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Platelets mediate primary hemostasis, and recent work has
emphasized platelet participation in immunity and inflammation.
The function of the platelet-specific integrin αIIbβ3 as a fibrinogen
receptor in hemostasis is well defined, but the roles of αIIbβ3 or
integrin-associated proteins in nonhemostatic platelet functions
are poorly understood. Here we show that human platelets ex-
press the integrin-associated protein SHARPIN with functional
consequences. In leukocytes, SHARPIN interacts with integrin
α cytoplasmic tails, and it is also an obligate member of the linear
ubiquitin chain assembly complex (LUBAC), which mediates
Met1 linear ubiquitination of proteins leading to canonical NF-κB
activation. SHARPIN interacted with αIIb in pull-down and coim-
munoprecipitation assays. SHARPIN was partially localized, as was
αIIbβ3, at platelet edges, and thrombin stimulation induced more
central SHARPIN localization. SHARPIN also coimmunoprecipitated
from platelets with the two other proteins comprising LUBAC, the
E3 ligase HOIP and HOIL-1. Platelet stimulation with thrombin or
inflammatory agonists, including lipopolysaccharide or soluble
CD40 ligand (sCD40L), induced Met1 linear ubiquitination of the
NF-κB pathway protein NEMO and serine-536 phosphorylation of
the p65 RelA subunit of NF-κB. In human megakaryocytes and/or
platelets derived from induced pluripotent stem (iPS) cells, SHARPIN
knockdown caused increased basal and agonist-induced fibrinogen
binding to αIIbβ3 as well as reduced Met1 ubiquitination and
RelA phosphorylation. Moreover, these SHARPIN knockdown cells
exhibited increased surface expression of MHC class I molecules
and increased release of sCD40L. These results establish that
SHARPIN functions in the human megakaryocyte/platelet lineage
through protein interactions at the nexus of integrin and immune/
inflammatory signaling.
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Platelets are primary cellular mediators of hemostasis, and
recent work has established their key roles in immune and

inflammatory responses (1). Integrin αIIbβ3 and its structural
shift to an active conformation on platelet stimulation are es-
sential for normal, fibrinogen-dependent platelet aggregation
during hemostasis. αIIbβ3 activation is regulated by interactions
of the β3 cytoplasmic tail with adapter proteins, such as talin and
kindlin-3 (2). Proteins that may regulate αIIbβ3 activation
through interactions with the αIIb cytoplasmic tail have been less
well studied (3).
SHANK-Associated RH Domain Interactor (SHARPIN) is a

∼40-kDa protein that binds α1 and α2 integrin tails at conserved
membrane-proximal residues (W/yKXGFFKR), thereby inhibiting β1
and β2 integrin activation in leukocytes (4, 5). SHARPIN, together
with HOIL-1 and the E3 ubiquitin ligase HOIP, form the linear
ubiquitin chain assembly complex (LUBAC) (6), and interactions
of SHARPIN with α integrins and HOIP are mutually exclusive (7).
LUBAC is involved in inflammatory and prosurvival signaling

in leukocytes, in part by catalyzing Met1-polyubiquitination of
NEMO (IKKγ), thereby leading to canonical activation of NF-
κB (6, 8). The three proteins composing LUBAC have over-
lapping and distinct roles, as exemplified by the proinflammatory
phenotypes of mouse knockouts (9). Humans with mutations in HOIL-

1 or HOIP exhibit deregulation of NF-κB in lymphoma and auto-
inflammation, respectively (9), and mutations in OTULIN, a specific
Met1 deubiquitinase, cause an autoinflammatory syndrome (10).
SHARPIN overexpression in humans is observed in a number of

solid tumors (https://www.proteinatlas.org/ENSG00000179526-
SHARPIN/pathology), and SHARPIN null mice exhibit severe
dermatitis, system-wide organ inflammation, and ineffective
secondary lymphoid development (11–13). Although dermatitis
is rescued by TNF ablation, lymphocyte-independent mechanisms
appear to drive residual systemic inflammation (14). SHARPIN
also cooperates with HOIL-1 to support embryogenesis and he-
matopoiesis (15). Thus, SHARPIN is implicated in mammalian
physiology and pathophysiology.
Platelets and their precursor megakaryocytes express many of

the proteins involved in canonical NF-κB signaling (16), but
neither SHARPIN nor LUBAC has been studied in these cells.
Here we establish that human platelets and megakaryocytes ex-
press SHARPIN, which interacts with the integrin αIIb subunit
to dampen αIIbβ3 activation and with LUBAC to promote Met1
polyubiquitination and NF-κB pathway signaling in activated
cells. Furthermore, SHARPIN knockdown in megakaryocytes or
platelets derived from human iPS cells promotes αIIbβ3 activa-
tion, increased surface expression of MHC class I molecules and
release of the cytokine, sCD40L. Consequently, SHARPIN may
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play a coordinating role in the adhesive and immune/inflammatory
functions of cells of the megakaryocyte/platelet lineage.

Results
SHARPIN Associates with Platelet Integrin αIIb and with HOIP/HOIL-1
to Form LUBAC. SHARPIN expression was detected in human
platelets on Western blot analysis (Fig. 1A). The two other es-
sential components of LUBAC, HOIP and HOIL-1, were also
detected, as were the Met1-specific deubiquitinase (DUB)
OTULIN (17) and SPATA2, which collaborates with the Met1,
K63 DUB CYLD (Fig. 1B) (17, 18). Additional components of
the canonical pathway to NF-κB activation potentially down-
stream of LUBAC were expressed as well (Fig. 1C) (16).
Since SHARPIN interacts with the conserved membrane-

proximal region of some integrin α tails (4), SHARPIN interaction
with αIIb was tested. GST-SHARPIN specifically pulled down the
αIIb light chain, but not β3, from human platelets solubilized in
RIPA buffer (Fig. 1D). Furthermore, an antibody specific for the
αIIb tail coimmunoprecipitated SHARPIN from platelets solubilized
in Nonidet P-40 lysis buffer, conditions under which αIIb remains
complexed with β3 (Fig. 1E). SHARPIN expression in platelets was
detectable by confocal super-resolution microscopy at a resolution of
120 nm. SHARPIN localization appeared to change on platelet ac-
tivation. In unstimulated, fibrinogen-adherent platelets, SHARPIN
localized in part at platelet edges, as did αIIbβ3 (Fig. 2A, arrows).
However, in platelets that had spread after thrombin stimulation, the
relative distribution of αIIbβ3 and SHARPIN changed and
SHARPIN appeared to adopt a more centralized localization (Fig.
2B). Taken together, these findings indicate that SHARPIN can
associate in vitro with αIIbβ3 via αIIb, and a pool of SHARPIN
may localize to platelet edges, particularly in unstimulated cells.
Met1 polyubiquitination of NEMO by LUBAC is important

for NF-κB activation in leukocytes (6). To address whether

LUBAC assembles in platelets, SHARPIN was immunoprecipi-
tated from platelets, and the immunoprecipitate was probed with
an antibody to the HOIP carboxyl-terminal LDD domain. Full-
length HOIP (∼123 kDa; Fig. 3 A and B) and HOIL-1 (Fig. 3C)
associated with SHARPIN in resting platelets, and thrombin
stimulation resulted in increased SHARPIN association with
HOIP, including a newly cleaved ∼90-kDa immunoreactive HOIP
band (Fig. 3 A and B). Consistent with a functional LUBAC in
platelets, thrombin stimulation caused rapid Met1 linear ubiquiti-
nation of NEMO, as detected with either of two antibodies specific
for linear ubiquitin, and this was reflected by new and/or increased-
intensity Met1 ubiquitin-positive bands in NEMO immunoprecipi-
tates (19, 20) (Fig. 3D, arrows). Similar results were obtained when
platelets were stimulated by the inflammatory mediators lipopoly-
saccharide (LPS) or sCD40L instead of thrombin (Fig. 3E). Thus,
SHARPIN associates with αIIb or with HOIP/HOIL-1 in human
platelets to form LUBAC, with the latter complex mediating Met1
linear ubiquitination during platelet activation in response to he-
mostatic or inflammatory agonists.

SHARPIN Knockdown in Cells of the Human Megakaryocyte/Platelet
Lineage. To begin to assess SHARPIN’s function in the mega-
karyocyte/platelet lineage, human megakaryocytes and platelets
were generated in culture from iPS cells through a genetically
tractable progenitor intermediate (21) (Fig. 4A). Differentiated
megakaryocytes appeared as characteristically large polyploid
cells (Fig. 4 B and C) expressing αIIbβ3 (SI Appendix, Fig. S1)
and increased levels of key integrin-regulatory proteins, in-
cluding Rap1b, talin, and kindlin-3 (2) (Fig. 4D). Extended dif-
ferentiation in culture yielded platelet-like particles, with surface
αIIbβ3 and GPIbα levels comparable to those of human donor
platelets (SI Appendix, Fig. S2), and expressing megakaryocyte
lineage-restricted β1-tubulin (22) (SI Appendix, Fig. S3).
When cells were coincubated with the conventional platelet agonists

ADP, epinephrine, and PAR1 receptor activation peptide, they
demonstrated a marked increase in specific binding of soluble fibrin-
ogen that was comparable for human donor cell- and iPS cell-derived
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Fig. 1. SHARPIN, LUBAC, and NF-κB pathway proteins are expressed in
human platelets. (A) Lysate from unstimulated peripheral blood platelets
was run on SDS-polyacrylamide gels, and protein expression was detected on
Western blots. (A) SHARPIN was detected with antibodies raised in either
rabbit (Left lane) or sheep (Right lane) hosts. (B) Expression of LUBAC
members HOIP and HOIL-1 as well as SPATA2 and OTULIN, two proteins
involved in Met1 deubiquitination. (C) Expression of NF-κB pathway pro-
teins. Each protein depicted is of the expected molecular size, and β-actin
reprobes from the same gels are shown. (D and E) SHARPIN associates with
the integrin αIIb subunit. (D) Pulldowns in RIPA buffer using GST-SHARPIN or
an irrelevant fusion protein (GST-FN10) as bait were probed with antibodies
against integrin αIIb light chain or β3, under reducing gel conditions (Left),
and then 5% of each total pulldown sample was used to assess protein
loading on gels stained with Coomassie brilliant blue (Right). (E) SHARPIN
coimmunoprecipitates with platelet αIIb. Nonidet P-40 lysate from unsti-
mulated platelets was immunoprecipitated with an antibody to αIIb or with
a nonspecific IgG and probed for SHARPIN, β3, and αIIb.

IIb 3 SHARPIN erge

IIb 3 Control IgG erge
no agonist

5 m

no agonist

5 m

thrombin

5 m

A

B

C

Fig. 2. Localization of αIIbβ3 and SHARPIN in human platelets. Shown are
confocal super-resolution immunofluorescence images of human platelets
adherent to fibrinogen, at 100×magnification. Unstimulated (A) or 0.5 U/mL
thrombin-stimulated (B) platelets were fixed and stained with antibodies
against αIIbβ3, SHARPIN, or (C) control IgG as indicated. Edge localization of
SHARPIN and αIIbβ3 was apparent in unstimulated platelets (arrows), but
edge localization of SHARPIN appeared to be reduced in thrombin-
stimulated platelets (arrowheads). Experiments were conducted three times,
with similar results.
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platelets (Fig. 4 E–G). Thus, megakaryocytes and platelets de-
rived from human iPS cells recapitulate a fundamental platelet
hemostatic response: agonist-dependent fibrinogen binding to
αIIbβ3.
We rationalized that knockdown of SHARPIN might reduce its

extent of association with αIIb and impair LUBAC-mediated
linear ubiquitination. To test this, two distinct pIRES-GFP-
expressing SHARPIN shRNAs were prepared (shSHARPIN 1
and shSHARPIN 2) as well as a scrambled, negative control
shRNA (shControl). After lentiviral infection of immature mega-
karyocytes, none of the shRNAs affected megakaryocyte matura-
tion or αIIbβ3 expression, and 70–90% of the cells were GFP-
positive. Western blot analyses of cell lysates indicated reduction
of SHARPIN in cells expressing shSHARPIN 1 or 2 shRNA
compared with cells expressing shControl RNA (Fig. 5 A and B).

SHARPIN Regulates Hemostatic and Immune/Inflammatory Responses
of Megakaryocyte/Platelet Lineage Cells. Previous reports have
suggested an inverse correlation between SHARPIN levels and
β1 integrin activation in unstimulated prostate cancer cell lines
and primary leukocytes (4). To assess the role of SHARPIN in
affinity regulation of αIIbβ3, fibrinogen binding to human iPS
cell-derived megakaryocytes and platelets was examined. Mega-
karyocytes and platelets expressing control shRNA showed a low
level of specific fibrinogen binding in the absence of platelet
agonists and a several-fold increase in binding after agonist
stimulation. However, compared with shControl cells, SHARPIN
knockdown cells exhibited significant increases in both basal and
agonist-induced fibrinogen binding (Fig. 5 C and D). Thus,
SHARPIN knockdown may relieve physical constraints on αIIbβ3
activation, potentially allowing greater access of key regulatory
proteins, such as talin, to the β3 integrin cytoplasmic tail.
To evaluate the effect of SHARPIN knockdown on LUBAC-

mediated Met1 ubiquitination, megakaryocytes plated on fi-
brinogen were stained with an antibody to Met1 ubiquitin. In
cells expressing control shRNA, antibody staining appeared as
small punctae or occasionally as larger clusters diffusely in the
cytoplasm, cell periphery, and perinuclear area (Fig. 6A). In
contrast, SHARPIN knockdown cells showed markedly less
staining for Met1 ubiquitin (Fig. 6 B and C). To address whether
SHARPIN knockdown and the apparent attendant reduction in
LUBAC activity affected downstream NF-κB activation, phos-
phorylation of serine-536 of the p65 RelA subunit of NF-κB was
studied, because this response is closely associated with NF-κB
activation and occurs in both nucleated cells (23–25) and

agonist-stimulated human platelets (Fig. 6D and SI Appendix,
Fig. S4) (26). Indeed, shControl megakaryocytes exhibited in-
creased phosphorylation of RelA serine-536 after agonist stimula-
tion, and this response was reduced in shSHARPIN knockdown
cells (Fig. 6E). The substantial decrease in Met1 ubiquitination and

CA B
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Fig. 3. LUBAC-mediated Met1 ubiquitination of
NEMO and NF-κB pathway signaling are triggered in
platelets by hemostatic and inflammatory agonists.
(A–C) SHARPIN association with HOIP (A and B) and
HOIL-1 (C) was analyzed in SHARPIN immunoprecip-
itates from human platelets that had been incubated
with vehicle or thrombin (1 U/mL). (A) Western blot
analysis with an antibody specific for the C-terminal
LDD domain of HOIP revealed a full-length 120-kDa
band under all incubation conditions and additional
90-kDa cleavage bands in thrombin-stimulated
platelets. (B) Extent of HOIP associated with SHARPIN,
determined by densitometry and normalized to
SHARPIN intensity (n = 4; mean ± SEM; *P < 0.05). (D
and E) Met1 linear ubiquitination of NEMO. Platelets
were incubated in the absence or presence of 1 U/mL
thrombin for 0–4 min (D) or with either 1 μg/mL LPS
or 1 μg/mL sCD40L for 4 min (E ). Lysates were
immunoprecipitated with an anti-NEMO antibody
and probed on Western blots for Met1 ubiquitin.
Arrows indicate new or more intense Met1 ubiquitin
bands of variable molecular sizes following agonist stimulation. All samples within a panel were run on the same gel, and an 8% aliquot of each immu-
noprecipitation sample was run separately to determine gel loading. The data shown are representative of at least three separate experiments.
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Fig. 4. Characterization of human iPS cell-derived megakaryocytes and
platelets. (A) Human iPS cell-derived hematopoietic progenitors were in-
cubated with doxycycline, stem cell factor, and thrombopoietin to induce
differentiation to megakaryocytes (21, 46). Note the progressive appearance
with time of a population of cells with increased forward and side light
scatter characteristic of megakaryocytes (red circle). (B) Cytospins of maturation
day 5/6 megakaryocytes stained with Wright Giemsa. (Original magnification
40×; scale bar: 35 μm.) Note the large cells with multilobed nuclei (arrows). (C)
Flow cytometry analysis of DNA ploidy using PI in day 6mature megakaryocytes
indicating populations of cells with variably increased ploidy. (D) Western blots
of lysates prepared from human iPS cells, megakaryocytes (MK), stromal cells, or
peripheral blood platelets (hplt) were probed for known integrin-regulating
proteins. (E–G) Fibrinogen binding to human donor platelets (E) or to iPS cell-
derived megakaryocytes (F) and platelets (G). Cells were incubated for 30 min
with vehicle or an agonist mixture of 50 μM ADP, 50 μM epinephrine, and
100 μM PAR1 peptide (SFLLRN) in the presence of FITC-fibrinogen. Specific fi-
brinogen binding was determined by flow cytometry as described in Materials
and Methods (n = 4; mean ± SEM; *P < 0.05).
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NF-κB activation in SHARPIN knockdown cells suggests that NF-
κB activation relies substantially on the linear ubiquitination path-
way in cells of the human megakaryocyte/platelet lineage.
Platelets execute their immune and inflammatory functions

through direct and indirect interactions with pathogens and
leukocytes (1). Prominent among potential mediators of platelet
function in this regard are surface expression of MHC class I
molecules for antigen presentation to T lymphocytes (27, 28) and
release of sCD40L from platelet granules to promote adaptive
immune and inflammatory responses (29). Knockdown of
SHARPIN was associated with an increase in basal surface ex-
pression of MHC class I molecules in iPS cell-derived human
megakaryocytes (Fig. 7A) and an increase in the release of
sCD40L in response to platelet agonists (Fig. 7B). Therefore,
SHARPIN may serve to restrain not only αIIbβ3 activation, but
also certain immune and proinflammatory responses of the
megakaryocyte/platelet lineage.

Discussion
In this study, we used human platelets or megakaryocytes and
platelets derived from human iPS cells to study the roles of
SHARPIN in αIIbβ3 affinity regulation and megakaryocyte/
platelet responses implicated in immunity and inflammation.
Our major conclusions are that (i) SHARPIN is expressed in
megakaryocytes and platelets and is associated in part with the
integrin αIIb subunit; (ii) platelets assemble a SHARPIN-
dependent functional LUBAC and also express proteins known
to function in Met1 linear deubiquitination; (iii) SHARPIN
negatively regulates fibrinogen binding to αIIbβ3 and, by impli-
cation, platelet hemostatic function; and (iv) SHARPIN may
restrain certain megakaryocyte/platelet functions potentially

relevant to immunity and inflammation, such as surface expres-
sion of MHC class I molecules and release of sCD40L. These
results highlight the advantages of this and other iPS cell model
systems (30) for studies of signaling and disease modeling in
human megakaryocytes and platelets, thus complementing non-
human experimental systems.
The interaction of SHARPIN with integrin α chains is de-

termined by three variable amino acids N-terminal to the highly
conserved GFFKR α subunit juxtamembrane sequence. A salt
bridge links Arg-995 within this αIIb sequence to β3 Asp-723,
and truncation at αIIb 991 results in constitutive activation of
αIIbβ3 (31). The transmembrane region of αIIb forms a short
helix with the two phenylalanines (F992 and F993) folded against
the transmembrane helix (32). This suggests that a pool of
platelet SHARPIN may be partially embedded with the αIIb
transmembrane domain at this functional hotspot, effectively
clamping αIIbβ3 in the resting state. SHARPIN in this sub-
cellular region may also potentially impede the clustering of
integrins, an important component of full integrin adhesive ac-
tivity (2). SHARPIN removal might then prime the integrin for
activation by permitting the talin-dependent reorientation of the
αIIb and β3 transmembrane domains that lead to the ectodomain
conformational changes in αIIbβ3 required for high-affinity fi-
brinogen binding and platelet aggregation (33, 34). αIIbβ3 must
be very tightly regulated, because platelets normally circulate in a
fibrinogen-rich plasma milieu in which circulation of aggregated
platelets would be detrimental. Assuming that SHARPIN’s
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Fig. 5. shRNA-mediated SHARPIN knockdown in megakaryocytes and
platelets leads to increased fibrinogen binding to αIIbβ3. Immature mega-
karyocytes were transduced with either of two GFP-IRES-shRNA lentiviruses
targeting SHARPIN (shSHARPIN) or with a scrambled control shRNA
(shControl). (A) Following megakaryocyte maturation, cells were lysed, and
Western blots were probed with a SHARPIN antibody or a β-actin antibody as
a loading control. (B) Summary of signal intensity of SHARPIN bands from
cells, as treated in A (n = 6; mean ± SEM; **P = 0.01). (C and D) Specific Alexa
Fluor 647-fibrinogen binding to iPS cell-derived megakaryocytes (C) or
platelets (D) incubated in the absence or presence of an agonist mixture
(ADP, epinephrine, and PAR1 agonist peptide) as in Fig. 4. Data were col-
lected for GFP-positive live cells and depicted as specific fibrinogen binding
relative to unstimulated shControl cells (n = 7; mean ± SEM; *P < 0.05).
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Fig. 6. SHARPIN knockdown in megakaryocytes and platelets reduces Met1
ubiquitination and NF-κB pathway signaling. (A–C) Reconstructed immuno-
fluorescence images of cells transduced with shControl RNA (A) or
shSHARPIN 1 RNA (B). GFP-positive, shRNA expressing megakaryocytes were
plated on fibrinogen and stained for Met1 ubiquitin (red), αIIb (blue), and
DNA (gray). Images were acquired at 100× magnification. Met1 and αIIb are
represented as isosurfaces. (C) Quantification of Met1 ubiquitination was
carried out using Volocity image analysis software and is expressed as total
Met1 ubiquitin area per cell. The data were collected from 3D projections of
13 optical slices of 0.2 μm each. A minimum of 20 cells were analyzed in each
of three separate experiments (mean ± SEM; **P < 0.01). (D and E) Human
platelets (D) or shControl- and shSHARPIN-treated megakaryocytes (E) were
incubated for 15 min in the absence or presence of an agonist mixture (ADP,
epinephrine and PAR1 agonist peptide as in Fig. 4). Cells were lysed and blots
were probed with an antibody to phosphoserine-536 of the p65 (RelA)
subunit of NF-κB and reprobed for total RelA. Quantification is represented
as phosphoserine-536 RelA signal intensity normalized for total RelA NF-κB.
(n = 4 in D; n = 8 in E; mean ± SEM; *P < 0.05).
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interaction with αIIb is reversible, it may serve to prevent cir-
culating platelet thrombi on the one hand and facilitate platelet
adhesive function during hemostasis on the other hand.
Polyubiquitin chains may be attached to any of seven lysines or

to the N-terminal Met1 of ubiquitin. Ubiquitination of specific
proteins through lysine-48 with consequent proteasomal target-
ing has been a focus of studies in platelets (35), and platelet
proteomics have identified several E3 ligases (36). The demon-
stration here of a functional Met1 linear ubiquitination pathway
now extends the known platelet ubiquitome. The canonical NF-
κB activation pathway incorporates hybrid K63/Met1 ubiquitin
linkages (37), and whether this is the case in platelets remains to
be seen. SHARPIN and LUBAC appear to support NF-κB ac-
tivation in platelets and megakaryocytes since agonist-induced
Met1 polyubiquitination of NEMO was observed in platelets
(Fig. 3 D and E), and SHARPIN knockdown in megakaryocytes
was associated with a parallel reduction in downstream phos-
phorylation of pS536-RelA (Fig. 6E). Important questions re-
main as to whether alternative pathways to NF-κB activation
exist in megakaryocytes and platelets (38), as well as the precise
nongenomic functional roles that NEMO and other effectors of
NF-κB signaling might play in anucleate platelets (16, 39).
MHC class I samples degrade proteins in the endoplasmic

reticulum, and peptide-loaded MHC molecules traffic to the cell
surface for presentation to CD8 T cells (40). Platelets and
megakaryocytes express MHC class I molecules (27, 28), and
knockdown of SHARPIN in megakaryocytes leads to increased
MHC class I surface expression (Fig. 7A). Although the mech-
anism for this effect remains unknown, platelets can scavenge
pathogen-derived peptides as well as self-peptides and load these
onto MHC class I for cross-presentation to CD8 and Treg cells
(27, 41), thereby impacting immunity. SHARPIN, through its
association with cytoskeletal protein Arp2/3 or with proteins
involved in endosomal trafficking (42), may affect MHC class I
delivery to the platelet plasma membrane or its re-endocytosis.
Platelets are the largest cellular contributors of plasma

sCD40L, a cytokine implicated in proinflammatory and pro-
thrombotic conditions, including transfusion-related acute lung
injury (29). We found that SHARPIN knockdown increased the
release of sCD40L from agonist-stimulated megakaryocytes (Fig.
7B). Although sCD40L is reported to interact with the ectodo-
main of αIIbβ3 to trigger outside-in αIIbβ3 signaling and to
stabilize arterial thrombi (43), whether the increases in αIIbβ3
activation and sCD40L release observed in SHARPIN knock-
down cells are mechanistically linked remains to be determined.

In conclusion, SHARPIN may play previously unanticipated
roles in the hemostatic, immune, and inflammatory functions of
platelets (44) (Fig. 8). Therefore, we speculate that the func-
tional changes described here in SHARPIN knockdown cells of
the megakaryocyte/ platelet lineage may contribute to the
autoinflammatory phenotype of mice (11–13) and, theoretically,
of humans with mutated or deficient SHARPIN.

Materials and Methods
Human Platelet Preparation. Venous blood was obtained from consenting
medication-free volunteers, according to a protocol approved by the Uni-
versity of California Human Research Protections Program’s Institutional
Review Board, and then anticoagulated with acid-citrate-dextrose. Washed
platelets were obtained and diluted into Walsh’s buffer (45).

Differentiation of Human iPS Cells to Megakaryocytes and Platelets. iPS cells
were subjected to stepwise differentiation to produce mature megakaryo-
cytes and platelets as described previously (21). In brief, feeder-free iPS
cultures were expanded, differentiated to hematopoietic progenitors, and
then processed to immature or mature megakaryocytes. Doxycycline was
used to maintain megakaryocytes at an immature stage before final matu-
ration for use in experiments (46). Further details on harvesting and char-
acterization of iPS-derived cells are provided in SI Appendix, Materials
and Methods.

Western Blot Analysis and Immunoprecipitation. Human platelets and human
iPS cell-derived megakaryocytes and platelets from unsorted cell cultures

A B

Fig. 7. SHARPIN knockdown affects potential immune/inflammatory func-
tions of megakaryocyte lineage cells. iPS cell-derived immature megakar-
yocytes were infected with lentivirus expressing either shSHARPIN 1 or
shControl shRNA. (A) Following megakaryocyte maturation, surface ex-
pression of MHC class I HLA-ABC was determined by flow cytometry (n = 6;
mean ± SEM; **P < 0.01). (B) Mature megakaryocytes were incubated for
20 min with vehicle or agonist mixture as in Fig. 4, and sCD40L was de-
termined in cell supernatants by ELISA. Results are normalized for cell count
(n = 5; mean ± SEM; *P < 0.05).
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Fig. 8. Schematic of protein associations and potential functions of SHARPIN
in human megakaryocytes and platelets. (A) Normal SHARPIN expres-
sion. SHARPIN associates with αIIbβ3, likely predominantly in resting plate-
lets. In addition, HOIP and HOIL-1 are expressed in platelets and, together
with SHARPIN, form LUBAC. Also expressed are OTULIN and SPATA2, in-
volved in Met1 deubiquitination. Stimulation of platelets through receptors
for thrombin, LPS, or sCD40L activates LUBAC to add Met1 linear ubiquitin
chains (red circles) to NEMO, provoking transautophosphorylation of IKKβ
and phosphorylation of IκBα. In nucleated cells, Lys-48-ubiquitination (blue
circles) results in proteasomal degradation of IκBα, which frees NF-κB for
nuclear translocation. Activation of LUBAC and NF-κB pathway components
presumably induces nongenomic responses in anucleate platelets (48, 49). (B)
Effects of SHARPIN knockdown. (Upper) Reduction of SHARPIN levels asso-
ciated with αIIb may prime αIIbβ3 for talin-mediated activation and fibrin-
ogen binding. (Middle) Reduction in SHARPIN levels may also destabilize
LUBAC, thereby reducing Met1 linear ubiquitination and NF-κB activation.
(Lower) SHARPIN reduction in the megakaryocyte/platelet lineage also leads
to an increase in surface expression of MHC class I molecules and increased
release of sCD40L, potentially contributing to platelet function in immunity
and inflammation.
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were incubated under resting or stimulated conditions as indicated. For
coimmunoprecipitation experiments, peripheral blood platelets were lysed
with Nonidet P-40 buffer supplemented with inhibitors to serine and cysteine
proteases, and GST pulldown experiments were performed in RIPA buffer
with inhibitors (details in SI Appendix, Materials and Methods). Linear
ubiquitination was tested in samples processed according to the method
described by Sasaki and Iwai (6), and Western blots were probed with either
of two antibodies specific for Met1 ubiquitin.

Flow Cytometry and ELISA Assay. To evaluate activation of αIIbβ3, iPS cell-
derived megakaryocytes and platelets from unsorted cell cultures were in-
cubated in the presence or absence of indicated agonists, and specific
(EDTA-inhibitable) FITC-fibrinogen binding was quantified by flow cytom-
etry (47). Data are presented for live, PI-negative megakaryocytes with
characteristic scatter profiles and positive surface expression of αIIb (CD41)
and GPIbα (CD42b) (SI Appendix, Fig. S1). Platelets generated in iPS cell
cultures were identified by their scatter profiles and by their expression of
CD41/CD42b, all similar to those of peripheral blood platelets (SI Appendix,
Fig. S2). For shRNA-expressing megakaryocytes and platelets, GFP-positive
cells were selected, and Alexa Fluor 647-fibrinogen was used for flow
cytometry fibrinogen-binding assays. APC–anti-CD41 antibody staining in-
dicated similar CD41 levels on shControl and shSHARPIN cells. A PE–anti-

MHC HLA-ABC or IgG control antibody was used to assess MHC class I surface
expression on resting cells, and ELISA was used to detect released sCD40L
from resting or agonist-stimulated megakaryocytes, according to the manufac-
turer’s instructions (R&D Systems). FlowJo software was used to analyze flow
cytometry parameters.

Microscopy Image Acquisition. Resting or stimulated platelets and megakar-
yocytes in Walsh’s buffer were plated on fibrinogen-coated coverslips for 1 h
at 37 °C, fixed, and then stained with the indicated antibodies and Hoechst
dye to stain DNA. All cell images within an experiment were acquired and
processed under identical conditions. Acquired images were minimally pro-
cessed using Volocity (PerkinElmer), Image J, and Adobe Photoshop. Further
details are provided in SI Appendix, Materials and Methods.

Statistical Analysis. Analyses were performed using Student’s t test.
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