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Glycoprotein Ib-IX-V Complex Transmits
Cytoskeletal Forces That Enhance Platelet Adhesion
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ABSTRACT Platelets bind to exposed vascular matrix at a wound site through a highly specialized surface receptor, glycopro-
tein (GP) Ib-IX-V complex, which recognizes von Willebrand factor (VWF) in the matrix. GPIb-IX-V is a catch bond for it becomes
more stable as force is applied to it. After attaching to the wound site, platelets generate cytoskeletal forces to compact and
reinforce the hemostatic plug. Here, we evaluated the role of the GPIb-1X-V complex in the transmission of cytoskeletal forces.
We used arrays of flexible, silicone nanoposts to measure the contractility of individual platelets on VWF. We found that a sig-
nificant proportion of cytoskeletal forces were transmitted to VWF through GPIb-IX-V, an unexpected finding given the widely
held notion that platelet forces are transmitted exclusively through its integrins. In particular, we found that the interaction be-
tween GPIba and the A1 domain of VWF mediates this force transmission. We also demonstrate that the binding interaction
between GPIba and filamin A is involved in force transmission. Furthermore, our studies suggest that cytoskeletal forces acting
through GPlba are involved in maintaining platelet adhesion when external forces are absent. Thus, the GPIb-IX-V/VWF bond is
able to transmit force, and uses this force to strengthen the bond through a catch-bond mechanism. This finding expands our
understanding of how platelets attach to sites of vascular injury, describing a new, to the best of our knowledge, mechanism in

which the catch bonds of GPIb-IX-V/VWF can be supported by internal forces produced by cytoskeletal tension.

INTRODUCTION

Receptors involved in the adhesion of platelets are essential
for the cessation of bleeding (hemostasis). The interaction
between glycoprotein (GP) Ib-IX-V complex and von Wil-
lebrand factor (VWF) facilitates the arrest of circulating
platelets at sites of vascular injury (1,2). Additional platelets
attach on top of surface-bound platelets to form a platelet-
rich hemostatic plug (3,4). During adhesion and aggrega-
tion, platelets use integrins such as oqpB3 and a0 to
mediate interactions with other platelets and with the
injured vessel wall (5,6). Integrins are able to transmit con-
tractile forces that arise from cytoskeletal tension generated
by actin and myosin filaments. These cytoskeletal forces
help to improve the adhesion of platelets to the injured
vascular site (7) and shrink the gaps between platelets in
the hemostatic plug (8). Individuals with reduced expression
of integrins are predisposed to bleeding because of their
inability to form stable hemostatic plugs (9,10). Never-
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theless, aggregates of platelets can still form, albeit more
slowly and less efficiently than in normal individuals (11).
Thus, there appears to be an alternative mechanism for sta-
bilizing the adhesion of platelets at a wound site.

GPIb-IX-V complex is an obvious candidate to stabilize
the adhesion and aggregation of platelets because it is
abundant on the surface of a platelet and it associates with
actin filaments in the cytoskeleton (2,12,13). GPIb-IX-V is
composed of four polypeptides—GPIba, GPIb@, GPIX,
and GPV—in a 2:4:2:1 stoichiometry (14). GPIba contains
a binding site for the A1 domain of VWF in its extracellular
domain and another binding site for filamin A in its cyto-
plasmic domain. Filamin A mediates the association of
GPIb-IX-V with actin filaments (15), which we propose
could provide a means for transmitting cytoskeletal forces
to VWE

The bond between GPIba and the A1 domain is regarded
as a catch bond, i.e., the lifetime of the bond increases as
force is applied to it (16). These specialized bonds allow
platelets to remain attached to surfaces and withstand the ef-
fect of strong detachment forces acting on them due to high
shear flow. Therefore, we reasoned that in a manner similar
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to external hydrodynamic forces, a platelet’s catch bonds
could be strengthened through internal cytoskeletal forces
transmitted through the GPIb-IX-V/A1 domain bond.

Here, we used arrays of flexible nanoposts to measure the
cytoskeletal forces of platelets transmitted through GPIb-
IX-V. We determined the contribution of GPIb-IX-V versus
amnpB3 by blocking the receptor on the platelet surface or
its binding site on VWF. We confirmed our results using
Chinese hamster ovary cells expressing a recombinant
GPIb-IX complex. In addition, we found that the binding
site on GPIba for filamin A regulates the transmission of
cytoskeletal forces and these forces are required for the
adhesion of platelets to Al domain.

MATERIALS AND METHODS
Nanopost array fabrication and VWF coating

Nanopost arrays were replicated in polydimethylsiloxane (PDMS) from a sil-
icon master, which was manufactured by electron-beam lithography and
inductively coupled plasma etching (Fig. S1). Details of the fabrication
are provided in Supporting Methods in the Supporting Material. To coat
the tips of the nanoposts, we placed a 300 uL droplet of VWF solution
(10 ug/mL in phosphate buffered saline (PBS)) on the tips of nanopost arrays
and let the protein adsorb for 2 h. VWF was purified from cryoprecipitate as
previously described (17). We observed that VWF from the droplets formed
fiber-like strands between the tips of the nanoposts (Fig. S2).

Nanoposts were then treated with Alexa Fluor 594-conjugated bovine
serum albumin (BSA) (20 pug/mL in PBS; Sigma, Bloomington, MN) for
1 h to facilitate the fluorescent visualization of the nanoposts and block
the adsorption of other proteins. For additional blocking, we submerged
the nanoposts in a solution of 0.2% Pluronic F-127 (BASF Ludwigshafen,
Germany) in PBS for 1 h. The quality of the blocking layer was evaluated
by incubating platelets with nanoposts treated with Alexa Fluor 594-conju-
gated BSA and Pluronic F-127, but with no VWF coating. Platelets did not
attach to these coatings.

Blood collection and platelet isolation

Blood from healthy donors was collected into vacuum tubes containing acid
citrate dextrose solution (BD Medical, North Bend, WA) and used within
1 h of collection. Platelets were isolated from the blood by centrifugation,
washed in a CGS buffer (120 mM NaCl, 13 mM sodium citrate, and 30 mM
glucose at pH 7) and resuspended to the original volume of platelet-rich
plasma in Tyrode’s buffer (10 mM HEPES, 138 mM NaCl, 5.5 mM glucose,
12 mM NaHCO3;, 0.36 mM Na,HPO,, 2.9 mM KCl, 0.4 mM MgCl,, and
0.8 mM CaCl,, pH 7.5). All reagents for CGS and Tyrode’s buffer were
from Sigma (Bloomington, MN).

Antibody treatment

We incubated platelets in Tyrode’s buffer with antibody AK2 (5 ug/mL;
Abcam, Cambridge, MA), 7E3 (20 ug/mL; courtesy of Barry Coller, Rock-
efeller University), or both AK2 and 7E3 for 20 min with gentle rocking.
We assessed whether the antibodies activated the platelets by flow cytom-
etry (Fig. S5). The forward and side scatter profiles of untreated and anti-
body-treated platelets were similar, indicating that the antibodies did not
induce platelet activation.

Platelets were added to dishes containing nanoposts submerged in Ty-
rode’s buffer. Platelets adhered to the VWF coating on the tips of the nano-
posts. After 10 min of incubation, we gently washed the nanoposts in PBS
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to remove unattached platelets and then incubated the nanoposts in Tyrode’s
buffer for an additional 30 min to allow the platelets to spread and contract.
We fixed the platelets on the nanoposts with 4% paraformaldehyde, per-
meabilized them with 0.1% Triton X-100 (Sigma), and then stained them
with Alexa Fluor 488-conjugated phalloidin (Life Technologies, Carlsbad,
CA) for 1 h. After staining, the samples were mounted on glass slides with
Fluoromount-G (VWR International, Radnor, PA) for confocal microscopy.

Recombinant GPIba-300 G233V (Iba300gof)

A partial cDNA encoding amino acids 1-300 of GPIb« that contains a gain-
of-function G233V mutation (18) was amplified by polymerase chain reac-
tion and cloned into the Nhel and Xhol sites of pBIG-4f (described in the
Supplemental Methods section). This vector was transfected into Chinese
hamster ovary (CHO) Tet-On cells (Clontech, Mountain View, CA) along
with pUC19-puromycin to enable selection of stably expressing cell lines.
Cells secreting the recombinant GPIba-300 G233V peptide (Iba300gof)
were incubated for 48 h in serum-free medium (EX-CELL 302; Sigma)
containing 10 uM biotin (Sigma) and 2 ug/mL doxycycline (Sigma). To
harvest Iba300gof, the medium was concentrated and desalted to remove
free biotin using a PD-10 column (Sigma). For experiments, the nanoposts
were coated with VWF as described previously and then incubated with
Iba300gof (170 ug/mL) for 20 min to block the A1 domain of VWF and
inhibit platelet adhesion.

Recombinant A1 domain of VWF

A cDNA encoding amino acids 1260-1471 of VWF that comprise its Al
domain was polymerase chain reaction amplified and cloned into the PstI
and Xhol sites of pBIG-4e (see Supporting Methods in the Supporting Ma-
terial). CHO Tet-On cells (Clontech, Mountain View, CA) were stably
transfected with pBIG-4e-A1 and pUC19-puromycin to enable stable selec-
tion. Recombinant A1 domain was produced by incubating the cells in
serum-free medium (EX-CELL 302; Sigma) containing 10 uM biotin and
2 pg/mL doxycycline for 48 h, and then concentrating and desalting the me-
dium using a PD-10 column to remove free biotin. To determine protein
concentration, serial dilutions of the recombinant protein and biotinylated
BSA standards were separated by sodium dodecyl sulfate polyacrylamide
gel electrophoresis, detected using streptavidin-horseradish peroxidase,
and the protein concentration determined by densitometry assuming one
biotin per molecule (Fig. S6).

A1 domain coating

We applied the biotinylated recombinant A1 domain to the tips of the nano-
posts by coating the tips with streptavidin (10 ug/mL in PBS; Calbiochem,
Darmstadt, Germany) using microcontact printing, as described previously
(19). After treating the nanoposts with Alexa Fluor 594-conjugated BSA
and 0.2% Pluronic F-127, the nanoposts were submerged in a solution con-
taining recombinant Al domain (52 ug/mL) for 20 min. Experiments with
platelets seeded onto nanoposts coated with recombinant A1 domain were
conducted in an identical manner to the experiments with full-length VWF
coatings described previously. We used nanoposts coated with only strepta-
vidin or coated with A1 domain, but blocked with Iba300gof as negative
controls. The results of negative control experiments indicate that platelets
bind specificity to the Al coating on the nanoposts.

Micropost arrays fabrication and coating

Micropost arrays were replicated in PDMS from a master, which was man-
ufactured by photolithography of SU-8 on a silicon wafer. Details of the
fabrication are provided in Supporting Methods in the Supporting Material.
A microcontact printing technique was used to transfer VWF (10 pg/mL in



PBS) onto the tips of the microposts as described previously (19). We
then treated the micropost arrays with Alexa Fluor 594-conjugated BSA
and 0.2% Pluronic F-127 as described previously for nanoposts. To capture
the biotinylated Al domain at the tips of the microposts, we first
stamped streptavidin (10 ug/mL in PBS) onto the tips. After treating the mi-
croposts with Alexa Fluor 594-conjugated BSA and 0.2% Pluronic F-127,
we submerged them in a solution containing recombinant A1 domain
(52 pg/mL) for 20 min.

CHO cell lines

CHO«BIX, CHOaAS53461IX, and CHOaFW-AARIX cells were produced as
described (20-22). Briefly, wild-type and mutant GPIba constructs and
pREP4 (Invitrogen, Carlsbad, CA), which carries a hygromycin-resistant
marker, were cotransfected into CHO cells stably expressing GPIbg and
GPIX (CHOBIX). We evaluated the expression of GPIX and GPIba subunits
by flow cytometry after staining the cells with anti-CD42a and anti-CD42b
monoclonal antibodies (BD Biosciences, Franklin Lakes, NJ), respectively
(Fig. S7). As a control, the two cell lines were stained with mouse IgG (BD
Biosciences). The cell lines were maintained in Dulbecco’s modified Eagle
medium (Sigma), 10% fetal bovine serum (Sigma), L-glutamine (2 mM,
Sigma), 1% penicillin/streptomycin (Sigma), G418 (400 ug/mL, Sigma),
methotrexate (80 uM, Sigma), and hygromycin (100 ug/mL, Sigma).

CHO cell experiments

CHO«BIX, CHOBIX, CHOaA53461X, and CHOaFW-AARBIX cells were
seeded onto the microposts at a concentration of 5 x 10%mL in serum-
free medium and incubated for 16 h at 37°C in 5% CO, in the presence
of ristocetin (1.5 mg/mL, American Biochemical and Pharmaceutical,
Marlton, NJ). The cells were washed with PBS, fixed, and permeabilized
for 30 min in PBS containing 4% paraformaldehyde and 0.1% Triton
X-100, and stained for 30 min with FITC-phalloidin (1:200 in PBS). In
the blebbistatin experiments, CHO«SIX cells on the microposts were incu-
bated with blebbistatin (10 uM; Sigma) overnight at 37°C. CHO«SIX did
not adhere to micropost arrays that were coated with Alexa Fluor 594-con-
jugated BSA and 0.2% Pluronic F-127. In addition, CHORIX cells, lacking
GPIbq, failed to adhere to microposts coated with A1 domain or VWE.
Together, these results indicated a specific binding of GPIba in CHO«SIX
to the Al domain.

Platelet wash-off experiments

Substrates with thin films of PDMS were incubated with Al domain for 2 h
and then washed with PBS and blocked with 2% BSA in PBS for 1 h at
room temperature. These substrates were then incubated with 0.2% Plur-
onic F-127 in PBS for 1 h. Washed platelets were treated with blebbistatin
(10 uM) for 20 min or left untreated and then seeded at low density onto the
substrates, ensuring that they did not aggregate. Substrates of PDMS coated
with only 2% BSA and Pluronic F-127 and not A1 served as a control for
nonspecific adhesion. Platelets did not attach to this coating. 40 min after
seeding the platelets, unbound or loosely bound platelets were removed
by washing the substrates with PBS. Samples were then fixed, permeabi-
lized, and stained as previously described. Platelet adhesion was visualized
using a 60x oil immersion lens on an Olympus (Tokyo, Japan) microscope.
Images were collected at 10 arbitrary locations on the substrate. The num-
ber of platelets per each 60x field of view was counted for each substrate.

Statistical analysis

R software was used for the statistical analysis. A linear regression model
was developed to assess differences in platelet experiments. This model ac-
counts for donor-to-donor variability as a random factor. The same model
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was used to assess the statistical differences in all CHO cell experiments.
Statistical significance was defined as a p-value < 0.05. Error bars shown
in the figures represent the standard error of the mean.

RESULTS

To assess whether cytoskeletal forces in platelets can be
transmitted to the external environment via the GPIb-IX-V
complex, we measured the contractility of individual plate-
lets using arrays of flexible nanoposts coated with GPIb-
IX-V ligands. Each nanopost in an array acts as a cantilever
beam that bends in proportion to the force applied at its tip
(Fig. S3). Platelets attached to the tips of the nanoposts,
spread over multiple nanoposts, and deflected them using
cytoskeletal forces (Fig. 1 A). We measured the deflections
of the nanoposts (3) from confocal microscopy images
(Fig. 1, B and C). The force (F) on each nanopost was
calculated according to Hooke’s law (F = kd), where k
is the bending stiffness of the nanoposts in the array
(15.7 nN/um). We noted that platelets on nanoposts
(Fig. 2 A) had morphologies that were similar to those of
platelets on flat surfaces coated with VWF (Fig. S4 A),
which indicated that the topology of the array did not
impede the ability of the platelets to change shape or spread.

VWEF is a multidomain protein that contains binding sites
for both the GPIb-IX-V complex within its Al domain and
integrin ay,B3 within its C1 domain (23,24). To isolate
the effect of each receptor, we treated platelets with mono-
clonal antibodies: AK2 to block GPIbe, 7E3 to block o, 83,
and AK2 and 7E3 to block both receptors. For each

FIGURE 1 Nanopost arrays measure single platelet forces. (A) Scanning
electron microscope image of a fixed and dehydrated platelet on an array of
silicone nanoposts. The tips of the nanoposts were coated with VWF by lett-
ing the protein adsorb from a droplet of solution placed on the array. VWF
strands formed between the nanoposts due to the droplet adsorption method
(Fig. S4). Platelets in Tyrode’s buffer were seeded onto the arrays, allowed
to adhere onto the tips, and then fixed. Platelets that attached to the nano-
posts were observed to generate forces that cause the nanoposts to deflect.
It should be noted that the deflections of the nanoposts were more dramatic
when observed using electron microscopy than with confocal microscope
due to the dehydration steps needed to prepare the samples for electron mi-
croscopy (37). (B) Side view and (C) top view of an individual platelet on an
array of nanoposts taken with confocal microscopy (green: actin, red: post).
The force vectors on each nanopost were calculated according to Hooke’s
law based upon measurements of their deflections. Scale bars represent
2 um, force scale bars represent 3 nN. To see this figure in color, go online.
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experimental cohort, we analyzed platelet morphology,
spread area, and contractile forces (Table S1). Contractile
forces on nanoposts coated with VWF were higher than
forces reported previously for single platelets on fibrinogen
coatings (25,26). For each donor, we normalized the data
with respect to the results for untreated platelets to account
for donor-to-donor variability in platelet function. Inhibition
of GPIba with AK2 did not affect platelet morphology
(Fig. 2, A and B), but it did significantly decrease the spread
area of the platelets (Fig. 2 E). Treatment of the platelets
with AK2 reduced the transmission of cytoskeletal forces
by ~20% (Fig. 2 F). In contrast, inhibition of aqpB3 with
7E3 caused platelets to develop a dense actin core,
numerous filopodia, and defective lamellipodia (Fig. 2 C).
This morphology was expected given that lamellipodial for-
mation in platelets requires the engagement of oy, 33 with
its extracellular ligands (27). Platelets treated with 7E3 dis-
played a significantly reduced spread area (Fig. 2 E) and
cytoskeletal force transmission (Fig. 2 F) than untreated
platelets or AK2-treated platelets. However, the contractile
forces were not abolished completely with aq,(63 inhibition
since platelets still generated ~50% of the force produced by
untreated platelets. When platelets were treated with both
AK?2 and 7E3, many of the platelets failed to attach to the
nanoposts. The few platelets that did attach were rounded
(Fig. 2 D), poorly spread (Fig. 2 E), and transmitted less
force than untreated platelets, AK2-treated platelets, or
7E3-treated platelets (Fig. 2 F). These results suggest that
in addition to oqp,B3, GPIb-IX-V supports a portion of the
cytoskeletal forces transmitted to VWEFE.

To occupy the Al domain of VWF so that GPIb-IX-V
binding is inhibited, we used an N-terminal GPIba polypep-
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% FIGURE 2 Integrin oqp,0; and GPIb-IX-V can
transmit cytoskeletal forces in platelets. Represen-
tative image of individual platelets that received
(A) no treatment (control), (B) AK2 antibody to
block the GPIba, (C) 7E3 antibody to block integ-
rin aqp,B3, or (D) both blocking antibodies together.
(E) Platelet spread areas are shown relative to the
control condition in each experiment. (F) Platelet
contractile forces were normalized by the average
force of the control condition in each experiment
(N = 5 replicate experiments). Scale bars represent

% 2 um, force scale bars represent 3 nN, and the error
bars represent the standard error of the mean.
Asterisk denotes p-value <0.05. To see this figure
in color, go online.

tide (Iba300gof) that contains a gain-of-function mutation
(G233V), which has been found previously to allow GPIba
to bind VWF spontaneously (18). Blocking the A1 domain
of VWF with Iba300gof did not affect the morphology of
the platelets (Fig. 3, A and B), but it did reduce their spread
area (Fig. 3 D; Table S2) and ability to transmit cytoskeletal
forces (Fig. 3 E; Table S2).

As another approach to measuring cytoskeletal forces
associated with GPIb-IX-V, we immobilized recombinant
Al domain of VWF onto the tips of the nanoposts using
biotin and streptavidin. Platelets that adhered onto recombi-
nant Al domain had morphologies (Fig. 3 C) that were
similar to platelets on PDMS surfaces coated with recom-
binant Al domain in a similar manner (Fig. 4 B). The
morphology of platelets on recombinant A1 domain resem-
bled that of platelets treated with 7E3 on VWF (Fig. 2 O),
which indicates that interactions between «q 33 and VWF
were sufficiently inhibited. Platelets spread less on recombi-
nant Al domain than on multimeric VWF (Fig. 3 D; Table
S2). The contractile forces of platelets on recombinant Al
domain were 15% of those obtained on full-length VWF
(Fig. 3 E; Table S2), which further shows that forces are
transmitted through the GPIb-IX-V complex independent
of integrin oyp,03.

We used CHO cells expressing GPIba, GPIbg, and GPIX
(CHOapBIX cells) to determine if GPIba expression in
another context is able to transmit force to VWEFE. There is
no native adhesion to VWF in CHO cells, but expression
of GPIba, GPIbg, and GPIX in CHO cells has been found
to enable them to bind to VWF like platelets (20). Because
CHO cells are much larger than platelets, we used arrays of
PDMS microposts, which are larger and more widely spaced
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FIGURE 3 GPIba-Al bond transmits platelet cytoskeletal forces. Repre-
sentative image of platelets on nanopost arrays coated with (A) VWF (con-
trol), (B) VWF and recombinant peptide for GPIba (Iba300gof), or (C)
recombinant Al domain (green: actin, red: post). (D) Platelet spread areas
are shown relative to the control condition in each experiment. (E) Platelet
contractile forces were normalized by the average force of the control con-
dition in each experiment (N = 5 replicate experiments). Scale bars repre-
sent 2 um, force scale bars represent 3 nN, and the error bars represent the
standard error of the mean. Asterisk denotes p-value <0.05. To see this
figure in color, go online.

than nanoposts (28,29). CHOaBIX cells were able to adhere
and spread on microposts that were coated with either VWF
(Fig. 4 A) or recombinant A1 domain (Fig. 4 B). CHOaGIX
cells did not spread to the same degree on the two coatings
(Fig. 4 E), but generated contractile forces of similar magni-
tude (Fig. 4 F), indicating that GPIba transmits forces
to VWFE. CHOQIX cells, which express only GPIb@ and
GPIX and not GPIbq, did not adhere to the microposts, con-
firming that GPIbe is the essential GPIb-IX-V subunit for
adhesion and force transmission on VWE. We tested
whether the contractile forces produced by CHOaSIX cells

GPIb-I1X-V Transmits Platelet Forces

were generated by myosin activity by treating the cells with
blebbistatin, an inhibitor of myosin’s ATPase activity (30).
Blebbistatin increased the spreading of CHO«aSIX cells
(Fig. 4 G) and significantly lowered the forces they pro-
duced on VWF-coated microposts (Fig. 4 H). Together,
these results indicate that myosin-dependent forces im-
parted onto the Al domain of VWF act through the GPIbax
subunit of GPIb-IX-V complex.

We tested whether the actin-binding protein, filamin A,
serves as an intermediary in transmitting cytoskeletal forces
through GPIb-IX-V to VWF using two different cell lines
expressing GPIba mutants. In one cell line (CHOaA534-
BIX), we expressed a mutant GPIba truncated after residue
534, which lacks the binding site for filamin A (21). In the
other cell line (CHOaFW-AABIX), we expressed a double
mutant of GPIb with FS68A and W570A, which had been
found previously to be essential for filamin A binding
(22). Both mutant cell lines adhered to the microposts
coated with VWF (Fig. 4, C and D), but in comparison to
CHO«QIX cells, CHOaA534B31IX cells spread poorly and
CHOaFW-AABIX spread to a greater extent (Fig. 4 I).
Both mutant cell lines exerted contractile forces that were
significantly lower than the forces produced by CHO«GIX
cells and were statistically equivalent to each other
(Fig. 4 J). These studies confirmed that the binding site on
GPIba for filamin A is needed for the transmission of cyto-
skeletal forces to the GPIb-IX-V complex.

The catch bond interaction between GPIba and the VWF
A1l domain is known to play an important role in the attach-
ment of platelets to sites of vascular injury (31). We evalu-
ated the possibility that GPIba-Al domain catch bonds
serve another purpose: to allow cytoskeletal forces to
strengthen platelet adhesion to VWF in the absence of
external forces. Consistent with this possibility, we found
that in the absence of flow, inhibition of myosin with bleb-
bistatin significantly reduced platelet adhesion to surfaces
coated with recombinant Al domain (Fig. 5; Table S3).
This evidence might be suggesting that internal forces
from actin-myosin interactions enhance the bond between
GPIba and A1 domain, which therefore leads to an overall
stronger adhesion. Thus, cytoskeletal forces generated in-
side platelets and transmitted through GPIb-IX-V might
support the adhesion of platelets to VWF, particularly under
conditions where external forces are absent.

DISCUSSION

Platelets rely on catch bonds formed between GPIb-1X-V
and VWF to maintain their adhesion at a wound site (16).
External hemodynamic forces are able to engage these catch
bonds and thereby arrest platelets from circulating in the
blood flow (16,31). Here, we report that GPIb-IX-V trans-
mits a significant portion of cytoskeletal forces on VWE.
Furthermore, the internal forces acting through GPIb-IX-V
might be reinforcing catch bonds from the inside of the
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FIGURE 4 CHO cells confirm the role of GPIb« in force transmission. Representative images of CHOaSIX cells on microposts coated with (A) VWF, (B)
recombinant Al domain, or (C) CHO«aAS5346IX cell, or (D) CHOaFW-AABIX cell on VWF-coated microposts (green: actin, red: post, blue: nucleus). (E)
Spread area and (F) contractile forces for CHOaGIX and CHOQIX cells (N = 5 replicate experiments). (G) Spread area and (H) contractile forces of CHO«
BIX cells treated with or without blebbistatin (N = 3 replicate experiments). (/) Spread area and (J) contractile forces for CHOaBIX, CHOaAS53481X, or
CHOoFW-AAQIX cells (N = 4 replicate experiments). Scale bars represent 6 um, force scale bars represent 30 nN, and the error bars represent the standard
error of the mean. Asterisk denotes p-value <0.05. To see this figure in color, go online.

platelet, which may lead to stronger temporal adhesions.
Force transmission through GPIb-IX-V may become
increasingly important after a platelet has attached to a sur-
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FIGURE 5 Cytoskeletal forces are needed for platelet adhesion on Al
domain. Platelets adhered onto PDMS substrates coated with recombinant
Al domain had weaker adhesion strength when treated with blebbistatin as
compared to untreated platelets (N = 4 replicate experiments). Asterisk de-
notes p-value <0.05.
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face, where external forces acting on it become reduced due
to flattening of a platelet as it spreads on a surface. This
finding may be relevant for patients with type 2B von Wil-
lebrand disease, where mutations in VWF prevent the for-
mation of a catch bond with GPIb-IX-V (31). In these
patients, platelets can bind rapidly to VWE, but are not
able to maintain their adhesion at a wound site.

It is widely held that platelets transmit force to VWF
via their aqp,B3 receptors, a process that underlies clot
retraction, among other phenomena (32). The GPIb-IX-V
complex is involved in the initial capture of platelets on
VWE, which allows for aq, 33 activation and leads to aggre-
gation (33). Our findings indicate that the GPIb-IX-V com-
plex also contributes in the transmission of cytoskeletal
forces, and does so in a manner that is independent of
amplB3. Previous force assays for platelets have overlooked
the role of GPIb-IX-V complex in force transmission
(25,26,32,34,35). This omission may be because o083
and fibrin dominate the process of clot retraction. In addi-
tion, these systems may not be able to resolve the contri-
bution of each receptor individually. To address this
knowledge gap, we used nanoposts with controlled surface
coatings and found that the force transmission for aqp(3
versus GPIb-I1X-V is 50% versus 20%, a 2.5/1 ratio. This ra-
tio is close to the 3:1 ratio that has been reported for the
number of copies for each receptor on the surface of a
platelet (4). This finding indicates that a GPIb-IX-V/VWF



bond could be transmitting as much force as an aqp,63/VWF
bond.

Our work with CHO cells demonstrates that GPIb-IX-V
complex is capable of force transmission in a context other
than platelets. We show that CHO«BIX cells were able to
produce contractile forces on either the VWF or A1 domain
that were statistically equivalent. Together with the observa-
tion that CHOQIX cells are unable to bind to either coating,
these studies agree with previous observations that the bind-
ing of GPIb-IX-V complex to VWF is through the GPIb«x
subunit specifically. These results also indicate that GPIba
is essential for force transmission through GPIb-IX-V.

The mutant forms of GPIba in CHO«aAS5348IX and
CHO«aFW-AARIX cells have a lower capacity for filamin
A binding (21,22). We observed that these cells exerted con-
tractile forces on VWF that were significantly lower than
those produced by CHO«BIX, implicating a role for filamin
A in force transmission through GPIb-IX-V. However, we
had expected that neither CHOaAS53431X nor CHOaFW-
AAQIX cells would be able to transmit cytoskeletal forces,
because filamin A is the only protein known to link the
GPIb-IX-V complex to the actin cytoskeleton (15). Conse-
quently, the transmission of forces by CHOaA53481X and
CHOaFW-AARIX cells indicates that filamin A may bind
to other regions of GPIbe, which has been suggested previ-
ously (22), or that another mechanism exists to link the
GPIb-IX-V complex to the cytoskeleton.

In summary, we have described a new, to the best of our
knowledge, role for the GPIb-IX-V complex in transmission
of cytoskeletal forces from the interior of the platelet to its
external environment. GPIb-IX-V has many well-described
functions, such as the initial capture of the platelets on VWF
at the vessel wall through catch bond interactions (1,16),
signaling pathways that initiate with GPIb-IX-V engage-
ment to VWF that lead to platelet spreading and oy, 33 acti-
vation, and aggregation of multiple platelets in a thrombus
through multivalent ligands like VWF (4,36). It is as yet
not clear how force transmission through GPIb-IX-V affects
these functions of the receptor, but it is possible that it is
a mechanism for supporting the GPIb-IX-V/VWF catch
bonds through internal force generation during the forma-
tion of a thrombus.

SUPPORTING MATERIAL

Supporting Methods, seven figures, and three tables are available at http://
www.biophysj.org/biophysj/supplemental/S0006-3495(16)30469-6.
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S| Materials and Methods

Fabrication of the Nanopost Array Silicon Master. A silicon wafer was spin-coated
with a 1.55 pum-thick layer of ma-N 2410 resist (Micro Resist Technology, GmbH, Berlin,
Germany). The resist was patterned with circles that were 850 nm in diameter and 2 um
in center-to-center spacing using a JEOL JBX-6300FS e-beam lithography system (100
kV energy, 20 nA current). The resist was developed in MF-319 developer (Shipley
Company, Marlborough, MA), and then etched with a fluorine-based inductively coupled
plasma (ICP) process using an Oxford PlasmalLab 100 system to create a silicon
master with an array of vertical cantilevers. Using scanning electron microscopy (SEM),
we measured the dimensions of the silicon nanoposts in the array to be 850 nm in

diameter, 2 um in spacing, and 3.5 pm in height (Fig. S1 A).

Soft Lithography. A double-casting technique was used to replicate the features of the
silicon master in polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning, Midland, Ml).
Following a process that has been previously described for microposts (19), we made a
negative mold by casting a 10:1 ratio of base-to-curing agent of PDMS from the silicon
master and then passivating its surface with (tridecafluoro-1,1,2,2-tetrahyrooctyl)-1-
trichlorosilane (United Chemical Technologies, Bristol, PA). We poured liquid PDMS
into the negative molds, placed a clean glass slide on top of the liquid PDMS, and

baked it at 110 "C for 15 hours. Once the PDMS was cured and permanently bonded to



the glass, we peeled it from the negative mold to create an array of PDMS nanoposts
that were freestanding. We repeated the double-casting process to make new arrays of

nanoposts for each experiment.

We noted that PDMS nanoposts did not replicate the exact dimensions of the
original silicon master (Fig. S1 B). Using SEM, we measured the dimensions of the
PDMS nanoposts to be 850 nm in diameter (d), 2 um in spacing, and 2.5 pum in height
(L). These dimensions were consistent between nanopost arrays that were replicated
from the same master. For PDMS baked at 110 'C for 15 hours, we measured the
Young's modulus of PDMS (E) to be 3.2 MPa using tensile testing. In accordance with
Euler-Bernoulli beam theory, the bending stiffness of the arrays was calculated to be k =

3mEd*/64L° = 15.7 nN/um (Fig. S3).

Scanning Electron Microscopy. Samples of platelets on nanoposts were dried using
critical point drying techniques, as described previously (35). In brief, we dehydrated the
samples by incubation in dishes of 50%, 70%, 80%, 90%, and 100% ethanol for 10
minutes each. A critical point drying system (CPD) (Polaron E3100; Quorum, Houston,
TX) was then used to dry the samples overnight to prevent damage to the platelets and
nanoposts. Dried samples were given a conductive coating by sputtering with gold-
palladium (60%-t0-40%) for 90 seconds. The samples were imaged using a scanning
electron microscope (SEM) (FEI Sirion) with a voltage of 5 kV at a working distance of
10 mm. As others have noted, drying biological samples with CPD causes their

structures to shrink (36). We observed shrinkage in our samples of platelets on



nanoposts from CPD because the deflections of the nanoposts were substantially larger

than the deflections observed using confocal microscopy.

Confocal Microscopy. To acquire images of the platelets and nanoposts, we used a
confocal microscope (Zeiss LSM 510) equipped with a 63x oil objective (NA 1.42). A
step size of 0.31 um was used to construct a Z-stack of platelets and nanoposts (Fig. 1
B-C). We then extracted the raw images for image analysis of the nanoposts and

platelets.

Force and Spread Area Analysis. A manual code was developed in MATLAB to
analyze the images of the samples obtained from confocal microscopy. The deflections
of the nanoposts were determined by comparing the centroids of the nanoposts in the
confocal images taken at the top and base of the nanoposts. We calculated the force
vector at each nanopost by multiplying the measured deflections by the bending
stiffness of the nanoposts. We calculated the total force per platelet by the sum of the
magnitudes of the force vectors at each nanopost underneath a platelet. Spread area

was quantified from the actin image using the outer edge of the cell on the posts.

Fabrication of Micropost Array SU-8 Master. The process of fabricating arrays of
microposts has been previously described (1). In brief, a silicon wafer was spin-coated
with a 5-um layer of SU-8 2005 (MicroChem Corp., Newton, MA). The base layer of

resist was flood-exposed with UV light to cross-link the SU-8. The wafer was spin-



coated with a 7-um layer of SU-8 2010. A chrome mask containing the features of the
microposts was used to selectively expose the second layer of SU-8 with UV light. The
unexposed regions in the SU-8 layer were removed using SU-8 developer (MicroChem
Corp.) to make arrays of microposts that were 2.39 um in diameter, 6 um in spacing,
and 6.98 pm in height. This array was used for all the experiments done with CHO cells
except for the blebbistatin force-inhibition assays. We used the same protocol to make a
second array of microposts that were 1.75 um in diameter, 6 pm in spacing, and 4.14
pm in height. These arrays were used for the blebbistatin force-inhibition assays as

described above.

To make PDMS replicates of the microposts, we used a double casting process
that was similar to the process for PDMS nanoposts, but with the exception that the
arrays of PDMS microposts were baked for 6 hours at 110 'C, yielding a Young's
modulus of 3.1 MPa for PDMS. Therefore, the bending stiffness of the micropost arrays

was calculated to be 43.6 nN/um for the first array and 54.9 nN/um for the second array.



Fluorescent Microscopy. We captured fluorescent z-stacks of CHO cells on
microposts using an Olympus IX-81 microscope with a spinning disc confocal and a 40x
oil objective (NA 1.3). The forces and spread area were calculated with a MATLAB 7.1
code that processed the images in a manner similar to the code used to analyze
platelets on nanoposts. We measured the force vector at each micropost under a CHO

cell and reported the average magnitude as the force per post.

Constructing pBIG-4e and pBIG-4f. The cDNA encoding green fluorescent protein
(GFP) was excised from plasmid pEGFP-N1 (Clontech Laboratories, Mountain View,
CA; Genbank accession no. U55762) by digestion with Sall and Notl restriction
endonucleases and ligated into the corresponding restriction sites of plasmid pIRES
(Clontech Laboratories) to generate vector pBIG-Stl. The IRES-GFP cassette was
excised from pBIG-Stl by digestion with Notl, blunt-end fill-in with T4 DNA polymerase,
and subsequent digestion with Nhel. The resulting fragment was ligated into pBI
(Clontech Laboratories; Genbank accession no. U89932), which had been digested with
Nhel and EcoRV. The resulting vector was designated pBIG-St2. The DNA sequence
encompassing the Kozak sequence, start codon and the coding sequence of the bovine
prolactin signal peptide and BirA (E. coli biotin ligase) were both amplified by PCR from
plasmid pCBioSec (37) and ligated into plasmid pBIG-St2 that had been digested with
Pstl and Notl. The resulting vector was designated pBIG-St3. Finally, the Kozak
sequence, start codon, al-antitrypsin signal peptide coding sequence, multiple cloning
site (MCS) and biotin acceptor peptide (BioTag) (38) coding sequence of plasmid

pCBioSec were PCR amplified and ligated into plasmid pBIG-St3 that had been



digested with Nhel and Nsil. The resulting vector was designated pBIG-4e. Plasmid
pBIG-4f was constructed in a similar manner, except that a DNA sequence encoding an

epitope tag for antibody HPC4 (39) was inserted 5’ to the BioTag sequence.
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Figure S1 — SEM micrograph of, (A) an array of silicon nanoposts and, (B) a PDMS

replicate of the array. Scale bars are 2 um.



Figure S2 — SEM micrograph of VWF strands that formed on the tips of the PDMS

nanoposts. Scale bar is 2 um.



F: Force

E: Young’'s Modulus
d: Post Diameter

L: Post Height

d: Tip Displacement

F= (3nEd 764L°)5

Figure S3 — The calculation of force on a nanopost by a platelet is based on the

Young’s modulus of PDMS (E) and the length (L), diameter (d), and deflection (3) of

the nanopost.
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Figure S4 — Micrographs from confocal microscopy of platelets adhered onto flat
surfaces of PDMS that were coated with (A) VWF or (B) recombinant A1 domain.
Platelet morphologies on VWF or A1 domain as depicted by phalloidin staining are
similar to that of platelets on nanoposts coated with VWF or A1 domain, respectively,

as shown in Fig. 2 A and Fig. 3 C. Scale bar is 5 um.

11



Antibody treated Overlay

o'
<
H 1
No antibody <
oW
w "1
' 1
2 Ty o — T Ty Ty
o' o wt et W Pow ot
FSC-A FSC-A

0 q
< ' < o'y

o] O
AK2 [ w o
w "]
w
' 1
< | < oty

7E3 O O
g 'y % 'y
1 1

T .-l'l _1'3‘ _'a w* v .—.a w
FSC-A

<"1 1
< B | < 'y

8] O
AK2 +7E3 g ] 2]
1 1

n® w”

FSCA FSCA
Figure S5 — Dot plots and histograms of platelets indicating that platelets were not

activated by antibody treatment.
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Figure S6 — (A) Representative immunoblots of GPIba-300 G233V (Iba300gof), Al
domain, and biotin-BSA. (B) Calculated protein concentration using the standard

curve for Iba300gof and A1 domain.
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Figure S7 — Flow cytometry histogram of cell surface expression of GPIba and GPIX
in (A) CHOaBIX cells, and (B) CHOaA534B1X cells (C) CHOaFW-AABIX cells. Grey
dotted line denotes IgG, solid grey line denotes GPIX, and solid black line denotes
GPIba. (D) Overlay of flow cytometry histograms of GPIba surface expression from
CHOaBIX (dashed line) and CHOaAS534BIX (solid line) shows that surface

expression is similar for the two CHOaA53481X and CHOaIX cell lines and slightly

higher for CHOaFW-AABIX cells.
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Table S1. Force and Area per Donor in Fig. 2

Force (nN) Area (Um?)

Subject Control AK2 7E3 AK2+7E3 Control AK2 7E3 AK2+7E3

Donor  53.2+40.2 45.8437.4 19.7#23.5 4.6+¥1.7 28.0+x16.4 21.4+13.3 12.3%8.5 54+1.4

1 (20) (27) (29) (35) (20) 27) (29) (35)
Donor  100.3+33.3 80.7+35.0 46.3+28.5 40.8+18.2 25.8+12.4 27.6+13.7
2 ) (14) @) ™) (14) @)

Donor  26.1#185 254+16.8 16.7420.1 13.5+13.1 24.3+x14.9 25.0#154 14.4+12.1 156+11.6
3 (20) (24) (20) (15) (20) (24) (20) (15)
Donor  33.3#26.5 26.9+29.0 26.2+32.4 85+10.8 28.8+21.2 21.1#17.9 17.3+16.2 13.0:8.5
4 (18) (11) (8) (4) (18) (11) (8) (4)
Donor  76.0#41.3 46.1+39.7 125+18.2 16.4+258 38.0+19.0 21.0+19.4 8.0+55  8.8+9.4

5 (12) @7 (18) (20) (12) @7) (18) (20)

Results per donor for these studies are shown as mean + standard deviation. The number of platelets
analyzed per condition is shown in parentheses. The normalized results are shown in Fig. 2. Asterisk (*)

indicates that platelets did not adhere to the array.
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Table S2. Force and Area per Donor in Fig. 3

Force (nN) Area (Um?)

Al Al
Subject Control Iba300gof Control Iba300gof
domain domain
Donor 42.9+29.1 38.8+29.4 10.8+7.8 25.7+16.5 21.3+154 9.047.1
1 (33) (24) (29) (33) (24) (29)
Donor 86.8464.1 38.0+39.1 16.3+x13.7 37.4+28.7 25.7+22.1 11.3%+6.8
2 (19) (30) (36) (19) (30) (36)
Donor 47.2+26.4 14.5+15.8 2.5+0.8 24.1+14.8 12.7+8.9 4.9+1.8
3 (32) (33) (36) (32) (33) (36)
Donor 45.2+20.0 43.1+20.4 10.345.8 25.0+12.4 17.2+10.4 8.0+3.2
4 (22) (24) (25) (22) (24) (25)
Donor  47.4+27.0 41.9+23.5 1.8+0.6 20.7£12.4  16.5+8.6 3.5+2.1

5 (24) (30) (18) (24) (30) (18)

Results per donor for these studies are shown as mean * standard deviation. The
number of platelets analyzed per condition is shown in parentheses. The

normalized results are shown in Fig. 3.
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Table S3. Platelet Count per Field

Subject Control Blebbistatin

1245.7 7.8+8.5
Donor 1
(10) (10)
8.7+8.5 1.310.8
Donor 2
(20) (10)
4,9+9.1 1.5+2.8
Donor 3
9) (10)
1.9+1.1 1.3£0.9
Donor 4
(10) (10)

Results per donor for these studies are shown
as mean = standard deviation. The number of
platelets analyzed per condition is shown in
parentheses. The table shows platelet count per

donor for adhesion assay shown in Fig. 5.
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