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                                                                                                                        Abstract

                                                            Von Willebrand factor (VWF) is a multimeric hemostatic protein that is synthesized in endothelial cells, where it is stored for secretion in elongated secretory organelles, so-called Weibel-Palade bodies (WPBs). Hemostatic activity of VWF is strongly tied to WPB length, but how endothelial cells control the dimensions of their WPBs is unclear. In this study we used a targeted shRNA screen to identify the longin-SNARE Sec22b as a novel determinant of WPB size and VWF trafficking. We found that Sec22b depletion resulted in loss of the typically elongated WPB morphology along with disintegration of the Golgi and dilation of rough ER (rER) cisternae. This was accompanied by reduced proteolytic processing of VWF, accumulation of VWF in the dilated rER and reduced basal and stimulated VWF secretion. Our data demonstrate that the elongation of WPBs, and thus adhesive activity of its cargo VWF, is determined by the rate of anterograde transport between ER and Golgi, which depends on Sec22b-containing SNARE complexes.
                                                            
                                                            Introduction
Endoplasmic reticulum (ER)-to-Golgi transport is the first step in the secretory pathway.1 As eukaryotic cells are extremely compartmentalized, ER is the first stop in protein production as well as the initial quality check point of whether proteins are correctly folded.2 Correctly folded proteins are then trafficked to the Golgi where they are additionally modified before being directed to their appropriate destination: endo/lysosome, plasma membrane or secretion.3 At the trans- Golgi network (TGN), proteins will either enter the “constant” constitutive pathway for unimpeded release, or will be temporarily stored in secretory vesicles, often of the family of lysosome-related organelles, for regulated secretion. Storage and regulated secretion allow the immediate discharge of larger quantities of protein in a correct physiological setting.4
The biogenesis of lysosome-related organelles is crucial for the proper function of a wide variety of cells, their importance being well-highlighted by the fact that defective formation of these organelles results in the manifestation of a large number of clinical abnormalities including bleeding, immunodeficiency, hypopigmentation and neurological defects.5 Within the family of lysosome-related organelles, Weibel- Palade bodies (WPB) are the storage organelles of endothelial cells.6,7 WPB primarily contain von Willebrand factor (VWF), a large multimeric hemostatic protein that serves a critical role in platelet adhesion and as a chaperone for coagulation factor VIII.8 The biogenesis of WPB is directly dependent on the synthesis and correct posttranslational processing of VWF.9-12 WPB have a distinct, elongated morphology that is intrinsically linked to the inherent ability of VWF multimers to self-organize in tubules when exposed to the internal milieu of the TGN.13-15 Quantitative or qualitative defects of VWF, for instance due to mutations in VWF, cause von Willebrand disease (VWD), the most common inherited bleeding disorder.16 VWF mutations that affect the synthesis or processing of the protein often result in altered WPB morphology, with WPB being either round or short.17 Upon regulated, explosive release from WPB, VWF unfurls into strings up to 1 mm long that are anchored on the apical side of the endothelium. 18-20 VWF strings create an adhesive platform for platelets to initiate the formation of the initial platelet plug at the site of vascular damage.21,22 The adhesive capacity of VWF towards platelets and self-associating plasma VWF is proportional to WPB size.23 In turn, WPB size is determined before budding from the TGN by incorporation of so-called “VWF quanta” and it was previously shown that reduced VWF synthesis or unlinking of Golgi stacks affects WPB length.24 However, how endothelial cells control WPB size and thus hemostatic activity of VWF is largely unknown.
Due to the distinctive shape of their WPB, endothelial cells are an excellent model system for elucidating how cells manage formation and morphology of lysosomerelated organelles. As WPB formation is driven by VWF, monitoring intracellular VWF trafficking can be used as a tool to study the complex mechanisms involved. VWF undergoes extensive post-translational modification during its journey through the endothelial secretory pathway.25 VWF enters the ER as a single pre-pro-polypeptide chain that forms tail-to-tail dimers by formation of disulfide bonds between the C-terminal cysteine knot (CTCK) domains of two proVWF monomers.26 After dimerizationdependent exit from the ER, proVWF dimers are transported to the Golgi, where VWF propeptide is cleaved from the proVWF chain. Inter-dimer disulfide bonds between cysteines in the D3 domains lead to formation of head-tohead VWF multimers.27 VWF multimers are then condensed into tubules that are packaged into newly forming WPB that emerge from the TGN.28,29
Trafficking of proteins during formation and maturation of subcellular organelles, such as WPB, is dependent on membrane fusion, which is universally controlled by SNARE proteins.30 The SNARE complex consists of a v- SNARE on the vesicle membrane and t-SNARE on the acceptor membrane which together form a four-helix bundle that allows the membranes to fuse. Although several SNARE have been associated with WPB exocytosis,7 the SNARE that take part in the biogenesis of lysosome-related organelles and WPB are not known. The subfamily of longin- SNARE (VAMP7, YKT6 and Sec22b), which derives its name from an N-terminal self-inhibitory longin-domain that can fold back on the SNARE domain, controls membrane fusion events that traffic proteins to and from the Golgi.31
In this study we addressed the role of longin-SNARE in the formation of WPB. Using a targeted short hairpin (sh)RNA screen of longin-SNARE in primary endothelial cells we identified Sec22b as a novel determinant of WPB morphology. Sec22b silencing resulted in short WPB, disintegration of the Golgi complex, reduced proVWF processing and retention of proVWF in a dilated ER. Our data suggest that the distinctive morphology of WPB and thus the adhesive activity of their main cargo VWF is determined by the rate of membrane fusion between ER and Golgi, which is dependent on Sec22b-containing SNARE complexes.
Methods
Antibodies
The antibodies used in this study are listed in Online Supplementary Table S1.
Cell culture, lentiviral transfection and transduction
Pooled, cryopreserved primary human umbilical vein endothelial cells (HUVEC) were obtained from Promocell (Heidelberg, Germany). HUVEC were cultured in EGM-18 medium, i.e., EGM-2 medium (CC-3162, Lonza, Basel, Switzerland) supplemented with 18% fetal calf serum (Bodinco, Alkmaar, the Netherlands). Human embryonic kidney 293T (HEK293T) cells were obtained from the American Type Cell Culture (Wessel, Germany) and were grown in Dulbecco modified Eagle medium containing D-glucose and L-glutamine (Lonza, Basel, Switzeland) supplemented with 10% fetal calf serum, 100 U/mL penicillin and 100 μg/mL streptomycin. HEK293T cells were seeded on collagen-coated plates or flasks and were transfected with third-generation lentiviral packaging plasmids pMD2.G, pRSV-REV and pMDLg/pRRE (Addgene, Cambridge, MA, USA) using transit-LT1 (Mirus Bio LLC, Madison, WI, USA) following the supplier’s protocol. After incubation for 6-8 h, the medium was exchanged for EGM-18. Virus particles were collected 24 and 48 h following transfection and were filtered through 0.45 mm pore filters in EGM-18. Two batches of virus were used to transduce HUVEC, cord blood outgrowth endothelial cells or HEK293T cells for a period of 48 h. Transduced endothelial cells were selected by puromycin (0.5 mg/mL), which was added to the medium for 72 h after the second virus installment.
DNA constructs for shRNA silencing of longin-SNARE, CRISPR editing and mEGFP-Sec22b-DSNARE
The LKO.1-puro-CMV-mEGFP-U6-shC002 vector, which simultaneously expresses monomeric enhanced green fluorescent protein (mEGFP) and a non-targeting control shRNA from the cytomegalovirus (CMV) and U6 promoter, respectively, was described previously.32 shRNA targeting Sec22b, VAMP7 and YKT6 were obtained from the MISSION® shRNA library developed by TRC at the Broad Institute of MIT and Harvard and distributed by Sigma-Aldrich (Online Supplementary Table S2). Fragments containing the shRNA expression cassette from the shRNA library were transferred to the LKO.1-puro-CMVmEGFP- U6 vector by SphI-EcoRI subcloning. CRISPR-mediated depletion of Sec22b in HUVEC was performed essentially as described previously.33 LentiCRISPR_v2 (a gift from Dr. Feng Zhang; Addgene #52961), a lentiviral vector which simultaneously expresses Cas9 endonuclease and guide (g)RNA has been described previously.34 gRNA were designed to target exon 1 of the SEC22B gene using the CRISPOR Design tool (http://crispor.tefor.net/)35 by submitting the DNA sequence of SEC22B exon 1 flanked by 100 bp up- and downstream (chromosome 1: 120,1501898-120,176,515 reverse strand) (Online Supplementary Figure 2A). gRNA sequences that have a high predicted efficiency with limited off-target effects were selected. The gRNA used in this study are shown in Online Supplementary Table S3 and were cloned as hybridized complementary oligos (with BsmBI restriction site-compatible overhangs on either side) into BsmBI-digested LentiCRISPR_v2 plasmid. LVX-mEGFP-LIC has been described previously.36 To construct a human Sec22b variant that lacks its SNARE domain (Gly135-Lys174), a synthetic Sec22b fragment was generated by gene synthesis in which codons 135-174 were removed from the 214-codon Sec22b coding sequence and was flanked by BsrGI and NotI sites. The resulting Sec22b-DSNARE fragment was cloned in frame behind mEGFP in LVX-mEGFP-LIC by subcloning between the BsrGI and NotI sites. All constructs were sequence verified. Lentiviral plasmids were produced in Stbl3 bacteria.
Further details on materials and methods are provided in the Online Supplementary Data.
Results
Weibel-Palade body length is significantly reduced upon Sec22b silencing
To determine the role of longin-SNARE in WPB biogenesis we performed a targeted shRNA screen against VAMP7, YKT6 and Sec22b in HUVEC and evaluated WPB morphology by VWF immunostaining. As shown in Figure 1A, in shCTRL, shVAMP7 and shYKT6 transduced cells, VWF was primarily stored in typical cigar-shaped WPB. However, upon Sec22b silencing (shSec22b) (Online Supplementary Figure S1), WPB lost their characteristic elongated morphology and appeared short and “stubby”. Quantification of WPB length in control and knockdown (KD) cells showed a significant reduction in WPB length after Sec22b KD, whereas no difference was found in the absence of VAMP7 or YKT6 (Figure 1B). To further substantiate the role of Sec22b in WPB formation we used CRISPR-mediated SEC22B-editing of HUVEC (Online Supplementary Figure S2A-C). Cells depleted of Sec22b were identified by Sec22b staining (Online Supplementary Figure S2D). A similar reduction of WPB length was observed in endothelial cells targeted with three separate gRNA directed to exon 1 of Sec22b (Figure 1B, Online Supplementary Figure S2E). As a third, independent strategy we also determined WPB morphology after expression of an mEGFP-tagged non-fusogenic Sec22b variant (mEGFPSec22b- DSNARE), which lacks the SNARE domain responsible for fusion and compared these with mEGFPexpressing cells (Figure 1D). We found that the DSNARE construct had a dominant-negative effect on WPB size, with these WPB being significantly shorter than the mEGFP control (Figure 1E). To investigate whether the size reduction extends to other (post-Golgi) organelles, we determined the localization of the tetraspanin CD63. CD63 normally cycles between plasma membrane, endolysosomal organelles and WPB in an AP-3-dependent manner.37 Silencing of Sec22b did not lead to apparent changes in the morphology of CD63+ endolysosomal organelles, nor did it impede the trafficking of CD63 to shorter WPB (Online Supplementary Figure S3). Together these results identify Sec22b as a determinant of secretory organelle size in endothelial cells.
[image: ]

Figure 1.Sec22b depletion and fusogenic function affects Weibel-Palade body elongation. (A) von Willebrand factor (VWF) immunostaining in endothelial cells (EC) transduced with shCTRL, shVAMP7, shYKT6 or shSec22b (green channel: mEGFP-expressing EC). (B) Quantification of Weibel-Palade body (WPB) length in shCTRL, shVAMP7, shYKT6 and shSec22b EC (n=3, one-way analysis of variance [ANOVA] with the Dunnett multiple comparisons test, ****P<0.0001). (C) WPB length in control and CRISPR SEC22B knockout EC (n=3, one-way ANOVA with the Dunnett multiple comparisons test, ****P<0.0001). (D) VWF immunostaining in mEGFP and mEGFP-Sec22b-DSNARE expressing EC (both in green). (E) WPB length in mEGFP and mEGFP-Sec22b-DSNARE expressing EC (n=3, t-test with Welch correction, ****P<0.0001).
Sec22b silencing results in unlinked Golgi ribbon
Since the size of nascent WPB is regulated by incorporation of multiple so-called VWF quanta from the TGN,24 we investigated TGN morphology in Sec22b-depleted cells. TGN46 immunostaining showed that while the TGN in control cells had a compact morphology, shSec22b-treated cells exhibited a dispersed TGN morphology, consistent with an unlinked Golgi ribbon (Figure 2A and B). Quantification of the area that encompassed the entire TGN46 immunoreactivity in shSec22b and shCTRL cells revealed that, due to their fragmentation, TGN in Sec22bdepleted cells extended to a significantly larger intracellular area than the compact TGN in control cells (Figure 2C). The crucial role for Sec22b in maintaining Golgi integrity is not limited to endothelial cells, as illustrated by a similar effect on Golgi morphology in Sec22b-depleted HEK293T cells (Online Supplementary Figure S4). It has previously been described that unlinking Golgi stacks using depletion of Golgi matrix proteins or nocodazole gives rise to shorter WPB.24 When evaluating WPB length in shSec22b cells with compact versus dispersed TGN we also observed that in those cells in which the Golgi was dispersed, WPB were on average shorter than in those with intact Golgi (Figure 2D), which suggests that the reduction in WPB length after Sec22b depletion is (at least partly) a consequence of Golgi disintegration.
Sec22b silencing results in decreased von Willebrand factor trafficking to the Golgi and retention of von Willebrand factor in the endoplasmic reticulum
As Sec22b has been associated with membrane fusion events during anterograde and retrograde trafficking between the ER and Golgi,31 we evaluated VWF trafficking in the endothelial early secretory pathway. A key step during VWF biosynthesis is the proteolytic cleavage of proVWF into VWF propeptide and mature VWF, which takes place upon its arrival in the Golgi.38 We used the intracellular ratio between the two distinct forms of VWF, proVWF (ER) and mature VWF (Golgi and post- Golgi), as a measure of ER and Golgi transport by estimating the amount of proVWF and VWF in shCTRL and shSec22b endothelial cells (Figure 3A). While the total amount of mature VWF was markedly reduced in shSec22b cells, the proportion of VWF in the unprocessed proVWF form was increased. Therefore, the proVWF:VWF ratio was significantly increased in the Sec22b KD endothelial cells (Figure 3B). This suggests that proteolytic processing of proVWF is reduced in the absence of Sec22b, possibly due to a reduced flux of VWF from the ER. Consistent with this we observed increased VWF immunoreactivity in reticular perinuclear structures resembling the ER after Sec22b silencing (Figure 3C). Simultaneous with - but independent of - proteolytic processing, VWF dimers oligomerize into long VWF multimers in the Golgi.10,38 VWF multimer analysis using sodium dodecylsulfate-agarose gel electrophoresis showed that Sec22b silencing did not affect multimerization per se, as evidenced by high molecular weight VWF multimers in lysates of shCTRL and shSec22b endothelial cells. However, the increased proportion of VWF dimers in the Sec22b KD cells indicates that VWF is retained in the ER (Figure 3D and E). Together this points to a reduction of anterograde ERGolgi trafficking of VWF in the absence of Sec22b.
[image: ]

Figure 2.Sec22b depletion results in trans-Golgi network fragmentation. (A) Immunofluorescent staining of trans-Golgi network (TGN46) in control and Sec22b-depleted cells (blue channel: Hoechst nuclear staining). (B) Quantification of TGN dispersal in control and Sec22b knockdown (KD) endothelial cells (EC). (C) Quantification of TGN area coverage in shCTRL and shSec22b EC (n=5, ttest with Welch correction, ****P<0.001). (D) Weibel- Palade body (WPB) length in Sec22b KD EC with compact versus dispersed TGN (n=3, t-test with Welch correction, ****P<0.0001).
[image: ]

Figure 3.Sec22b depletion results in retention of von Willebrand factor in the endoplasmic reticulum. (A) Western blot analysis of monomeric von Willebrand factor (VWF) under reducing conditions in control and Sec22b knockdown (KD) endothelial cells (EC). Uncleaved (proVWF) and cleaved (VWF) forms are indicated by arrows. α-tubulin was used as a loading control. Molecular weight standards are indicated on the left (kDa). (B) ProVWF:VWF ratio in control and shSec22b EC (n=8, paired t-test, *P<0.05). (C) Immunofluorescent staining of VWF in shCTRL and shSec22b human umbilical vein EC (boxed areas are shown magnified on the right, size bar corresponds to 10 mm for images or 5 mm for boxed areas). (D) VWF multimer blot (4 samples from 2 independent experiments) in control and Sec22b KD EC. (E) Line graph of the densitometry of VWF multimer bands. LMWM: low molecular weight multimers; HMWM: high molecular weight multimers
Sec22b silencing results in accumulation of von Willebrand factor in dilated rough endoplasmic reticulum
Since VWF was retained in the ER, potentially along with other proteins, we used electron microscopy to examine the impact of reduced anterograde trafficking on the ER (Figure 4A). When Sec22b was silenced the rough ER (rER) appeared enlarged and ribosome-studded, membrane- limited, rounded structures developed, with electron- dense content. These rER structures represent severely dilated ER cisternae as they often retained a membranous connection to the rER. The dilated rER phenotype was observed in the majority of Sec22b-depleted cells (72.9%) (Figure 4B). Closer examination of the rER morphology revealed that apart from the round rER structures, the luminal width of ER sheets was significantly increased in Sec22b KD cells (0.29 mm ± 0.18 mm) when compared to control cells (0.10 mm ± 0.01 mm) (Figure 4C). This suggests that upon removal of Sec22b the rER expands in size dramatically, possibly to facilitate the accumulation of secretory proteins such as VWF. Indeed, immunogold staining for VWF in Sec22b KD endothelial cells localized within dilated rER and was prominently found in the round, dense rER structures (Figure 4D). Taken together this shows that VWF exits the ER in a Sec22b-dependent manner and upon Sec22b silencing is retained in rERderived structures.
[image: ]

Figure 4.von Willebrand factor accumulation in dilated rough endoplasmic reticulum in Sec22b-depleted endothelial cells. (A) Electron microscopy of control and Sec22b knockdown (KD) endothelium cells (EC) (dilated rough endoplasmic reticulum [ER] shown by white arrowheads, ribosome-studded dilated ER by white asterisks, and the connection of ER structures to rough ER sheets by a yellow arrowhead; scale bar corresponds to 2 mm). (B) Quantification of healthy versus dilated ER in control and Sec22b KD cells. (C) Quantification of ER width in control and Sec22b KD cells (t-test with Welch correction, ****P<0.0001). (D) von Willebrand factor immunogold staining (10 nm gold particles) in control and Sec22b KD EC (boxed regions are magnified on the right side with the corresponding color; scale bar represents 1 mm).
Retention of von Willebrand factor in the endoplasmic reticulum results in reduced von Willebrand factor secretion in Sec22b-depleted cells
The lack of mature VWF, as well as the shorter WPB, prompted us to investigate how much VWF is stored and secreted in the absence of Sec22b. We observed that in the Sec22b-depleted cells, intracellular VWF levels were slightly increased when compared to the levels in control cells (Figure 5A), potentially because of VWF entrapment in the ER. On the other hand, basal secretion was significantly decreased in Sec22b-silenced cells (Figure 5B). Basal secretion primarily originates from unstimulated WPB release,39,40 suggesting that this compartment is smaller upon Sec22b depletion. In line with this, VWF release through histamine-induced WPB exocytosis was also significantly reduced (Figure 5C). WPB acquire secretion competence during maturation by recruiting Rab GTPases and Rab-effectors,7 so this decrease could potentially be attributed to defects in WPB maturation in Sec22b-depleted cells. We assessed whether two maturation- dependent components of the exocytotic machinery, Rab27A and Slp4-a,41,42 were recruited to WPB but found no difference between shSec22b and shCTRL cells (Online Supplementary Figure S5). Thus, the simplest explanation for reduction in (stimulated) VWF secretion is failure of sufficient VWF to progress to a stimulus-sensitive compartment, i.e. the WPB, because it is retained in the ER.
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Figure 5.Sec22b silencing results in reduced basal and stimulated secretion. (A) Intracellular von Willebrand factor (VWF) content in control and Sec22b-silenced endothelial cells measured by enzyme-linked immunosorbent assay (n=5, paired t-test, *P<0.05). (B) Basal VWF release presented as percentage of intracellular VWF content (n=5, paired t-test, *P<0.05) (C) Histamine-stimulated VWF release presented as percentage of intracellular VWF content (n=3 independent experiments, paired t-test, **P<0.01). (D) Proposed model of Sec22b-dependent VWF trafficking and Weibel-Palade body size control. SE: sorting endosome; WPB: Weibel- Palade body; iWPB: immature WPB; mWPB: mature WPB; ER: endoplasmic reticulum; rER: rough ER; TGN: trans-Golgi network.
Discussion
SNARE proteins are key drivers of membrane fusion that initiate and regulate specificity of membrane docking and bilayer mixing.30 There is a subcategory of SNARE, known as longin-SNARE (YKT6, VAMP7 and Sec22b), which generally participate in fusion events during biogenesis, maturation and exocytosis of secretory organelles in eukaryotic cells.43-47 In this study, using a shRNA screen targeting longin-SNARE we identified Sec22b as a novel regulator of WPB formation and VWF trafficking, its depletion leading to short and “stubby” WPB that were accompanied by Golgi disintegration and retention of VWF in the ER.
Sec22b is a known participant in anterograde transport of cargo in the early secretory pathway.48,49 Overexpression of the Sec22b-DSNARE variant led to a dominant-negative effect resulting in smaller WPB, corroborating experiments that used RNA interference and CRISPR strategies to deplete Sec22b expression. This is most probably a consequence of Sec22b-DSNARE outcompeting endogenous Sec22b while failing to properly bind with its cognate SNARE due to the lack of the SNARE helix,50 which precludes formation of a complete trans-SNARE complex and subsequent membrane fusion. The importance of a functional, fusion-competent Sec22b has also been highlighted by mutations in the SNARE domain of the Drosophila homolog of Sec22b, which caused disruption of ER-Golgi transport and resulted in cargo retention in the ER and abnormal ER morphology.51 Similar ER cargo retention is likely at play in Sec22bdepleted EC in our study (Figures 3 and 4). Congestion of anterograde flux from the ER limits the supply of VWF to the Golgi and as WPB formation is driven by condensation of multimeric VWF in the TGN, we assume this reduction is (at least partly) responsible for the smaller size of WPB.
The smaller WPB phenotype is likely further exacerbated by fragmentation of the TGN (Figure 2), which was previously proposed to limit the possibility of adjacent VWF quanta co-packaging into a single, extended WPB.24 Interestingly, that study also demonstrated that experimental reduction of VWF trafficking by small interfering RNA silencing of VWF synthesis led to reduction of WPB length without affecting overall Golgi morphology. The data we present here suggest that a Sec22b-dependent trafficking pathway is used both by VWF and by components that establish or maintain Golgi ribbon integrity. This is in line with previous studies of Sec22b in other models, such as an Arabidopsis mutant deficient for the Sec22b homolog, which displayed comparable TGN disruption. 52 The observed phenotype may be a consequence of defective trafficking of direct regulators of Golgi morphology, such as Golgi reassembly stacking proteins (GRASP)53 or golgins.54 Indeed, Golgi fragmentation and the concomitant reduction in the length of WPB has also been observed after depletion of Golgi tethering proteins (GM130, GRASP55 and giantin).24 TGN fragmentation may also merely result from the induced imbalance in trafficking, as the phenotype was also reported after disruption of retrograde trafficking from early endosomes or within the Golgi.55,56 While further investigation is required to decipher the precise role of Sec22b in the maintenance of TGN morphology, the resulting consequences highlight its indispensable function in ensuring adequate trafficking of VWF and WPB biogenesis.
Upon Sec22b silencing, dilated ER cisternae were observed, accompanied by electron-dense, ribosomestudded rER structures that contained VWF aggregates. There was a striking resemblance with the dilated ER morphology that is observed in response to VWD-causing mutations in VWF that affect the protein’s ability to dimerize and leave the ER.57,58 Sec22b is recruited onto ER-derived COPII vesicles that transfer proteins from the ER to the Golgi, through interactions of its longin domain with Sec23/Sec24 of the COPII-coating complex.59,60 Similar dilated ER phenotypes and ER retention of secretory proteins have been described in chondrocytes from sec24d-deficient zebrafish61 and in pancreatic acinar cells from Sec23bgt/gt mice that additionally display lack of zymogen granules.62 This suggests that the rate of COPIImediated, anterograde ER-Golgi traffic underpins the ability of endothelial cells to shape WPB to their typical elongated morphology.
A recent study identified GBF1 as a dynamic regulator of anterograde VWF trafficking and WPB morphology that, dependent on external/environmental cues, controls the flux of proteins (including VWF) from the ER to Golgi.63 Similar to what we observed after Sec22b silencing, depletion of GBF1 led to accumulation of VWF in the ER and a reduction in the overall state of VWF proteolytic processing. However, a number of important phenotypic differences suggest that GBF1 and Sec22b operate through different mechanisms. Unlike Sec22b, GBF1 depletion did not affect Golgi morphology and, unexpectedly, resulted in unusually large WPB that remained associated with or in close vicinity of the Golgi. Despite their reduction in length, WPB in Sec22b-depleted cells normally recruited exocytotic components such as Rab27A and Slp4-a (Online Supplementary Figure S5), contrary to the enlarged WPB in GBF1-ablated cells which failed to acquire post-Golgi cargo and Rab27A and which were secretion incompetent.63 Although their short WPB were still responsive to agonists, Sec22b-depleted EC secreted reduced amounts of VWF through the regulated and basal secretory pathway (Figure 4B and C), which we presume is due to a reduction in WPB pool size. These discrepancies emphasize that future studies are needed to clarify how such opposing effects on WPB formation and secretion can arise from defects in anterograde ER-Golgi transport.
In conclusion, we identified Sec22b as a new regulatory component of the endothelial secretory pathway that controls VWF trafficking and the morphology of its carrier organelle the WPB. We propose a model (Figure 5D) in which secretory proteins such as VWF and components that control Golgi morphology utilize a Sec22b-dependent pathway to arrive at the Golgi, where VWF is packaged in elongated WPB with dimensions that are proportional to the size of the Golgi. The reduction in WPB length in the absence of Sec22b is explained by a combination of retention of VWF in the ER and disintegration of the Golgi. Reduced flux of VWF through the secretory pathway ultimately decreases the amount of VWF that can be secreted by EC that lack Sec22b function. This highlights the importance of efficient transport of VWF through the secretory pathway prior to its packaging in WPB and identifies Sec22b as a potential determinant of plasma VWF levels. Future studies should address the impact of components of this protein complex on VWF plasma levels in patients with bleeding and thrombotic disorders.
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