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RGS4 controls secretion of von Willebrand factor to the
subendothelial matrix
Francesca Patella and Daniel F. Cutler*

ABSTRACT
The haemostatic protein vonWillebrand factor (VWF) exists in plasma
and subendothelial pools. The plasma pools are secreted from
endothelial storage granules, Weibel–Palade bodies (WPBs), by
basal secretion with a contribution from agonist-stimulated secretion,
and the subendothelial pool is secreted into the subendothelial matrix
by a constitutive pathway not involving WPBs. We set out to
determine whether the constitutive release of subendothelial VWF
is actually regulated and, if so, what functional consequences this
might have. Constitutive VWF secretion can be increased by a range
of factors, including changes in VWF expression, levels of TNF and
other environmental cues. An RNA-seq analysis revealed that
expression of regulator of G protein signalling 4 (RGS4) was
reduced in endothelial cells (HUVECs) grown under these
conditions. siRNA RGS4 treatment of HUVECs increased
constitutive basolateral secretion of VWF, probably by affecting the
anterograde secretory pathway. In a simple model of endothelial
damage, we show that RGS4-silenced cells increased platelet
recruitment onto the subendothelial matrix under flow. These
results show that changes in RGS4 expression alter levels of
subendothelial VWF, affecting platelet recruitment. This introduces
a novel control over VWF function.
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INTRODUCTION
Endothelial von Willebrand factor (VWF) plays several roles in
haemostasis. This is reflected not only in its central role as a
mechanosensitive-binding platform for platelets, but also in its
presence in three secreted pools. VWF stored in Weibel–Palade
bodies (WPBs) can be released either by localised agonist-
stimulated exocytosis, to provide transient VWF strings on the
endothelial surface that initiate primary haemostasis, or by general
basal secretion, to provide the large pool of circulating plasma VWF
(Lopes da Silva and Cutler, 2016). The third VWF pool is released
by constitutive secretion into the subendothelial matrix, where it
presumably acts in platelet recruitment following exposure by
injury.
This latter pool of VWF is the least well understood. We

previously reported that it comprises very poorly multimerised
VWF, that is not stored in WPBs but secreted by a constitutive

pathway targeted to the subendothelial space, where it likely binds
to the extracellular matrix (Lopes da Silva and Cutler, 2016). Both
the regulation of this pathway and a direct analysis of the function of
this VWF after delivery remain elusive. Here, we used RNA-seq to
analyse cells treated with different regimes that increased
constitutive VWF secretion, allowing the identification of
regulator of G protein signalling 4 (RGS4) as a commonly
downregulated mRNA and as a candidate modulator of this
constitutive pathway. RGS4 is known to act both as a GTPase-
activating protein (GAP) (Watson et al., 1996; Berman et al., 1996)
and can also bind to β′COP (also known as COPB2) (Sullivan et al.,
2000), a component of the machinery underpinning the retrograde
secretory pathway. Both of these functions could potentially
modulate a constitutive secretory pathway. We used RGS4 siRNA
to show that this protein does indeed regulate constitutive secretion
of VWF to the subendothelial matrix, and developed an assay
mimicking endothelial damage, by stripping endothelial cells from
their extracellular matrix, to determine the effects on platelet
recruitment under flow of changing levels of RGS4. We conclude
that altering the amount of constitutively secreted VWF into the
subendothelial space by decreasing RGS4 levels in endothelial cells
can indeed alter platelet recruitment to an exposed subendothelial
surface in a simplified model of injury.

RESULTS
Identification of a candidate for control of constitutive VWF
secretion in endothelial cells
To identify regulators of constitutive VWF secretion, we challenged
human umbilical vein endothelial cells (HUVECs) with conditions
known to increase unregulated (i.e. basal plus constitutive) VWF
secretion. We used brefeldin A (BFA) treatment to distinguish
between basal and constitutive secretion (Giblin et al., 2008; Lopes
da Silva and Cutler, 2016); BFA selectively blocks constitutive
secretion by disrupting endoplasmic reticulum (ER) to Golgi
transport, thus preventing exit of newly synthesized material from
the ER without affecting secretion from post-Golgi organelles, such
as WPBs (including basal secretion of VWF) (Fig. 1A). The
conditions that we tested, shown in the referenced literature to
increase unregulated VWF secretion, were: (1) VWF knockdown
(KD) by siRNA (si-VWF) (Ferraro et al., 2014); (2) nocodazole
treatment (Ferraro et al., 2014); (3) TNF treatment (Bernardo et al.,
2004; van der Poll et al., 1992); (4) MyRIP KD (si-MyRIP)
(Bierings et al., 2012; Nightingale et al., 2009); (5) GRK2 KD
(si-GRK2) (Stevenson et al., 2014); and (6) EBM2 medium (from
our unpublished observations). We also used AP1 KD as a positive
control for the maximum possible constitutive output that could be
obtained by switching all VWF secretion to constitutive [AP1 is
essential for WPB formation, and once ablated, the major WVF
secretory pathways (basal and agonist-stimulated) are
redirected towards the constitutive pathway (Lui-Roberts et al.,
2005; Lopes da Silva and Cutler, 2016)]. These experiments
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(Fig. 1B–H) showed that – besides AP1 depletion – suppressing
VWF levels, treating with TNF, and growth in EBM2 medium all
increased constitutive VWF release, while the other treatments only
affected basal release.

To identify common factors among the three treatments, we used
an RNA-seq approach (Tables S1–S3). No genes were found to be
commonly upregulated in the three conditions, but two genes –
those encoding RGS4 and Gap junction protein α5 (GJA5) – were

Fig. 1. Conditions increasing constitutive VWF secretion in HUVECs. (A) To measure and distinguish between basal and constitutive VWF secretion we
deployed brefeldin A (BFA), a drug able to block constitutive secretion without affecting the release of pre-formed VWF-containing organelles (WPBs) via basal
release. (B–H) HUVECs were challenged with the indicated conditions known to increase unstimulated VWF secretion: VWF KD (si-VWF) (B), nocodazole (C),
TNF (D), MyRIP KD (si-MyRIP) (E), GRK2 KD (si-GRK2) (F), EBM2 medium (G), AP1 KD (si-AP1) (H). The amount of secreted VWF (in the absence of any
stimulant) was measured by ELISA and plotted as a percentage of the total VWF in cells. Conditions shown in A, C and F were further investigated because they
induced an increase in constitutive secretion versus basal secretion, since that increasewas blocked by BFA. In B–H, a representative experiment with mean±s.d.
of technical replicates is shown from n=3 independent experiments. *P≤0.05; **P≤0.01; ***P≤0.001; ****P≤0.0001; n.s., not significant (Student’s t-test).
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downregulated in the si-VWF, TNF and EBM2 conditions (Fig. 2A,
B). Since RGS4 is a cytosolic protein that has already been shown to
be involved in negatively regulating agonist/receptor-stimulated
secretion of insulin (Ruiz de Azua et al., 2010) and catecholamines
(Iankova et al., 2008), we further investigated its role in constitutive
VWF secretion. We first confirmed by quantitative (q)PCR that
RGS4 mRNA was downregulated in all three conditions (Fig. 2C),
but not when constitutive secretion was not affected (i.e. in
nocodazole treatment, MyRIP KD, GRK2 KD and AP1 KD)
(Fig. 2D). Interestingly, while AP1 KD does increase constitutive
secretion of VWF, it does not decrease RGS4 expression, whereas
when RGS4 expression is decreased in TNF, EBM2, VWF KD
conditions, we did not find changes in AP1 expression (Fig. 2D;
Tables S1–S3), suggesting that AP1 and RGS4 act through different
mechanisms. Since we were not able to measure RGS4 by
immunoblotting using commercial antibodies, we used an indirect
approach to check whether the phenotype we observed upon
decreased RGS4 mRNA expression with the different treatments
was due to a consequent diminished amount of RGS4 protein. We
treated the cells with a NO donor (S-nitroso-L-cysteine; CysNO),
known to induce RGS4 proteasomal degradation (Jaba et al., 2013;
Hu et al., 2005), and then measured VWF secretion compared to
control cysteine (Ctl_cys). We noticed an increase in unstimulated
VWF secretion in cells treated with CysNO (Fig. 2E), and this
prompted us to conclude that the treatments causing increased
unstimulated VWF secretion also affected general RGS4
expression, not just its mRNA.

RGS4 KD increases constitutive VWF secretion from the
basolateral side of HUVECs
To verify that the decreased expression of RGS4 was directly
responsible for increasing constitutive VWF secretion we used an
siRNA approach (Fig. 3A). si-RGS4 affected neither the length
distribution nor the number of WPBs (Fig. 3B,C), but it increased
constitutive VWF secretion∼2-fold (Fig. 3D). To analyse any effect
on the polarity of secretion, we seeded the HUVECs in Transwell
inserts and collected the medium from the top well (releasate from
the apical side) and the bottom well (releasate from the basolateral
side) (Fig. 3E). This revealed that the increase in VWF secretion
upon si-RGS4 was mostly from the basolateral surface of the cells
and was indeed constitutive, since it was blocked by BFA (Fig. 3F).
To test whether this effect of RGS4 KD was specific to VWF
secretion, we transfected the cells with a lumGFP construct (Blum
et al., 2000; Knipe et al., 2010), a cargo known to be secreted
constitutively in HUVECs but in a non-polarised way (Lopes da
Silva and Cutler, 2016). RGS4 did not affect either the amount or
polarity of lumGFP secretion, suggesting that its action is at least
partly specific to VWF (Fig. 3G). These data indicate that RGS4
negatively regulates the basolateral secretion of VWF from
endothelial cells.

The β′-COP-binding activity of RGS4 is responsible for
constitutive VWF secretion
RGS4 is known to have at least two activities: to act as a GAP for
heterotrimeric G proteins and to bind β′-COP, a subunit of the COPI

Fig. 2. Identification of a regulator of constitutive VWF secretion in HUVECs. A comparison of the transcriptome (made by RNA-seq) of the previously
selected conditions (si-VWF, EBM2 and TNF) relative to their respective controls enabled us to identify a putative regulator of constitutive VWF secretion. The
Venn diagrams show the number of downregulated (A) and upregulated transcripts (B). RGS4 and GJA5 were the only transcripts found to be significantly
regulated (underexpressed) upon all three treatments (A,C), while in the other treatments where constitutive secretion was not affected (GRK2KD andMyRIP KD)
or in AP1 KD (an independent regulator of constitutive secretion), RGS4 mRNA was upregulated (D), as measured by qPCR. In C and D, a representative
experiment with mean±s.d. of technical replicates is shown from n=2 independent experiments. ****P<0.0001 (one-way ANOVA with Dunnett’s multiple
comparisons test). (E) A NO donor (CysNO), which affects RGS4 at the protein level, triggering its degradation, increases unstimulated VWF secretion compared
to the Cys control. A representative experiment with mean±s.d. of technical replicates is shown from n=3 independent experiments. **P≤0.01 (Student’s t-test).
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coatomer complex essential to retrograde transport from the trans-
Golgi network to the cis-Golgi network and ER (Sullivan et al.,
2000). In principle, either activity could affect constitutive
secretion; heterotrimeric G-proteins are active at the Golgi
(Giannotta et al., 2012; Cancino et al., 2014), and we have recently
shown that modulating retrograde trafficking that is dependent on
COP1-coated vesicle transport can affect exit from both the ER and
from the TGN (Lopes-da-Silva et al., 2019). To test whether RGS4
depletion affects G-protein signalling or binding to β′-COP, we
overexpressed (OE) a GAP-dead RGS4mutant (N128A) (Fig. 4A), or
an RGS4 mutant with a deleted (delta131–205) (Fig. 4B) or mutated
(K100E) (Fig. 4C) binding site for β′-COP. When over-expressed in

identical circumstances, the GAP-dead construct had no effect on
unstimulated VWF secretion, but the constructs unable to bind
β′-COP were able to replicate the phenotype observed upon RGS4
depletion. These experiments suggest that RGS4 may indeed act as an
indirect brake on constitutive secretion of VWF from HUVECs by
interfering with the retrograde trafficking pathway that recycles
machinery for re-use by the anterograde constitutive pathway.

The functional activity of VWF delivered to the
subendothelial matrix is regulated by RGS4
Our data provide evidence that RGS4 controls constitutive
basolateral secretion of VWF. Since this pool of VWF is released

Fig. 3. RGS4 KD increases constitutive VWF secretion from the basolateral side of HUVECs. (A) We successfully reduced RGS4 mRNA in HUVECs with
siRNAs. A representative experiment with mean±s.d. of technical replicates is shown from n=4 independent experiments. ****P<0.0001 (Student’s t-test).
(B–D) As assessed through high-throughput imaging experiments, we did not observe changes in the length of WPBs (the area covered by the longer WPBs,
those greater than 2 µm, is used as a proxy for length) in the RGS4 KD cells (B), or in the number of WPBs per cell (C), n=8 wells (for each well the mean of nine
fields of view were analysed). n.s, not significant (Student’s t-test). We did measure, by secretion assay followed by ELISA, an increase in constitutive VWF
secretion (D). The plot shows means±s.d. of a representative experiment from n=3 independent experiments. ***P≤0.001 (Student’s t-test). (E–G) Plating
cells in Transwell inserts enabled us to better dissect the route of the increased constitutive VWF secretion (as assessed by comparing with and without BFA)
upon RGS4 KD (F), which was mainly released towards the basolateral side of the HUVECs. When using a construct expressing a constitutively secreted protein
(lumGFP), we did not measure changes in its secretion upon RGS4 KD (G). In F,G a representative experiment with mean±s.d. of technical replicates is shown
from n=3 independent experiments. ***P≤0.001; n.s., not significant (Student’s t-test).

4

RESEARCH ARTICLE Journal of Cell Science (2020) 133, jcs247312. doi:10.1242/jcs.247312

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



into the subendothelial matrix and is only in contact with circulating
blood when there is an injury compromising the endothelial layer,
we sought to determine the functional significance of this poorly
characterised pool of VWF.We therefore designed an experiment to
mimic injury that would result in exposure of the subendothelial
matrix to platelets under flow. We plated si-RGS4 or control
HUVECs in flow chambers, allowed them to grow to confluence,
then removed the cells under flow, and passed whole blood or
platelets over the exposed subendothelial matrix. After fixation and
antibody labelling of VWF, we quantified, by means of
immunofluorescence microscopy, both that RGS4 KD did lead to
more VWF being present within the matrix (Fig. 5A), and that there
was increased platelet recruitment (shown by the marker CD41),
either from whole blood (Fig. 5B,C) or isolated platelets (Fig. 5D).
Taken together, this suggests that by regulating secretion of VWF
into the subendothelial space, RGS4 can potentially control the
ability of an endothelium-denuded surface, such as an injured vessel
wall to recruit platelets to the exposed matrix.

DISCUSSION
VWF is released from endothelial cells into three pools, of which
that located within the subendothelial matrix has only recently been
characterised. In this work, we show that the secretion of this pool of
VWF is regulated, affecting the recruitment of platelets when
exposed.
We have previously shown that not only is this pool of VWF

targeted for release towards the subendothelial space, but is
constitutively secreted (i.e. not stored within WPBs), and thus
cannot undergo the complex biogenesis seen for the rest of VWF. It
largely remains as dimers, not forming the ultra-large concatamers
that are generated within the TGN/WPB (Lopes da Silva and Cutler,
2016). This subendothelial matrix pool is not only of much lower
molecular mass, but also does not form the coils that support
multimerization that is characteristic of lumenally secreted VWF. It

is not likely to be stretched under flow to optimise its ability to
recruit platelets, but rather may bind to elements, such as collagen,
within the matrix, potentially even saturating available VWF-
binding sites (although under our standard growth conditions, this
seems not to be the case). Nevertheless, VWF bound to the
extracellular matrix was shown to be able to bind to platelets under
flow (Baruch et al., 1991; Stel et al., 1985; Sixma et al., 1987;
Houdijk et al., 1986). Here, we have found that the constitutive
release of VWF into this pool can be controlled by RGS4, a poorly
characterised protein with two previously identified functions. Our
experiments showed that this protein acts to modulate the
constitutive secretion of VWF, likely via its ability to bind to
β′-COP. β′-COP is essential for the formation of COP1 coats that
support retrograde vesicular transport from the TGN all the way
back to the ER. Interfering with retrograde transport, for example,
by suppressing GBF1, which controls COP1 coat assembly by Arf1
and Arf4, also leads to modulation of VWF anterograde traffic
(Lopes-da-Silva et al., 2019). In that previous study, we also
reported dramatic effects on WPB formation at the TGN. Inhibiting
retrograde traffic reduced recycling of components essential to
anterograde trafficking, causing hold-ups at ER and TGN exit, the
latter leading to the formation of giant WPBs. Here, we speculate
that, by removing RGS4, we are promoting retrograde and
anterograde trafficking, and hence also constitutive VWF
trafficking, without significantly affecting WPB size.

Binding of RGS4 to β′-COP was previously shown to prevent
COPI binding to purified Golgi membranes and to impair
constitutive trafficking of aquaporin in LLC-PK1 cells (Sullivan
et al., 2000). Consistent with this, we show that RGS4 depletion, or
overexpression of RGS4 lacking the ability to bind β′-COP, caused
an increase in constitutive VWF secretion to the subendothelial side
of endothelial cells, arguably by removing the brake on β′-COP and
promoting β′-COP function in retrograde/anterograde trafficking.
How specific to VWF this mechanism might be remains to be

Fig. 4. The β′-COP-binding activity of RGS4 is responsible for constitutive VWF secretion. To understand which of the two known functions of RGS4 is
responsible for controlling constitutive VWF secretion, we expressed and compared the effects of mutated and wt RGS4 constructs. Expressing a GAP dead
mutant (N128A) does not change the amount of unstimulated VWF secretion (A), whereas expressing a construct lacking the binding site for β′-COP (delta131–
205) or mutated in the β′-COP binding activity (K100E) results in an increase in unstimulated VWF secretion (B,C). A representative experiment with mean±s.d. of
technical replicates is shown from n=3 independent experiments. *P≤0.05; ***P≤0.001; n.s., not significant (Student’s t-test).
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elucidated. Our experiments suggest that in HUVECs, RGS4 KD
specifically increases constitutive VWF secretion, but more
sensitive approaches (e.g. using proteomics) could be used to
fully address this question.
Is this mechanism likely to be used for physiological control? One

possible mechanismwould involve nitrous oxide (NO), a promoter of
a healthy, anti-atherogenic endothelial phenotype, which is also able
to trigger the proteasomal degradation of RGS4 (Jaba et al., 2013; Hu
et al., 2005). We speculate that when NO is induced, it will increase
the secretion of VWF towards the subendothelial space, but not
towards the vessel lumen into the plasma VWF pool. In this way, NO
will not drive the formation of a plug that could become a thrombus,
because the subendothelial VWF will only become exposed when
damage has already occurred. Thewell-known anti-platelet actions of
NO (Mellion et al., 1981; Radomski et al., 1990) can thus act in the
lumen of the vessel without jeopardising a VWF-dependent
haemostatic response to actual injuries that expose VWF in the
subendothelial space.
This work focusses on the neglected constitutive pool of VWF

that not only has a different mode of biosynthesis from the better
understoodWPB-associated pools, but is also differentially targeted

for secretion to the subendothelial space, and at least in part is
regulated by separate machinery, depending on RGS4. Further
details of all the mechanisms involved in the control of this pool,
whose secretion was previously believed to be uncontrolled (i.e.
constitutive), plus the functional consequences of its regulation now
clearly warrant future investigation.

MATERIALS AND METHODS
Cell culture
Human umbilical vein endothelial cells (HUVECs) pooled from multiple
donors are from PromoCell and used within the fifth passage. Cells were
cultured in M199 (Thermo Fisher Scientific, UK) or EBM2 (Promocell,
Heidelberg, Germany) with 20% fetal bovine serum (Labtech, Heathfield,
UK), 30 μg/ml endothelial cell growth supplement from bovine neural tissue
(Sigma-Aldrich, UK) and 10 U/ml heparin.

Nocodazole (1 μg/ml) and TNF (50 ng/ml) were from Sigma-Aldrich,
UK. Nocodazole and TNF treatment were for 16 and 24 h, respectively.

siRNA transfection
We used an AMAXA Nucleofector (Lonza, Basel, Switzerland) to
nucleofect siRNAs into 106 cells using two rounds of nucleofection, 2
days apart. After the second nucleofection, cells were seeded into a 12-well

Fig. 5. Constitutive basolateral VWF secretion provides a functional pool of VWF in the subendothelial space. The removal of HUVECs exposed the
subendothelial matrix and the VWF bound to it. Upon decellularisation, more VWF is bound to the extracellular matrix in RGS4 KD cells. (A) Scatter plots present
mean±s.d. of a representative experiment from n=3 independent experiments. Each symbol is the VWF fluorescence intensity (integrated density) of a field of
view. ∗∗∗∗P<0.0001 (Student’s t-test). (B) Confocal microscopy showing VWF (magenta) and platelets (green, CD41) after superfusion of the exposed
subendothelial matrix with blood. Scale bars: 50 µm.We could seemore platelets adherent in the RGS4 KD compared to control both when we superfused whole
blood (B,C) and also when we superfused isolated platelets (D) over the decellularised matrix. In C,D a representative experiment with mean±s.d. is shown from
n=3 independent experiments. Each symbol represents the area covered by platelets (n=35 fields of view). ∗∗∗∗P<0.0001 (Student’s t-test).

6

RESEARCH ARTICLE Journal of Cell Science (2020) 133, jcs247312. doi:10.1242/jcs.247312

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



or Transwell plate (see below) at a density of 1.2×105 cells per well to be
fully confluent at assay 48 h later. The siRNAs were custom synthesised by
Eurofins Genomics (Ebersberg, Germany). The target sequences are: si-
Luciferase (ctl), 5′-CGUACGCGGAAUACUUCGA-3′; si-RGS4 (pool of
two oligonucleotides, 250 pmol each), 5′-CCUCAAGUCUCGAUUCUAU
and 5′-GAAGGAGCCAAGAGUUCA-3′; si-MYRIP (pool of two
oligonucleotides, 250 pmol each): 5′-GAUGAGAUGGGCUCCGAUA-3′
and 5′-GAUAUUGAGAGCCGGAUUU-3′; si-GRK2 (pool of two
oligonucleotides, 150 pmol each): 5′-UGUCCAGUAACUUGAUUCC-3′
and 5′-GCUCGCAUCCCUUCUCGAAUU-3′; si-AP1 (targeting the AP1
subunit AP1M1, 300 pmol), 5′-AAGGCAUCAAGUAUCGGAAGA-3′;
and si-VWF (200 pmol): 5′-GGGCUCGAGUGUACCAAAA-3′.

Plasmids
p-MYC-HIS-RGS4 and pMYC-HIS-RGS4(131-205), pCEFL-RGS4,
pCEFL-RGS4 N128A were generously gifted by Dr Kirk Druey (National
Institutes of Health, National Institute of Allergy and Infectious Diseases,
Bethesda, MD). pMYC-HIS-RGS4-K100E was generated from p-MYC-
HIS-RGS4 by using the Q5 site directed mutagenesis kit (New England
BioLabs, Hertfordshire, UK). LumGFP plasmid is as described in Blum
et al. (2000). Plasmids were nucleofected (2 μg or 10 μg for lumGFP) into
106 cells, and cells were seeded into 12-well plates or a Transwell plate at a
density of 1.2×105 cells per well to be fully confluent and assayed 48 h later.
When plasmids were nucleofected with siRNAs, they were added at the
second round of nucleofection.

VWF secretion assay
Confluent cells were washed in serum-free (SF) medium [M199, 0.1 mg/ml
bovine serum albumin (BSA), 10 mM HEPES-NaOH, pH 7.4] and then
incubated in SF medium for 1 h at 37°C. The medium was collected in
Eppendorf tubes and centrifuged at 16,000 g for 10 min at 4°C, and the cells
were then lysed in 0.5%TritonX-100 in PBSwith protease inhibitors (Sigma-
Aldrich, UK; cat. #P8340) to determine VWF levels in both samples
(releasate and lysate). Brefeldin A (BFA, 5 μM from Sigma) was added to the
cells 1 h before the assay and was then present throughout the experiment. For
the NO donor experiment, CysNO or control Cys, freshly prepared according
to Cook et al. (1996) and Smith et al. (2018), were added to SFmedium at the
final concentration of 200 μM to treat confluent cells. Medium was collected
and cells were lysed, as above, after 1 h incubation at 37°C.

Relative amounts of VWF were determined by sandwich enzyme-
linked immunosorbent assay (ELISA) as previously described (Ferraro
et al., 2016).

Transwell experiments
Cells were seeded at 1.2×105 cells per well onto Transwell devices (cat.
#3460 Corning, Flintshire, UK), and assayed for secretion assay 2 days after,
by measuring the amount of VWF in both the apical (top well) and
basolateral chamber (bottom well).

lumGFP secretion assay
Cells nucleofected with lumGFP plasmid (Blum et al., 2000; Knipe et al.,
2010) and seeded on Transwell inserts were analysed 2 days after
nucleofection. The lumGFP secretion assay was performed as the VWF
secretion assay, as previously described (Lopes da Silva and Cutler, 2016).
Relative amounts of GFP were determined by sandwich ELISA using
MaxiSorp plates (Thermo Fisher Scientific) coated with sheep anti-GFP
(1:50,000, cat. #4745-1051, BioRad, Watford, UK), followed by
blocking and incubation with samples. Plates were washed and
incubated with rabbit anti-GFP (1:20,000, cat. #A6455, Thermo
Fisher Scientific) followed by washing and a final incubation with
goat anti-rabbit-IgG conjugated to horseradish peroxidase (HRP)
(1:3000, cat.#AB_2307391 Jackson Laboratories). Plates were
developed with o-phenylenediamine dihydrochloride and hydrogen
peroxide in a citrate phosphate buffer. Absorbance was analysed at
450 nm in a Thermomax microplate reader (Molecular Devices, San
Jose, CA) using a kinetic protocol with a reading every 30 s for 30 min.
A standard curve was made using lumGFP nucleofected lysates serially

diluted. Results are shown as the percentage of secreted GFP from the
total GFP (secreted plus lysate) measured in each sample.

RNA extraction, qPCR and RNA-seq
RNA was extracted using the RNeasy kit (Qiagen, Manchester, UK),
retrotranscribed into cDNAs by using the SuperScript III first-strand synthesis
system (Thermo Fisher Scientific) and amplified using SYBR Green
(DyNAmo SYBR Green qPCR Kit, Thermo Fisher Scientific) on a CFX
ConnectTM Real-Time PCR Detection System (BioRad, Watford, UK).

RNAseq was performed as described by Lopes-da-Silva et al. (2019). The
RNA-seq raw and processed data were deposited on NCBI GEO under
accession code GSE151854.

Decellularisation and flow assay
We grew cells in Ibidi μ-slides VI (cat. # IB-80606, Thistle Scientific,
Glasgow, UK) until they were fully confluent.We then attached the slide to a
pump system (Harvard Apparatus, Holliston, MA) and placed the slide on
the stage of a Zeiss Axiovert 100 inverted microscope (Artisan Technology
Group, Champaign, IL) maintained at 37°C. The cells were initially
superfused with PBS using a constant wall shear stress of 2.5 dynes/cm2

(0.25 MPa, 1.4 ml/min), that was maintained throughout the experiment.
After 1 min the cells were superfused with NH4OH 50 mM and Triton
X-100 0.1% in PBS for 2 min [the decellularisation solution was adapted
from Sixma et al., (1987) and Franco-Barraza et al., (2016)], during which
we could observe the cells detaching in real time. We then superfused again
with PBS, followed by either whole-blood or platelets (108/ml) in Tyrode’s
buffer for 1 min. After a final perfusion with PBS, μ-slides were fixed under
reduced flow (0.7 ml/min) with 4% formaldehyde for 5 min. The μ-slides
were fixed for a further 5 min under static conditions, washed with PBS and
then processed for confocal immunofluorescence.

Blood and platelets
Blood (7 ml) was drawn from local volunteers into citrate tubes and utilised
within few hours. The relevant UK research ethics committee approved the
work and the participant gave their written informed consent. Platelets were
spare pooled platelets from the London transfusion service of the NHS.

Immunofluorescence and confocal microscopy
After fixation of the decellularised matrix, we incubated the slides with 5%
BSA diluted in PBS for 30 min. Samples were subsequently incubated with
primary antibodies diluted in 1%BSA in PBS for 1 h. Antibodies used were:
anti-VWF (1:1000; cat. #A00A2, Agilent DAKO, Stockport, UK), anti-
CD41-FITC (1:200; clone 5B12, cat. #FCMAB195F, from Millipore,
Dorset, UK). Secondary antibodies were: Alexa Fluor 488- and 564
(Thermo Fisher Scientific)-conjugated anti-mouse- or rabbit-IgG at 1:500
dilution with PBS. Hoechst 33342 (Thermo Fisher Scientific) was used to
counterstain nuclei (1: 10,000). Images were acquired using a spinning disc
Ultraview Vox confocal microscope (PerkinElmer, Waltham, MA) with a
20× objective and 1.5× tube lens.

Statistical analysis
Statistical analyses were performed using GraphPad Prism software version
7. All graphs are represented as mean±s.d. Statistical significance was
assessed using two-tailed unpaired Student’s t-test or one-way ANOVA.
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