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thrombocytopenic NOG mice and high-spatiotemporal-resolu-
tion confocal laser microscopy to visualize the initial adhesion
of individual platelets to laser-exposed vessel walls and the sub-
sequent thrombus formation under flow conditions without
apparent endothelial disruption (Takizawa et al., 2010; Nishimura
et al., 2012). Using fresh human platelets or imMKCL-derived
platelets labeled with carboxyfluorescein diacetate and succini-
midyl ester, along with injection of Texas Red dextran to visu-
alize blood cell kinetics, we calculated the numbers of platelets
adhering to the endothelium after laser injury in the NOG sys-
tem (Movie S2). We confirmed that single imMKCL-derived
platelets adhere to the vessel without forming aggregates
with host platelets. AK4 antibody: (antihuman P-selectin) partly
reversed the platelet adhesion (i.e., >60% for Cl-2 platelets;
Figure 6C), indicating that P-selectin contributed to the initial
adhesion of the imMKCL platelets and that endothelial-derived
vWF and P-selectin are relevant in our mouse models (Nishi-
mura et al., 2012). We also confirmed the contribution of these
platelets to thrombi in vivo. We found that platelets from four
different imMKCL clones differentially contributed to the devel-
oping thrombi to a degree that was at a minimum better than
human endogenous pooled platelets (n = 40 vessels from three
to five animals individually, p < 0.0001; Figures 6D and 6E and
Movie S3), suggesting that transfer to in vivo conditions may
further improve the functionality of imMKCL platelets, perhaps
through rejuvenation via endocytosis of granules. Accordingly,
our results suggest that, although imMKCL platelets display a
smaller capacity for adhesion and aggregation than fresh donor
platelets in vitro and in vivo, the functional capacity observed is
at a useful level and could potentially be improved by further
optimization of the culture conditions and/or the collection
method.

DISCUSSION

For successful clinical application of hiPSC technology to
platelet transfusion, it will be necessary to produce very large
quantities of platelets. To achieve this goal, we will need to boost
production efficiency at two stages: the transition from HSCs or
myeloid lineage HPCs to MKs and the transition from MKs to
platelets (Fuentes et al., 2010; Lu et al., 2011; Takayama et al.,
2010; Lambert et al., 2013; Yamamoto et al., 2013). In the pre-
sent report, we focused on a strategy of generating self-renew-
ing immortalized MKs (Yamamoto et al., 2013), and we have
succeeded in establishing imMKCLs with in vitro long-term
expansion capacity from human ESCs or iPSCs with three
defined factors (c-MYC, BMI1, and BCL-XL) with a temporally hi-
erarchical overexpression protocol (Figures 2 and S3D-S3G).
Sustained expansion of these imMKCLs relied on carefully regu-
lated expression of the inducing genes to balance proliferative
and apoptotic signals and optimize consistent proliferation.
These self-replicating MKs may be applicable in the clinic as a
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source for a continuous and virtually inexhaustible supply of
platelets.

We also showed that the INKAA/ARF and caspase 3 and 7
pathways are activated at the MK progenitor stage when
¢c-MYC levels are too high. The DD derived from mutant human
FKBP12 contributes to instability of the tagged protein, but the
effect is attenuated by addition of Shield1 (Banaszynski et al.,
2006). By using a DD tag vector system as a tool for investigating
the impact of restricted c-MYC levels (Figures 1E-1G and S1G),
we confirmed the importance of reducing caspase activity during
immortalized self-replication of the MK lineage in the presence of
TPO and SCF, which suggests that caspase activity plays a role
in the previously observed unstable proliferation of MKs in vitro
(Figures 7A-7C). This “constrained protein expression” system
could also be useful for studying genes that must be strictly regu-
lated. These findings also suggest the existence of a regulatory
pathway distinct from the INK4A/ARF and p53 pathways that ex-
erts a protective effect against oncogenic stress in the MK line-
age (Figure 2F).

Exogenous overexpression of BCL-XL contributed to long-
term self-replication by attenuating caspase 3 and 7 activation,
even in the presence of higher c-MYC levels (Figure 7C), and
endogenous BCL-XL may be required for the survival of
imMKCLs yielding platelets (Figures S5A and S5B). Consistent
with that idea, results obtained with BCL-XL-deficient mice indi-
cate that this protein is required for MK survival and platelet
release (Josefsson et al., 2011). By contrast, sustained BCL-XL
overexpression reportedly has a negative effect on the develop-
ment of demarcation membranes in MKs and on platelet produc-
tion (Kaluzhny et al., 2002). However, c-MYC-dependent MK
proliferation was also TPO-dependent and required BMI1 to be
present prior to BCL-XL (Figures 1C, 2C, 2D, and S3D-S3G).
Interestingly, we recently showed that the combination of
c-MYC and BCL-XL overexpression in CD34*CD43*-containing
HPCs leads to stable erythroblast self-replication induced by
erythropoietin (Hirose et al., 2013) but not MK lineage growth
(Figure 1C). Thus, distinct combinations of c-MYC and BCL-XL
and c-MYC and BMI1 appear to provide context-dependent
expansion capacity for erythroblast or MK lineages, respectively
(Hirata et al., 2013; Yamamoto et al., 2013). It has also been
reported that BMI1 directly binds to RUNX1 and core binding
transcriptional factor § and acts as a regulator during megakar-
yopoiesis (Yu et al., 2012), suggesting that BMI1 may have
an alternative function in imMKCL development. The MK pro-
liferation program may be disrupted when the effects of BCL-
XL dominate before the MK proliferation program is fully
established.

For clinical application, the quality of expandable imMKCLs
must be strictly validated, and they must be cryopreserved as
master cell banks (MCBs) matched to the required HLA and
HPA type. After thawing, MCB-derived working cells would be
expected to grow within an appropriate and sufficient term and

(C) Numbers of CD41a*CD42b™ platelets generated from imMKCL CI-2 (KhES3) and CI-7 (DN-SeV2) in a 1 ml culture volume. White bars, genes on; black bars,
genes off. Results are expressed as means + SE from three independent experiments.

(D) Histograms show CD42b, CD49b, CD61, PAR1, GPVI, and CD29 expression on platelets {fresh and pooled) derived from normal donors (two different donors)
and imMKCL CI-2 and CI-7. Donor-derived pooled platelets were pooled at 37°C for 5 days. Fresh human platelets were from donors 1 (purple) or 2 (green).
Pooled platelets were from donor 1. imMKCL platelets were from Ci-2 (yellow) and CI-7 (red). Black lines in all panels indicate IgG control. x axes, MFI (log scale);

axes, counts.
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Figure 5. Characterization of inMKCL-Derived Platelets in Vitro
(A) Transmission electron micrographs of an imMKCL Cl-7-derived platelet 5 days after genes off (left) and two fresh donor platelets (right). The iImMKCL platelet
shows fewer a-granules and dense granules than fresh platelets. The scale bar represents 1 um.
(B) Representative contour plots for imMKCL platelets showing CD42a (GPIX) and PAC1 bound in the absence or presence of thrombin (1 u/mi).
(C) PAC1 binding to human fresh platelets, human pooled platelets, orimMKCL platelets was quantified by flow cytometry. Data depict means (+ SEM) from three
independent experiments. y axis indicates AMFI calculated as agonist (+) minus no agonist (—). The MFI of agonist (—) was 1.0 in individual samples. ADP (200 uM)
or thrombin (1 u/ml) was the agonist.
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generate large numbers of platelets. In this context, continuous
culture after cryopreservation (Figure 2E) may enable a contin-
uous supply of platelets through gene manipulation (i.e., a
drug-induced genes-off condition). Furthermore, after we had
established stably expandable imMKCLs in the presence of
serum, we identified two clones that were capable of growing
well in liquid culture after adaptation to serum- and feeder-free
conditions (Figure S6D). This development suggests that it
may well be feasible to use this type of system to generate plate-
lets on the type of industrial scale that can be achieved with
tanks.

We compared our current immMKCL/MCB system with our
earlier strategy (Takayama et al., 2010). Figure S7 depicts the ad-
vantages of the current strategy and its feasibility in terms of
three parameters: manipulation, duration, and culture scale.
For each parameter in the figure, the top panels show our current
protocol, and the bottom panels show the earlier protocol (Ta-
kayama et al., 2010). It is important to consider the need to pre-
pare and provide more than 10" platelets, given that 3 x 10"
platelets are required for 1 u of platelet concentrate for transfu-
sion in the United States. We suggest using 10% imMKCL cells
per vial as a MCB-derived working cell stock, which will produce
2.5 x 10'° MKs in around 14 days (Figures 2C, 2D, and S3D-
S3@G). In addition, much less medium is required in the current
system (Figure S7), and there might be no requirement for mouse
feeder cells or serum (Figure S6D). However, when looking at the
similarity between human endogenous platelets and imMKCL
platelets, there were several discrepancies between the func-
tional parameters in vitro and in vivo (Figures 6C and 6D). In gen-
eral, platelet concentrate is supplied in highly concentrated
serum for transfusion. This suggests that supplementing with
serum or a serum replacement could help to increase the func-
tional capacity of iImMKCL-derived platelets. Our data already
suggest that this approach couid be helpful; for example, serum
supplementation improved clot retraction with imMKCL-derived
platelets (Figure 5E). This is in contrast to endogenous pooled
platelets, which did not form clots at all, even with serum supple-
mentation. Therefore, although further optimization of this final
step is needed (e.g., through the induction of differentiation at
room temperature (20°C -24°C) before imMKCL platelets are
clinically useful, we conclude that an imMKCL system could
potentially provide useful platelets in large quantities.

As mentioned, another area for further optimization is the
platelet yield per MK, the improvement of which would
contribute to further reducing the volume. Several earlier reports
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on in vitro platelet production systems documented similarly
limited efficiency of platelet production from single MKs (Ono
et al., 2012; Takayama et al., 2008, 2010). In contrast, it is
thought that each MK generates several thousand platelets
in vivo (Patel et al., 2005). One approach could be to use a biore-
actor that mimics the conditions within BM (Patetl et al., 2005),
where shear stress from blood flow might accelerate platelet
biogenesis from MKs (Junt et al.; 2007). On the basis of that
idea, we recently demonstrated the feasibility of an artificially
produced bioreactor with 2D microfluid circulation and biode-
gradable scaffolds, which increased platelet yield from hESC-
and hiPSC-derived MKs (Nakagawa et al., 2013).

In conclusion, the technology outlined in this study sheds light
on an exciting avenue for potential iPSC-based platelet supply.
This protocol is also being developed for an Investigational
New Drug Application to the United States Food and Drug
Administration. To achieve that, further optimization of MK matu-
ration and the efficiency of platelet release in a liquid culture sys-
tem will help to improve the technology as it develops toward
clinical application. Ultimately, we believe that, through the inte-
gration of a broad range of technologies, it will be feasible
through to achieve clinically effective platelet transfusion without
a requirement for donor blood.

EXPERIMENTAL PROCEDURES

Ethical Review

KhES-3 hESC clone (Institute for Frontier Medical Science, Kyoto University)
was used with approval from the Ministry of Education, Culture, Sports, Sci-
ence and Technology of Japan. Collection of PB from healthy volunteers
was approved by the ethics committee of the Institute of Medical Science at
the University of Tokyo and the Kyoto University Committee for Human Sam-
ple-Based Experiments. All studies involving the use of human samples were
conducted in accordance with the Declaration of Helsinki.

Cells, Reagents, and Mice

KhES-3 hESCs from H. Suemori (Suemori et al., 2006) and human iPSC clones
(585A1, 585B1, 606A1, 648B1, 692D2, and DNSeV-2) were used (Okita et al.,
2013). Six-week-old NOG mice were purchased from the Central Institute for
Experimental Animals. The mice were irradiated at 2.4 Gy in order to induce
thrombocytopenia 9 days before transfusion. Then, selected mice (platelets =
5-20 x10%yl) were used for studies of posttransfusion platelet kinetics and
in vivo imaging of thrombogeneity.

The following vectors were used: pMXs retroviral vector, pGCDNsam retro-
viral vector, modified pMXs Tet off-inducible retroviral vector (Ohmine et al.,
2001), and CSll-based all-in-one inducible lentiviral vector (Ai-LV) (Takayama
et al., 2010). Retrovirus production with a 293 Gag, Pol, VSV-G (vesicular sto-
matitis virus G) system and lentiviral production were as described previously

(D) Flow cytometric detection of aggregated platelets as a double-positive population among human fresh donor platelets stained with CD9-APC or among
human fresh donor platelets (top panel in the dot plot) or with imMKCLs platelets (bottom panel in the dot plot) stained with CDS Pacific Blue after agonist
stimulation. In the absence of agonist stimulation, the double-positive population was small. The lower graph contains summarized results showing the percent
double-positive platelets (human fresh platelets, pooled platelets, or imMKCL platelets). y axis indicates D-aggregated percentage calculated as agonist (+)
minus agonist (—).Results are expressed as means + SE from seven independent experiments for ADP&TRAP (left) or four independent experiments for collagen
(right).

(E) Pictures of clot retraction. Human endogenous pooled or imMKCL (CI-7) platelets were suspended in 20% platelet-depleted human plasma containing Is-
cove's modified Dulbecco’s medium (1.6 x 10° platelets/mi). Even when supplemented with human plasma, pooled platelets stored without serum showed no
clot retraction, whereas imMKCL platelets did.

(F) Ex vivo flow chamber system within which human vWF (10 pg/ml) was immobilized, and the shear rate was 1,600 s~'. Human and mouse PB platelets and
imMKCL CI-2 and CI-7 platelets were stained with carboxyfluorescein diacetate, succinimidy! ester (CSFE) and analyzed. Top: representative immunofiuo-
rescence micrograph of the chamber. Bottom: relative number of CSFE™ platelets adhering to human vWF. HIP-1, human CD42b antibody. The scale bar
represents 100 um. Resuits are expressed as means + SE of a total of 20 trials from three independent experiments. The mean value of human platelets is
assigned as 1.0.
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Figure 6. imMKCL-Derived Platelets Show Circulation Potential and Intact In Vivo Functionality in a Thrombocytopenic Mouse Model

(A) Platelet transfusion model in which NOG mice were irradiated (2.4 Gy) in order to induce thrombocytopenia. Nine days later, imMKCL-derived platelets (6 x
108 or 1 x 10%) and human PB-derived platelets (1 x 10°) were injected via the tail vein. Shown are representative contour plots of samples from a transfused
mouse. Detected are mouse CD41" and human CD41a™ cells 30 min, 2 hr, and 24 hr after transfusion.

(B) Platelet chimerism was quantified by flow cytometry. Circulation of injected platelets was evaluated after 30 min, 2 hr, and 24 hr. N = 4 individual groups from
two independent experiments.

(legend continued on next page)
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Figure 7. Models of MKCL Self-Replication Systems

(A) Excessive c-MYC induces strong activation of caspase 3 and 7 and
apoptotic pathways, despite the suppression of INK4A/ARF by ectopic BMI1,
leading to no self-replication.

(B) Appropriate activation of c-MYC induces a relatively low level of caspase 3
and 7 activation, leading to limited self-replication.

(C) Added BCL-XL acts in concert with BMI1 to suppress c-MYC-related
apoptotic pathways, leading to MKCL immortalization.

(Eto et al., 2007; Takayama et al., 2010). We amplified the DD-encoding
sequence from pPTunerC vector and Shield1 (Clontech and Takara Biotech-
nology) to generate the cMYC-DD construct. Shield1 was used to block DD-
domain-mediated protein degradation. The use of viral vectors was approved
by committees at the University of Tokyo or Kyoto University.

Cell Culture

On day 14 of culture, during hematopoietic differentiation from hESCs and
hiPSCs (Takayama et al., 2008), HPCs were collected and transferred
onto irradiated C3H10T1/2 cells in the presence of 50 ng/ml human SCF
(R&D Systems) and 50 ng/ml human TPO (R&D) (Takayama et al., 2010).
Gene expression was controlled by the presence or absence of 2 puM
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B-estradiol or 1 ug/ml doxycycline (Clontech) for modified pMXs inducible
vector or the presence of 1 ng/ml doxycycline for Ai-LV, respectively. MK differ-
entiation from CB CD34" cell was accomplished as described previously
(Proulx et al., 2004).

In Vitro Analysis of imMKCLs, imMKCL Platelets, and Human
Platelets

qRT-PCR, cell-surface markers of iImMKCLs and platelets, electron micro-
scopy, and PAC-1 binding were examined as described previously
(Takayama et al., 2010). Flow-cytometry-based platelet aggregation assays
were performed as described previously (De Cuyper et al., 2013). Clot retrac-
tion assays were carried out as described previously (Takizawa et al., 2010).
An ex vivo flow chamber precoated with human vWF (10 pg/ml, provided by
K. Soejima, Kaketsuken) was utilized to observe shear (1,600 s~ ')-dependent
thrombus formation under an inverted microscope equipped with fluores-
cence (Nikon A1R) and microfluid systems (Ibidi Products). Platelets were
stained with CFSE dye (5 uM, Invitrogen) and used in the presence of
CD42b (HIP1; Abcam; 10 ng/ml) or isotype-matched antibodies (BioLegend).
Human pooled platelets were prepared by 5-day culture at 37°C under
serum-free conditions.

In Vivo Analysis in Mice

Nine days later, irradiation in NOG mice, fresh or pooled human platelets
from a donor, or imMKCL-derived platelets were intravenously administered
(100 pl). Then, blood samples (50-100 pl) were collected from the retro-
orbital plexus in the mice 30 min, 2 hr, and 24 hr after transfusion. The sam-
ples were labeled with human CD41a-APC and mouse CD41-PE antibodies
(EMFRET Analytics), after which chimerism was analyzed. Similar NOG mice
with thrombocytopenia were also used for in vivo imaging studies. To visu-
ally analyze thrombus formation in the microcirculation of the mesentery in
living animals, we used in vivo laser- and reactive-oxygen-species-induced
injury with a visualization technique developed through modification of con-
ventional methods (Nishimura et al., 2012; Takizawa et al., 2010). Some ex-
periments were performed with AK4 (human P-selectin antibody; Abcam;
20 pg/ml). Additional details of the methods and other information for imag-
ing are presented in the Supplemental Information.

Statistical Analysis

All data are presented as means + SEM. The statistical significance of the
observed differences was determined with one-way ANOVA followed by
Tukey’s multiple comparison test and two-tailed Student’s t tests for pairwise
comparisons. Values of p < 0.05 were considered significant.

ACCESSION NUMBERS

Raw and normalized microarray data have been deposited in the NCBI Gene
Expression Omnibus database under accession number GSE54168.

SUPPLEMENTAL INFORMATION

Supplemental Information contains Supplemental Experimental Procedures,
seven figures, and three movies and can be found with this article online at
http://dx.doi.org/10.1016/].stem.2014.01.011.

(C) Time-lapse confocal microscopy showing potential in vivo platelet function. Mice were transfused with 1 x 10° platelets derived from different groups. Top:
representative sequential images showing initial adhesion by imMKCL-derived platelets onto injured vessel walls. CSFE-labeled imMKCL platelets (Cl-2 and CI-7;
green) along with dextran (Texas Red) are shown. Bottom: the number of initially attached platelets per 100 pm vessel length were counted. Actual results are
shown in Movie S2. The results are averaged data from 40 vessels from three to five animals in each group. N.S., not significant; ***p < 0.001, ***p < 0.0001. AK4;

human P-selectin antibody. The scale bar represents 10 um.

(D) Representative sequential images showing thrombus formation by imMKCL-derived platelets within a small capillary and artery. CSFE-labeled imMKCL
platelets (green) along with dextran (Texas Red) are shown. Hematoporphyrin was administrated in order to induce thrombus formation prior to laser-induced
injury. Platelets adhered to the site of laser injury, finally contributing to the complete occlusion of vessels. Original videos are available as Movie S3. The scale

bars represent 10 pm.

(E) Fresh donor platelets, pooled donor platelets, and imMKCL-derived platelets incorporated into thrombi were quantified. Pooled platelets were stored for
5 days at 37°C. Platelets from imMKCL CI-1, Cl-2, CI-3, and CI-7 were used. The results summarize four independent experiments (n = 40 vessels from three to

five animals for each group). N.S., not significant; ***p < 0.001, ****p < 0.0001.

Cell Stem Cell 74, 1-14, April 3, 2014 ©2014 Elsevier Inc.
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Abstract

This report describes a family with TUBBT-associated macrothrombocytopenia diagnosed based on
abnormal platelet B1-tubulin distribution. A circumferential marginal microtubule band was undetectable,
whereas microtubules were frayed and disorganized in every platelet from the affected individuals.
Patients were heterozygous for novel TUBBT p.F260S that locates at the a- and B-tubulin intradimer
interface. Mutant B1-tubulin was not incorporated into microtubules with endogenous a-tubulin, and
a-tubulin expression was decreased in transfected Chinese hamster ovary cells. Transduction of mutant
B1-tubulin into mouse fetal liver-derived megakaryocytes demonstrated no incorporation of mutant B1-
tubulin into microtubules with endogenous a-tubulin and diminished proplatelet formation, leading to the
production of fewer, but larger, proplatelet tips. Furthermore, mutant B1-tubulin was not associated with
endogenous o-tubulin in the proplatelets. Deficient functional microtubules might lead to defective
proplatelet formation and abnormal protrusion-like platelet release, resulting in  congenital
macrothrombocytopenia.
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Congenital macrothrombocytopenia is a genetically hetero-
geneous group of rare platelet disorders, among which
MYH9 disorders/MYH9-related disease and Bernard-Soulier
syndrome are the most frequent (1-3). Less frequent forms
involve defects in signaling pathways and/or components of
the cytoskeleton that regulate proplatelet formation and mor-
phology (4, 5). Proplatelets are cytoplasmic extensions of
megakaryocytes that are elongated by microtubule-based
forces (6). The microtubules are assembled from o- and
B-tubulin heterodimers and represent a key component of
proplatelet formation and platelet release (7). Expression of
the B-tubulin isoform, Pl-tubulin, is restricted in megakaryo-
cytes and platelets (8). Tubbl-knockout mice show thrombo-
cytopenia and spherical platelets (9). We previously reported

the first TUBBI mutation affecting microtubule assembly in
the context of congenital macrothrombocytopenia (10).
Subsequent continuous studies on the differential diagnosis
of congenital macrothrombocytopenia detected abnormal
Bl-tubulin distribution in platelets and revealed a second
TUBBI mutation that impairs megakaryocyte microtubule
organization, proplatelet formation, and platelet morphology.

Materials and methods

Patients

Thrombocytopenia was incidentally identified in 12-year-old
dizygotic twin boys (Table 1). Peripheral blood smears

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd



Kunishima et al.

TUBB1-associated macrothrombocytopenia

Table 1 Characteristics of platelets from a family with TUBBT p.F260S mutation

Age TUBB1 Platelet count Platelet size Mean platelet Bleeding
Individual Sex (years) mutation (x 10%/L) (um)’ volume’ tendency Initial diagnosis
Mother F 37 p.F260S 104 ND ND - immune thrombocytopenia
Patient 1 M 12 p.F260S 120 3.0 £09 ND - Unknown thrombocytopenia
Patient 2 M 12 p.F260S 97 34 £09 ND - Unknown thrombocytopenia
Sister F el p.F260S 125 35 +06 13.8 - Unknown thrombocytopenia
Mean + SD 1115 £ 13.2 33 +03

"Determined by microscopic observation of 200 platelets on a stained peripheral blood smear. Controls, 2.5 + 0.3 um (n = 31).

2Normal range, 9.4-12.5.

showed large platelets (Fig. 1A). Neither twin had a bleed-
ing tendency. MYH9 disorders, heterozygous and homozy-
gous Bernard-Soulier syndrome, and glycoprotein (GP) IIb/
Illa-associated macrothrombocytopenia were excluded by
immunofluorescence analysis for granulocyte myosin IIA
and by flow cytometry for platelet GPIb/IX and GPIIb/Illa
expression, respectively (2, 11). The twins’ younger sister
also had asymptomatic macrothrombocytopenia. The mother
~was diagnosed with immune thrombocytopenia, and the
father was unavailable for the study. Written informed con-
sent was obtained from the mother in accordance with the
Declaration of Helsinki. Institutional Review Boards of Nag-
oya Medical Center and Miyagi Children’s Hospital
approved this study.

Immunofluorescence analysis

Peripheral blood smears were fixed with absolute methanol,
permeabilized with acetone, double-stained with anti-p1-
tubulin antibody NB2301 (1 : 1000)(10) and anti-a-tubulin
antibody DM1A (LabVision, Fremont, CA, USA)(1 : 200),
and then reacted with Alexa 488-labeled anti-rabbit IgG and
Alexa 555-labeled anti-mouse IgG (Invitrogen, Carlsbad,
CA, USA). NB2301 was raised in rabbits against a synthetic
peptide corresponding to C-terminal 425-451aa of human
B1-tubulin. DM1A is a mouse monoclonal antibody raised
against native chick brain microtubules. Chinese hamster
ovary (CHO) cells transfected with TUBBI cDNA and
mouse fetal liver-derived megakaryocytes transduced with
TUBBI cDNA were simultaneously analyzed. Stained cells
were examined under a BX50 fluorescence microscope with
a 100x/1.35 numerical aperture oil objective using DP
Manager software (Olympus, Tokyo, Japan).

Electron microscopy

For transmission electron microscopy, washed platelets pre-
pared from acid-citrate-dextrose citrated whole blood were
fixed in 2% glutaraldehyde and postfixed in 1% osmium
tetroxide. The platelet samples were embedded in epoxy resin
(Epon 812; TAAB, Berks, UK). Ultra-thin sections were cut,
stained with uranyl acetate and lead citrate, and observed
under a transmission electron microscope (JEM-1010, JEOL,

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

Tokyo, Japan) (12). For negative staining, Triton X-100-
extracted platelets were placed on formvar-coated carbon-sta-
bilized grids, stained with uranyl acetate, and examined with
JEM-1010 electron microscope (13).

Immunoblot analysis

Whole platelet proteins were isolated using a NucleoSpin
RNA/Protein kit (Macherey-Nagel GmbH & Co., KG, Diiren,
Germany), separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis on 4-12% gradient acrylamide slab
gels (Invitrogen), and electroblotted onto polyvinylidene di-
fluoride membranes. The blots were incubated with anti-aIlb
antibody SZ22 (Beckman-Coulter, Miami, FL, USA),
DMIA, and NB2301, and reacted with horseradish peroxi-
dase-conjugated secondary antibody. Bound antibodies were
visualized using enhanced chemiluminescent substrate. Blots
were densitometrically analyzed using ImageQuant software
(Molecular Dynamics, Sunnyvale, CA, USA).

Mutational analysis

The entire coding sequence of exons and exon-intron bound-
aries of TUBB] was amplified by PCR, and the products
were subjected to DNA sequence analysis as described (10).

Bioinformatic analysis

The multiple alignment of B1-tubulin was processed using
the ClustalW program (http://www.clustal.org). The potential
functional effects of the mutation was predicted using differ-
ent function prediction programs, such as PROVEAN (http://
www.provean.jcvi.org), Mutation Taster (http://www.muta-
tiontaster.org), and PolyPhen2 (http://genetics.bwh.harvard.
edu/pph2/). The 3D structure of B-tubulin was generated
with the program MacPyMol (http://www.delanoscientific.
comy) with coordinates from Protein Data Base entry 1JFF
(http://www.pdb.org/).

TUBB1 transfection

TUBBI c¢DNA in-frame with the C-terminal myc epitope
tag cloned into pcDNA3.1 (pcDNA3.1/TUBBImyc)
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Figure 1 Platelet microtubule organization and B1-tubulin (A) Platelet morphology. Peripheral blood smears were stained with May-Griinwald
Giemsa (original magnification, x1000). The patient showed giant platelets with morphologically normal leukocytes. Numbers in each panel
indicate mean platelet size (um; n=200). (B) Immunofluorescence analysis of platelet tubulin. Platelets from patient 1 lack marginal
band structure, and frayed and disorganized microtubule-like structures were evident. Asterisks indicate leukocytes stained for a-tubulin.
(C) Ultrastructure of platelets. Upper panels: Conventional transmission electron microscopy. Circumferential microtubules are absent in
marginal region of the platelets from patient 1 (Inset). Lower panels: Negative staining. Circumferential microtubule coil was absent in the
platelets from patient 1. (D) Immunoblot analysis of platelet tubulin. C, control; P1, patient 1. (E) Entire coding sequence of exons and
exon-intron boundaries of TUBB1 was amplified by PCR and subjected to direct cycle sequence analysis. A T to C transition at nucleotide
779 (c.779T > C), changing Phe260 to Ser (p.F260S), was detected. Arrow indicates position of substitution. (F) Multiple alignment of
B1-tubulin. Amino acid sequence alignment of B1-tubulin is shown for human and other species. Substituted amino acid is indicated in
bold. (G) Structural analysis of p.F260S using a tubulin 3D model. Arrows indicate locations of p.F260S, p.D249N, and p.R318W.
Phe260 (magenta) and Asp249 (yellow) are located at, and Arg318 (red) is located near o and B intradimer interface. Blue, B-tubulin; green,
a-tubulin.

(Invitrogen) was described previously (10). p.F260S Retroviral transduction of cultured megakaryocytes
mutant construct was prepared on pcDNA3.1/TUBBImyc
by site-directed mutagenesis. CHO cells were transiently
transfected with pcDNA3.1/TUBBImyc. At 24 h post-
transfection, cells were seeded on fibronectin-coated
(10 pg/mL) chamber slides (Millipore, Bedford, MA,
USA) and cultured for 3 h. They were subjected to immu-
nofluorescence analysis.

TUBB! cDNA with the C-terminal myc epitope tag
(TUBBImyc) was subcloned into the retroviral vector,
pGCDNsamIRES/EGFP, and transfected into 293gpg pack-
aging cells to obtain viral stocks (11, 14). Particles were
pseudotyped using vesicular stomatitis virus G protein.
E13.5 mouse fetal liver cells were transduced with wild type

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd



Kunishima et al.

or p.F260S mutant pGCDNsamIRES/EGFP-TUBBImyc and
cultured with 40 ng/mL of recombinant mouse thrombopoie-
tin. Proplatelet formation was monitored on EGFP-positive
megakaryocytes in suspension cultures under an IX71 fluo-
rescence microscope with an LCPlanFI 20x/0.40 objective
lens (Olympus). The number of proplatelet tips per megak-
aryocyte was counted on acquired images, and’ the size of
proplatelet tips was  measured on -immunofluorescence
images stained with NB2301 using Imagel] 1.43u software
(http://rsb.info.nih.gov/ij).

For live-cell imaging experiments, the cells were incu-
bated with PE-conjugated anti-CD41 (MWReg30, Bioleg-
end, San Diego, CA, USA) and Hoechst 33342 (Invitrogen)
to identify megakaryocytes. The dynamics of megakaryo-
cytes (proplatelet formation and cell rupture) cultured at
37°C were visualized using an A1R confocal laser scanning
microscope with a PlanApo 100x/1.40 numerical aperture
oil objective using three laser lines (405, 488, and 561 nm)
(Nikon Instruments, Tokyo, Japan). The Experimental
Animal Committee of Nagoya Medical Center and the
University of Tokyo approved the animal studies.

Results and discussion

During the course of study of the differential diagnosis of
congenital - macrothrombocytopenia, immunofluorescence
analysis detected abnormal B1-tubulin distribution in plate-
lets from a family comprising male twins, their sister, and
mother. In resting normal platelets, B1-tubulin is localized in
the marginal microtubule band. In contrast, the circumferen-
tial ring’ staining was absent, whereas microtubules were
clearly frayed and disorganized in every platelet from the
affected individuals (Fig. 1B). Faint immunofluorescence
staining indicated reduced levels of o-tubulin in platelets
from patients compared with those from control patients
observed under the same conditions. Under transmission
microscopy, circumferential microtubules were identified
lying just inside cell membrane in equatorial plane of the
control platelets. In contrast, round and large platelets are
evident in samples from patient 1; circumferential microtu-
bules are absent in marginal region. Negative stain electron
microscopy demonstrated organized circumferential microtu-
bule coils, comprising about 10 microtubules in control
platelets. Circumferential microtubule coil was absent in the
platelets from patient 1. Microtubule coil possesses a single,
straight, free end, and spreads from center of an electron-
dense platelet (Fig. 1C). The expression of platelet B1-tubu-
lin was decreased by 38%, and that of o-tubulin was
decreased to 2% compared with that in control platelets
(Fig. 1D). The decrease was not accompanied by a decrease
of mRNA levels (data not shown).

We searched for TUBBI mutations and found a novel con-
served p.F260S (c.779T > C) mutation located at the - and
B-tubulin intradimer interface (Fig. 1E-G)(15). Restriction

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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analysis confirmed heterozygosity in the affected individuals.
The mutation was not found in 108 healthy controls or in
the SNP database (http://www.ncbi.nlm.nih.gov/SNP/), sug-
gesting that it is not a common polymorphism. Different
function prediction programmes suggested deleterious effects
of the mutation (Table 2).

To determine the structural consequences of the TUBBI
p-F260S mutation on microtubule assembly, we first moni-
tored mutant B1-tubulin in CHO cells after transient transfec-
tion (Fig. 2A). Wild-type Bl-tubulin. was localized as fine
filamentous cytoplasmic networks, indicating incorporation
of recombinant Bl-tubulin into microtubules with endoge-
nous o-tubulin. In contrast, mutant B1-tubulin was not incor-
porated into microtubules, and the distribution. 'was diffuse
and partly perinuclear. Expression of B1-tubulin in CHO
cells has been reported to arrest mitosis and lead to the for-
mation of large multinucleated cells (16):-The CHO cells
became larger, multinucleated, and polyploid, ‘and these
effects were more prominent in the mutant-transfected cells
(Fig. 2A). The “expression of endogenous o-tubulin was
decreased within. the mutant-transfected - cells, which was
similar to the findings observed in platelets (Figs 1B,D and
2A).

To determine the functional consequences of the p.F260S
mutation on platelet production, we expressed fl-tubulin in
mouse fetal liver cells by retroviral transfer and differenti-
ated them into megakaryocytes. Wild-type Bl-tubulin was
finely incorporated into microtubules, whereas mutant p1-
tubulin was diffusely distributed within the megakaryocyte
cytoplasm (Fig. 2B). During the 4-day culture period, the
proportion of megakaryocytes with proplatelet formation was
decreased among megakaryocytes transduced with the
mutant. The number of proplatelet tips was decreased, and
the size of the tips increased (Fig. 2C,D). Live-cell imaging
showed that the extent of proplatelet formation was clearly
diminished. Proplatelet elaboration was scarcely observed,
and instead, large bleb protrusions were occasionally evident
in mutant-transduced megakaryocytes (Fig. 2D and Video
S1, S2). These findings indicated that the mutant Bl-tubulin
dominantly affected the microtubule assembly and impaired
proplatelet formation.

Dynamic microtubule assembly and polymerization are
required to regulate proplatelet formation and platelet matu-
ration (7, 17). The coordinate levels of «- and B-tubulins are

Table 2 Functional prediction for TUBBT p.F260S mutation

PROVEAN Mutation taster PolyPhen2
Prediction Deleterious Disease causing Probably damaging
Score -6.794 423

The potential functional effects of the mutation were predicted using
different function prediction programs.
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Figure 2 B1-tubulin transduction in Chinese hamster ovary (CHO) cells and mouse fetal liver-derived megakaryocytes. (A) B1-tubulin localization in
CHO cells that were transiently transfected with pcDNA3.1/TUBBTmyc. Cells were stained with antibodies to endogenous a-tubulin (red) and to
the transfected B1-tubulin (green) as well as DAPI to label the DNA (blue). In merged images, CHO cells expressing wild-type B1-tubulin appear
as yellow or orange, whereas cells expressing mutant B1-tubulin appear green because the expression of endogenous a-tubulin was decreased
(asterisks). Cells are representative of five independent experiments. (B) Microtubule organization in B1-tubulin-transduced megakaryocytes. Cells
were stained endogenous a-tubulin with DM1A (red) and the transduced B1-tubulin with anti-myc antibody (MBL, Nagoya, Japan) (green). Wild-
type B1-tubulin was incorporated into microtubules, but mutant B1-tubulin was not. (C) Abnormal proplatelet formation in B1-tubulin-transduced
megakaryocytes. (i) The percentage of megakaryocytes extending proplatelets was decreased in mutant-transduced cells. For each sample, 100
megakaryocytes were evaluated. (ii) The number of proplatelet tips per megakaryocyte was decreased in mutant-transduced cells. Fifty megak-
aryocytes per sample were evaluated. (i) Size of proplatelet tips was increased in mutant-transduced cells. One hundred EGFP and B1-tubulin
double-positive proplatelet tips per sample were evaluated. Data were analyzed using unpaired, two-tailed t-tests. P < 0.05 was considered statis-
tically significant. Data are presented as mean + SD. *P < 0.05, **P < 0.001. (D) Representative megakaryocytes extending proplatelets from
three independent experiments. Fewer proplatelet tips/bulbous structures are evident, and size of tips is increased in megakaryocytes transduced
with mutant. (E) Representative megakaryocytes from three independent live-cell imaging experiments. Megakaryocytes were differentiated from
fetal liver cells of CAG-eGFP mice; therefore, the cytoplasm can be identified by eGFP signals (green). The cells were stained with Hoechst to
identify nucleus (blue) and anti-CD41 antibody (red). Proplatelet elaboration is rare, and occasional large bleb protrusions are evident in megak-
aryocytes transduced with mutant (arrow heads). Original videos are available as Video S1 and S2. (F) Microtubule organization in proplatelet tips.
Megakaryocyte cultures were cytospun on glass slides. Representative images from three independent experiments.

transcriptionally and translationally maintained for proper B-tubulin is inhibited and that of a-tubulin is upregulated
heterodimer assembly in cells, and when exogenous (18, 19). The synthesis of B2- and B5-tubulins was increased
B-tubulin is overexpressed, the synthesis of the endogenous in TUBBI-knockout mice (9). In contrast, a-tubulin was

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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disproportionally decreased relative to the decrease in [B1-
tubulin (Fig: 1B,D); and furthermore; B5-tubulin was sub-
stantially absent in our patients’ platelets (data not shown).
Defective mutant B1-tubulin would cause deregulated micro-
tubule. organization,. as shown in. platelets, CHO cells, and
cultured megakaryocytes: and proplatelet tips (Figs 1B and
2A,B.F). Thus, the deficient functional microtubules might
lead to defective proplatelet formation and- abnormal protru-
sion-like platelet release (Fig. 2D.E, Video S2). Defective
microtubule organization and proplatelet formation were
récently documented. in- Racl- and Cdc42-deficient mice
(20). Combined, these observations support the hypothesis
that imbalanced transport of unpolymerized tubulins into
platelets by proplatelet-independent platelet formation is
related to the disorganization of microtubule-like structures
in platelets. . ' &

Because p.D249N and p.R318W, locating at or near the
interface, ‘also reportedly - cause mac:othrombocytopenia in
dogs and humans, respectively, mutations disrupting the
structure ' of  the intradimer interface might affect platelet

morphology (10, 21). Analysis of congenital macrothrombo-.

cytopenia caused by tubulin mutations provides insights into
the molecular mechanisms of platelet production and
morphology.
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Paxillin is an intrinsic negative regulator of
platelet activation in mice
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Abstract

enhanced thrombus formation in vivo.

Background: Paxillin is a LIM domain protein localized at integrin-mediated focal adhesions. Although paxillin is
thought to modulate the functions of integrins, little is known about the contribution of paxillin to signaling
pathways in platelets. Here, we studied the role of paxillin in platelet activation in vitro and in vivo.

Methods and results: We generated paxillin knockdown (Pxn-KD) platelets in mice by transplanting bone marrow
cells transduced with a lentiviral vector carrying a short hairpin RNA sequence, and confirmed that paxillin
expression was significantly reduced in platelets derived from the transduced cells. Pxn-KD platelets showed a slight
increased in size and augmented integrin allb@3 activation following stimulation of multiple receptors including
glycoprotein VI and G protein-coupled receptors. Thromboxane A, biosynthesis and the release of a-granules and
dense granules in response to agonist stimulation were also enhanced in Pxn-KD platelets. However, Pxn-KD did
not increase tyrosine phosphorylation or intracellular calcium mobilization. Intravital imaging confirmed that Pxn-KD

Conclusions: Our findings suggest that paxillin negatively regulates several common platelet signaling pathways,
resulting in the activation of integrin allbB3 and release reactions.

Keywords: Platelet, Glycoprotein, Platelet aggregation, Release reaction

Background

A breakdown of normal platelet function results in either
unexpected bleeding or thrombotic events [1]. Platelets
are inactive in the intact vasculature under physiological
conditions. However, once the platelets encounter an
injured region of the endothelium, they attach through an
interaction between von Willebrand factor and the gly-
coprotein (GP) Ib/IX/V complex [2], and then collagen
receptor GPVI triggers platelet activation. Activated plate-
lets release several classes of agonists, including ADP and
thromboxane (Tx) A,, which promote further platelet acti-
vation [3]. These steps ultimately increase the affinity of
integrin alIbB3 for its ligands and induce platelet aggre-
gation [4]. The intracellular signaling that increases the
affinity of integrins is known as inside-out signaling
[4]. Multiple signal transduction pathways from various
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Shimotsuke, Tochigi 329-0498, Japan
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receptors share common inside-out signaling cascades.
For example, phosphoinositol hydrolysis, which leads to
calcium mobilization and protein kinase C activation (5],
and Raplb activation are well-known signaling pathways
that regulate integrin-mediated platelet functions [6].

To increase the affinity of integrin «lIbB3, inside-out
signaling pathways induce a drastic conformational change
of the integrin [7]. Direct interactions between cytoskeletal
proteins (e.g., talin and kindlin) and cytoplasmic P integrin
are essential for inducing the conformational change of
integrins [7]. Indeed, the loss of talin or kindlin in platelets
dramatically reduces integrin allbf3-mediated platelet
aggregation, despite normal expression levels of the sur-
face receptors [8,9]. Selective blockade of talin binding by
a single amino acid substitution in B3 integrin also impairs
integrin alIbB3-dependent platelet responses [10]. Al-
though a number of integrin-associated proteins have
been reported [11], the identities of proteins and their
roles in regulating integrin signaling in platelets have not
been fully characterized. It is also unknown whether

© 2014 Sakata et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (httpy/creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited. The Creative Commons Public Domain Dedication

waiver (httpi//creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise

stated.
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additional molecules, other than talin and kindlin, are
capable of regulating integrin signaling pathways.

Paxillin is a LIM domain protein that was originally iden-
tified as a substrate for oncogene v-src [12]. Paxillin con-
tains two conserved structural domains, the N-terminus
and C-terminus, which consist of four LIM domains
[13,14]. Two other family members have also been identi-
fied, Hic-5 and leupaxin [13,14]. Paxillin is ubiquitously
expressed alongside these variants [13,14], except in hu-
man platelets that predominantly express Hic-5 [15,16].
Conversely, mouse platelets express paxillin and leupaxin
in addition to Hic-5 [17]. Considering the multiple inter-
action motifs located within its structure, paxillin appears
to serve as a signaling platform for the recruitment of nu-
merous regulatory proteins near integrins [13,14]. Paxillin
directly interacts with the cytoplasmic domain of integrin
a4 and o9, but not allb, and these interactions controls
integrin-mediated cell migration and spreading [18,19].

Integrin alIbB3 in platelets is suitable for studies of in-
tegrin receptors because its ligand binding and signal
transduction pathways are well characterized. Elucidating
the intracellular proteins involved in the activation of
integrin alIbp3 can provide a better understanding of the
functions of integrins and might result in the discovery
of new antithrombotic targets [20]. We previously re-
ported that lentiviral vector-mediated short hairpin RNA
(shRNA) expression in hematopoietic stem cells greatly
reduces the expression of the target protein in platelets
[21]. This method enables functional analyses of target
proteins that modulate platelet activation in anucleate
platelets [21]. In the present study, we used this method
to investigate the roles of paxillin in platelet activation,
and found that paxillin negatively regulates platelet signa-
ling pathways including the activation of integrin «IIbf3
and release reactions.

Materials and methods

Materials

All mouse cytokines were purchased from PeproTech
(London, UK). The following antibodies and agonists were
obtained from the specified suppliers: PAC-1 monoclonal
antibody (mAb), anti-mouse P-selectin mAb (RB40.34),
anti-paxillin mAb (clone 349), and anti-Hic-5 mAb
(BD Biosciences, San Jose, CA); horseradish peroxidase-
conjugated anti-green fluorescent protein (GFP) polyclonal
antibody (Acris Antibodies, Himmelreich, Germany); phyco-
erythrin (PE)-Cy7-conjugated anti-mouse IgM (eBioscience,
San Diego, CA); anti-talin mAb (clone 8D4); anti-
phosphotyrosine mAb (clone 4G10), and BAPTA-AM
(Millipore, Billerica MA); human fibrinogen and epi-
nephrine (Sigma-Aldrich, St. Louis, MO); anti-vinculin
mAb (V284) (Chemicon, Billerica, MA); anti-mouse
GPVI mADb (Six.E10), anti-mouse GPlba mAb (Xia.G5),
and anti-mouse integrin allbf3 mAb (Leo.D2 and clone

JON/A) (Emfret Analytics, Eibelstadt, Germany); anti-a-
actin mAb (D6F6), anti-FAK polyclonal antibody, and
anti-Src mADb (32G6) (Cell Signaling Technology, Danvers,
MA); anti-Raplb polyclonal antibody and anti-protein
kinase Ca mAb (M4) (Upstate Cell Signaling Solutions,
Lake Placid, NY); allophycocyanin (APC)-conjugated anti-
rat IgG polyclonal antibody (R& D Systems, Minneapolis,
MN); convulxin (ALEXIS Biochemicals, Plymouth Mee-
ting, PA); AYPGKF (Invitrogen, Carlsbad, CA); ADP (MC
medical, Tokyo, Japan); U46619 (Cayman Chemical, Ann
Arbor, MI).

Lentiviral vector and virus production

A lentiviral vector plasmid for expression of shRNA se-
quences and GFP (LentiLox vector) was purchased from
the American Type Culture Collection (Manassas, VA)
[22]. To efficiently express GFP in platelets, the cytomegalo-
virus promoter of the LentiLox vectors was substituted with
the platelet-specific GPIba promoter (LentiLox-GPIba) [21].
Putative shRNA sequences were designed using web-based
software provided by Thermo Scientific Molecular Biology
(http://www.thermoscientificbio.com/design-center/). Three
shRNA sequences were synthesized for mouse paxillin and
then cloned into a LentiLox vector plasmid (Additional
files 1 and 2). Lentiviruses were produced as described
previously [23].

Transplantation of mouse bone marrow cells

All animal procedures were approved by the Institutional
Animal Care and Concern Committee of Jichi Medical
University, and animal care was performed in accordance
with the committee’s guidelines. Mouse bone marrow cells
(C57BL/6 ]) were isolated and resuspended in StemPro°-34
SFM medium (Invitrogen) supplemented with 100 ng/mL
each of stem cell factor, thrombopoietin, interleukin-6,
and fms-like tyrosine kinase 3 ligand, and 200 ng/mL
soluble interleukin-6 receptor. The lentiviral vector was
added at 1216 h after cell isolation (multiplicity of infec-
tion [MOI] =5), and the cell culture was continued for
21-22 h. Each recipient mouse (8—12 weeks of age) was
irradiated with a single lethal dose of 9.5 Gy and then
intravenously injected with 2 x 10° lentivirus-transduced
bone marrow cells. After transplantation, about 50% of
platelets expressed GFP (Figure 1). Mice with 70% of their
platelets exhibiting GFP positivity were used in experi-
ments that could not distinguish GFP-positive platelets,
i.e, light transmission aggregometry, clot retraction, re-
lease concentration, calcium mobilization, and intravital
microscopy.

Immunoblotting

Immunoblotting with the specific antibodies was per-
formed as described previously [21]. To assess protein
tyrosine phosphorylation, washed platelets were pretreated
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Figure 1 Characterization of Pxn-KD platelets. Bone marrow cells transduced with LentiLox-sh-control-GPlba (Control) or LentiLox-sh-paxillin-GPlba
(Pxn-KD) at an MOI of 5 were transplanted into lethally irradiated recipient mice. (A) The numbers of GFP-positive cells (%) among white blood cells
(WBCs), red blood cells (RBCs), and platelets (Pits) in peripheral blood at 30 days after transplantation were assessed by flow cytometry. Columns and error
bars represent the mean + sd. (n =10). {B) Absolute number of GFP-positive platelets in peripheral blood at 30 days after transplantation. Columns and
error bars represent the mean + sd. (n = 10). (C) Platelet lysates were immunoblotted with the indicated antibodies. Data are for two mice with >80% of
platelets expressing GFP in each experiment. (D) The morphology of control and Pxn-KD platelets was examined by transmission electron microscopy.
Bars =2 um. (E) Platelet length (left panel) and area (right panel) were quantified by ImageJ software. Columns and error bars represent the mean + sd.
(n = 53-72). Statistical significance was determined by the Student’s t-test. *P < 0.05 and ***P < 0.001 vs. control.
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with 1 mmol/L EDTA, 5 U/mL apyrase, and 10 pmol/L
SQ29548 to exclude the effects of aggregation, released
ADP, and TxA,.

Transmission electron microscopy

Mouse platelet pellets were fixed in 2% glutaraldehyde
in 0.1 mol/L phosphate buffer (pH 7.4) for 60 min at
4°C. The samples were washed, post-fixed with 1%
osmium tetroxide in 0.1 mol/L phosphate buffer for
60 min at 4°C, dehydrated with a graded ethanol series,
and then embedded in Epon (TAAB Laboratories,
Aldermaston, UK) as described previously [24]. Ultra-
thin sections were prepared, stained with uranyl acetate
and lead citrate, and then examined under a JEM1010
transmission electron microscope (JEOL, Tokyo, Japan)
at an accelerating voltage of 80 kV. The length and area
of platelets were quantified using Image] Ver. 10.2 for
Macintosh (NIH, Bethesda, MD).

Preparation of washed mouse platelets and flow
cytometry

A blood sample (100-400 pL) was drawn from each mouse
through the right jugular vein using a 30 G syringe con-
taining 1/10 sodium citrate, and then diluted with 3 mL
Hepes/Tyrode buffer (138 mmol/L NaCl, 3.3 mmol/L
NaH,POy, 2.9 mmol/L KC], 1 mmol/L MgCl,, 1 mg/mL
glucose, and 20 mmol/L Hepes, pH 7.4). The diluted blood
was centrifuged at 120 xg for 8 min, and the platelets
obtained from the platelet-rich fraction were washed and
resuspended in Hepes/Tyrode buffer. Just prior to cen-
trifugation, a 15% acid-citrate-dextrose A solution and
0.1 umol/L prostaglandin I, were added to inhibit platelet
activation. The final platelet suspensions were adjusted to
1x 107 platelets/mL and supplemented with 1 mmol/L
CaCl,. To assess the binding of JON/A, a monoclonal anti-
body (mAb) that recognizes activated mouse allbf3 [25],
to platelets, 30 uL of washed platelets was incubated with
4 pL of agonist solution, 4 uL of phycoerythrin (PE)-
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conjugated JON/A and 1 pL of biotin-conjugated anti-
mouse P-selectin mAb for 5 min, and then supplemented
with 1 pL of allophycocyanin (APC)-conjugated strep-
tavidin. After 15 min of incubation, JON/A binding and
P-selectin expression were determined by flow cytometry
using a FACSAria Cell Sorter (Becton Dickinson, Mountain
View, CA). Antibody binding was quantified as the mean
fluorescence intensity (MFI) of GFP-positive platelets.

Platelet aggregation

Washed platelets were prepared as described above. The
final suspensions were adjusted to 2x 10° platelets/mL
and supplemented with 1 mmol/L CaCl, and 200 pg/mL
fibrinogen. The aggregation response to agonist stimu-
lation was measured based on light transmission mea-
sured using a PA-200 platelet aggregation analyzer (Kowa,
Tokyo, Japan).

Measurement of platelet products

Washed platelets (2 x 10%/mL) were stimulated with the
indicated agonists for 15 min, and then the supernatants
were recovered by centrifugation. The levels of platelet fac-
tor 4 (PF4) and serotonin in the supernatants were mea-
sured using a mouse PF4 enzyme-linked immunosorbent
assay (ELISA) kit (R & D Systems) and an anti-serotonin
ELISA kit (GenWay Biotech, San Diego, CA), respectively.
The levels of TxB, in the supernatants were measured
using an enzyme immunoassay (Cayman Chemical).

Platelet adhesion

Platelet adhesion to fibrinogen was assessed as described
previously [21]. Briefly, eight-well dishes (Lab-Tek®
Chamber Slide™) were coated with 400 pg/mL fibrino-
gen and then blocked with 1 mg/mL bovine serum albumin
(BSA). Platelets were then added to the fibrinogen-coated
dishes and incubated for 30 min at 37°C. Adherent plate-
lets were fixed with 3% paraformaldehyde and then
permeabilized with phosphate-buffered saline (PBS) con-
taining 0.3% Triton X-100 and 5% donkey serum. After
washing with PBS, the platelets were incubated with an
anti-GFP polyclonal antibody (MBL, Aichi, Japan). Bound
antibodies were detected by Alexa Fluor 488-conjugated
anti-rabbit IgG. Actin filaments were detected by staining
with 1 pg/mL rhodamine-conjugated phalloidin. Immuno-
fluorescence staining was observed and photographed
under a confocal microscope (FV1000; Olympus, Tokyo,
Japan). The spread area of GFP-positive platelets was
quantified using Image]J software. Because Pxn-KD plate-
lets were slightly larger than control platelets (Figure 1),
the mean platelet size determined by BSA staining was
subtracted from the total area on fibrinogen to calculate
the actual increase in platelet spreading.

Clot retraction

Human platelet-poor plasma was mixed with the same vol-
ume of Hepes/Tyrode buffer containing washed mouse
platelets (final concentration: 3 x 10® platelets/ml). Plasma
coagulation was initiated by addition of 0.1 U/mL throm-
bin. The clots were photographed at various time points
after thrombin addition. When indicated, 0.5 mmol/L
manganese was added to exclude the role of inside-out
signaling. The two-dimensional area of serum formation
extruded by clot retraction was quantified using Image]
software and expressed as the progression of clot
retraction.

Calcium mobilization

Platelets were incubated with GFP-Certified™ FluoForte™
dye (Enzo Life Sciences, Farmingdale, NY). The fluoro-
phore-loaded platelets (2 x 10%/mL) were resuspended in
Hepes-Tyrode buffer containing 1 mmol/L EDTA, 5 U/mL
apyrase, and 10 pmol/L SQ29548 to exclude the effects
of aggregation, extracellular calcium, released ADP, and
TxA,. After stimulation, the intracellular calcium concen-
tration was determined by monitoring the fluorescence
(excitation, 530 nm; emission, 570 nm) using a microplate
spectrofluorometer (Gemini EM; Molecular Devices,
Sunnyvale, CA).

Intravital microscopy and thrombus formation

Intravital microscopy was performed to analyze thrombus
formation in vivo as reported previously [26]. Briefly, Texas
Red-dextran (100 mg/kg body weight [BW], molecular
weight: 70 kDa; Invitrogen), Hoechst 33342 (10 mg/kg BW;
Invitrogen), Dylight 488-conjugated anti-CD42b antibody
(200 pg/kg BW; Emfret), and hematoporphyrin (5 mg/kg
BW,; Sigma) were injected into anesthetized mice to pro-
duce reactive oxygen species (ROS) following laser irra-
diation. Blood cell dynamics were visualized during laser
excitation (wavelengths 405, 488, and 561 nm; 1.5 mW total
power at 100x objective lens). After laser irradiation, se-
quential images of the mesentery were obtained using a res-
onance scanning confocal microscope (Nikon A1R; Nikon,
Tokyo, Japan). The areas of thrombus (shown by anti-
CD42b antibody signals) before and after laser irradiation
were calculated using NIS-Elements AR 3.2 (Nikon). When
indicated, thrombus formation in the femoral artery was
triggered by topical application of a filter paper tip satu-
rated with 10% FeCls. After injection of Texas Red-dextran,
Hoechst 33342, and Dylight 488-conjugated anti-CD42b
antibody, thrombus formation was visualized and moni-
tored by confocal microscopy using two photon microscopy
(excitation wavelength 840 nm) by NikonA1R MP (Nikon).

Bleeding time
The distal tail tip (5 mm) of an anesthetized mouse was
clipped, and the tail was immediately immersed in PBS
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at 37°C. Tail bleeding times were defined as the time re-
quired for the bleeding to stop.

Results

Generation of paxillin knockdown (Pxn-KD) platelets

To address the function of paxillin in mouse platelets, we
used a lentiviral vector carrying shRNA sequences and
GFP [22]. We synthesized three shRNA sequences for
mouse paxillin, and cloned them into a LentiLox vector
plasmid (Additional files 1 and 2). We selected one se-
quence that significantly inhibited paxillin expression in
embryonic fibroblasts after transduction (Pxn-1 sequence;
Additional files 1 and 2). After transplantation of bone
marrow cells transduced with either the control or Pxn-
KD sequence, about 50% of the platelets expressed GFP,
and the absolute numbers of GFP-positive platelets did
not differ between experiments using control and Pxn-KD
sequences (Figure 1A-B). Furthermore, there was no
effect on the total number of platelets (control: 6.8 +
1.72 x 10%/mL; Pxn-KD: 7.7 + 0.65 x 10°/mL, P = 0.18). We
compared the platelet aggregation response and release re-
action in platelets from wild-type C57BL/6 ] and control
mice, and confirmed that platelet aggregation as well as
the release reaction did not differ (data not shown). To
confirm knockdown of paxillin in GFP-positive platelets,
we selected mice in which more than 80% of platelets
expressed GFP after transplantation. Immunoblotting of
platelet lysates with an anti-paxillin mAb (clone 349)
showed a marked reduction in paxillin expression follow-
ing transplantation of bone marrow cells transduced with
the Pxn-KD sequence (Figure 1C). This antibody also rec-
ognizes other members of the paxillin family, including
Hic-5 and leupaxin [17]. However, Hic-5 and leupaxilin
were not affected by expression of the Pxn-KD sequence
(Figure 1C). Transmission electron microscopy of resting
platelets revealed that the Pxn-KD platelets were slightly
larger than control platelets (Figure 1D-E). This change
was largely dependent on an increase of the cytoplasm
volume, but not the granule volume (Additional file 3).
Pxn-KD platelets showed marginally elevated expression
levels of GPIb and integrin alIbB3, even though GPVI ex-
pression was normal (Additional file 4). These changes in
Pxn-KD platelets were supposed to result from the in-
crease in platelet size.

Augmentation of integrin allbf3 activation in Pxn-KD
platelets

We first focused on the role of paxillin in integrin oIIbp3
activation that is critical for platelet aggregation. We per-
formed flow cytometric analysis of integrin allbB3 activa-
tion using an anti-JON/A mAb [25]. GFP-positive Pxn-KD
platelets (Figure 2A, lower panel) showed significantly en-
hanced allbB3 activation following stimulation compared
with that of control platelets (Figure 2A, upper panel).

Enhanced JON/A binding of Pxn-KD platelets was ob-
served following stimulation with the GPVI agonist con-
vulxin and G protein-coupled receptor agonists including
a protease-activated receptor 4 agonist (AYPGKF), ADP,
and U46619 (Figure 2A-B). However, JON/A binding was
not enhanced in unstimulated or epinephrine-stimulated
platelets, suggesting that Pxn-KD alone does not induce
activation of integrin olIbB3. We next used light transmis-
sion aggregometry to assess platelet aggregation in vitro.
We found that platelet aggregation was significantly aug-
mented in Pxn-KD platelets, and this effect was evident at
low agonist concentrations that induce platelet aggregation
(Figure 2C-D).

Enhanced release reactions and Tx biosynthesis in Pxn-KD
platelets

We next assessed the release reactions in response to
stimulation. To address the role of paxillin in «-granule
secretion, P-selectin expression was determined in
GEFP-positive platelets by flow cytometry. As shown in
Figure 3A-B, P-selectin expression in Pxn-KD platelets
was significantly increased following stimulation with
convulxin, AYPGKE, and U46619. In contrast, P-selectin
expression was not increased by stimulation with ADP
or epinephrine. We observed negligible increases in
P-selectin expression of Pxn-KD platelets under the res-
ting condition and after incubation with the fibronectin
peptide Gly-Arg-Gly-Asp-Ser (GRGDS) (Figure 3B). To
examine whether Pxn-KD platelets are already activated
during circulation, we compared P-selectin expression in
washed platelets and whole blood platelets before the
preparation. An increase of P-selectin expression after
washing the platelet preparation was observed in Pxn-KD
platelets (30.0+£9.71 to 37.2+5.72 in the control vs.
27.8+2.56 to 44.8+7.87, P<0.05), suggesting that the
susceptibility of Pxn-KD platelets caused marginal activa-
tion during washing. Although PF4 and serotonin content
in resting platelets did not differ between control and
Pxn-KD platelets (Additional file 3), the actual release of
PF4 and serotonin into the supernatant in response to
platelet activation was also enhanced in Pxn-KD platelets
(Figure 3C-D). Of note, a marked increase in TxB,
biosynthesis was observed in Pxn-KD platelets (Figure 3E).
Pretreatment with the ADP scavenger apyrase and throm-
boxane A, receptor antagonist SQ29548 somewhat cor-
rected the increase of JON/A binding in Pxn-KD platelets.
This result suggests that the extent of the increase of
integrin activation is partially dependent on the release
reaction (Additional file 5). Collectively, these data suggest
that paxillin negatively regulates platelet activation sig-
naling pathways leading to integrin activation, release
reactions, and Tx synthesis. It is possible that general
pathway (s) involved in platelet activation were enhanced
by Pxn-KD, because platelet activation was increased in
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Figure 2 Pxn-KD in platelets increases agonist-induced integrin allbB3 activation. Bone marrow cells transduced with LentiLox-sh-control-
GPiba (Control) or LentiLox-sh-paxillin-GPlba (Pxn-KD) at an MOI of 5 were transplanted into lethally irradiated recipient mice. (A) Activation of
integrin allbP3 was assessed by JON/A binding to platelets incubated with or without 1 mmol/L AYPGKF or 50 ng/mL convulxin. The plots represent
the degree of GFP expression (horizontal) and binding of JON/A, a monoclonal antibody that recognizes activated integrin allbf3 (vertical). (B) Columns
and error bars represent the mean + sd. of the MFI of JON/A binding after stimulating GFP-positive platelets with the indicated agonists (n = 3-5).

(C) Platelet aggregation induced by the indicated concentration of AYPGKF or convulxin was monitored by light transmission aggregometry.
(D) Columns and error bars represent the mean + s.d. of maximal platelet aggregation after stimulation (n = 5). Open bars: control platelets;
black bars: Pxn-KD platelets. Statistical significance was determined by the Student’s t-test. *P < 0.05, **P < 0.01, and ***P < 0.001.
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response to several classes of activators including GPVI
and G protein-coupled receptors.

Assessment of outside-in signaling pathways in Pxn-KD
platelets

To address the role of paxillin in outside-in signaling of
integrin allbB3, we assessed platelet spreading on fibrino-
gen and clot retraction. The cell area independent of
integrin outside-in signaling (ie., adherent to the BSA
control) was slightly increased in Pxn-KD platelets com-
pared with that in control platelets (data not shown), be-
cause the Pxn-KD platelets were marginally larger than
control platelets (Figure 1). To quantify the increase in
platelet spreading, the mean platelet size on BSA was sub-
tracted from the total spreading area on fibrinogen. As
shown in Figure 44, the increase in platelet spreading on
fibrinogen without or with convulxin stimulation was sig-
nificantly greater for Pxn-KD platelets than that for con-
trol platelets (Figure 4A—B). In addition, clot retraction

induced by thrombin was significantly enhanced in Pxn-
KD platelets compared with that in control platelets
(Figure 4C-D). Acceleration of clot retraction in Pxn-KD
platelets was also observed in the presence of manganese
at 15 min (6.98 +0.130 vs. 7.56 + 0.072, P <0.05). These
observations suggest that paxillin is an important regula-
tor of integrin outside-in signaling via integrin alIbf3.

The role of paxillin in calcium mobilization in platelets

Because GPVI initiates signaling cascades by activation
of non-receptor tyrosine kinases, we assessed tyrosine
phosphorylation elicited by the GPVI signaling pathway.
As a result, tyrosine phosphorylation events induced by
convulxin were not affected by Pxn-KD (Figure 5A). The
agonist-induced increase in intracellular calcium mobi-
lization is an important common and proximal signaling
event controlling platelet activation. Therefore, we next
examined whether Pxn-KD enhanced intracellular cal-
cium mobilization following stimulation. To exclude



