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Abstract

von Willebrand factor (VWF) is a multimeric hemostatic protein primarily synthesized in endothelial cells. VWF is stored
in endothelial storage organelles, the Weibel-Palade bodies (WPB), whose biogenesis strongly depends on VWF anterograde
trafficking and Golgi architecture. Elongated WPB morphology is correlated to longer VWF strings with better adhesive
properties. We previously identified the SNARE SEC22B, which is involved in anterograde endoplasmic reticulum-to-Golgi
transport, as a novel regulator of WPB elongation. To elucidate novel determinants of WPB morphology we explored en-
dothelial SEC22B interaction partners in a mass spectrometry-based approach, identifying the Golgi SNARE Syntaxin 5
(STX5). We established STX5 knockdown in endothelial cells using shRNA-dependent silencing and analyzed WPB and
Golgi morphology, using confocal and electron microscopy. STX5-depleted endothelial cells exhibited extensive Golgi frag-
mentation and decreased WPB length, which was associated with reduced intracellular VWF levels, and impaired stimu-
lated VWF secretion. However, the secretion-incompetent organelles in shSTX5 cells maintained WPB markers such as
Angiopoietin 2, P-selectin, Rab27A, and CD63. In brief, we identified SNARE protein STX5 as a novel regulator of WPB bio-

genesis.

Introduction

von Willebrand factor (VWF) is a hemostatic glycoprotein
that is primarily synthesized in endothelial cells (EC) and
acts as a factor VIll chaperone as well as an adhesive grid
for thrombus formation.! Decreased VWF plasma levels or
mutations in the VWF gene can cause von Willebrand dis-
ease (VWD), the most common bleeding disorder.? VWF
undergoes a multistep maturation process that involves
dimerization in the endoplasmic reticulum (ER), followed
by multimerization and proteolytic processing in the
Golgi.! Smaller VWF multimers are continuously secreted
(primarily) at the basolateral surface via the constitutive
pathway, while larger VWF multimers are condensed into

storage organelles emerging from the trans-Golgi network
(TGN): the Weibel-Palade bodies (WPB).?

WPB biogenesis is tightly linked to VWF synthesis, which
is highlighted by the absence of WPB in VWF knockout EC,
and their de novo formation in non-EC by ectopic VWF ex-
pression.*-® Besides VWF, WPB contain inflammatory and
angiogenic proteins, and recruit essential transport and
exocytotic machinery.”® WPB exocytosis occurs via basal
(continuous) or regulated (stimulus-induced) secretion
pathways, both predominantly targeting the apical surface
facing the blood vessel lumen.®? WPB play an important
role during primary hemostasis as their release ensures
the immediate delivery of VWF (and other molecules) in
the vessel lumen in response to injury, whereupon VWF
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tubules unfurl into long VWF strings on the apical sur-
face, which subsequently become decorated by
platelets.®

WPB have a distinct, elongated morphology: the cigar-
shaped structure is composed of densely packed helical
tubules of VWF multimers running along the length of the
organelle enwrapped by a tightly fitted endomembrane.®°
Both the length and adhesive properties of VWF strings
correlated with WPB length; shorter WPB generate
shorter VWF strings, with lower adhesive capacity for pla-
telets and plasma VWF.""2 However, what drives their dis-
tinct morphology is still largely unknown. The range in
WPB size was defined by the VWF quanta model, which
describes how during biogenesis VWF nanoclusters of a
discrete length (i.e., quanta) are co-packaged in variable
numbers at the Golgi, ultimately determining the length
of the WPB.® Although WPB length is known to be deter-
mined by Golgi ribbon architecture as well as by levels of
VWF synthesis,®* only recently has the control of VWF
progression through the early secretory pathway been
appreciated as a determinant of WPB length.s-""

In anterograde transport vesicles bud off at ER exit sites,
containing specific cargo en route to the Golgi. During this
process soluble N-ethylmaleimide-sensitive fusion pro-
tein attachment protein receptors (SNARE) are incorpor-
ated in the vesicle membrane (i.e., v-SNARE), which can
form complexes with Golgi-associated target membrane
SNARE (t-SNARE) to facilitate membrane fusion and
cargo release in the Golgi lumen.®® One study showed
that the ARF guanine-nucleotide exchange factor (GEF)
Golgi Brefeldin A-resistant GEF 1 (GBF1) modulates vesicle
fission at the ER and TGN, having an impact on WPB size
by controlling anterograde VWF transport and WPB segre-
gation from the TGN.”®

Exocytic SNARE proteins play a key role in WPB exocyto-
sis,?°2* and some have also been associated with VWF
plasma levels and severity of VWD.?*?¢ The role of SNARE
proteins in WPB biogenesis and VWF trafficking, however,
remains elusive. We have recently characterized the v-
SNARE SEC22B as a novel WPB size regulator through its
role in anterograde VWF transport and support of elon-
gated Golgi morphology.’® In the current study, we aimed
at identifying novel determinants of VWF trafficking
through mapping ER-Golgi fusion machinery in EC by
elucidating the SEC22B interactome. The proteomic
screen revealed a plethora of potential interactors, in-
cluding the SNARE protein syntaxin 5 (STX5). Knockdown
of STX5 in EC resulted in extensive fragmentation of Golgi
architecture, VWF retention in the ER, and significantly
shorter and fewer WPB. In addition, both intracellular
VWEF levels and regulated WPB exocytosis were signifi-
cantly suppressed, highlighting STX5 as an essential com-
ponent of the machinery driving WPB biogenesis and
release.
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Methods

Mass spectrometry analysis

Sample preparation, data acquisition and data analysis
were performed as previously described.?” Detailed ex-
perimental procedures are described in the Online Sup-
plementary Material.

von Willebrand factor string assay

VWF string assays were essentially performed as pre-
viously described using 75,000 shCTRL or shSTX5 trans-
duced cells per channel in gelatin-coated six-channel
IBIDI p-slides VI 0.4.28 Strings were visualized by supple-
menting perfusion mix with AF488-conjugated anti-VWF
antibody (DAKO) at 2 pM concentration. Further experi-
mental details can be found in the Online Supplementary
Material.

Secretion assay

EC were transduced and grown in six-well plates and cul-
tured for 7 days prior to the experiment with regular re-
placement of medium. Basal VWF release was
determined as unstimulated secretion over 48 h. For his-
tamine-induced secretion cells were starved for 30 min
in M-199 with 1% bovine serum albumin and subsequently
stimulated with 100 pyM histamine (Sigma-Aldrich; H7125)
for 1 h. Lysates were obtained in lysis buffer (phosphate-
buffered saline, 1% Triton X-100) supplemented with Halt
protease and a phosphatase inhibitor cocktail. VWF levels
were determined by enzyme-linked immunosorbent
assay as described previously.?

Antibodies and DNA constructs are listed in Online Sup-
plementary Tables S7 and S2, respectively. Additional
methods can be found in the Online Supplementary Ma-
terial.

Results

The SEC22B interactome in endothelial cells contains
SNARE proteins involved in anterograde, retrograde and
intra-Golgi protein trafficking.

To map the composition of the ER-to-Golgi SNARE net-
works that control VWF trafficking and WPB biogenesis,
we employed unbiased affinity purification-mass spec-
trometry in EC using mEGFP-tagged SEC22B as bait. A
total of 841 proteins were significantly enriched in
MEGFP-SEC22B compared to the mEGFP control (Figure
1A, B, Online Supplementary Table S3). Gene ontology en-
richment analysis revealed that the most prominent
complexes within the cellular components ontology were
‘membrane protein’ ‘inner mitochondrial membrane pro-
tein’, and ‘SNARE’ (Figure 1C). Furthermore, SEC22B and
its potential interacting partners collaborated in 235 en-
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riched biological processes, including anterograde and
retrograde ER-Golgi trafficking, intra-Golgi trafficking as
well as Golgi organization (Online Supplementary Table
S4).

To visualize protein interactions a STRING network was
generated based on high confidence interactions, showing
two major clusters representing proteins that are part of
the inner MT membrane protein complex or a SNARE
complex, with SEC22B as part of the latter (Figure 1D).
Among the significant hits there were many SNARE, in-
cluding STX5 and GOSR2 (Golgi SNAP Receptor Complex
Member 2), which are part of the anterograde SNARE
complex, and STX18, which facilitates retrograde traffick-
ing.?® Another protein complex represented in the STRING
analysis comprises components of the vesicle-tethering
NBAS/RINT1/ZW10 (NRZ) complex (i.e., NAPA, NBAS,
SCFD1, SCFD2, ZW10 and C190rf25), which regulates
SNARE complex formation of incoming vesicles on the ER
membrane.®® In addition, members of the conserved oli-
gomeric Golgi (COG) complex were identified (i.e., COG1-
6 and COG8), suggesting a link between SEC22B and the
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intra-Golgi vesicle membrane tethering complex.®'*? A last
notable hit in the SEC22B interactome screen is GBF1,
which was previously implicated in ER-Golgi transport of
VWE®

The SEC22B interactome analysis uncovered a large pro-
tein network containing both known and novel candidates
of protein trafficking in the endothelial biosynthetic path-
way. Based on interaction score and the number of edges
directed to SEC22B in the STRING analysis, we selected
one of the most prominent hits within the SNARE cluster,
STX5, for further follow-up. STX5 takes part in both ante-
rograde ER-to-Golgi trafficking and in retrograde intra-
Golgi trafficking.?® We validated the interaction between
STX5 and GFP-SEC22B by immunoblotting for co-precipi-
tated endogenous STX5 (Figure 1E), which is expressed as
long (~40 kDa; STX5L) and short (~34 kDa; STX5S) iso-
forms, resulting from an alternative start codon.®® Fur-
thermore, immunofluorescent STX5 staining in human
umbilical vein EC showed a perinuclear localization, over-
lapping with the trans-Golgi network marker TGN46 (On-
line Supplementary Figure S1A). SEC22B also concentrated
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Figure 1. STX5 is part of the SEC22B interactome in endothelial cells. (A) Label-free quantification (LFQ) of SEC22B protein levels
in pulldown samples determined in triplicate by mass spectrometry analysis. (B) Volcano plot of significantly enriched proteins
in the MEGFP and mEGFP-SEC22B pulldown samples. Red dot represents SEC22B used as bait. Orange dots represent SNARE
complex proteins based on GO:0031201 annotation. Dotted lines indicate significance thresholds (P.adjust <0.05 and |LFC|>1). (C)
Bar plot of enriched GO:CC protein complexes. (D) STRING-DB analysis of the enriched proteins in mMEGFP-SEC22B showing high
confidence interactors (combined STRING-DB scores >0.9). Colors represent enriched complexes: SNARE complex (orange), en-
doplasmic reticulum (ER) protein-containing complex (dark green), Golgi transport complex (pink), Vesicle tethering complex
(blue) and inner MT membrane protein complex (green). Red node indicates SEC22B. Disconnected nodes are not shown. The
panel below shows a zoom of the area with high SNARE complex protein density. (E) Western blot analysis of the short (S) and
long (L) isoforms of STX5 in input and pulldown (PD) samples from human umbilical vein endothelial cells expressing mEGFP or

MEGFP-SEC22B. B: beads.
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in the Golgi area, but was additionally observed in small
punctae localized in a wider area around the nucleus (On-
line Supplementary Figure S1B), most likely representing
ER exit sites and trafficking vesicles.** Collectively, these
observations suggest that STX5 and SEC22B interact at
the Golgi apparatus.

STX5 and SEC22B depletion in endothelial cells induces

unique and shared whole proteome alterations

To study the role of STX5 in EC, we silenced its expression
by stable expression of short hairpin (sh)RNA targeting
STX5. We determined knockdown efficiency of five shRNA
targeting STX5 in comparison to a non-targeting shRNA
control (shCTRL). Two shRNA (shSTX5_59826 and
shSTX5_59827) efficiently reduced expression of both
STX5 isoforms (Online Supplementary Figure S2A, B).

To assess the impact of STX5 silencing in an unbiased
manner, we explored differences on the proteomic level
between shSTX5 and shSEC22B compared to shCTRL and
untransduced cells, to determine the similarities and dif-
ferences between silencing either of the two interacting
partners in EC. Samples from the same condition clus-
tered together in the principal component analysis, show-
ing minimal variability between replicates (Figure 2A).
After confirming knockdown of SEC22B and STX5 (Figure
2B, Online Supplementary Figure S3), we analyzed the sig-
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nificantly changed proteins (Online Supplementary Table
S5). Analysis of proteomic alterations between the shSTX5
and shSEC22B conditions revealed 48 overlapping pro-
teins, which included VWF and angiopoietin-2 (Ang-2),
suggesting that STX5- and SEC22B-dependent intracellu-
lar trafficking regulates the transport of multiple WPB
cargo proteins (Figure 2C). Moreover, SEC22B depletion
rendered a total of 176 unique significantly changed pro-
teins, whereas in shSTX5 cells only 59 proteins were al-
tered.

To further examine these hits and assess protein co-regu-
lation, we generated a co-expression heatmap based on
Pearson correlations, which visualized four differentially
regulated protein clusters (Figure 2D). These clusters re-
vealed proteins that were mainly driven by STX5 (clusters
1 and 4) or shared between SEC22B and STX5 (cluster 2).
Further inspection of cluster 3 highlighted the presence
of WPB proteins, as illustrated by the decrease in intra-
cellular VWF levels in both shSTX5 and shSEC22B, and in
addition a reduction in Ang-2 and multimerin 1 (MMRN1)
(Figure 2E). Rab3D and VAMP3, which have previously
been implicated in WPB formation and exocytosis,*=**were
only significantly downregulated in shSEC22B cells, but
their expression levels appeared to be Llower in
shSTX5_59826 as well.

In summary, STX5 and SEC22B depletion causes overlap-
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Figure 2. Whole proteome analysis reveals clusters of dif-
ferentially regulated proteins in shSTX5 and shSEC22B
endothelial cells. (A) Principal component (PC) analysis of
analyzed samples in triplicate. (B) Label-free quantifica-
tion (LFQ) plot showing mass spectrometry-based SEC22B
and STX5 protein levels. (C) Venn diagrams showing over-
lap between individual shRNA and number of shared pro-
teins between shSEC22B and shSTX5 within differentially
regulated proteins compared to shCTRL and untransduced
conditions. Red boxes show the amount of shared proteins
for which the direction of regulation was opposed (up vs.
down). (D) Correlation heatmap showing Pearson coef-
ficients of regulated proteins separated into four clusters.
Row annotation indicates if a protein was regulated by
SEC22B (orange), STX5 (blue) or both. (E) LFQ plots of
cluster members. N.D.: not detected.
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ping proteomic changes, but STX5 knockdown also in-
duces unique alterations in the proteome, highlighting the
importance of STX5-mediated protein transport.

STX5 silencing results in altered Weibel-Palade body
length and loss of the Golgi architecture

To address a potential role of STX5 in WPB biogenesis we
investigated WPB and Golgi morphology in shSTX5 and
shCTRL human umbilical vein EC. STX5 knockdown was
validated by strongly reduced expression on western blot
and (nearly) absent immunofluorescent staining upon
STX5 knockdown (Figure 3A, B). Since shSTX5_59826
yields the most efficient and consistent knockdown, we
selected this shRNA for further experiments. To confirm
that the effects were specific for STX5 knockdown, key
experiments were also performed with shSTX5_59827.
VWEF staining revealed that upon STX5 silencing the char-
acteristic elongated shape of WPB was lost, while the VWF
that was present concentrated in spherical granules
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mostly found in the perinuclear area (Figure 3C). Assess-
ment of immunogold-labeled VWF by electron microscopy
confirmed that these VWF-positive structures were in-
deed short WPB (Online Supplementary Figure S4). Quanti-
tative analysis of the size of VWF-positive structures
revealed that WPB length was drastically decreased after
depletion of STX5 (Figure 3D). We also observed a con-
comitant disintegration of the Golgi; while TGN46 staining
showed a compact, continuous ribbon structure in
shCTRL cells, shSTX5 cells showed TGN46 staining on dis-
persed, unlinked structures (Figure 3C). Quantification re-
vealed that in the shCTRL condition approximately 70% of
the cells contained a continuous, compact Golgi, but the
vast majority (~90%) of Golgi structures in shSTX5 cells
appeared fragmented and dispersed (Figure 3E; examples
of Golgi states shown below). Co-staining of TGN46 with
the cis-Golgi marker GM130 revealed a similar dispersed
phenotype for the cis-Golgi in shSTX5 cells, suggesting
that the entire Golgi architecture is affected by STX5 de-

Figure 3. STX5 downregulation results in decreased
Weibel-Palade body length and extensive Golgi
fragmentation. (A) Western blot analysis of STX5 in
shCTRL and shSTX5 transduced human umbilical
vein endothelial cells (a-tubulin as loading control)
and quantification of STX5 knockdown efficiency
(mean * standard error of the mean (SEM), n=4, t-
test, **P<0.01, ***P<0.001). Molecular weights of
protein marker bands are indicated in kDa. L and S

D 5, indicate long and short STX5 isoforms, respectively.
= (B) Immunofluorescent staining of STX5 (gray) and
= nuclei (blue) in shCTRL and shSTX5 cells (scale bar:
£ 10 pm). (C) Representative immunofluorescence
S 4 microscopy images (n=7 biological replicates) of
o 24 "‘?F staining for VWF (green), TGN46 (magenta), STX5
% ,g_ (gray), and nuclei (Hoechst; blue) in shCTRL and

0 F shSTX5 cells (scale bar: 40 um). Boxed areas are

T . S magnified below (individual channels in gray scale).

ShCTRL shSTX (D) Weibel-Palade body (WPB) length in shCTRL and

E = F 6, r— shSTX5 cells measured in micrometers (um). Each
. o : : = transparent dot represents a WPB; the average
=100 é el o] 5 length of each biological replicate is shown in filled
;’ g . £ e color (median * interquartile range [IR], n=4, t-test,
% ﬁ Tonas | # qé': s **%%*P<0.0001). (E) The percentage of cells contain-
© @ . o 2- _:E_ ing a continuous or fragmented Golgi in shCTRL and
= 5 fegmenisd Solg = - shSTX5 cells (median # IR, shCTRL n=5, shSTX5 n=7,
8 *g e | B = t-test, ****P<0.0001). Examples of continuous and
i 0- Te IS fragmented Golgis stained with TGN46 (gray) are

0 00&\(\\30 gme“\ shown. (F) WPB length in shSTX5 cells with con-
shCTRL shSTX5 ¢ = tinuous versus fragmented Golgi (median * IR, n=6,

t-test, ***P<0.001).
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pletion (Online Supplementary Figure S5). These dispersed
Golgi structure in shSTX5 cells produced shorter WPB, in-
dicating that WPB length is dependent on extended Golgi
ribbon organization (Figure 3F), in agreement with pre-
vious literature.*® Interestingly, SEC22B was no longer ap-
parent on the dispersed Golgi structured, and instead
prominent staining surrounding the nucleus was observed
(Online Supplementary Figure S6). Together these results
indicate that STX5 is needed for the formation of elon-
gated WPB, by controlling the maintenance of extended
Golgi stacks that allow for loading of multiple VWF quanta
into newly forming WPB.

No rough endoplasmic reticulum dilation due to von
Willebrand factor retention upon STX5 silencing

We used transmission electron microscopy to further
evaluate the morphology of WPB, Golgi, and the ER (Figure
4A). Similar as earlier noted by light microscopy, the
length of the WPB (Figure 4A; WPB indicated by cyan over-
lay) was reduced upon STX5 silencing (Figure 4B). Golgi
ribbon structures arranged in compact stacks were clearly

A shcTRL
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identifiable in shCTRL cells, whereas shSTX5 cells con-
tained widely dispersed Golgi fragments (Figure 4A; Golgi
indicated by green overlay), which were a challenge to lo-
cate despite using the centriole as a reference point (Fig-
ure 4A; centrioles indicated by magenta overlay). As a
consequence, the majority of shSTX5 cells that were ana-
lyzed by transmission electron microscopy seemingly
lacked elongated Golgi stacks entirely (Figure 4C). These
observations, along with immunofluorescence microscopy
images showing an altered morphology of the Golgi ap-
paratus in STX5-deficient cells (Figure 3C, Online Supple-
mentary Figure S5), support the emerging concept that
formation of elongated WPB depends on the presence of
a TGN with extended ribbons to package multiple VWF
quanta in nascent WPB."®*"

We previously showed that SEC22B depletion causes re-
tention of VWF inside the ER lumen and massive dilation
of the rough ER as the SEC22B-dependent anterograde
trafficking pathway to the Golgi is blocked. STX5 de-
pletion also caused some retention of VWF in the ER as
judged by the overlap of a perinuclear pool of VWF with
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Figure 4. STX5 depletion induces morphological changes in Golgi and rough endoplasmic reticulum. (A) Transmission electron
microscopy images of shCTRL and shSTX5 cells. Boxed regions are magnified below outlined with corresponding colors. Weibel-
Palade bodies (WPB) and rough endoplasmic reticulum (ER) sheets are highlighted with cyan and yellow overlays, respectively.
In the image on the right, Golgi segments are highlighted in green and centrioles in magenta. Scale bars represent 3 pm and 1
um as indicated. (B) WPB length measured in transmission electron microscopy images (median % interquartile range [IR], t-test,
***pP<0.001). (C) The percentage of cells with Golgi ribbons versus no Golgi ribbons. (D) The rough ER sheet width measured in
shCTRL and shSTX5 cells (median £ IR, n=3, t-test, ns: not significant).
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the rough ER marker Protein disulfide isomerase A3 (PDI)
(Online Supplementary Figure S7). Morphological analysis
of the ER revealed that STX5 silencing did not cause VWF
retention to the same extent as observed previously in
SEC22B-depleted cells,® as no large round dense (VWF-
positive) structures were detected inside the ER lumen
(Figure 4A; rough ER sheets indicated with yellow overlay).
Modest dilation of the rough ER was occasionally ob-
served upon STX5 knockdown (Online Supplementary Fig-
ure S8; rough ER sheets indicated with yellow overlay),
but on average the luminal width of rough ER cisternae
was not significantly altered in the shSTX5 cells (Figure
4D). Overall, these results indicate that while STX5 and
SEC22B depletion have a comparable impact on WPB and
Golgi morphology, the increase of ER volume to accom-
modate accumulating (secretory) proteins is unique to
SEC22B knockdown.

M. Kat et al.

Characteristic Weibel-Palade body markers co-localize
with von Willebrand factor-positive structures in
shSTX5 cells

Since WPB contain an array of proteins besides VWF,2 we
examined whether the localization of these proteins to
WPB depends on STX5 by analyzing several WPB cargo and
WPB membrane-associated proteins using immunofluor-
escence microscopy. The soluble angiogenic mediator
Ang-2 and transmembrane adhesion receptor P-selectin
(also referred to as CD62P) are sorted to the WPB during
biogenesis at the TGN.**-2® Confocal imaging showed that
Ang-2 and P-selectin both localized at WPB in shCTRL as
well as shSTX5 cells, implying that trafficking of these
proteins from the Golgi to their storage compartment
continues despite the loss of elongated Golgi architecture
upon STX5 silencing (Figure 5A, B). We also investigated
localization of two late-stage WPB markers: Rab27A and
CD63, each representative of a separate route for post-
Golgi protein arrival to WPB. Rab27A, an established matu-

Figure 5. Weibel-Palade
body cargo proteins An-
giopoietin-2 and P-selec-
tin localize to small
Weibel-Palade bodies in
STX5-depleted cells. (A)
Immunofluorescent stain-
ing of Angiopoietin 2 (Ang-
2, cyan), von Willebrand
factor (VWF, magenta),
and STX5 (green) and (B)
P-selectin (CD62P, cyan),
VWF (magenta), and
TGN46 (green) in shCTRL
and shSTX5 human um-
bilical vein endothelial
cells (scale bar: 10 pm).
Individual channels are
shown below in gray
scale. Boxed areas are
magnified on the right.
Yellow arrowheads indi-
cate Ang-2-positive and
P-selectin-positive WPB in
(A) and (B), respectively.
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shSTX5

74Ai.;
Rab27A

shSTX5

ration marker that is mobilized from the cytosol and re-
cruits essential exocytosis machinery to the WPB mem-
brane,**-*" was present on the small WPB in STX5-depleted
EC (Figure 6A). CD63, an integral membrane protein that
reaches the WPB from late endosomes via an AP-3-de-
pendent mechanism,?**2>%* was observed on spherical
compartments, likely endosomes, and elongated WPB in
shCTRL cells as well as rounded WPB in shSTX5 cells, in-
dicating that its recruitment from endosomes was not im-
paired by STX5 depletion (Figure 6B). Thus, localization of
a selection of established WPB markers remains un-
changed after STX5 silencing, indicating that trafficking of
cytosolic-, Golgi- and endosome-derived cargo is not im-
paired.

M. Kat et al.

Figure 6. Normal recruitment
of maturation marker Rab27A
and endosome-derived CD63
to small Weibel-Palade bodies
upon STX5 knockdown. (A)
Immunofluorescent staining
of Rab27A (cyan), VWF (ma-
genta), and STX5 (green) and
(B) CD63 (cyan), VWF (ma-
genta), and TGN46 (green) in
shCTRL and shSTX5 human
umbilical vein endothelial
cells (scale bar: 10 pm). Indi-
vidual channels are shown
below in gray scale. Boxed
areas are magnified on the
right. Yellow arrowheads in-
dicate Rab27A-positive and
CD63-positive Weibel-Palade
bodies in (A) and (B), re-
spectively.

Short Weibel-Palade bodies in STX5-depleted cells are
secretion-incompetent

A previous report described that WPB size is correlated to
the length and adhesive properties of VWF strings." Since
loss of STX5 expression results in shorter WPB, we hypo-
thesized that stimulated release of these WPB results in
the formation of shorter VWF strings. To test this we per-
fused EC under 2.5 dynes/cm? flow conditions with his-
tamine to induce WPB exocytosis and a fluorescent VWF
antibody to detect VWF strings. A large number of VWF
strings of varying lengths were formed on the surface of
shCTRL cells, but strikingly no VWF string formation was
seen for shSTX5 cells (Figure 7A). Confocal analysis of un-
stimulated conditions revealed that small WPB were pres-
ent in shSTX5 cells, predominantly localized in the
perinuclear area (Online Supplementary Figure S9). How-
ever, the absence of VWF string formation indicated that
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Figure 7. STX5 silencing impairs von Willebrand factor string formation. (A) von Willebrand factor (VWF) string assay with shCTRL
and shSTX5-transduced human umbilical vein endothelial cells following stimulation with 100 uM histamine. Extracellular VWF
is shown in green in differential interference contrast and fluorescence overlay images and in black in inverted fluorescence im-
ages below (scale bar: 100 pm). (B) The average number of Weibel-Palade bodies (WPB) per cell in shCTRL and shSTX5 cells
(mean * standard error of mean [SEM], n=3, t-test, *P<0.05). (C) Western blot analysis of VWF and STX5 expression in shCTRL
and shSTX5 cells (a-tubulin as loading control). L and S indicate long and short STX5 isoforms, respectively. Molecular weights
of protein marker bands are indicated in kDa. (D) VWF multimer analysis on media secreted over 24 h by shCTRL and shSTX5
cells. D: dimer, LMW: low molecular weight, HMW: high molecular weight, UL: ultra large. N.R.: non-reducing conditions, R.: re-
ducing conditions. (E) Band intensity profile plot of representative VWF multimer patterns in arbitrary units (A.U.). (F) Quantifi-
cation of the area under the curve (AUC) of D, LMW, HMW, and UL multimers as a percentage of total AUC per curve (mean %
SEM, n=3, two-way analysis of variance, ****P<0.0001).
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these WPB are secretion-incompetent upon stimulation.
Immunofluorescent analysis of WPB in shSTX5 and shCTRL
cells showed that in addition to size, the average number
of WPB per cell was significantly reduced upon STX5
knockdown (Figure 7B). To examine whether the observed
decrease in WPB numbers was due to downregulated VWF
expression in STX5-depleted cells, we quantified intracel-
lular VWF levels by western blot and enzyme-linked im-
munosorbent assay (Figure 7C, Online Supplementary
Figure S10A). In line with the reduction of WPB, intracellu-
lar VWF levels were significantly reduced upon STX5 si-
lencing, which could indicate a decreased expression, or
an increased degradation or secretion. Consistent with the
VWF string assay data histamine-stimulated secretion of
VWF was sharply reduced following STX5 silencing, em-
phasizing that the small WPB in STX5 knockdown cells are
stimulus-insensitive (Online Supplementary Figure S10B,
C). Unstimulated VWF secretion, which is a composite of
basal, WPB-derived secretion and constitutive secretion,
was decreased, but not proportionate to stored VWF (On-
line Supplementary Figure S10D, E). Subsequent VWF
multimer analysis of the unstimulated releasates from
shCTRL and shSTX5 cells revealed a remarkable change in
multimer size composition, with relatively more VWF
dimers and low molecular weight multimers, but less high
molecular weight and ultra-large multimers secreted by
STX5-depleted cells (Figure 7D-F). Notably, shSTX5-de-
rived VWF dimers and low molecular weight multimers
showed a slightly reduced mobility in gel electrophoresis,
possibly indicating differences in post-translational modi-
fication.

Collectively, these data indicate that loss of STX5 has criti-
cal consequences for WPB biogenesis, VWF string forma-
tion, secretion, and multimerization, indicating that this
SNARE protein is a crucial player in the endothelial secre-
tory pathway.

Discussion

SNARE proteins constitute the key machinery that pro-
motes membrane fusion during vesicle transport.’® We
have previously identified several SNARE proteins involved
in WPB maturation and exocytosis, while recently we have
shown the critical role of SEC22B, an ER-to-Golgi SNARE,
in VWF trafficking and WPB formation.’®2°2" |In this study, a
mass spectrometry-based approach elucidated the
SEC22B interactome in EC and identified potential novel
regulators of WPB biogenesis. We focused on STX5, a cog-
nate SNARE protein that is primarily found in the Golgi
membrane and has been shown to facilitate ER-to-Golgi
and intra-Golgi protein trafficking.?® By silencing STX5 ex-
pression, we discovered a severe defect in WPB biogen-
esis, accompanied by fragmentation of the Golgi and
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abrogation of secretagogue-induced VWF release. Our
data point to a crucial role for STX5-containing SNARE
complexes in the ability of EC to efficiently store and se-
crete VWF.

The importance of VWF transport in WPB biogenesis is
underlined by previous studies showing that WPB size
depends on anterograde VWF delivery and Golgi morphol-
ogy, and ultimately determines their functionality in
hemostasis.""*4* Recently, novel players have been ident-
ified that modulate biosynthetic pathways crucially in-
volved in WPB biogenesis.®® The Arf GTPases Arf1 and Arf4
and their GEF GBF1 are essential for the formation of WPB
through regulation of membrane fission. GBF1 deficiency
was accompanied by the formation of giant, secretion-in-
competent WPB. Contrarily, v-SNARE SEC22B regulates
ER-to-Golgi transport by facilitating vesicle fusion and de-
pletion of SEC22B in EC blocks anterograde VWF transport
and results in fragmented Golgi structures and shorter
WPB.® To this we can now add STX5, the depletion of
which shows considerable phenotypic overlap with that
of SEC22B-deficient cells. These studies indicate that
regulators of vesicle fission and fusion are essential com-
ponents of the trafficking pathways utilized for VWF
multimer assembly as well as WPB biogenesis. Interest-
ingly, GBF1 was also a hit in our SEC22B interactome
screen, suggesting that there are opportunities for cross-
talk between these two pathways.

STX5 is an integral member of the Golgi apparatus and
can form complexes with SEC22B, which is localized on
ER-derived vesicles, facilitating their fusion with the Golgi
(Figure 8).%2° While STX5L localizes predominantly to the
ER, STX5S has been shown to be crucial for intra-Golgi
traffic, but not Golgi morphology.*®* We observed that STX5
was mainly present in the Golgi, whereas SEC22B ex-
hibited a broader localization. Knockdown of both STX5
isoforms caused fragmentation of Golgi stacks into dis-
persed mini-stacks, similar to the effect of SEC22B de-
pletion.® Therefore, we hypothesize that Golgi
fragmentation is caused by the reduced delivery of mem-
brane or structural proteins that maintain Golgi architec-
ture from anterograde ER-derived vesicle transport.
Alternatively, as STX5 has been reported to participate in
Golgi reassembly after mitosis,*® reduced STX5 levels in
EC could potentially interfere with the post-mitotic Golgi
restoration, leading to permanent Golgi dispersal.

Golgi architecture has a large impact on WPB biogenesis
and elongation. According to the model first proposed by
Ferraro et al.,* continuous, extended Golgi ribbons allow
for the integration of more VWF quanta, resulting in elon-
gated WPB, while Golgi ministacks give rise to shorter
WPB.® In keeping with the VWF quanta model, WPB length
is significantly reduced in STX5-depleted cells with dis-
persed Golgi (Figure 8).

VWF release can be separated into three modes: consti-
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Figure 8. Proposed role of STX5 in the endothelial secretory pathway. Schematic overview of the endothelial secretory pathway
(top left panel) showing von Willebrand factor (VWF, green) monomers form dimers in the endoplasmic reticulum (ER); the dimers
are transported in vesicles to the Golgi (boxed area). The lower left panel depicts the proposed roles of SEC22B (red) and STX5
(blue) in this process. SEC22B, which is incorporated into the membrane of a vesicle budding off from the ER, forms a SNARE
complex with STX5 present on the Golgi, facilitating membrane fusing and releasing the cargo (i.e., VWF dimers) into the Golgi
lumen. Once arrived at the Golgi, VWF dimers multimerize and form quanta that arrive in the trans-Golgi network (TGN) to be
packaged into a Weibel-Palade body (WPB). The WPB are transported to the plasma membrane where they can be secreted.
Upon stimulation the WPB undergoes regulated exocytosis and releases its content into the vasculature, while VWF multimers
form long strings. If STX5 is silenced (top right panel), more VWF is observed in the ER and the entire Golgi apparatus becomes

fragmented and dispersed. Upon STX5 depletion, ER-derived vesicles can no longer fuse efficiently with the Golgi membrane
(lower right panel) and only a limited amount of VWF reaches the TGN. WPB size is strongly reduced and regulated VWF secretion

is diminished due to inefficient VWF anterograde transport and fragmented TGN morphology.

tutive, basal and regulated (stimulus-induced) VWF se-
cretion.* The WPB compartment ensures a rapid delivery
of VWF to form strings and initiate hemostasis.” Interest-
ingly, histamine-stimulated VWF secretion was severely
affected in STX5-depleted cells, as evidenced by the
(nearly) absent string formation and secretion. This could
be explained by the strongly depleted stimulus-sensitive
compartment, i.e., reduced number of peripheral WPB, de-
crease in WPB length and reduced overall VWF expression
levels. Recently, it has been shown that EC control func-
tional responses by size selection of WPB during exocyto-
sis, with a preference for longer WPB to undergo
exocytosis following stimulation with a subset of secre-
tagogues, in order to control functional responses.** Thus,
the relative unresponsiveness to histamine could also be
a consequence of the reduced length of WPB in shSTX5
cells.

Unstimulated VWF release was also decreased upon STX5
knockdown; however, the amount of secreted VWF
relative to stored VWF was proportionally increased com-
pared to the control, suggesting that basal secretion con-
tinues and is even slightly increased. Moreover, the

secreted VWF contained fewer larger multimers, indicating
a multimerization defect. The observed shift in size of
VWF dimers could perhaps be explained by incomplete
glycosylation of VWF as a result of mislocalized glycosyl-
ation enzymes that normally reside in the different Golgi
stacks of the Golgi.*” Therefore, we can hypothesize that
an essential role of STX5 is to maintain a continuous Golgi
from which properly multimerized VWF with post-trans-
lational modifications can be stored in elongated orga-
nelles, which have the capacity to mature into a
stimulus-sensitive WPB.

Partial quantitative VWF deficiency, known as VWD type 1
(VWD1), is the most prevalent subtype of VWD.? A sizeable
number of pathogenic VWF mutations in VWD1 lead to re-
duced plasma levels due to retention within EC,*¥-5°which
is often accompanied by lower WPB numbers and loss of
their characteristic elongated morphology.®"*? In about
25% of VWD1 patients and about 60% of individuals with
“low VWF” no causal mutation can be detected in their
VWF gene. It has been postulated that the genetic regu-
lation of VWF levels largely depends on an interplay of
several quantitative trait loci that influence VWF synthesis
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and clearance.®® While a large portion of the heritable
variation in VWF is still unaccounted for, some of these
modifiers include SNARE proteins that can influence WPB
exocytosis.?®265354 Gjven that a substantial portion of
quantitative VWF deficiencies in the group with VWF mu-
tations are characterized by defects in intracellular traf-
ficking of VWF, it is plausible that VWD and low VWF
pathogenesis in cases without damaging VWF mutations
may also be driven by genetic variations in cellular com-
ponents that control correct progression of VWF through
the endothelial secretory pathway. The SEC22B inter-
actome determined in this study uncovered an extensive
network consisting of SNARE and their regulators and
components of a number of vesicle tethering complexes
that operate at the ER (NRZ complex), Golgi (COG com-
plex) and post-Golgi (exocyst). Further cellular studies are
needed to elucidate their importance in VWF trafficking.
Potentially, data from such “trafficome” studies can be
used to inform genetic and genomic studies that focus
on identifying modifiers of VWF plasma levels in patients
who suffer from bleeding or thrombosis.
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