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Heterozygous ITGA2B R995W mutation inducing constitutive activation of the
olIbB3 receptor affects proplatelet formation and causes congenital
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Congenital macrothrombocytopenia is a
genetically heterogeneous group of rare
disorders. allbp3 has not been implicated
in these conditions. We identified a novel,
conserved heterozygous ITGA2B R995W
mutation in 4 unrelated families. The sur-
face expression of platelet allbf3 was
decreased to 50% to 70% of control. There
was spontaneous PAC-1 and fibrinogen
binding to resting platelets without CD62p

expression. The activation state of allbp33
in 293T cells was higher for allb-W995 than
for B3-H723 but was weaker than for 33-
N562. FAK was spontaneously phosphory-
lated in allb-W995/p33-transfected 293T cells.
These results indicate that allb-W995/33 has
a constitutive, activated conformation but
does not induce platelet activation. allb-
W995/B3-transfected CHO cells developed
membrane ruffling and abnormal cytoplas-

mic protrusions. The increased size and
decreased number of proplatelet tips in
allb-W995/B3-transduced mouse fetal liver-
derived megakaryocytes indicate defective
proplatelet formation. We propose that
activating mutations in ITGA2B and ITGB3
represent the etiology of a subset of con-
genital macrothrombocytopenias. (Blood.
2011;117(20):5479-5484)

Introduction

Congenital macrothrombocytopenia is a genetically heterogeneous
group of rare disorders.!"* The most frequent forms include MYH9
disorders and Bernard-Soulier syndrome. In approximately half of
cases of congenital macrothrombocytopenia, the pathogenesis
remains unknown; thus, a definite diagnosis is unavailable. Glanz-
mann thrombasthenia is the most common congenital platelet
disorder caused by qualitative or quantitative abnormality of the
integrin olIbB3, in which the platelet counts and morphology are
normal.> However, ITGA2B R995Q mutation has been reported in a
patient with Glanzmann thrombasthenia-like phenotype and macro-
thrombocytopenia.>’ Recently, heterozygous ITGB3 mutations
were found in patients with congenital macrothrombocytopenia.$10
We report here a novel, conserved heterozygous ITGA2B R995W
mutation in 4 unrelated families.

Methods

Patients

Twenty-seven patients with congenital macrothrombocytopenia, in whom
MYH9 disorders, heterozygous and homozygous Bernard-Soulier syn-
drome, type 2B von Willebrand disease, and TUBBI mutations were
excluded, underwent mutational analysis of /TGA2B and ITGB3. Fifty-five
consecutive patients were prospectively analyzed for the surface expression

of platelet alIb@3. Written informed consent was obtained from all patients
or their parents in accordance with the Declaration of Helsinki. Institutional
review boards of Nagoya Medical Center and each of the participating
institutions/hospitals approved this study.

Genetic analysis

The entire coding sequence of exons and exon-intron boundaries of
ITGA2B (supplemental Table 1, available on the Blood Web site; see the
Supplemental Materials link at the top of the online article) and /TGB3 was
amplified by polymerase chain reaction and sequenced. The disease-
associated /TGA2B haplotype was determined by cloning and sequencing
the polymerase chain reaction products.

Platelet glycoprotein analysis

Flow cytometry and immunoblotting were performed as described previ-
ously.!12 The activation state of allbB3 was evaluated by the binding of
the ligand-mimetic antibody PAC-1 (BD Biosciences) and FITC-labeled
fibrinogen. '3

Cloning, mutagenesis, and retroviral transduction

ITGA2B and ITGB3 sequences were amplified from the patient’s platelet
¢DNA and cloned into pcDNA3.1 (Invitrogen). T562N'3 and D723H? were
introduced into /TGB3 cDNA using site-directed mutagenesis. /TGA2B and
ITGB3 expression plasmids were cotransfected into 293T and CHO cells.
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Figure 1. Platelet morphology and biochemical, genetic, and functional analyses of ITGA2B R995W mutation. (A; left) DNA sequence analysis of ITGA2B. The entire
coding regions of the patients’ ITGA2B were amplified from genomic DNA by the polymerase chain reaction, and amplified DNA fragments were subjected to direct cycle
sequence analysis. A C to T transition at nucleotide 3077, changing Arg995 to Trp (R995W), was detected. Nucleotide numbering for ITGA2B cDNA is according to Poncz et
al.’® The arrow shows the position of the substitution. (Right) Allele-specific restriction analysis. DNA fragments amplified using primers 2Bg305/303 (supplemental Table 1)
were digested with BspACI (SibEnzyme), electrophoresed on 2% agarose gels, and stained with ethidium bromide. The 3077C > T substitution abolishes a recognition site for
BspACI, generating a new 231-bp band (arrowhead). The mutation was not found in 108 healthy controls or in the SNP database (www.ncbi.nim.nih.gov/SNP). MW indicates
Haelll digest of ®X 174 DNA; C, control; and P1, patient 1. (B) Immunoblot analysis of platelets. Triton X-100-soluble platelet lysates were separated by sodium dodecy!
sulfate-polyacrylamide gel electrophoresis on 4% to 12% gradient acrylamide slab gels (Invitrogen) and electroblotted onto polyvinylidine difluoride membranes. The blots
were incubated with anti-B1 tubulin antibody NB2301,? anti-GPIba antibody PL524 (Takara), and anti-allb antibody SZ22 (Beckman-Coulter) and reacted with horseradish
peroxidase-conjugated secondary antibody. The bound antibodies were visualized using an enhanced chemiluminescent substrate. C indicates control; and P1, patient 1.
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Transfected cells were subjected to flow cytometry, FAK phosphorylation,
and spreading assay.!3!4

ITGA2B and ITGB3 cDNAs were inserted upstream of internal ribo-
some entry site (IRES)-enhanced green fluorescent protein (EGFP) and
IRES-Kusabira-Orange in the retroviral vector pGCDNsamIRES/EGFP
and pGCDNsamIRES/huKO, respectively.!>!¢ Each plasmid was trans-
fected into 293gp packaging cells with a vesicular stomatitis virus G
expression plasmid. Supernatants were used for the transduction of 293gpg
producer cells harboring a tetracycline-inducible vesicular stomatitis virus
G expression cassette,'” and virus-bearing supernatant was harvested under
tetracycline-deficient conditions.

Mouse fetal liver cells were harvested from embryonic day 13.5 embryos and
cultured in Dulbecco modified Eagle medium supplemented with 10% fetal calf
serum and 50 ng/mL human thrombopoietin. The next day, cells were infected
with retroviruses expressing /TGA2B and ITGB3 on recombinant human
fibronectin fragment CH-296 (RetroNectin, Takara)-coated plates. After transduc-
tion, proplatelet formation was monitored for the next 4 days on EGFP and
Kusabira-Orange double-positive megakaryocytes in suspension by inverted
fluorescence microscopy. The Experimental Animal Committee of Nagoya
Medical Center approved the animal studies.

Results and discussion

We searched for ITGA2B and ITGB3 mutations in 27 patients with
macrothrombocytopenia and identified a novel, conserved heterozy-
gous ITGA2B R995W mutation in one patient (patient 1; Figure
1A). The decreased surface expression of platelet alIbf33 prompted
us to prospectively screen its expression by flow cytometry. We
detected decreased allbp3 expression level (50%-70% of control)
in 3 of 55 consecutive patients with macrothrombocytopenia of
unknown etiology (patients 2-4 in Table 1). Immunoblotting
showed a normal electrophoretic mobility of allb, but the total
expression level relative to 31-tubulin was decreased to 0.7 (Figure
1B; Table 1). Sequence analysis identified the same heterozygous
ITGA2B R995W mutation. In total, we identified 11 patients in
4 unrelated Japanese families. In each family, the disease-
associated /TGA2B haplotype was unique, indicating independent
occurrence (supplemental Table 2). Patients had larger platelets,
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approximately 30% increase of control, and moderate thrombocyto-
penia (Figure 1C; Table 1). These results indicate that macrothrom-
bocytopenia shows a dominant inheritance.

Bleeding tendency was absent or mild (eg, patient 1 had
undergone total colectomy without platelet transfusion). Platelet
aggregation induced by adenosine diphosphate and collagen was
reduced, although the bleeding time was within the normal limit
(Table 1). Platelet spreading on immobilized fibrinogen was
partially impaired: the number of fully spread platelets was
decreased (supplemental Figure 1). These findings indicate that
patients are asymptomatic or exhibit a marginal bleeding tendency
and that the clinical and laboratory phenotype is distinct from
Glanzmann thrombasthenia.

There was spontaneous PAC-1 binding to resting patients’
platelets as well as to ollb-W995/@3-transfected 293T cells.
Although fibrinogen did not bind to platelets in whole blood,
increased fibrinogen binding to the washed platelets was observed
(Figure 1D; supplemental Figure 2). The activation state, quantified
as an activation index in 293T cells, was higher for allb-W995 than
for B3-H723 but was weaker than that for a strong activating
mutant, B3-N56213(Figure 1E). CD62p expression was absent on
the resting platelets (supplemental Figure 2). Spontaneously phos-
phorylated FAK, a downstream effector of integrin signaling, was
not evident in resting platelets in suspension, probably because of
low expression level of abnormal allb@3 receptor. However, FAK
phosphorylation occurred in allb-W995/@33-transfected 293T cells
in suspension, indicating constitutively activated allb3 (Figure
1F). These results indicate that RO95W mutation changes allbf33 to
a constitutively, albeit partially, activated conformation, but does
not induce platelet activation.

ollb-R995 forms a salt bridge with 33-D723 in the membrane-
proximal region and maintains the inactive conformation of the
allbB3.292! Disruption of the interaction because of partially
activated allb/B3-H723 or allb/B3-A723 mutants but not fully
activated mutants, such as allb/B3-N562, was reported to cause
microtubule-dependent abnormal proplatelet-like cytoplasmic ex-
tensions in megakaryocytes and CHO cells.®?> We found that

Figure 1. (continued) (C) Platelet morphology. Peripheral blood smears were stained with May-Grunwald-Giemsa for a normal control and patient 1 (original
magnification, X 1000). The patient showed giant platelets with morphologically normal leukocytes. The number in each panel shows the mean platelet size (n = 200). Images
were obtained using a BX50 microscope with a 100</1.35 numeric aperture oil objective (Olympus). Images of the slides were acquired using a DP70 digital camera and DP
manager software Version 1.2.1.107 (Olympus). (D) Activation state of platelet allbB3. Washed platelets from patient 3 were resuspended in Tyrode buffer (137mM NaCl,
2.7mM KCl, 1.0mM MgCl,, 3.3mM NaH,PO,, 3.8mM N-2-hydroxyethylpiperazine-N’'-2-ethanesulfonic acid, 0.1% glucose, 0.1% bovine serum albumin, pH 7.4) and incubated
with fluorescein isothiocyanate-conjugated PAC-1 or 125 ng/mL fluorescein isothiocyanate-labeled fibrinogen in the presence or absence of 10nM FK633 (allbp3-specific
peptidomimetic antagonist: black lines) or 10.M adenosine diphosphate (blue lines), and analyzed by flow cytometry. Numbers indicate the mean fluorescence intensity.
Results are representative of 2 independent experiments. (E) Quantitation of the allbB3 activation state. The activation state of allb3 was quantified as an activation index on
transiently transfected 293T cells. The activation index was higher for allb-W995 than for 33-H723 but was weaker than for an activating mutant 33-N562. Activation
index = (a — b)/(c — b), in which a is the mean fluorescence intensity of PAC-1 binding with buffer, b is the mean fluorescence intensity in the presence of FK633, and c is the
mean fluorescence intensity in the presence of PT25-2 (anti-allb3 antibody, which induces the active conformation of allbp3). Data are mean plus or minus SE (n = 3).
(F) FAK phosphorylation. Washed platelets from patient 3 (left) or transiently transfected 293T cells (right) were incubated in suspension or seeded onto 100-wg/mL
fibrinogen-coated plastic dishes for 1 hour. Cells were washed with phosphate-buffered saline and lysed with 1% Triton X-100 and 1mM sodium vanadate. FAK was
immunoprecipitated from the lysates with anti-FAK antibody FAK(C903; Santa Cruz Biotechnology) and protein G-Sepharose, and phosphotyrosine was detected with the
antiphosphotyrosine antibody 4G10 (Millipore). Note that 300-wg and 150-pg lysates from suspension and adhered platelets, respectively, and 200-n.g lysates from
suspension and adhered transfected 293T cells were used forimmunoprecipitation analysis. To monitor the loading of gel lanes, the membrane was stripped and reprobed with
the anti-FAK antibody FAK(A17; Santa Cruz Biotechnology). Results are representative of 2 and 3 independent experiments for platelets and transfected cells, respectively.
(G) Abnormal cytoplasmic protrusions in allb-W995/33-transfected CHO cells. Stably transfected CHO cells were seeded onto 100 wg/mL fibrinogen-coated glass coverslips
and incubated for 2 hours at 37°C. Cells were fixed with 3.7% formaldehyde and permeabilized with 0.2% Triton X-100. Coverslips were then stained with anti-CD41a antibody
HIP8 (BD Biosciences) followed by Alexa-488-labeled goat antimouse 1gG (Invitrogen) and tetramethylrhodamine isothiocyanate-phalloidin (Sigma-Aldrich). Images were
obtained using a confocal microscope with a Plan-Apochromat 63x/1.4 oil DIC objective lens LSM5Pascal (Carl Zeiss). Arrowheads indicate membrane ruffling (middle panel)
and abnormal cytoplasmic protrusions with the bulbous tips (right panel) in allb-W995/33-transfected CHO cells. Representative images from 3 independent experiments are
shown. (H) Abnormal proplatelet formation in «llb-W995/B3-transfected megakaryocytes. Mouse fetal liver-derived megakaryocytes infected with EGFP-allb and
Kusabira-Orange-B3 retrovirus were examined in suspension cultures under an IX71 fluorescence microscope with an LCPlanFI 40</0.60 objective lens (Olympus). (i) The
percentage of megakaryocytes extending proplatelets was evaluated manually under a fluorescence microscope 1 to 4 days after infection. For each specimen, at least
100 megakaryocytes were evaluated. The number of proplatelet tips per megakaryocyte (ii) and the size of the proplatelet tips (iii) were measured on acquired images by the
ImageScope software Version 10.2.2 (Aperio Technologies). At least 10 megakaryocytes were analyzed for each sample. An unpaired, 2-tailed ttest was used to analyze data.
A value of P less than .05 was considered statistically significant. Data are mean plus or minus SD. *P < .05. **P < .01. ***P < .0001. (iv) Representative megakaryocytes
from 3 independent experiments are shown. Note that the number of proplatelet tips/bulbous structures (arrowheads) is decreased and the size of the tips increased in
allb-W995/B3-transfected megakaryocytes than in wild-type «llb/B3-transfected megakaryocytes. Scale bar represents 10 pm.
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allb-W995/B3-transfected CHO cells exhibited membrane ruffling
and abnormal cytoplasmic protrusions with the bulbous tips on
fibrinogen-coated surfaces (Figure 1G), indicating that the salt
bridge-disrupting mutations exert the same influence on the
integrin activation and cytoskeletal events. Abnormal clustering of
aIIbB3, which was reported in /TGB3 L718P mutation,!? was not
observed in these cells or in platelets spread on immobilized
fibrinogen (supplemental Figure 1). It is worth noting that macro-
thrombocytopenia-associated /7GB3 mutations in the ectodomain
and the cytoplasmic membrane-proximal region have different
properties in terms of outside-in signaling and bleeding tendency.”1°

Finally, to determine the functional consequences of R995W
mutation on platelet production, we coexpressed allb and (33 in
mouse fetal liver cells by retroviral transfer and differentiated them
into megakaryocytes (Figure 1H). There was an early increase and
decrease in the percentage of proplatelet formation-positive mega-
karyocytes in allb-W995/@33-transfected megakaryocytes. The
number of proplatelet tips was decreased, and the size of the tips
increased. These results are consistent with thrombocytopenia and
the increased platelet size in patients, indicating that the stimulation
of mutant alIbB3 leads to abnormal proplatelet formation. How-
ever, not all ITGA2B- and ITGB3-activating mutations are associ-
ated with macrothrombocytopenia. Patients with homozygous
ITGB3 C549R or C560R mutation inducing constitutively active
alIbB3 have a normal platelet count and size,>?* suggesting
different molecular mechanisms for the induction of abnormal
proplatelet formation.

olIbB3 has not been implicated in an abnormal platelet count or
morphology.® Our data support and extend the recent reports that
heterozygous, activating mutations in /TGA2B and ITGB3, in the
juxtamembrane region, cause macrothrombocytopenia.®1® We thus
propose that such mutations represent the etiology of a subset of
congenital macrothrombocytopenias. It is also probable that ho-
mozygosity causes Glanzmann thrombasthenia, as demonstrated in
the original report of macrothrombocytopenia-associated /TGA2B
R995Q mutation.®” The creation of a knock-in mouse model and/or
use of an in vivo megakaryocyte infusion model* should clarify

ITGA2B R995W MUTATION CAUSES MACROTHROMBOCYTOPENIA 5483

the mechanism underlying the production and processing of giant
platelets.
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