 220) (3584, Cell signaling), and Vps26 (AB181352, Abcam). The following fluorophore-conjugated secondary Ab were used: anti-rabbit IgG-AlexaFluor 488, anti-mouse IgG-AlexaFluor 488, anti-mouse IgG2a-AlexaFluor 647 (A11034, A-11029, A21241; Thermo Fisher), anti-rabbit IgG-Cy2, anti-rabbit IgG-Cy3, anti-rabbit IgG -Cy5, anti-mouse IgG1-Cy3, anti-mouse IgG-Cy3, anti-mouse IgG1-Cy5 (2338021, 111-166-046, 111-176-046, 115-165-205, 115-166-075, 115-175-166; Jackson ImmunoResearch), and anti-mouse IgG2b-FITC (2794539, Southern Biotech). For flow cytometry analysis, we used anti-mouse CD45-APC (17-0451-82, Thermo Fisher). For western blot, we used anti-SNX27 (ab77799, Abcam), anti-GAPDH (sc25778, Santa Cruz), anti-GFP (A11122, Invitrogen), anti-DGKζ (ab105195, Abcam), and anti-p150Glued (MA1-070 Thermo Fisher). For immunoprecipitation, GFP-Trap Agarose (gta-20, ChromoTek) was employed.



Cell Lines, Culture, and Stimulation

Human leukemic Jurkat T cells were obtained from the American Type Culture Collection (TIB-152, clone E6-1). Triple parameter reporter cells (TPR) are a human Jurkat JE6.1-derived cell line transduced with NFAT-GFP, AP-1-mCherry and NF-κB-CFP generated as previously described (34).T cell stimulator (TCS) cells are Bw5147 cells (murine thymoma cell line) modified to stably express an anti-human CD3 single chain fragment anchored to the plasma membrane via a human CD14 stem (CD5L-OKT3scFv-CD14). A variant of TCS cells was further engineered by retroviral transduction to express high amount of human CD86 (TCS-CD86) (35). Both TPR and TCS were kindly donated by Dr. Peter Steinberger (Medical University of Vienna, Austria). Jurkat T, TPR and TCS cells were cultured in complete RPMI medium consisting on RPMI-1640 supplemented with 10% FBS and 2 mM L-glutamine.

To establish immune synapses, TCS, used as APCs, were labeled in complete RPMI medium containing 10 μM CMAC or 1 μM BODIPY 630/650 (1 h, 37°C, darkness). After being washed twice in PBS, TCS were added at 1:1 ratio on top of Jurkat T cells previously plated on poly-L-lysine-coated coverslips. Cells were incubated for the indicated times (37°C, 5% CO2), after which immunofluorescence was performed.

For signaling microclusters, actin and microtubules immunofluorescence, Jurkat T cells in complete RPMI medium (2 × 106 cells/ml) were seeded onto poly-L-lysine-coated glass coverslips with plate-bound anti-human CD3 (2.5 µg/ml) and recombinant human ICAM-1 (1 µg/ml, 2 h, 37°C) for the depicted times.



Plasmids and Transfection

Jurkat T cells in logarithmic growth phase (4-5 × 105 cells/ml) were electroporated using the Gene Pulser II (Bio-Rad; 270 V, 975 µF) or the Neon Transfection System (ThermoFisher; 1200 V; 10 ms pulse width; 2 pulses). For transient SNX27 silencing, double-strand oligonucleotides encompassing the interfering sequence 5´-CCAGGUAAUUGCAUUUGAA-3´ (36) and a hairpin structure were cloned in the pSuper vector (Oligoengine) (32). pSUPER-shRNAi mouse DGKα (37) was used as a transfection control. For transient protein expression, 15 µg plasmid DNA were transfected. The pEGFP-C1-hSNX27 (WT/L67-77A/H114A) (18) were a kind gift from Dr. Peter Cullen (University of Bristol, UK). mCherry-DGKζ WT, pEFbos-GFP DGKζ-ΔETAV, pEGFP-C1b-PKCθ, and pEGFP-C1-CD63 were previously described (38–40). While silenced cells were harvested 72 h post-transfection, cells with transient protein expression were processed 24 h post-transfection.



Analysis of Protein Expression by Western Blot and Immunoprecipitation

For western blot analysis, cell pellets were suspended in cold lysis buffer (10 mM HEPES pH 7.5, 15 mM KCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol, and 1% Nonidet P-40) containing protease inhibitors (10 μg/ml each leupeptin and aprotinin, 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 40 mM β-glycerophosphate, and 10 μM NaF), and incubated 15 min at 4°C. A constant amount per sample was run in sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Fluorescent signal was visualized using the Odyssey CLx Imaging System (LI-COR). SNX27 silencing was validated for every experiment by western blot analysis of total cell lysates.

For protein-protein interaction analysis by immunoprecipitation, cells were lysed as described above and the protocol was performed according to manufacturer’s instructions (GFP-Trap Agarose, Chromotek). Immunoprecipitated proteins were analyzed by western blot.



Dual-Luciferase IL-2 Reporter Assay

Jurkat cells were transfected with control or SNX27-targeting shRNAi constructs by electroporation. At 48 h post-transfection, cells were re-electroporated with 15 μg of an IL-2 promoter construct (Addgene) together with 200 ng of Renilla luciferase vector (Promega) as an internal control. After 24 h, cells were stimulated with TCS cells at a 2.5:1 ratio in 96-well plates for the indicated time points. Lastly, cells were harvested, lysed in passive lysis buffer (Promega; 20 min, 4°C) and assayed for luciferase activity using the Dual-luciferase Reporter Assay (Promega). Relative luciferase units (RLU) were calculated relative to Renilla luciferase values.



Il-2 Detection in Culture Supernatants

Jurkat T cells transfected with control or SNX27-targeting shRNAi constructs were incubated with TCS cells at 2.5:1 ratio in a flat bottom 96 well plate in triplicates for the indicated time points. Then, ELISA test was performed on the culture supernatants according to manufacturer’s intructions (Human IL-2 ELISA MAXTM Delux, Biolegend).



NFAT, NFkB, and AP-1 Promoter Activity Assay

TPR cells transfected with shcontrol or shSNX27 were incubated with TCS at 2.5:1 ratio for the indicated time points. Then, cocultures were stained with anti-mouse CD45-APC in PBS staining buffer (PBS, 1% FBS, 0.5% BSA, 0.01% sodium azide) (30 min, 4°C, darkness) to exclude TCS cells from analysis. Expression of NFAT-GFP, NFκB-CFP and AP-1-Cherry was determined by flow cytometry using a CytoFLEX S Flow cytometer (Beckman Cloulter). Live cells were gated using forward and side scatter parameters. All conditions were carried out in triplicates and data were analyzed using FlowJo 10 software (FlowJo, Ashland, OR) and Prism 5.



Immunostaining

For immunofluorescence labeling, cells were fixed with 2% PFA (15 min, RT). After washing twice with PBS, cells were blocked and permeabilized 30 min, RT (1% BSA, 0.1% triton in PBS). This buffer was also used throughout the procedure as staining buffer. Cells were incubated with primary antibodies (1 h, RT), PBS-washed, and incubated with the corresponding fluorophore-conjugated secondary Ab (30 min, RT). Coverslips were washed twice in PBS and mounted on glass slides using ProLong Gold. For microtubule and signaling microclusters staining, 2% PFA fixation was performed at 37°C and this step was followed by an ice-cold methanol fixation and permeabilization (20 min, RT) prior to Ab staining.



Confocal Microscopy and Image Processing

Confocal images were acquired using: Leica TCS SP8 confocal microscope equipped with a Plan-Apochromat HCX PL APO 63 × 1.4 NA oil immersion objective, Zeiss Axiovert LSM 510-META inverted confocal microscope equipped with a Zeiss Plan-Apochromat 63 × 1.4 NA oil objective, Zeiss Axiovert LSM 700 inverted confocal microscope equipped with a Plan-Apochromat 63 × 1.4 NA oil objective, or Olympus Fluoview FV1000 confocal microscope equipped with a Plan-Apochromat 60 × 1.4 NA oil objective. Images were collected with FV10-ASW4.2 (Olympus), LAS X (Leica), or ZEN 2009 (Zeiss) acquisition softwares. Sets to be compared were acquired using the same acquisition settings.

For quantitative analysis of protein synaptic recruitment we employed two distinct methods of quantification. For membrane proteins, accumulation at the IS was compared with the other areas of the plasma membrane: in T cell/TCS conjugates, maximal intensity Z-projections of contiguous optical sections (0.2 µm-wide) that included all the three-dimensional fluorescence information were stacked. Analysis was carried out using an in-house designed plugin for Fiji software developed by Carlos Oscar Sorzano and updated by Ana Cayuela (32). This plugin measures the mean fluorescence intensity (MFI) in circular regions of interest at the background, the IS, and the plasma membrane of the T cell outside the IS. Then the IS/plasma membrane MFI ratio was calculated as: (MFI IS - MFI background)/(MFI plasma membrane – MFI background). To quantify synaptic recruitment of proteins present at internal compartments/endosomes, fluorescence accumulated at the IS was compared with total cell fluorescence. Images were acquired as explained above and were analyzed as previously described (32). Briefly: MFI of background, whole cell, and IS regions were computed. Afterwards, the IS/cell MFI ratio was calculated as: (MFI IS - MFI background)/(MFI whole cell - MFI Background). Ratio values are represented as dot plots, where each dot depicts an individual cell.

To analyze the recruitment of signaling microclusters to the IS, we carried out a previously reported quantification (41). Initially, the area of segmented cells was measured. Among each cell, microclusters present at the cell-coverslip optical section were defined as signal intensity maxima employing the “Find Maxima” method. A value of noise tolerance was arbitrarily set at each experiment according to its background. Finally, the number of clusters per cell was divided by the cell area to obtain the density of microclusters at the IS.

Microtubule network organization patterns at the IS were categorized by three researchers by observation of unlabeled images into two classes: pattern 1 (P1), radial microtubules anchoring at the periphery of the IS; pattern 2 (P2), non-radial microtubules unable to reach the periphery of the IS. Maximum intensity projections of 4 consecutive sections (0.8 µm) at the T cell-coverslip contact were generated using the Fiji software (42) and Huygens Pro software (version 14.10) was used to perform image deconvolution.

To quantify formation of the filamentous actin (F-actin) ring and its fluorescence intensity at the IS, analysis was carried out on a 1-μm-thick section at the cell-coverslip interface.Cells from multiple microscopic fields were manually defined, and their F-actin MFI was computed. To determine the F-actin phenotype at the IS, pixel intensity plots from a line across the IS were generated. Patterns were categorized in three different phenotypes. Ring: centrally depleted actin and F-actin ring at the periphery; intermediate: uneven depletion of actin with intensity dropping at the center of the IS; accumulated: F-actin all across the IS.

For centrosomal F-actin quantification, we first defined the centrosomal area. In order to do that, we carried out a radial line scan of F-actin fluorescence intensity from the MTOC of resting Jurkat T cells. The drop in fluorescence intensity was used a threshold to define the radius of the centrosomal area. Based on our results, we defined the centrosomal F-actin area as a circumference of 1 µm of radius around the MTOC. Background subtraction (rolling ball 50 pixel) on the average z-projection of the three planes above and below the MTOC was performed. Finally, the mean intensity of F-actin fluorescence in the 2 µm-diameter circle centered at the MTOC was measured.

To measure the ability of the MTOC, CENPJ, or CD63+ secretory lysosomes/multivesicular bodies (MVB) to translocate to the IS, maximum intensity projections of the whole cells (0.2 µm intervals) were generated using the ImageJ. The geometric center of MTOC, CENPJ, and MVB (MTOCC, CENPJC and MVBC) as well as the IS region were determined. The polarity index was computed diving the distance between MTOCC, CENPJC or MVBC to the IS (“a” distance) by the distance from the IS to the distal pole of the T cell (“b” distance). This allowed polarity indexes to be normalized by cell size and shape. We considered polarization to occur when the polarity index was <0.25. Polarity index values are represented in graphs as dot plots, where each dot represents an individual cell. To analyze the relative aligned position of the mass center of the MTOC and the center of the IS, a first axis was defined by drawing a straight line along the T cell-APC contact area, which was later divided in six regions of equal length. Then, a second axis was defined with two points: the mass center of the cell and the center of the immune synapse. Parallel lines to the second axis, intersecting at the six division points of the first axis were drawn, establishing three areas at each side of the second axis. Finally, MTOC position was categorized in symmetric, intermediate or asymmetric depending on which of those three areas (closest-to-furthest to the second axis) the MTOC was found.

The distance between the MTOC and the nucleus was measured in three dimensions using the Image 3D suite plugin on ImageJ. After applying a median 3D filter, nucleus and MTOC were automatically threshold in 3D (using Otsu and iterative thresholding, respectively). Then, the shorter distance between the edges of these two organelles was computed.



Statistical Analysis

For co-localization analysis, Pearson’s correlation and Mander’s overlap coefficients were calculated using the JACoP plugin (Just Another Co-localization plugin) (43) of ImageJ software.

Statistical analysis was performed with GraphPad Prism 5 software and samples were assumed to fit normality. Details about the data presentation, the experimental replication, and the adequate statistical tests used are included in the individual figure legends. Briefly, unpaired student’s t-test was used to analyze differences between two conditions. Unless otherwise indicated, two-way ANOVA with Bonferroni post-test was applied for multiple comparisons. The level of statistical significance is represented by * p <0.05; ** p <0.01; *** p <0.001; **** p <0.0001. Data are shown as mean ± standard error of the mean (SEM) unless otherwise specified.




Results


SNX27 Facilitates Vps26 Retromer Protein Polarization to the IS

The SNX27 PDZ domain engages proteins bearing a PDZ-bm and simultaneously associate the Vps26 subunit of the retromer complex (8, 18). We have previously shown that SNX27 mutants defective for either Vps26 binding (GFP-SNX27 L67-74A) or cargo interaction (GFP-SNX27 H114A) showed defective recruitment to the IS in experiments with Jurkat T cells and SEE-loaded Raji B cells (44). Although it constitutes a well stablished system to investigate IS organization upon encounter of an APC, the loading of Raji B cells with bacterial superantigens such as SEE may be heterogenous. In order to study the IS in a setting resembling physiology, we set Jurkat T cells to interact with TCS-CD86, a mouse thymoma cell line modified to express a membrane bound anti-CD3 antibody fragment and the CD86 costimulatory molecule (35). In agreement with their reported association (44), immunofluorescence analysis showed a strong colocalization between GFP-SNX27 WT and endogenous Vps26 in resting Jurkat T cells (Figure 1A, top). The interaction with TCS-CD86 resulted in a complete polarization of the SNX27/Vps26 positive compartment to the cell-cell contact area (Figure 1A, bottom). Analysis of the GFP-SNX27 L67-74A confirmed a marked reduction in the colocalization with Vps26 (Figures 1B, top; 1C). A slight decrease in SNX27-Vps26 colocalization was also observed in cells expressing GFP-SNX27 H114A (Figures 1B, bottom; 1C). As described (33), both mutants show defective polarization to the IS, but they affected differently the localization of endogenous Vps26 (Figures 1D, E). The GFP-SNX27 L67-74A mutant showed partial accumulation at the IS, although this compartment was devoid of Vps26, that showed dispersal localization (Figure 1D, top). On the contrary, the mutant deficient in cargo binding retained colocalization with Vps26 in compartments that failed to polarize to the contact zone (Figure 1D, bottom). Deficient translocation of these SNX27 mutants correlated with a reduced accumulation of VPS26 at the IS (Figure 1F). These results suggest that the correct assembly of the SNX27-retromer complex together with its cargoes is required for its synaptic recruitment. This is further supported by a recent publication showing that impaired cargo recognition by SNX27 reduces retromer targeting to the plasma membrane (45).




Figure 1 | SNX27 interacts with Vps26 and contributes to its translocation to the IS. (A, B, D) Representative confocal images of Jurkat T cells transfected with plasmids encoding (A) GPF-SNX27 WT (green), (B, D) GFP-SNX27 L67-74A or GFP-SNX27 H114A (green) in basal conditions (A, top; B) or after incubation with TSC-CD86 (blue) (A, bottom; D). Cells were immunostained for Vps26. (C) Mander´s coefficient. Data in the graph are mean ± SEM of a representative experiment of two with similar results (GFP-SNX27 WT = 9 cells; GFP-SNX27 L67-744 = 18 cells; GFP-SNX27 H114A = 18 cells). (E) Quantification of SNX27 or (F) Vps26 translocation measured as the ratio of signal intensity at the IS compared with the total signal in the cell. Ratio values are displayed as dot plots, with each dot representing a single cell. Data are shown as mean ± SEM of an experiment (GFPSNX27 WT = 15 cells; GFP-SNX27 L67-744 = 13 cells; GFP-SNX27 H114A = 13 cells). (G) Western blot analysis of cell lysates from shControl and shSNX27 Jurkat T cells. (H) Representative maximum intensity projections from confocal images of control or SNX27-silenced Jurkat T cells incubated with TCS-CD86 (blue) and stained against Vps26 and SNX27. Dashed white line indicates cell contour. (I) Quantification of Vps26 translocation. Data are shown as mean ± SEM of a representative experiment of three with similar results (shCtrl = 25 cells; shSNX27 = 20 cells). Scale bars = 5 μm. Significance in (C, E, F, I) was determined by one-way ANOVA with Bonferroni correction (*p < 0.05; **p < 0.01).



The failure of Vps26 to relocate to the IS in GFP-SNX27 H114A overexpressing cells could be the result of sequestering the endogenous Vps26 away from its natural localization. To evaluate whether SNX27 was indeed required for Vps26 recruitment to the IS, we depleted cells for SNX27 (Figure 1G) and examined Vps26 localization upon engagement with TCS-CD86 cells. Analysis of endogenous proteins confirmed strong colocalization between SNX27 and Vps26 at the IS in control cells (Figure 1H, top). SNX27 silencing prevented the polarization of Vps26 positive vesicles, that in most cells appeared dispersed and opposite to the contact zone (Figure 1H, bottom; 1I). These results confirm that PDZ-dependent interaction of SNX27 with Vps26 facilitates polarized traffic of this retromer subunit to the IS.



SNX27 Regulates DAG Accumulation at the IS

Antigen recognition by T cell receptor (TCR) results in the rapid activation of retrograde traffic from the plasma membrane to the Golgi/recycling endosomes (RE), that orient to the contact area to facilitate a polarized traffic to the IS. Studies in Jurkat T cells and primary T lymphocytes have shown that the Golgi and RE are highly enriched in DAG (46). Upon T cell interaction with APCs, the rapid translocation of DAG-enriched organelles facilitates the trafficking of DAG-loaded vesicles to the IS, contributing to the accumulation of this lipid at the cell-cell junction (46). We investigated whether SNX27 silencing alters the polarization of DAG-positive compartments to the IS. As previously reported (46), Jurkat T cells overexpressing a fluorescent construct with high affinity for DAG (GFP-C1bPKCθ) presented intense fluorescence accumulation at internal compartments, which was easily visible in fluorescence density profiles (Figure 2A, top). SNX27 silencing abolished compact intracellular DAG staining, and the sensor appeared distributed throughout the plasma membrane (Figure 2A, bottom). DAG-positive compartments polarized to the cell-cell contact site upon TCS-CD86 engagement (Figure 2B, top). However, SNX27-silenced cells failed to accumulate DAG-positive organelles to this region(Figure 2B, bottom; 2C). Previous studies from our group employing live cell imaging showed that upon cell-cell contact, a rapid burst of DAG at the IS is rapidly followed by polarization of DAG-enriched compartments to this region (46). The fast dynamics of DAG generation and traffic are difficult to capture in fixed images, as DAG is dispersed over the cell membrane after a short time after stimulation (39, 46). Nevertheless, we did observe a few control cells at initial contacts with TCS-CD86 displaying enrichment of DAG at the plasma membrane of the IS prior to the full translocation of SNX27 and DAG-enriched compartments (Supplementary Figure 1).




Figure 2 | SNX27 controls DGKζ and DAG translocation to the IS. (A, B) Representative maximum intensity projections from confocal images of control or SNX27-silenced Jurkat T cells transfected with the C1 domain of PKCθ fused to GFP construct (GFP-C1bPKCθ, green) in basal conditions (A) or after incubation with TCS-CD86 (blue) (B). Arrowhead points DAG in intracellular compartment. A single medial optical section from a representative experiment out of three is shown. Right panels represent the density profiles of DAG fluorescence obtained from the medial optical section. Color scale goes from blue (zero) to yellow (intermediate) to red (maximal). (C) Quantification of GFP-C1bPKCθ translocation measured as the ratio of signal intensity at the IS compared with total GFP-C1bPKCθ. Ratio values are displayed as dot plots, with each dot representing a conjugate. Data are shown as mean ± SEM of two independent experiments (shCtrl = 40 cells; shSNX27 = 35 cells). Significance determined by unpaired t-test (*p < 0.05; **p < 0.01). (D–F) Representative confocal images of control of SNX27-silenced Jurkat T cells transfected with (D, F) a plasmid encoding mCherry-DGKζ WT (red) or with (E) a GFP-DGKζ ΔETAV (green) construct in basal conditions (D, E) or after incubation with TCD-CD86 (blue) (F). A representative experiment out of three in (D) or two in (E) is shown. Pearson´s correlation coefficient in shCtrl cells = 0.648 in (D). (G) Quantitative image analysis of mCherry-DGKζ WT accumulated at IS compared with mCherry-DGKζ WT located in plasma membrane regions outside the IS. Data are shown as mean ± SEM from a representative experiment of two with similar results Significance was determined by unpaired t-test (*p < 0.05). Scale bar = 5 μm.



DGKζ transforms DAG into phosphatidic acid (PA), therefore contributing to the regulation of DAG content in T cells (46). DGKζ contains a PDZ-bm that provides high affinity interaction with SNX27 (47). Thus, we next explored the consequences of SNX27 silencing in the subcellular localization of its cargo DGKζ. In basal conditions, mCherry-DGKζ- was distributed between the plasma membrane and internal organelles that were positive for endogenous SNX27 (Figure 2D, top). Upon SNX27 silencing, this internal localization was lost and mCherry- DGKζ was mainly observed at the plasma membrane (Figure 2D, bottom). GFP-DGKζ ΔETAV, a DGKζ mutant lacking the last four amino acids of its PDZ-bm, showed a localization mainly restricted to the plasma membrane both in the presence and in the absence of SNX27 (Figure 2E). These data confirm the PDZ-dependent engagement of DGKζ with SNX27 and demonstrate that this interaction is indispensable for retrograde traffic of DGKζ to the Golgi/RE in basal conditions. Upon incubation with TCS-CD86 cells, control Jurkat T cells displayed strong accumulation of mCherry-DGKζ- at the IS (Figure 2F, top). Nevertheless, DGKζ accumulation at the cell-cell interface was impaired in SNX27-silenced cells and this DGK isoform remained randomly distributed at the plasma membrane (Figure 2F, bottom; 2G). These data suggest that retrograde traffic of DGKζ to internal compartments is indispensable for this lipid kinase to reach the IS and support a non-previously reported role for SNX27 in the spatial localization of DGKζ, which could affect its functions.



SNX27 Regulates MTOC Translocation to the IS

The formation of a stable DAG gradient upon T cell-APC engagement is required for the rapid docking of the MTOC at the IS in a process regulated by the dynein-dynactin motors (14–16). Noteworthy, the proteomic study in IS-forming Jurkat T cells revealed the presence of the p150Glued dynactin complex subunit among the SNX27 interactors (44). Immunoprecipitation studies validated the reported association between p150Glued and SNX27 (Figure 3A). Therefore, we explored the consequences of SNX27 silencing on p150Glued dynamics upon T cell activation. We confirmed p150Glued colocalization with SNX27 at the IS, and observed that its synaptic recruitment was lost when SNX27 was depleted (Figures 3B, C). Phosphorylated ζ-chain was stained as a marker for correct IS formation to discard the possibility of an ineffective T cell-APC engagement. These results corroborated the proteomic data and demonstrated that SNX27 contributes to the dynamic recruitment of p150Glued to the IS upon APC engagement.




Figure 3 | SNX27 is necessary for MTOC translocation and its symmetry with the center of the IS in Jurkat T cells. (A) Western blot analysis of GFP immunoprecipitates confirmed interaction of p150glued with GFP-SNX27 WT. DGKζ was used as a positive control. (B) Representative maximum intensity projection from confocal z-stacks of control and SNX27-silenced Jurkat T cells incubated with TCS-CD86 (blue). Cells were stained for the indicated proteins: dynactin-1/p150glued (green), SNX27 (red) and phosphorylated CD3ζ (gray)Density profiles of dynactin-1 fluorescence obtained from the maximum intensity projections are shown in (B, right). Color scale goes from blue (zero) to yellow (intermediate) to red (maximal). (C) Quantification of p150glued translocation measured as the ratio of signal intensity at the IS compared with total p150glued. Ratio values are displayed as dot plots, with each dot representing a single cell. Data are shown as mean ± SEM of a representative experiment out of two run in duplicates (shCtrl = 26 cells; shSNX27 = 29 cells). Significance was determined by unpaired t-test (*p < 0.05; **p < 0.01, ****p < 0.0001). (D), left] Representative confocal images of control and SNX27-silenced Jurkat T cells incubated with TCS-CD86 (blue). Cells were immunostained for pericentrin (MTOC, green) or CENPJ (green), SNX27 (red) and phosphorylated CD3ζ (yellow). Scale bar = 5 μm. [(D), right] MTOC or CENPJ polarity index quantification calculated as the ratio between the distance from the MTOC or CENPJ to the IS and the distance from the IS to the distal pole of the cell. Polarity index values are displayed as dot plots, with each dot representing an individual cell. [(E), left] Scheme depicting the strategy used to define MTOC symmetry (see methods section for detailed explanation). [(E), right] Quantification of MTOC symmetry. Data in [(D), right top; (E)] are mean ± SEM of three independent experiments in duplicates with shCtrl = 78 cells and shSNX27 = 74 cells, and in [(D), left bottom] are mean ± SEM of a representative experiment out of three run in duplicates with shCtrl = 33 cells and shSNX27 = 32 cells. Significance was determined by unpaired t test in (D) and by two-way ANOVA with Bonferroni correction in (E). (*p < 0.05; **p < 0.01; ****p < 0.0001).



The observed failure of SNX27-silenced T cells to accumulate DAG and defective p150Glued recruitment at the synaptic region strongly suggests a role for SNX27 in MTOC translocation. Immunofluorescence assessment of conjugates established between Jurkat T cells and TCS-CD86 demonstrated that pericentrin (MTOC protein) polarity index to the IS was statistically higher when SNX27 was depleted (Figure 3D, top). Our proteomic analysis in IS-forming Jurkat T cells had previously identified CENPJ as a PDZ-dependent cargo of SNX27 (44). CENPJ is a highly conserved centrosomal protein essential for centrosome biogenesis (48). In agreement with the defective pericentrin polarization, SNX27-silenced Jurkat T cells displayed impaired CENPJ reorientation upon engagement with TCS-CD86 stimulatory cells (Figure 3D, bottom).

Disrupted ability of T cells to sustain DAG at the IS prevents MTOC translocation, limiting the correct alignment of the protein trafficking machinery. We analyzed the impact of SNX27 silencing on the relative aligned position of the mass center of the MTOC and the center of the IS (Figure 3E, left). Distribution was categorized into symmetric, intermediate or asymmetric. SNX27 silencing led to a reduced percentage of cells with a symmetric MTOC position (Figure 3E, right). These results indicate that SNX27 facilitates the PDZ dependent transport of centrosomal proteins to the central region of the cell-cell contact area.



SNX27 Contributes to Peripheral, But Not Centrosomal, F-Actin Reorganization During T Cell Activation

F-actin depolymerization at the center of the IS has been described to play an important function in centrosome polarization in T cells (49–53). Proteomic analysis in IS-forming T cells revealed a PDZ-independent interaction of SNX27 with the actin nucleators WASH complex, and Arp2/3 subunit ARPC5L (44). Using confocal microscopy, we evaluated the remodeling of F-actin at the IS in control and SNX27-silenced Jurkat T cells spread on anti-CD3 and ICAM-1-coated surfaces (Figure 4A). The establishment of pseudo-synapses on coverslips coated with stimulatory molecules facilitates the detailed analysis of molecule organization at the contact plane, and has been widely employed. F-actin organization patterns were classified in three phenotypes based on the F-actin pixel intensity plots across the synapse (Figure 4A lower panels): Ring, F-actin ring at the periphery with depletion of actin at the center; intermediate, uneven depletion of F-actin at the center of the synapse; accumulated, F-actin across the synapse. Although an F-actin ring was formed in both control and SNX27-silenced cells, we observed a modest defect in F-actin depletion across the center of the IS in SNX27-silenced cells, with a higher percentage of cells displaying an intermediate phenotype (Figure 4B). Besides, a significant reduction in F-actin MFI at the contact site was observed in the SNX27-silenced cells (Figure 4C). This suggests that failure in MTOC translocation could be prompted by a mild defect in F-actin depolymerization across the IS.




Figure 4 | SNX27 silencing in Jurkat T cells alters F-actin remodeling at the IS. Control and SNX27-silenced Jurkat T cells were stimulated on anti-CD3 and ICAM-1-coated coverslips and immunostained for phalloidin-A488 (F-actin). (A) Representative confocal section at the cell-coverslip interface. F-actin organization patterns were classified in three phenotypes based on the pixel intensity plots across the synapse (lower panels): ring: F-actin ring at the periphery with depletion of F-actin at the center; intermediate: uneven depletion of F-actin at the center of the synapse, low F-actin ring or clearance; accumulated: F-actin across the synapse. White line in the pictures represents the distance across the synapse plotted in graphs. Analyses were performed on a 1-μm-thick section at the cell-coverslips contact. Scale bar = 5 μm. (B) Quantification of F-actin phenotype at the IS. Data are shown as mean ± SEM of three experiments in duplicates (shCtrl= 306; shSNX27 = 330). Significance was determined by two-way ANOVA with Bonferroni correction (*p < 0.05). (C) Quantification of F-actin MFI carried out on control and SNX27-silenced cells on a 1-μm-thick section at the cell-coverslips contact, regardless of their F-actin pattern. Data are shown as mean ± SEM of a representative experiment out of three run in duplicates (shCtrl=82; shSNX27 = 83). Significance was determined by unpaired t -test (*p < 0.05; ****p < 0.0001).



F-actin polymerization is also important around the centrosome to facilitate MTOC tethering to the nucleus in basal conditions (54–56). Studies in B cells have shown that F-actin nucleation around the centrosome is mediated by the nucleation-promoting factor WASH in combination with the Arp2/3 complex. Upon B lymphocyte activation, Arp2/3 translocates to the IS. This leads to F-actin depletion at the centrosomal area, favoring MTOC detachment and polarization to the cell-cell interface (54). The WASH complex associates to SNX27, so we wondered whether SNX27 deficiency would prevent centrosomal F-actin denucleation and MTOC detachment from the nucleus.

As reported by Farina et al. (55), F-actin filaments were found in the cortical region of Jurkat T cells, as well as in the vicinity of centrosomes (Figure 5A). Centrosomal F-actin and SNX27 exhibited a similar distribution. To determine the centrosomal F-actin area, we followed a procedure previously described by Obino et al. (56). Briefly, we carried out a radial line scan of F-actin fluorescence intensity from the centrosome of resting Jurkat T cells. Based on its gradual decrease, we defined the centrosomal actin area as a circumference of 1 µm of radius around the MTOC (Figure 5B). Immunofluorescence analysis also confirmed the presence of a centrosomal F-actin pool in Jurkat T cells in synapse with TCS-CD86 (Figure 5C). Control and SNX27-silenced cells presented a similar percentage of centrosomal F-actin MFI in basal conditions, which was equally reduced upon synapse formation with TCS-CD86 (Figure 5D). In agreement, conjugate formation induced a mild physical separation of the MTOC from the nucleus. The shorter distance between the edges of these two organelles was measured in three dimensions, and no significant differences in MTOC-nucleus detachment were found between control and SNX27-silenced cells (Figures 5E, F). These results demonstrate that centrosomal F-actin nucleation and the derived MTOC detachment from the nucleus are SNX27-independent.




Figure 5 | Centrosomal F-actin nucleation and MTOC detachment from the nucleus in Jurkat T cells is not SNX27-dependent. (A, C, E) Representative confocal images of control and SNX27-silenced Jurkat T cells in basal conditions [(A, C), left] or incubated with TCS-CD86 [(C, E), right] labeled with CMAC in (C) and Bodipy in (E). Cells were stained for the indicated proteins: phallo-A488 (F-actin, green), SNX27 (red), pericentrin (MTOC, pink) or DAPI (blue) to label the nuclei. Medial optical sections from a representative experiment out of three (A) or two (C, E) are shown. (B) Scheme depicting the strategy used to define the centrosome-associated F-actin region. (D) Quantification of the percentage of centrosomal F-actin from cells shown in (C). Values correspond to the fraction of F-actin fluorescence in a 1 μm-wide area around the centrosome relative to the total fluorescence in the cell. (F) 3D Quantification of the shorter distance between the edge of the MTOC and the border of the nucleus from cells shown in (E). Significance was determined by one-way ANOVA with Bonferroni correction (ns, not significant). Scales bars = 5 μm.





SNX27 Sustains Microtubule Organization at the IS

At the IS, microtubules growing from the MTOC radiate towards the periphery and anchor at the peripheral SMAC (pSMAC), characterized by dense LFA-1 clustering (57). In agreement, Jurkat T cells plated onto anti-CD3 and ICAM-1-coated coverslips showed a radially organized microtubule pattern, projecting to the periphery of the IS and with a visible translocated MTOC (defined as phenotype 1) (Figure 6A, top). SNX27-silenced Jurkat T cells more frequently displayed abnormal microtubule distribution that extended in filopodia-like shape unable to reach the periphery of the IS (defined as phenotype 2) (Figure 6A, bottom), as confirmed by image quantification (Figure 6B). Therefore, in addition to the mild defect in F-actin clearance at the IS and the failure to relocate the MTOC, SNX27-silenced Jurkat T cells present deficiencies in microtubule cytoskeleton organization at the IS. All in all, these results highlight a role for SNX27 in the control of cytoskeleton remodeling upon APC engagement.




Figure 6 | SNX27 silencing in Jurkat T cells affects microtubule reorganization at the IS. (A) Representative confocal images of control and SNX27-silenced Jurkat T cells stimulated on anti-CD3 and ICAM-1-coated coverslips, and immunostained for SNX27 (red) together with anti-β-tubulin (green). Images were post-treated by deconvolution. Representative maximum intensity projections of 4 consecutive sections (0.8 μm) at the cell-coverslip contact are shown (n = 3). Dashed white line indicates cell contour, which was identified by thresholding β-tubulin fluorescence intensity signal. Scale bar = 5 μm. (B) Quantification of microtubule network organization patterns at the IS, categorized by observation of unlabeled images by three independent investigators in two classes: pattern 1 (P1), radial microtubules anchoring at the periphery of the IS, or pattern 2 (P2), non-radial microtubules unable to reach the periphery of the IS. Data shown as mean ± SEM of three independent experiments run in duplicates (shCtrl = 131 cells, shSNX27 = 141 cells). Significance was determined by two-way ANOVA with Bonferroni correction (*p <0.05).





SNX27 Facilitates Signaling Microclusters Organization at the IS

T cell interaction with an APC triggers the activation and recruitment of signaling and adaptor molecules that assemble into microclusters. The formation of supramolecular activation clusters in T cell synapses was first shown in the late 90s by Monks and colleagues using fluorescence microscopy (58). Although TCR signaling takes place at the IS, not all the molecules involved in this process are found at the plasma membrane, and regulated vesicular trafficking is crucial for their assembly and organization at the cell-cell interface. Signaling molecules described to be localized at vesicular compartments include TCR, LAT, and Lck (4, 59–64). Remarkably, the traffic of these molecules to the IS is not determined by the same routes, resulting in the spatial organization of signaling microclusters with distinct compositions. Of note, some of the molecules involved in TCR signaling, such as Lck, ZAP70, LAT, SLP76, PLCγ1, and the scaffolding protein ADAP have been reported to play a key role in MTOC translocation to the IS (16, 65, 66). Moreover, radial microtubules at the IS and dynein were shown to contribute to the centripetal transport of TCR and SLP microclusters, as well as to the p-LAT pattern at the IS (67, 68).

The finding that SNX27 silencing in Jurkat T cells affects cytoskeleton rearrangement, p150Glued, and MTOC synaptic recruitment prompted us to evaluate the relationship between SNX27 and microclusters organization at the IS. In order to induce the formation of signaling microclusters, we set control or SNX27-silenced Jurkat T cells to spread over stimulation surfaces coated with anti-CD3 and ICAM-1. We fixed cells after 10 minutes and analyzed the density of Tyr 319 phosphorylated ZAP70 (p-ZAP70) and Tyr 220 phosphorylated LAT (p-LAT) by immunofluorescence. While the analysis of p-ZAP70 microclusters did not show major differences between control and SNX27-silenced cells (Figures 7A, B), we observed that the density of p-LAT microclusters was decreased in SNX27-silenced cells (Figures 7C, D). This revealed that presence of SNX27 contributes to the correct arrangement of LAT signaling microclusters at the IS.




Figure 7 | SNX27 silencing affects the pattern of p-LAT but not p-ZAP70 microclusters at the IS. (A, C) Representative confocal images of control and SNX27-silenced Jurkat T cells at the contact surface of anti-CD3 and ICAM-1-coated coverslips, immunostained for SNX27 (red), p-ZAP70 (Tyr 319) or p-LAT (Tyr 220) (green). DAPI was used to label the nuclei. Scale bar = 5 μm. (B, D) Quantification, at the cell-coverslip optical section, of p-LAT and p-ZAP70 microclusters density. Plot in (B) shows mean ± SEM of a representative experiment of two independent ones with similar results (shCtrl = 45 cells, shSNX27 = 47 cells). Plot in (D) shows mean ± SEM of a representative experiment out of three (shCtrl = 39 cells, shSNX27 = 21 cells). Significance was determined by unpaired t test (ns, not significant; ****p < 0.0001).





SNX27 Limits Transcriptional Activation, IL-2 Production and Secretion

Polarity regulators are crucial for T cell migration and cell remodeling upon encounter of an APC (69). Noteworthy, deficiency of some polarity proteins in T cells, such as ezrin, Dlg1 or adenomatous polyposis coli (Apc), lead to similar defects as the ones that we observe when silencing SNX27, such as impaired actin and microtubule reorganization at the IS or deficient MTOC translocation. These defects have been associated with altered T activation and effector function, such as hindered microclusters organization, decreased NFAT activation or IL-2 production (68, 70–72). In a previous study, we addressed in great detail the consequences of SNX27 silencing on T cell responses (33). Here we used the TPR Jurkat cell model engaged with TCS-CD86 to mimic the cell-cell contact between a T cell and an APC to further investigate the transcriptional control exerted by SNX27. TPR cells present response elements for NF-κB, NFAT, and AP-1 that drive the expression of the fluorescent proteins CFP, eGFP, and mCherry respectively, allowing assessment of these pathways by flow cytometry. (34). In agreement with previously reported data for DGKζ-silenced TPR cells (73), TCS-CD86 engagement of SNX27-silenced TPR cells promoted a more robust NF-κB and AP-1 induction but diminished that of NFAT compared to control cells (Figure 8A). The inhibitory effect of SNX27 silencing on NFAT activation resembles that described when silencing other polarity regulators, suggesting common mechanisms leading to it, such as defective microtubule organization (70).




Figure 8 | SNX27 silencing alters NF-κB, AP-1 and NFAT transcription factor activity and enhances IL-2 production and secretion. (A) Control or SNX27-silenced cells were stimulated with TCS-CD86 for 24 h NF-κB (left), AP-1 (middle) and NFAT (right) geometric mean fluorescence intensity (GMFI) activity were analyzed. (B) Luciferase activity of an IL-2 reporter construct was evaluated in control or SNX27-silenced Jurkat T cells stimulated with TCS-CD86 for 24 h Luciferase activity was corrected employing an internal renilla luciferase control. (C) IL-2 secretion was determined by ELISA in the supernatants of control or SNX27-silenced Jurkat T cells stimulated with TCS-CD86 for 24 h Data are shown as mean ± SEM of a representative experiment of 3 with similar results. Significance was determined by two-way ANOVA with Bonferroni correction (***p < 0.001, ****p < 0.0001).



The increased NF-κB and AP-1 activity correlated with an augmented IL-2 transcription in SNX27-silenced Jurkat T cells, as demonstrated by measuring the transcriptional activation of a luciferase-coupled IL-2 promoter in Jurkat T cells stimulated with TCS-CD86 for 24 h (Figure 8B). Determination of IL-2 on the supernatant revealed that TCR co-stimulation by TCS-CD86 resulted in increased IL-2 secretion in SNX27-silenced cells compared to control ones (Figure 8C). These results are in agreement with the enhanced IL-2 production and secretion reported in SNX27-silenced Jurkat T cells upon stimulation with soluble anti-CD3/CD28 (33). Altogether these data indicate an important contribution of SNX27 in the correct activation of T cell programs.



SNX27 Regulates Polarization of the Secretory Compartment

MTOC reorientation towards the IS facilitates polarized secretion of secretory granules and cytokines towards the cell-cell contact site (11, 74–76). It also mediates the polarization of MVB that fuse to the plasma membrane and release exosomes, favoring intercellular communication (12). Depletion of p150Glued in Jurkat T cells impaired clustering of vesicles around the MTOC although it did not prevent MTOC translocation (77). To evaluate the contribution of SNX27 in MVB polarization to the IS, we transfected Jurkat T cells with a plasmid encoding for GFP-fused CD63 and followed its localization upon stimulation with costimulatory TCS-CD86 cells. The tetraspanin CD63 is enriched on the intraluminal vesicles of late endosomes/MVB, which are secreted as exosomes. Besides, it is also abundant on lysosomes and a small pool is present at the cell surface (78). In control Jurkat T cells stimulated with TCS-CD86 cells, SNX27 appeared to colocalize with GFP-CD63, which congregated near the IS (Figure 9A, up). In contrast, GFP-CD63 in SNX27-silenced was found at distal locations from the cell-cell contact region (Figure 9A, bottom). Staining of phosphorylated CD3ζ at the IS was used to confirm cell activation. Polarity index of the MVB compartment was computed as the ratio between the distance from the center of mass of the MVB (MVBC) to the IS (“a” distance) by the distance from the IS to the distal pole of the T cell (“b” distance) (Figure 9B). Calculation of MVB polarity indexes and percentage of conjugates with polarized MVB confirmed their impaired translocation in the absence of SNX27 (Figure 9C). Video-microscopy studies also corroborated the results observed in fixed conjugates (data not shown). This finding suggests that SNX27 is necessary for the efficient polarization of the exosome secretory machinery to the IS.




Figure 9 | MBV recruitment to the IS is impaired in SNX27-silenced Jurkat T cells. (A) Representative confocal images of SNX27-silenced and control Jurkat T cells transfected with a GFP-CD63 construct (MVB), and incubated with TCS-CD86 (blue). Intracellular SNX27 (red) and phosphorylated CD3ζ (yellow) were stained as control of silencing and correct IS formation, respectively. Single medial optical sections from a representative experiment are shown (n = 2). Scale bar = 5 μm. (B) Graphical representation of polarity index calculation, computed as the ratio between the distance from the center of mass of the MVB (MVBC) to the IS (“a” distance) by the distance from the IS to the distal pole of the T cell (“b” distance). (C) MVB polarity index. Values are displayed as dot plots, with each dot representing an individual cell. Data shown as mean ± SEM of a representative experiment out of two (shCtrl = 24 cells, shSNX27 = 13 cells). Significance was determined by unpaired t-test (*p <0.05).






Discussion

The polarization of the MTOC and the secretory machinery to the IS represent two mechanisms indispensable for correct T cell functions. SNX27 best characterized role is that of facilitating PDZ-mediated rapid recycling of its transmembrane cargoes from endosomes to the plasma membrane, avoiding their lysosomal degradation (8, 25, 28). Here we add a novel and important function for SNX27 by showing that it acts as a hub for adequate MTOC repositioning and polarization of secretory compartments in T lymphocytes upon APC engagement.

Despite being widely recognized as a critical event in lymphocyte function, the mechanisms driving MTOC translocation in T cells are not completely understood. Here we describe multiple, complementary mechanisms by which SNX27 translocation to the IS may be involved in this process. Firstly, we demonstrate that SNX27 is critical for the regulation of synaptic DAG accumulation, one of the reported triggers required for MTOC polarization. Secondly, we describe a mild defect in F-actin depletion across the synapse in SNX27-silenced cells. Thirdly, we report how SNX27 deficiency leads to randomly organized microtubules, unable to connect the MTOC to the cortex at the pSMAC.

Perturbation of the DAG gradient established during IS formation has been previously linked with impaired MTOC polarization (14–16). Reinforcing this notion, impaired DAG accumulation in SNX27-deficient cells correlates with defective MTOC orientation. The observed defects in DAG content at the IS following SNX27 silencing could be, at least partially, the consequence of abnormal localization of DGKζ. Several studies have reported substantial defects in the organization of the IS consequent to DGK deficiency. For instance, activated CD4+ mouse T cells treated with DGK inhibitors or deficient for DGKα presented impaired DAG accumulation and MTOC recruitment to the IS (14, 16). Besides, DGKζ-deficient CTLs were unable to dock the MTOC to the IS (46), and DGKζ-deficient B cells presented impaired actin remodelling, force generation and MTOC translocation at the IS (79). Our studies show that not only the expression but also the correct spatial distribution of DGKζ are important for the regulation of DAG content in basal conditions and for the generation of DAG gradients upon antigen recognition. SNX27-dependent PDZ interaction allows retrograde DGKζ traffic to internal regions, that in turn facilitate its polarized recruitment to the IS. The high DAG amount in internal membranes derives to great extent from PA hydrolysis by PA phosphatases (39, 80). The failure of DGKζ to reach internal compartments as the results of SNX27 silencing could thus prevent an adequate supply of PA and ultimately lead to the shutdown of PA-dependent DAG generation.

The defect on MTOC translocation in the absence of SNX27 appears much stronger than the partial defect described in DGKζ-deficient CTLs and B cells, suggesting additional mechanisms governed by SNX27. As we show, SNX27-silenced cells display a mild defect in F-actin depletion across the IS that could contribute to the failure in MTOC polarization. Although studies in B cells and Jurkat T cells described that MTOC reorientation is independent of F-actin reorganization at the IS (74, 81, 82), other numerous investigations reported that it does play an important role in this mechanism (49–53). Recent studies have proposed that depletion of centrosomal F-actin by WASH-dependent mechanisms is required for MTOC translocation in Jurkat T cells upon IS triggering (54). However, in our hands, SNX27 silencing did not affect centrosomal F-actin reduction nor MTOC detachment from the nucleus upon engagement with TCS-CD86. Therefore, WASH functions at the IS and centrosomal area might be independent on SNX27 interaction.

Defects in microtubule reorganization during IS formation following SNX27 silencing correlates well with impaired p150Glued translocation to the cell-cell contact region following SNX27 silencing. Although the contribution of microtubule dynamics or stabilization to MTOC reorientation remains unresolved, inhibition of microtubule polymerization in human primary CD4+ T cells and Jurkat T cells has been described to block MTOC translocation towards the APC (83, 84). Dynactin directly binds microtubules and cytoplasmic dynein, which stabilizes the association between dynein and its cargoes and facilitates their retrograde transport along the microtubule cytoskeleton (85–87; 88). In T cells, this complex is recruited to the IS upon TCR activation and has been described to be of great relevance for MTOC polarization (16, 65, 84, 89). Disruption of the dynein-dynactin complex at the IS by overexpression of p50-dynamitin-GFP impairs MTOC translocation. to the contact area between Jurkat and SEE-pulsed Raji cells (89). Localization of p150Glued at microtubules and the MTOC (77) correlates with our studies and identify SNX27 as essential for the correct localization of this protein. SNX27-retromer interaction with p150Glued would facilitate its transport to the IS, favoring the anchoring of this complex to the microtubules minus ends. In turn, this molecular motor would exert a pulling force on microtubules, dragging the attached MTOC to the IS. Further research on the relationship between SNX27 and p150Glued will likely shed light on the exact mechanism linking SNX27 to the control of MTOC polarization.

SNX27 contribution to microtubule rearrangement has a direct impact in the correct organization of p-LAT microclusters. Phosphorylated LAT constitutes a docking site for multiple signaling and adaptor proteins such as the adaptor SLP76 and PLCγ1 (90; 91). PLCγ1 is responsible for initial generation of DAG at the cell-cell contact zone. Therefore, the defects observed in the organization of p-LAT microclusters in SNX27-silenced cells could translate into inappropriate PLCγ1 recruitment and activity. This would contribute to the impaired formation of a synaptic DAG gradient observed in these cells. These predicted outcomes are supported by reported data describing that defects in microtubule polymerization at the IS do not affect ZAP70 activation, but are associated with defective LAT activation and synaptic accumulation, as well as decreased PLCγ1 phosphorylation (92). Interestingly, silencing ezrin or its partner, the polarity regulator Dlg1, hinders microtubule anchoring to the cortical actin cytoskeleton, and its consequences are very much reminiscent of the alterations described here: defective MTOC polarization, microtubule network organization at the IS and p-LAT microcluster patterns. In addition, it is accompanied by defects in microcluster centripetal transport (68). Moreover, defects in the polarity regulator Apc, a partner of Dlg1, induces similar defects on microtubule organization patterns, actin clearance and cytotoxic granule localization and fusion at the IS (70, 71). Both Dlg1 and Apc are components of cell polarity complexes interacting through PDZ/PDZbm domains (93). SNX27 in T cells could be contributing to regulate the coordinated action of cytoskeleton and vesicular traffic at the IS through the same mechanism, as it has been reported to interact with a partner of these cell polarity complexes termed β-PIX (44).

DGKζ-silenced Jurkat T cells enhanced activation of PKCθ downstream TCR/CD28 stimulation, which has been directly related to increased NF-κB-mediated transcription (94). Luciferase studies in SNX27-silenced Jurkat T cells confirmed an increased NF-κB activation that mirrored the one observed upon DGKζ silencing. Dual silencing of SNX27 and DGKζ had no additive effect, suggesting that SNX27 interaction with DGKζ sustained its function as a negative regulator of DAG metabolism (44). This is in accordance with our observation that SNX27 facilitates the control exterted by DGKζ on the correct formation of a synaptic DAG-gradient. In the current study, we further investigated the transcriptional regulation by SNX27 in IS-forming TPR cells. SNX27-silenced T cells stimulated with TCS-CD86 display increased AP-1 and NF-κB-dependent transcription, as well as augmented IL-2 secretion compared to control cells, an effect similar to that described for DGKζ-silenced TPR cells (73). The use of this model confirms previous luciferase studies in CD3/CD28-stimulated Jurkat T cells and demonstrates the strict regulation of NF-κB transcription by SNX27. Although IL-2 has been reported to focus at the IS closely associated with the MTOC, our data indicate that MTOC polarization is not required for the secretion of this cytokine. This finding is supported by previous studies showing enhanced IL-2 and IFN-γ secretion by T cells with impaired MTOC synaptic translocation (74, 95).

SNX27-silenced TPR cells display decreased NFAT-dependent activation upon TCS-CD86 engagement. Of interest, silencing of the polarity regulator Apc leads to deficiencies in microtubule organization in T cells, which in turn impair NFAT nuclear translocation and its mediated transcription (70, 71). In addition, other polarity proteins such as Dlg1 and ezrin control NFAT activation by alternative p38 activation (68, 72). In this study we show that SNX27 is involved in microtubule remodeling and synaptic organization of p-LAT microclusters. Therefore, we suggest that SNX27 silencing could be triggering a decreased NFAT activation through similar mechanisms as the described for the aforementioned polarity regulators. Further research will help to shed light to this issue.

In summary, our study reveals several meaningful details about the function of SNX27 to maintain a polarized intracellular organization, constituting an important regulator of cytoskeletal organization and T cell activation during IS formation. These results could also be of relevance in the analogous neuronal synapse. It is remarkable that some of the interactors identified in the Jurkat proteomic study are proteins with critical functions in centrosome orientation, whose defects are related to human and mice microcephaly due to impaired centrosomal localization during neurogenesis. This is the case of CENPJ where mutations are associated with microcephaly and Seckel syndrome (96, 97); citron kinase whose loss of activity leads to human microcephaly (98), and a malformative syndrome in mice (99); as well as β-PIX and GIT1 where mutations have been linked to intellectual disability and microcephaly (100–104). Additional research on SNX27-regulated functions will likely shed additional light on immune and neuronal synapse function and dysfunction.
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Supplementary Figure 1 | DAG generation at the plasma membrane of the IS precedes the full translocation of SNX27 and DAG-enriched compartments. Representative maximum intensity projections of control Jurkat T cells transfected with the C1 domain of PKCθ fused to GFP construct (GFP-C1bPKCθ, green) after incubation with TCS-CD86 (blue). Cells were immunostained for SNX27 (red). Arrowhead points DAG in intracellular compartments, while arrows show DAG generation at the plasma membrane of the IS. Scale bar = 5 μm.



References

1. Krummel, MF, and Macara, I. Maintenance and Modulation of T Cell Polarity. Nat Immunol (2006) 7(11):1143–9. doi: 10.1038/ni1404

2. Lasiecka, ZM, and Winckler, B. Mechanisms of Polarized Membrane Trafficking in Neurons—Focusing in on Endosomes. Mol Cell Neurosci (2011) 48(4):278–87. doi: 10.1016/j.mcn.2011.06.013

3. Sann, S, Wang, Z, Brown, H, and Jin, Y. Roles of Endosomal Trafficking in Neurite Outgrowth and Guidance. Trends Cell Biol (2009) 19(7):317–24. doi: 10.1016/j.tcb.2009.05.001

4. Das, V, Nal, B, Dujeancourt, A, Thoulouze, M-I, Galli, T, Roux, P, et al. Activation-Induced Polarized Recycling Targets T Cell Antigen Receptors to the Immunological Synapse: Involvement of SNARE Complexes. Immunity (2004) 20(5):577–88. doi: 10.1016/S1074-7613(04)00106-2

5. Griffiths, GM, Tsun, A, and Stinchcombe, JC. The Immunological Synapse: A Focal Point for Endocytosis and Exocytosis. J Cell Biol (2010) 189(3):399–406. doi: 10.1083/jcb.201002027

6. Onnis, A, Finetti, F, and Baldari, CT. Vesicular Trafficking to the Immune Synapse: How to Assemble Receptor-Tailored Pathways From a Basic Building Set. Front Immunol (2016) 7. doi: 10.3389/fimmu.2016.00050

7. Soares, H, Lasserre, R, and Alcover, A. Orchestrating Cytoskeleton and Intracellular Vesicle Traffic to Build Functional Immunological Synapses. Immunol Rev (2013) 256(1):118–32. doi: 10.1111/imr.12110

8. Steinberg, F, Gallon, M, Winfield, M, Thomas, EC, Bell, AJ, Heesom, KJ, et al. A Global Analysis of SNX27–retromer Assembly and Cargo Specificity Reveals a Function in Glucose and Metal Ion Transport. Nat Cell Biol (2013) 15(5):461–71. doi: 10.1038/ncb2721

9. Huse, M, Lillemeier, BF, Kuhns, MS, Chen, DS, and Davis, MM. T Cells Use Two Directionally Distinct Pathways for Cytokine Secretion. Nat Immunol (2006) 7(3):247–55. doi: 10.1038/ni1304

10. Huse, M, Quann, EJ, and Davis, MM. Shouts, Whispers and the Kiss of Death: Directional Secretion in T Cells. Nat Immunol (2008) 9(10):1105–11. doi: 10.1038/ni.f.215

11. Kupfer, A, Mosmann, TR, and Kupfer, H. Polarized Expression of Cytokines in Cell Conjugates of Helper T Cells and Splenic B Cells. Proc Natl Acad Sci (1991) 88(3):775–9. doi: 10.1073/pnas.88.3.775

12. Mittelbrunn, M, Gutiérrez-Vázquez, C, Villarroya-Beltri, C, González, S, Sánchez-Cabo, F, González, MÁ, et al. Unidirectional Transfer of microRNA-Loaded Exosomes From T Cells to Antigen-Presenting Cells. Nat Commun (2011) 2(1):282. doi: 10.1038/ncomms1285

13. Reichert, P, Reinhardt, RL, Ingulli, E, and Jenkins, MK. Cutting Edge: In Vivo Identification of TCR Redistribution and Polarized IL-2 Production by Naive CD4 T Cells. J Immunol (2001) 166(7):4278–81. doi: 10.4049/jimmunol.166.7.4278

14. Chauveau, A, Le Floc’h, A, Bantilan, NS, Koretzky, GA, and Huse, M. Diacylglycerol Kinase α Establishes T Cell Polarity by Shaping Diacylglycerol Accumulation at the Immunological Synapse. Sci Signaling (2014) 7(340):ra82. doi: 10.1126/scisignal.2005287

15. Liu, X, Kapoor, TM, Chen, JK, and Huse, M. Diacylglycerol Promotes Centrosome Polarization in T Cells via Reciprocal Localization of Dynein and Myosin II. Proc Natl Acad Sci (2013) 110(29):11976–81. doi: 10.1073/pnas.1306180110

16. Quann, EJ, Merino, E, Furuta, T, and Huse, M. Localized Diacylglycerol Drives the Polarization of the Microtubule-Organizing Center in T Cells. Nat Immunol (2009) 10(6):627–35. doi: 10.1038/ni.1734

17. Quann, EJ, Liu, X, Altan-Bonnet, G, and Huse, M. A Cascade of Protein Kinase C Isozymes Promotes Cytoskeletal Polarization in T Cells. Nat Immunol (2011) 12(7):647–54. doi: 10.1038/ni.2033

18. Gallon, M, Clairfeuille, T, Steinberg, F, Mas, C, Ghai, R, Sessions, RB, et al. A Unique PDZ Domain and Arrestin-Like Fold Interaction Reveals Mechanistic Details of Endocytic Recycling by SNX27-Retromer. Proc Natl Acad Sci (2014) 111(35):E3604–13. doi: 10.1073/pnas.1410552111

19. Horazdovsky, BF, Davies, BA, Seaman, MN, McLaughlin, SA, Yoon, S, and Emr, SD. A Sorting Nexin-1 Homologue, Vps5p, Forms a Complex With Vps17p and Is Required for Recycling the Vacuolar Protein-Sorting Receptor. Mol Biol Cell (1997) 8(8):1529–41. doi: 10.1091/mbc.8.8.1529

20. Seaman, MNJ, Michael McCaffery, J, and Emr, SD. A Membrane Coat Complex Essential for Endosome-To-Golgi Retrograde Transport in Yeast. J Cell Biol (1998) 142(3):665–81. doi: 10.1083/jcb.142.3.665

21. Haft, CR, Sierra, M, de la, L, Bafford, R, Lesniak, MA, Barr, VA, et al. Human Orthologs of Yeast Vacuolar Protein Sorting Proteins Vps26, 29, and 35: Assembly Into Multimeric Complexes. Mol Biol Cell (2000) 11(12):4105–16. doi: 10.1091/mbc.11.12.4105

22. Hierro, A, Rojas, AL, Rojas, R, Murthy, N, Effantin, G, Kajava, AV, et al. Functional Architecture of the Retromer Cargo-Recognition Complex. Nature (2007) 449(7165):1063–7. doi: 10.1038/nature06216

23. Kerr, MC, Bennetts, JS, Simpson, F, Thomas, EC, Flegg, C, Gleeson, PA, et al. A Novel Mammalian Retromer Component, Vps26B: Novel Retromer Protein, Vps26B. Traffic (2005) 6(11):991–1001. doi: 10.1111/j.1600-0854.2005.00328.x

24. Attar, N, and Cullen, PJ. The Retromer Complex. Adv Enzyme Regul (2010) 50(1):216–36. doi: 10.1016/j.advenzreg.2009.10.002

25. Burd, C, and Cullen, PJ. Retromer: A Master Conductor of Endosome Sorting. Cold Spring Harbor Perspect Biol (2014) 6(2):a016774–a016774. doi: 10.1101/cshperspect.a016774

26. Gallon, M, and Cullen, PJ. Retromer and Sorting Nexins in Endosomal Sorting. Biochem Soc Trans (2015) 43(1):33–47. doi: 10.1042/BST20140290

27. Seaman, MNJ. The Retromer Complex—Endosomal Protein Recycling and Beyond. J Cell Sci (2012) 125(20):4693–702. doi: 10.1242/jcs.103440

28. Temkin, P, Lauffer, B, Jäger, S, Cimermancic, P, Krogan, NJ, and von Zastrow, M. SNX27 Mediates Retromer Tubule Entry and Endosome-to-Plasma Membrane Trafficking of Signalling Receptors. Nat Cell Biol (2011) 13(6):715–21. doi: 10.1038/ncb2252

29. Wassmer, T, Attar, N, Harterink, M, van Weering, JRT, Traer, CJ, Oakley, J, et al. The Retromer Coat Complex Coordinates Endosomal Sorting and Dynein-Mediated Transport, With Carrier Recognition by the Trans-Golgi Network. Dev Cell (2009) 17(1):110–22. doi: 10.1016/j.devcel.2009.04.016

30. Loo, LS, Tang, N, Al-Haddawi, M, Stewart Dawe, G, and Hong, W. A Role for Sorting Nexin 27 in AMPA Receptor Trafficking. Nat Commun (2014) 5(1):3176. doi: 10.1038/ncomms4176

31. Zimmerman, SP, Hueschen, CL, Malide, D, Milgram, SL, and Playford, MP. Sorting Nexin 27 (SNX27) Associates With Zonula Occludens-2 (ZO-2) and Modulates the Epithelial Tight Junction. Biochem J (2013) 455(1):95–106. doi: 10.1042/BJ20121755

32. Rincon, E, de Guinoa, JS, Gharbi, SI, Sorzano, COS, Carrasco, YR, and Merida, I. Translocation Dynamics of Sorting Nexin 27 in Activated T Cells. J Cell Sci (2011) 124(5):776–88. doi: 10.1242/jcs.072447

33. Tello-Lafoz, M, Rodríguez-Rodríguez, C, Kinna, G, Loo, LS, Hong, W, Collins, BM, et al. SNX27 Links Dgkζ to the Control of Transcriptional and Metabolic Programs in T Lymphocytes. Sci Rep (2017) 7(1):16361. doi: 10.1038/s41598-017-16370-w

34. Jutz, S, Leitner, J, Schmetterer, K, Doel-Perez, I, Majdic, O, Grabmeier-Pfistershammer, K, et al. Assessment of Costimulation and Coinhibition in a Triple Parameter T Cell Reporter Line: Simultaneous Measurement of NF-κb, NFAT and AP-1. J Immunol Methods (2016) 430:10–20. doi: 10.1016/j.jim.2016.01.007

35. Leitner, J, Kuschei, W, Grabmeier-Pfistershammer, K, Woitek, R, Kriehuber, E, Majdic, O, et al. T Cell Stimulator Cells, an Efficient and Versatile Cellular System to Assess the Role of Costimulatory Ligands in the Activation of Human T Cells. J Immunol Methods (2010) 362(1–2):131–41. doi: 10.1016/j.jim.2010.09.020

36. Lauffer, BEL, Melero, C, Temkin, P, Lei, C, Hong, W, Kortemme, T, et al. SNX27 Mediates PDZ-Directed Sorting From Endosomes to the Plasma Membrane. J Cell Biol (2010) 190(4):565–74. doi: 10.1083/jcb.201004060

37. Rincón, E, Santos, T, Avila-Flores, A, Albar, JP, Lalioti, V, Lei, C, et al.  Proteomics Identification of Sorting Nexin 27 as a Diacylglycerol Kinase Zeta-Associated Protein: New Diacylglycerol Kinase Roles in Endocytic Recycling. Mol Cell Prot: MCP (2007) 6(6):1073–87. doi: 10.1074/mcp.M700047-MCP200

38. Blott, EJ, and Griffiths, GM. Secretory Lysosomes. Nat Rev Mol Cell Biol (2002) 3(2):122–31. doi: 10.1038/nrm732

39. Carrasco, S, and Merida, I. Diacylglycerol-Dependent Binding Recruits Pkcθ and RasGRP1 C1 Domains to Specific Subcellular Localizations in Living T Lymphocytes. Mol Biol Cell (2004) 15(6):2932–42. doi: 10.1091/mbc.e03-11-0844

40. Santos, T, Carrasco, S, Jones, DR, Mérida, I, and Eguinoa, A. Dynamics of Diacylglycerol Kinase ζ Translocation in Living T-Cells. J Biol Chem (2002) 277(33):30300–9. doi: 10.1074/jbc.M200999200

41. Carpier, J-M, Zucchetti, AE, Bataille, L, Dogniaux, S, Shafaq-Zadah, M, Bardin, S, et al. Rab6-Dependent Retrograde Traffic of LAT Controls Immune Synapse Formation and T Cell Activation. J Exp Med (2018) 215(4):1245–65. doi: 10.1084/jem.20162042

42. Schindelin, J, Arganda-Carreras, I, Frise, E, Kaynig, V, Longair, M, Pietzsch, T, et al. Fiji: An Open-Source Platform for Biological-Image Analysis. Nat Methods (2012) 9(7):676–82. doi: 10.1038/nmeth.2019

43. Bolte, S, and Cordelières, FP. A Guided Tour Into Subcellular Colocalization Analysis in Light Microscopy. J Microscopy (2006) 224(Pt 3):213–32. doi: 10.1111/j.1365-2818.2006.01706.x

44. Tello-Lafoz, M, Martínez-Martínez, G, Rodríguez-Rodríguez, C, Albar, JP, Huse, M, Gharbi, S, et al. Sorting Nexin 27 Interactome in T-Lymphocytes Identifies Zona Occludens-2 Dynamic Redistribution at the Immune Synapse. Traffic (2017) 18(8):491–504. doi: 10.1111/tra.12492

45. Mao, L, Liao, C, Qin, J, Gong, Y, Zhou, Y, Li, S, et al. Phosphorylation of SNX27 by MAPK11/14 Links Cellular Stress–Signaling Pathways With Endocytic Recycling. J Cell Biol (2021) 220(4):e202010048. doi: 10.1083/jcb.202010048

46. Andrada, E, Almena, M, de Guinoa, JS, Merino-Cortes, SV, Liébana, R, Arcos, R, et al. Diacylglycerol Kinase ζ Limits the Polarized Recruitment of Diacylglycerol-Enriched Organelles to the Immune Synapse in T Cells. Sci Signaling (2016) 9(459):ra127–7. doi: 10.1126/scisignal.aaf7714

47. Clairfeuille, T, Mas, C, Chan, ASM, Yang, Z, Tello-Lafoz, M, Chandra, M, et al. A Molecular Code for Endosomal Recycling of Phosphorylated Cargos by the SNX27–retromer Complex. Nat Struct Mol Biol (2016) 23(10):921–32. doi: 10.1038/nsmb.3290

48. McIntyre, RE, Chavali, PL, Ismail, O, Carragher, DM, Sanchez-Andrade, G, Forment, JV, et al. Disruption of Mouse Cenpj, a Regulator of Centriole Biogenesis, Phenocopies Seckel Syndrome. PloS Genet (2012) 8(11):e1003022. doi: 10.1371/journal.pgen.1003022

49. Gawden-Bone, CM, Frazer, GL, Richard, AC, Ma, CY, Strege, K, and Griffiths, GM. PIP5 Kinases Regulate Membrane Phosphoinositide and Actin Composition for Targeted Granule Secretion by Cytotoxic Lymphocytes. Immunity (2018) 49(3):427–437.e4. doi: 10.1016/j.immuni.2018.08.017

50. Randzavola, LO, Strege, K, Juzans, M, Asano, Y, Stinchcombe, JC, Gawden-Bone, CM, et al. Loss of ARPC1B Impairs Cytotoxic T Lymphocyte Maintenance and Cytolytic Activity. J Clin Invest (2019) 129(12):5600–14. doi: 10.1172/JCI129388

51. Ritter, AT, Asano, Y, Stinchcombe, JC, Dieckmann, NMG, Chen, B-C, Gawden-Bone, C, et al. Actin Depletion Initiates Events Leading to Granule Secretion at the Immunological Synapse. Immunity (2015) 42(5):864–76. doi: 10.1016/j.immuni.2015.04.013

52. Sanchez, E, Liu, X, and Huse, M. Actin Clearance Promotes Polarized Dynein Accumulation at the Immunological Synapse. PloS One (2019) 14(7):e0210377. doi: 10.1371/journal.pone.0210377

53. Stinchcombe, JC, Majorovits, E, Bossi, G, Fuller, S, and Griffiths, GM. Centrosome Polarization Delivers Secretory Granules to the Immunological Synapse. Nature (2006) 443(7110):462–5. doi: 10.1038/nature05071

54. Bello-Gamboa, A, Velasco, M, Moreno, S, Herranz, G, Ilie, R, Huetos, S, et al. Actin Reorganization at the Centrosomal Area and the Immune Synapse Regulates Polarized Secretory Traffic of Multivesicular Bodies in T Lymphocytes. J Extracell Vesicles (2020) 9(1):1759926. doi: 10.1080/20013078.2020.1759926

55. Farina, F, Gaillard, J, Guérin, C, Couté, Y, Sillibourne, J, Blanchoin, L, et al. The Centrosome Is an Actin-Organizing Centre. Nat Cell Biol (2016) 18(1):65–75. doi: 10.1038/ncb3285

56. Obino, D, Farina, F, Malbec, O, Sáez, PJ, Maurin, M, Gaillard, J, et al. Actin Nucleation at the Centrosome Controls Lymphocyte Polarity. Nat Commun (2016) 7(1):10969. doi: 10.1038/ncomms10969

57. Kuhn, JR, and Poenie, M. Dynamic Polarization of the Microtubule Cytoskeleton During CTL-Mediated Killing. Immunity (2002) 16(1):111–21. doi: 10.1016/S1074-7613(02)00262-5

58. Monks, CRF, Freiberg, BA, Kupfer, H, Sciaky, N, and Kupfer, A. Three-Dimensional Segregation of Supramolecular Activation Clusters in T Cells. Nature (1998) 395(6697):82–6. doi: 10.1038/25764

59. Bonello, G. Dynamic Recruitment of the Adaptor Protein LAT: LAT Exists in Two Distinct Intracellular Pools and Controls Its Own Recruitment. J Cell Sci (2004) 117(7):1009–16. doi: 10.1242/jcs.00968

60. Bouchet, J, del Río-Iñiguez, I, Vázquez-Chávez, E, Lasserre, R, Agüera-González, S, Cuche, C, et al. Rab11-FIP3 Regulation of Lck Endosomal Traffic Controls TCR Signal Transduction. J Immunol (2017) 198(7):2967–78. doi: 10.4049/jimmunol.1600671

61. Ehrlich, LIR, Ebert, PJR, Krummel, MF, Weiss, A, and Davis, MM. Dynamics of P56lck Translocation to the T Cell Immunological Synapse Following Agonist and Antagonist Stimulation. Immunity (2002) 17(6):809–22. doi: 10.1016/S1074-7613(02)00481-8

62. Finetti, F, Paccani, SR, Riparbelli, MG, Giacomello, E, Perinetti, G, Pazour, GJ, et al. Intraflagellar Transport Is Required for Polarized Recycling of the TCR/CD3 Complex to the Immune Synapse. Nat Cell Biol (2009) 11(11):1332–9. doi: 10.1038/ncb1977

63. Larghi, P, Williamson, DJ, Carpier, J-M, Dogniaux, S, Chemin, K, Bohineust, A, et al. VAMP7 Controls T Cell Activation by Regulating the Recruitment and Phosphorylation of Vesicular Lat at TCR-Activation Sites. Nat Immunol (2013) 14(7):723–31. doi: 10.1038/ni.2609

64. Soares, H, Henriques, R, Sachse, M, Ventimiglia, L, Alonso, MA, Zimmer, C, et al. Regulated Vesicle Fusion Generates Signaling Nanoterritories That Control T Cell Activation at the Immunological Synapse. J Exp Med (2013) 210(11):2415–33. doi: 10.1084/jem.20130150

65. Combs, J, Kim, SJ, Tan, S, Ligon, LA, Holzbaur, ELF, Kuhn, J, et al. Recruitment of Dynein to the Jurkat Immunological Synapse. Proc Natl Acad Sci (2006) 103(40):14883–8. doi: 10.1073/pnas.0600914103

66. Kuhné, MR, Lin, J, Yablonski, D, Mollenauer, MN, Ehrlich, LIR, Huppa, J, et al. Linker for Activation of T Cells, ζ-Associated Protein-70, and Src Homology 2 Domain-Containing Leukocyte Protein-76 Are Required for TCR-Induced Microtubule-Organizing Center Polarization. J Immunol (2003) 171(2):860–6. doi: 10.4049/jimmunol.171.2.860

67. Hashimoto-Tane, A, Yokosuka, T, Sakata-Sogawa, K, Sakuma, M, Ishihara, C, Tokunaga, M, et al. Dynein-Driven Transport of T Cell Receptor Microclusters Regulates Immune Synapse Formation and T Cell Activation. Immunity (2011) 34(6):919–31. doi: 10.1016/j.immuni.2011.05.012

68. Lasserre, R, Charrin, S, Cuche, C, Danckaert, A, Thoulouze, M-I, de Chaumont, F, et al. Ezrin Tunes T-Cell Activation by Controlling Dlg1 and Microtubule Positioning at the Immunological Synapse. EMBO J (2010) 29(14):2301–14. doi: 10.1038/emboj.2010.127

69. Ludford-Menting, MJ, Oliaro, J, Sacirbegovic, F, Cheah, ET-Y, Pedersen, N, Thomas, SJ, et al. A Network of PDZ-Containing Proteins Regulates T Cell Polarity and Morphology During Migration and Immunological Synapse Formation. Immunity (2005) 22(6):737–48. doi: 10.1016/j.immuni.2005.04.009

70. Agüera-González, S, Burton, OT, Vázquez-Chávez, E, Cuche, C, Herit, F, Bouchet, J, et al. Adenomatous Polyposis Coli Defines Treg Differentiation and Anti-Inflammatory Function Through Microtubule-Mediated NFAT Localization. Cell Rep (2017) 21(1):181–94. doi: 10.1016/j.celrep.2017.09.020

71. Juzans, M, Cuche, C, Rose, T, Mastrogiovanni, M, Bochet, P, Di Bartolo, V, et al. Adenomatous Polyposis Coli Modulates Actin and Microtubule Cytoskeleton at the Immunological Synapse to Tune CTL Functions. ImmunoHorizons (2020) 4(6):363–81. doi: 10.4049/immunohorizons.2000044

72. Round, JL, Humphries, LA, Tomassian, T, Mittelstadt, P, Zhang, M, and Miceli, MC. Scaffold Protein Dlgh1 Coordinates Alternative P38 Kinase Activation, Directing T Cell Receptor Signals Toward NFAT But Not NF-κb Transcription Factors. Nat Immunol (2007) 8(2):154–61. doi: 10.1038/ni1422

73. Arranz-Nicolás, J, Martin-Salgado, M, Rodríguez-Rodríguez, C, Liébana, R, Moreno-Ortiz, MC, Leitner, J, et al. Diacylglycerol Kinase ζ Limits IL-2-Dependent Control of PD-1 Expression in Tumor-Infiltrating T Lymphocytes. J Immunother Cancer (2020) 8(2):e001521. doi: 10.1136/jitc-2020-001521

74. Chemin, K, Bohineust, A, Dogniaux, S, Tourret, M, Guégan, S, Miro, F, et al. Cytokine Secretion by CD4+ T Cells at the Immunological Synapse Requires Cdc42-Dependent Local Actin Remodeling But Not Microtubule Organizing Center Polarity. J Immunol (2012) 189(5):2159–68. doi: 10.4049/jimmunol.1200156

75. Kupfer, H, Monks, CR, and Kupfer, A. Small Splenic B Cells That Bind to Antigen-specific T Helper (Th) Cells and Face the Site of Cytokine Production in the Th Cells Selectively Proliferate: Immunofluorescence Microscopic Studies of Th-B Antigen-Presenting Cell Interactions. J Exp Med (2011) 179(5):1507–15. doi: 10.1084/jem.179.5.1507

76. Kupfer, A, Dennert, G, and Singer, SJ. Polarization of the Golgi Apparatus and the Microtubule-Organizing Center Within Cloned Natural Killer Cells Bound to Their Targets. Proc Nat Acad Sci (1983) 80(23):7224–8. doi: 10.1073/pnas.80.23.7224

77. Nath, S, Christian, L, Tan, SY, Ki, S, Ehrlich, LI, and Poenie, M. Dynein Separately Partners With NDE1 and Dynactin to Orchestrate T Cell Focused Secretion. J Immunol (2016) 197(6):2090–101. doi: 10.4049/jimmunol.1600180

78. Pols, MS, and Klumperman, J. Trafficking and Function of the Tetraspanin CD63. Exp Cell Res (2009) 315(9):1584–92. doi: 10.1016/j.yexcr.2008.09.020

79. Merino-Cortés, SV, Gardeta, SR, Roman-Garcia, S, Martínez-Riaño, A, Pineau, J, Liebana, R, et al. Diacylglycerol Kinase ζ Promotes Actin Cytoskeleton Remodeling and Mechanical Forces at the B Cell Immune Synapse. Sci Signaling (2020) 13(627). doi: 10.1126/scisignal.aaw8214

80. Baron, CL, and Malhotra, V. Role of Diacylglycerol in PKD Recruitment to the TGN and Protein Transport to the Plasma Membrane. Science (2002) 295(5553):325–8. doi: 10.1126/science.1066759

81. Gomez, TS, Kumar, K, Medeiros, RB, Shimizu, Y, Leibson, PJ, and Billadeau, DD. Formins Regulate the Actin-Related Protein 2/3 Complex-Independent Polarization of the Centrosome to the Immunological Synapse. Immunity (2007) 26(2):177–90. doi: 10.1016/j.immuni.2007.01.008

82. Sedwick, CE, Morgan, MM, Jusino, L, Cannon, JL, Miller, J, and Burkhardt, JK. TCR, LFA-1, and CD28 Play Unique and Complementary Roles in Signaling T Cell Cytoskeletal Reorganization. J Immunol (Baltimore Md: 1950) (1999) 162(3):1367–75.

83. Tourret, M, Guégan, S, Chemin, K, Dogniaux, S, Miro, F, Bohineust, A, et al. T Cell Polarity at the Immunological Synapse Is Required for CD154-Dependent IL-12 Secretion by Dendritic Cells. J Immunol (2010) 185(11):6809–18. doi: 10.4049/jimmunol.1001501

84. Yi, J, Wu, X, Chung, AH, Chen, JK, Kapoor, TM, and Hammer, JA. Centrosome Repositioning in T Cells Is Biphasic and Driven by Microtubule End-on Capture-Shrinkage. J Cell Biol (2013) 202(5):779–92. doi: 10.1083/jcb.201301004

85. Kardon, JR, and Vale, RD. Regulators of the Cytoplasmic Dynein Motor. Nat Rev Mol Cell Biol (2009) 10(12):854–65. doi: 10.1038/nrm2804

86. McKenney, RJ, Huynh, W, Tanenbaum, ME, Bhabha, G, and Vale, RD. Activation of Cytoplasmic Dynein Motility by Dynactin-Cargo Adapter Complexes. Science (2014) 345(6194):337–41. doi: 10.1126/science.1254198

87. Schroer, TA. Dynactin. Annu Rev Cell Dev Biol (2004) 20(1):759–79. doi: 10.1146/annurev.cellbio.20.012103.094623

88. Zhang, K, Foster, HE, Rondelet, A, Lacey, SE, Bahi-Buisson, N, Bird, AW, et al. Cryo-EM Reveals How Human Cytoplasmic Dynein Is Auto-Inhibited and Activated. Cell (2017) 169(7):1303–14.e18. doi: 10.1016/j.cell.2017.05.025

89. Martín-Cófreces, NB, Robles-Valero, J, Cabrero, JR, Mittelbrunn, M, Gordón-Alonso, M, Sung, C-H, et al. MTOC Translocation Modulates IS Formation and Controls Sustained T Cell Signaling. J Cell Biol (2008) 182(5):951–62. doi: 10.1083/jcb.200801014

90. Paz, PE, Wang, S, Clarke, H, Lu, X, Stokoe, D, and Abo, A. Mapping the Zap-70 Phosphorylation Sites on LAT (Linker for Activation of T Cells) Required for Recruitment and Activation of Signalling Proteins in T Cells. Biochem J (2001) 356(Pt 2):461–71. doi: 10.1042/0264-6021:3560461

91. Zhang, W, Irvin, BJ, Trible, RP, Abraham, RT, and Samelson, LE. Functional Analysis of LAT in TCR-Mediated Signaling Pathways Using a LAT-Deficient Jurkat Cell Line. Int Immunol (1999) 11(6):943–50. doi: 10.1093/intimm/11.6.943

92. Martín-Cófreces, NB, Baixauli, F, López, MJ, Gil, D, Monjas, A, Alarcón, B, et al. End-Binding Protein 1 Controls Signal Propagation From the T Cell Receptor: EB1 Regulates TCR Signalling. EMBO J (2012) 31(21):4140–52. doi: 10.1038/emboj.2012.242

93. Mastrogiovanni, M, Juzans, M, Alcover, A, and Di Bartolo, V. Coordinating Cytoskeleton and Molecular Traffic in T Cell Migration, Activation, and Effector Functions. Front Cell Dev Biol (2020) 8:591348. doi: 10.3389/fcell.2020.591348

94. Ávila-Flores, A, Arranz-Nicolás, J, Andrada, E, Soutar, D, and Mérida, I. Predominant Contribution of Dgkζ Over Dgkα in the Control of PKC/PDK-1-Regulated Functions in T Cells. Immunol Cell Biol (2017) 95(6):549–63. doi: 10.1038/icb.2017.7

95. Bustos-Morán, E, Blas-Rus, N, Martin-Cófreces, NB, and Sánchez-Madrid, F. Microtubule-Associated Protein-4 Controls Nanovesicle Dynamics and T Cell Activation. J Cell Sci (2017) 130(7):1217–23. doi: 10.1242/jcs.199042

96. Al-Dosari, MS, Shaheen, R, Colak, D, and Alkuraya, FS. Novel CENPJ Mutation Causes Seckel Syndrome. J Med Genet (2010) 47(6):411–4. doi: 10.1136/jmg.2009.076646

97. Bond, J, Roberts, E, Springell, K, Lizarraga, S, Scott, S, Higgins, J, et al. A Centrosomal Mechanism Involving CDK5RAP2 and CENPJ Controls Brain Size. Nat Genet (2005) 37(4):353–5. doi: 10.1038/ng1539

98. Li, H, Bielas, SL, Zaki, MS, Ismail, S, Farfara, D, Um, K, et al. Biallelic Mutations in Citron Kinase Link Mitotic Cytokinesis to Human Primary Microcephaly. Am J Hum Genet (2016) 99(2):501–10. doi: 10.1016/j.ajhg.2016.07.004

99. Di Cunto, F, Imarisio, S, Hirsch, E, Broccoli, V, Bulfone, A, Migheli, A, et al. Defective Neurogenesis in Citron Kinase Knockout Mice by Altered Cytokinesis and Massive Apoptosis. Neuron (2000) 28(1):115–27. doi: 10.1016/S0896-6273(00)00090-8

100. Hong, S-T, and Mah, W. A Critical Role of GIT1 in Vertebrate and Invertebrate Brain Development. Exp Neurobiol (2015) 24(1):8–16. doi: 10.5607/en.2015.24.1.8

101. Menon, P, Deane, R, Sagare, A, Lane, SM, Zarcone, TJ, O’Dell, MR, et al. Impaired Spine Formation and Learning in GPCR Kinase 2 Interacting Protein-1 (GIT1) Knockout Mice. Brain Res (2010) 1317:218–26. doi: 10.1016/j.brainres.2009.11.084

102. Schmalzigaug, R, Rodriguiz, RM, Bonner, PE, Davidson, CE, Wetsel, WC, and Premont, RT. Impaired Fear Response in Mice Lacking GIT1. Neurosci Lett (2009) 458(2):79–83. doi: 10.1016/j.neulet.2009.04.037

103. Walczak-Sztulpa, J, Wisniewska, M, Latos-Bielenska, A, Linné, M, Kelbova, C, Belitz, B, et al. Chromosome Deletions in 13q33–34: Report of Four Patients and Review of the Literature. Am J Med Genet Part A (2008) 146A(3):337–42. doi: 10.1002/ajmg.a.32127

104. Won, H, Mah, W, Kim, E, Kim, J-W, Hahm, E-K, Kim, M-H, et al. GIT1 Is Associated With ADHD in Humans and ADHD-Like Behaviors in Mice. Nat Med (2011) 17(5):566–72. doi: 10.1038/nm.2330




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 González-Mancha, Rodríguez-Rodríguez, Alcover and Merida. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-12-814570-g003.jpg
SNX27 WT

a
&
(V)
Pu——
E—__‘ w4 DGK{
— | ﬁ p1508ted

GFP

GFP

shCtrl shSNX27

shCtrl shSNX27

shCtrl +
TCS-CD86

MFI at the IS/Cell MFI

shSNX27 +
TCS-CD86

)
=3

»
S

Pericentrin polarity index
Conjugates (%)

N
°

CENPJ polarity index






OEBPS/Images/fimmu-12-814570-g008.jpg
NF-kB GMFI

15000+

100004

5000+

IL-2 promoter activity (RLU)

801

60

404

20

AP-1 GMFI

*xrx

4000+ 200004
Hkkk ik
3000- < _ 15000
[
&
2000 = 10000
<
[T
P4
1000- ﬂ 50004
0 . : ol NN = .
> ° > ©
& S & s
<
S &
(¢
El shCtrl 25000+ . El shCtrl
1 shSNX27 shSNX27
20000+ T
E 15000+
ab
=]
o~ 10000+
=
5000+
0 T T
> ©
2
R s
I
Y

Hl shCtrl
[ shSNX27





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Sorting Nexin 27 Enables MTOC and Secretory Machinery Translocation to the Immune Synapse

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Reagents and Antibodies

          



          		

            Cell Lines, Culture, and Stimulation

          



          		

            Plasmids and Transfection

          



          		

            Analysis of Protein Expression by Western Blot and Immunoprecipitation

          



          		

            Dual-Luciferase IL-2 Reporter Assay

          



          		

            Il-2 Detection in Culture Supernatants

          



          		

            NFAT, NFkB, and AP-1 Promoter Activity Assay

          



          		

            Immunostaining

          



          		

            Confocal Microscopy and Image Processing

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            SNX27 Facilitates Vps26 Retromer Protein Polarization to the IS

          



          		

            SNX27 Regulates DAG Accumulation at the IS

          



          		

            SNX27 Regulates MTOC Translocation to the IS

          



          		

            SNX27 Contributes to Peripheral, But Not Centrosomal, F-Actin Reorganization During T Cell Activation

          



          		

            SNX27 Sustains Microtubule Organization at the IS

          



          		

            SNX27 Facilitates Signaling Microclusters Organization at the IS

          



          		

            SNX27 Limits Transcriptional Activation, IL-2 Production and Secretion

          



          		

            SNX27 Regulates Polarization of the Secretory Compartment

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2021.814570_cover.jpg
, frontiers

in Immunology

Sorting Nexin 27 Enables MTOC and
Secretory Machinery Translocation
to the Immune Synapse





OEBPS/Images/fimmu-12-814570-g007.jpg
shCtrl

shSNX27

shCtrl

shSNX27

p-ZAP70

SNX27

SNX27

DAPI

DAPI

Merge

Merge

2

Microclusters/um

2

Microclusters/um

p-ZAP70

ns

064 e
] e, i
02 e
o.o'
0.0
Q A
e
BN
p-LAT
104 °
L]
0.84 g0
0..
0.6 *gee*®
o
047 oo o
r'1]
0.2+






OEBPS/Images/fimmu-12-814570-g001.jpg
Merge

Vps26

Vps26 Merge

GFP-SNX27 WT

V¥L-L91 VYTTH

LTXNS-d49

110ys 9800-S0L
+110Ys

Merge

©
P
a
>

SNX27
GAPDH

shSNX27

g

% .
o
&

kDa
61-

HA 112D
/5134338 14N 9ZSdA

/51943 3 14 LTXNS

VVL-L91

1 ZXNS-d49

Merge

SNX27

Vps26

[430ys

i

o

LTXNSYs





OEBPS/Images/fimmu-12-814570-g005.jpg
F-actin SNX27

Merge

shCtrl

shSNX27

shCtrl

ShSNX27

=
O
=
@
~
o
x
z
&
=
@
4000
El
< 3000
P
5 2000
—> £
= centrosomal
G 1000 actin
® F-actin ?
ri
Centrosome -
0.0 0.5 10 15 20

Basal

Pericentrin

+TCS-CD86

+ TCS-CD86

Distance from centrosome (um)

Centrosomal F-actin (%)

MTOC-nucleus distance (um)

100
ns ns
80 - -
60
40
20
0 T T
N A o o
o ) & D
B A
PSS
< <
& @
By S
B
015
ns
0.10 T
ns
0.05
0.00 : -
> P
& &
F & &
S .
N
S





OEBPS/Images/fimmu-12-814570-g009.jpg
SNX27 pCD3T Merge

GFP-CD63 (MVB)

980D-S01
+ M1DUs

9800-S01L
+ /ZXNSUS

0 ) : {
o o = o

xapul Ayuejod gAN

MVB

='af

polarity index





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-814570-g006.jpg
shCtrl

shSNX27

B-tubulin

Cells (%)

100+

80—

60—

40-|

20

I shCtrl
3 shSNX27

P1

P2

Phenotype





OEBPS/Images/fimmu-12-814570-g002.jpg
SNX27 Merge

GFP-C1bPKC8

GFP-C1bPKC8 SNX27 Merge

.- |

A

9802-501
+110ys

110ys

©

=

9802-S0L
+ LTXNSYS

. - - GFP-Cl1l

LTXNSYS

GFP-C1bPKC8
density profile

bPKCO

density profile

Merge

Merge

GFP-DGKZ AETAV

Endogenous
SNX27

Merge

mCherry-DGKI WT

Endogenous
SNX27

S1 a4 apIsING BuEIqUBW ewsed
ULIIN /51343 38 1N

Hys LTXNSYs

mCherry-DGKIWT

Endogenous
SNX27

9800-$2L 9802-50L
+110ys + LTXNSUS

40ys LTXNSYS





OEBPS/Images/fimmu-12-814570-g004.jpg
Cells (%)

80

Ring Intermediate

shCtrl

Pixel intensity (a.u.)
Pixel intensity (a.u.)

0 i 2 % 0 o

Distance across synapse (pum)

Il shCtrl
1 shSNX27

Ring Intermediate  Accumulated

F-actin phenotype

Distance across synapse (pum)

F-actin MFI
at the IS (a.

u.)

Accumulated

2000

Jury
Ul
o
o
1

e o

Distance across synapse (pum)

*kkk

1000 %
500 é —_——

o—T 1 —

shCtrl

shSNX27





