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We investigated the cause of mild muco-
cutaneous bleeding in a 14-year-old male
patient (P1). Platelet aggregation and ATP
secretion induced by arachidonic acid
and the thromboxane A, receptor (TxA;R)
agonist U46619 were reduced in P1 com-
pared with controls, whereas the re-
sponses to other platelet agonists were
retained. P1 was heterozygous for a trans-
version within the TBXA2R gene predic-
tive of a D304N substitution in the TxA3R.
In Chinese hamster ovary-K1 cells ex-

pressing the variant D304N TxA,R, U46619
did not increase cytosolic free Ca2* con-
centration, indicating loss of receptor
function. The TxA,R antagonist [°H]-
$Q29548 showed an approximate 50%
decrease in binding to platelets from P1
but absent binding to Chinese hamster
ovary-K1 cells expressing variant D304N
TxA;R. This is the second naturally occur-
ring TxA,R variant to be associated with
platelet dysfunction and the first in which
loss of receptor function is associated

with reduced ligand binding. D304 lies
within a conserved NPXXY motif in trans-
membrane domain 7 of the TxA;R thatis a
key structural element in family A G pro-
tein-coupled receptors. Our demonstra-
tion that the D304N substitution causes
clinically significant platelet dysfunction
by reducing ligand binding establishes
the importance of the NPXXY motif for
TxA,R function in vivo. (Blood. 2010;115:
363-369)

Introduction

The thromboxane A, receptor (TxA;R) is the G protein-coupled
receptor (GPCR) for the eicosanoid thromboxane A, (TxA,) and
the isoprostane 8-iso-prostaglandin F2a! and is encoded by the
TBXAZ2R gene, which is located at 19p13.3. Alternative splicing of
TBXA2R creates different o or 3 isoforms of the TxA,R that differ
only at the carboxy-terminus.”> Both isoforms are expressed in
vascular tissues and mediate activities that include smooth muscle
contraction, activation and migration of endothelial cells, and
angiogenesis.>*

The TxA,Ra isoform is also expressed in platelets® and plays a
critical feedback role in mediating platelet activation during
primary hemostasis. This pathway is initiated by liberation of
arachidonic acid (AA) by the action of cytosolic phospholipase A,
followed by metabolism of AA to the intermediary prostaglandin
H, and then to TxA,. Binding of TxA, to TxA;R then initiates
proactivation signals through G, family G proteins, leading to
phospholipase C B-mediated Ca?>" release and protein kinase C
activation.® TxA,R also signals through G,; family G proteins to
activate Rho-mediated pathways.” The TxA,R is therefore a critical
mediator of platelet function in primary hemostasis and is an
attractive target for antithrombotic drugs for use as alternatives or
adjuncts to existing antiplatelet agents.3?

The development of the TxA;R as a drug target has required
identification of the functional domains within the receptor that
mediate ligand binding and signal transduction. Accordingly, the
TxA;R has been studied in detail ex vivo using site directed

mutagenesis and by direct imaging techniques.* These analyses
indicate that conserved residues in extracellular loop 2 mediate
ligand binding!®!! and that intracellular loops 1 and 3 mediate
coupling to Gq.'>13

A single naturally occurring variant TxA,R has been reported
previously that contained an R60L substitution in intracellular
loop 1.!%15 The R60L substitution caused loss of TxA,R function
by abrogating TxA,R coupling to Gq and was associated with
abnormal platelet functional responses ex vivo and a mild clinical
bleeding phenotype.!*15 Characterization of the variant R60L
TxA;R has thereby provided valuable independent evidence of the
significance of intracellular loop 1 for TxA,R function. We now
extend the repertoire of informative human TxA,R variants by
reporting the clinical and laboratory phenotype of a second kindred
with a naturally occurring variant TxA;R containing a D304N
substitution in transmembrane domain 7. We also present evidence
that the D304N substitution causes TxA;R dysfunction through
prevention of ligand binding.

Methods

The study kindred was identified in a systematic analysis of subjects with
mild heritable platelet function disorders registered at hemophilia centers in
the United Kingdom. This study has received UK Multicentre Research
Ethics Committee approval, and informed consent was obtained in accor-
dance with the Declaration of Helsinki.
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Platelet function studies

Platelet aggregation and ATP secretion in response to a panel of agonists
were measured in platelet rich plasma (PRP) using a dual Chronolog
lumi-aggregometer as described previously.!® The aggregation and secre-
tion responses were compared with responses in control platelets collected
from healthy volunteer donors at the same time as the patient samples. The
maximum amplitude of the aggregation responses and the total ATP
secretion were also compared with normal reference ranges generated in
our laboratory using platelets from a panel of 20 healthy volunteer donors.

Analysis of TBXA2R

The TBXA2R coding sequence and splice donor and acceptor sites were
amplified by polymerase chain reaction (PCR) from genomic DNA purified
from venous blood (oligonucleotide primers and PCR conditions available
on request). PCR amplicons were sequenced with a model 3700 DNA
analyzer using an ABI PRISM Big Dye V2 reaction kit (Applied Biosys-
tems), and sequence variations were identified by comparison with the
TBXA2R cDNA reference sequences NM_001060 and NM_201636. The
presence of the TBXA2R ¢.910G>C transversion was confirmed by
restriction analysis using Avall.

Ligand binding studies and thromboxane B, synthesis in
platelets

For ligand binding studies and measurement of thromboxane B, (TxB,)
formation, platelets were isolated from PRP by centrifugation in the presence of
0.02 U/mL of apyrase and prostaglandin E; (140nM). The pellet was resus-
pended in a modified Tyrode-HEPES buffer (145mM NaCl, 2.9mM KCl, 10mM
HEPES, 1mM MgCl,, and 5SmM glucose, pH 7.3).

For ligand binding studies, the platelets were fixed with 4% formalde-
hyde before resuspending in binding buffer (20mM HEPES and 1mM
MgCl,) and incubated with [PH]-SQ29548 (3 Ci/mmol, 0.01-0.1M) either
in the presence or absence of unlabeled ligand (10pM). After incubation for
20 minutes at room temperature, reactions were terminated with ice-cold
binding buffer and rapid filtration through Whatman GF/C glass fiber filters
under vacuum. Radioactivity bound to the filters was measured by
scintillation counting.!”

TxB, levels were measured in washed platelets after incubation for
5 minutes in the presence or absence of 1M of AA using an enzyme-linked
immunosorbent assay (ELISA; GE Healthcare UK) in accordance with the
manufacturer’s instructions.

TxA2R expression experiments

The wild-type TxA,R expression construct comprised a DNA3.1 hygromy-
cin vector containing the TxA,Ra cDNA fused at the N-terminus with the
FLAG epitope tag. The variant p.D304N expression construct was then
generated from this template by site-directed mutagenesis using a
QuikChange Site-directed Mutagenesis Kit (Stratagene) in accordance with
the manufacturer’s instructions. The wild-type and D304N TxA,Ra
expression constructs were stably transfected into Chinese hamster ovary-K1
(CHO-K1) cells as described previously.'8

Expression of wild-type and D304N TxA,R in CHO-K1 cells

Expression of the FLAG-tagged receptors in transfected cells was assessed
by ELISA and immunofluorescence microscopy using the FLAG M2
monoclonal antibody (Sigma-Aldrich) as described previously.'”

Measurement of cytosolic [Ca%*]; and ligand binding studies in
CHO-K1 cells

Transfected CHO-KI1 cells were cultured on poly(L-lysine)—coated glass
coverslips and used at approximately 60% confluence. Cells were washed
twice with Locke solution (154mM NaCl, 5.6mM KCl, 1.2mM MgCl,,
2.2mM CaCl,, 5mM HEPES, and 10mM glucose, pH 7.4) and incubated
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with the fluorescent Ca* indicator fura-2/AM (3uM) at 37°C for 60 min-
utes. Glass coverslips were mounted into a quartz cuvette and placed into a
thermostatically controlled cell holder at 37°C. Cells were continuously
perfused with Locke solution. Fluorescence was measured at 340 and
380nM excitation and 510nM emission. U46619 (0.001-10pnM) was
perfused onto cell monolayers, and [Ca?"]; was determined from ratiomet-
ric data as described previously.”’ For ligand binding studies, cells
expressing receptor constructs were harvested and incubated with [*H]-
SQ29548 (3 Ci/mmol, 0.01-0.1nM) for 20 minutes at room temperature.
Ligand binding was then determined in the presence of unlabeled ligand
(10pM) as described previously.!”

Results

Clinical description and platelet phenotype of the study
proband

The proband (P1) was a 14-year-old British, white male patient
with nonconsanguinous parents who presented for investigation
with easy bruising and prolonged epistaxes since infancy that could
not be attributed to any local abnormality in the upper airway.
There were no other pathologic bleeding symptoms, although P1
had not experienced any significant traumatic or surgical hemo-
static challenges. Investigations for coagulation factor deficiencies
and von Willebrand disease were normal (not shown).

Platelet aggregation in response to a low concentration of
0.5mM AA was absent in P1, whereas this induced full aggregation
in control platelets that were collected on the same day. There was
also a reduced level of aggregation to ImM and 1.5mM AA
compared with the control platelets, although the level of the
response fell within the normal reference range for maximal
aggregation determined in cohort of 20 healthy donors!® (Figure
1A). The aggregation response to a high concentration of the
TxA;R agonist U46619 (10nM) was also reduced in platelets from
P1 compared with control platelets and had begun to return to
baseline by 5 minutes. The response to 3uM U46619 was transient
and showed a complete return to baseline within the observation
time (Figure 1B). In comparison, we did not observe a transient
response to 3uM U46619 in the control platelets collected on the
same day or in more than 20 healthy volunteer donors used to
generate laboratory reference ranges. There was also no diminution
of the aggregation response to 3uM U46619 in the presence of
indomethacin in platelets from P1 or from controls, thereby
demonstrating that the impairment in platelet aggregation re-
sponses was not due to a defect in TxA, synthesis (Figure 1B).
Consistent with this, thromboxane B, (TxB,) synthesis induced by
1nM AA using washed platelets from P1 was similar to that in
control platelets (Figure 2A). Importantly, platelets from P1
showed similar aggregation responses to controls with high concen-
trations of a protease-activated receptor (PAR1) peptide agonist
(100nM) and a GPVlI-specific collagen related peptide (CRP;
1 wg/mL; Figure 1C), thereby indicating a defect in the TxA,
proactivation pathway at the level of theTxA,R rather than a
generalized aggregation defect.

The ATP secretion in platelets from P1 in response to 3uM U46619
or 1.5mM AA was also markedly reduced compared with control
platelets (Figure 2B), and the total ATP secretion was less than the lower
limits of our laboratory reference ranges for these agonists.'® In contrast,
ATP secretion responses in platelets from P1 induced by 1-pg/mL CRP
(Figure 2B) and 100nM PARI agonist (not shown) were similar to
control platelets and were within our laboratory reference ranges.
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Figure 1. Agonist-induced platelet activation in sub- A
jects P1 and P2. (A-C) Platelet aggregation in response
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Clinical and platelet phenotype in family members

The father (P2) and mother (P3) of the proband had no
significant history of abnormal bleeding. Platelets from P2
showed abnormal aggregation and ATP secretion responses to
AA and U46619 that were similar to the abnormal responses in
P1 (Figures 1D and 2C) but showed normal responses to PAR1
agonist and CRP (not shown). In contrast, platelets from P3
showed normal aggregation and ATP secretion responses to all
agonists (data not shown).

Identification of the TBXA2R D304N mutation

Subjects P1 and P2, who showed the same abnormal platelet
aggregation and secretion responses, were heterozygous for a
¢.910G>C transversion in TBXA2R that is predictive of an
aspartate to asparagine substitution at position 304 in transmem-
brane domain 7 of the TxA,R (p.D304N). The TBXA2R
¢.910G>C transversion was not identified as polymorphic in
either the National Center for Biotechnology Information (http://
www.ncbi.nim.nih.gov/) or Ensemble (http://www.ensembl.org/
index.html) databases. Subject P3, who showed normal platelet

Control Control

aggregation and secretion responses, had wild-type TBXA2R
sequence.

Heterologous expression of variant D304N TxA,R

To investigate further the effect of the D304N substitution on
TxA,R expression and function, we generated CHO-K1 cell clones
that stably expressed either wild-type or variant D304N TxA,R as
the « receptor isoform, which is the predominant isoform ex-
pressed in platelets.> The wild-type and variant D304N TxA,R
showed similar levels of surface expression as determined by
ELISA and immunofluorescence microscopy (Figure 3A-B).
Variant D304N and wild-type TxA,R function was then exam-
ined in CHO-K1 cells by measuring changes in cytosolic Ca>*
concentration ([Ca?>*];) induced by U46619. CHO-K1 cells express-
ing wild-type TxA,R showed a near maximal rise in [Ca?*]; at
10pnM U46619 (Figure 3C). However, at this ligand concentration,
the maximal rise in [Ca®"]; in CHO-K1 cells expressing variant
D304N TxA,R was reduced by more than 85% and was similar to
that in nontransfected control CHO-K1 cells (Figure 2C). This
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Figure 2. Agonist-induced platelet ATP secretion and throm-
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E=] [ ] 1uM AA experimental control at baseline and after incubation with 1M
g AA. The results are from 1 experiment performed in triplicate.
c I 100+ (B) ATP secretion in response to the indicated concentrations of
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indicates complete loss of function of variant D304N TxA,R
expressed in CHO-K1 cells.

Binding of [*H]-SQ29548 to platelets and transfected CHO-K1
cells

To study to how the D304N substitution caused loss of TxA,R
function, we measured binding of the TxA,R antagonist [*H]-
SQ29548 to platelets from the study subjects and to CHO-K1 cells
expressing the wild-type and variant D304N TxA;R. Binding of
[*H]-SQ295438 to platelets and to the transfected CHO-K1 cells was
saturable and maximal at a ligand concentration of 0.1uM (Figure
4A-B). The binding affinity of [*H]-SQ29548 to platelets from P1
was similar to that observed with platelets from an unrelated
control donor and from family member P3, who did not show
platelet dysfunction (K3 P1 34 = 21nM; P3 22 = 10nM; unrelated
control 23 = 10nM). This was also comparable with the binding
affinity of [*H]-SQ29548 to CHO-K1 cells expressing wild-type
TxAR (K4 16 = 5nM).

The maximum binding of [*H]-SQ29548 to platelets from P1
was reduced by just over 50% compared with control platelets
(Bmax P1 167 £ 40 dpm/4 X 10° platelets; P3 403 = 61 dpm/
4 X 106 platelets; unrelated control 383 = 70 dpm/4 X 10° plate-
lets; Figure 4A). The maximum binding of [*H]-SQ29548 to
CHO-K1 cells expressing variant D304N TxA,R was reduced by
more than 85% compared with those expressing wild-type TxA,R
(Bmax D304N TxA,R 79 * 27 dpm/mg protein; wild-type TxA;R
520 * 33 dpm/mg protein; Figure 4B). Maximum binding to
CHO-KI1 cells expressing variant D304N TxA,R was similar to
that observed in nontransfected CHO-K1 cells, indicating that the
D304N substitution abolishes [*H]-SQ29548 binding.

Discussion

We have demonstrated that platelets from 2 subjects from the same
kindred showed greatly reduced aggregation and ATP secretion in
response to AA, which is the metabolic precursor of TxA, and to
the TxA,R agonist U46619. In contrast, the responses to high
concentrations of other agonists were either normal or showed
minimal abnormality. There was no further diminution in the
aggregation response to U46619 in the presence of the indometha-
cin, which inhibits TxA, synthesis consistent with the fact that the
response to U46619 is not reinforced by endogenous synthesis of
TxA,.!'° Moreover, the synthesis of thromboxane B,, which is
generated in platelets from TxA, by nonenzymatic hydrolysis, was
normal in response to AA. This laboratory phenotype indicated a
functional defect in the TxA, proactivation pathway that was unrelated
to TxA, synthesis but occurred at the level of the TxA,R. We have
demonstrated that this phenotype segregated within the study kindred
with a heterozygous D304N substitution in the TxA,R.

It is significant that the aggregation responses to AA in PRP
from P1 were outside our laboratory normal reference ranges only
at the 0.5mM concentration, which is lower than the minimum AA
concentration suggested recently for clinical diagnostic laborato-
ries.?! We also demonstrated an abnormal aggregation response to
3uM U46619 and abnormal ATP secretion to 1.5mM AA and 3uM
U46619. U46619 is not used widely in clinical diagnostic laborato-
ries, and assays to measures platelet ATP secretion are not used
widely,?? even though a lumi-aggregometer has available commer-
cially for more than 25 years. This means that the platelet defect
that we identified in P1 is unlikely to have been detected in a
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Figure 3. Expression and functional analysis of wild-
type and variant D304N TxA2R expressed in CHO-K1
cells. (A) CHO-K1 cells were transfected with expression
constructs containing wild-type (WT TxAR) or variant
D304N TxA2R (D304N TxA2R). Expression levels of TxAoR
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1.29

in CHO cell lysates were determined by ELISA using
anti-FLAG M2 monoclonal antibody. Data represent means
+ SEM of 3 independent experiments and are reported as
arbitrary units (AU) relative to expression level of the
wild-type TxAzR (designated as 1AU). (B) Transfected
CHO-K1 expressing wild-type and variant D304N TxA2R
were also studied by immunofluorescence microscopy
using an anti-FLAG M2 monoclonal antibody. The images
are representative of > 20 high power fields. (C) Changes
in cytoplasmic calcium concentration [Ca?*]; were mea-
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means = SEM of 3 independent experiments.

(o]

200+

150+

Peak [Ca®"];
(nM)

a
(=]
[l

nonspecialized diagnostic laboratory. Our findings therefore sup-
port the inclusion of a wider range of AA concentrations and the
introduction of U46619 as an agonist in diagnostic platelet
aggregation assays to improve sensitivity for mild TxA;R defects.

We expressed variant D304N TxA,R at a similar level to
wild-type TxA;R on the surface of CHO-K1 cells. However,
D304R TxA,R failed to mediate increased [Ca?*]; in response to
U46619, indicating that the D304N substitution confers complete
loss of receptor function. This is consistent with the partial loss of
TxA;R function observed in platelets from the study subjects, as
these subjects were heterozygous for the D304N substitution and
were therefore predicted to express both wild-type and variant
TxA;R. The results of the CHO-K1 expression experiments
therefore confirm that the partial loss of TxA,R function observed
in platelets from the study subjects is caused by the D304N
substitution. This report is only the second description of a
naturally occurring TxA,R variant in which there is loss of receptor
function.'

Heterozygosity for the D304N substitution was associated with
abnormal mucocutaneous bleeding in subject P1. At first sight, this
suggests that expression of variant TxA,R from the D304N allele is
sufficient to reduce platelet hemostatic function even though
normal TxA;R is expressed from the remaining wild-type allele.
However, this conclusion is not supported by our observation that
subject P2 had no abnormal bleeding symptoms despite also being
heterozygous for the D304N TxA,R substitution.

In the previously reported naturally occurring variant R60L
TxA;R, bleeding symptoms were reported in subjects who were
homozygous for this substitution.'*?324 However, heterozygotes

D304N TxA,R

o D304N TxA,R
A WT TxAR

v Non-transfected

7
log [U46619] (M)

-8 -6

for the R60OL TxA,R substitution did not show abnormal bleeding
even though platelet aggregation responses to AA and U46619
were abnormal and similar to those observed in our study
subjects.!> The R60L substitution prevents coupling of the TxA,R
to Gq and abolishes function of the variant receptor expressed in
heterologous cells. ! Therefore, heterozygotes for the variant R60L
TxA;R are predicted to express both functional and nonfunctional
TxA;R similar to the heterozygotes for the D304N substitution in
our study. The consensus conclusion from the previous reports of
the R60L variant and this report of the D304N variant is therefore
that heterozygosity for loss of function mutations of TxA,R is
sufficient to cause abnormal platelet functional responses ex vivo.
However, heterozygosity is insufficient to cause platelet dysfunc-
tion that is clinically significant in vivo. Abnormal mucocutaneous
bleeding is a common presentation that is multifactorial and
frequently has no identifiable cause despite laboratory testing.?!->
We therefore speculate that the clinical bleeding phenotype dis-
played by subject P1 in our study represented the effect of the
heterozygous D304N substitution combined with an additional,
unidentified hemostatic defect.

We demonstrated that platelets from subject P1 showed approxi-
mately 50% maximum binding of the TxA,R antagonist [*H]-
SQ29548 compared with control platelets but that the binding
affinities were similar. These results indicate either a partial
reduction in total TxA,R expression on the platelet surface or
expression of a subset of TxA,R with absent [*H]-SQ29548
binding. In CHO-K1 cells, the variant D304N TxA;R expressed
normally on the cell surface but failed to bind [?H]-SQ29548. The
partial ligand binding defect observed in platelets is therefore
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Figure 4. Binding of [°H]-SQ29548 to platelets from P1 and a healthy control and to
CHO-K1 cells expressing either wild-type or variant D304N TxAR. (A) Washed fixed
platelets from P1 from a related control (P3) who did not have the D304N TxA:R
substitution and from a healthy unrelated donor were incubated for 20 minutes with
[3H]-SQ29548 (0.1.M) in the presence of unlabeled ligand (10uM) to determine specific
receptor-dependent binding. Binding was then determined by measuring bound labeled
ligand after a 20-minute incubation. Data are expressed as disintegrations per minute per
4 % 10° platelets and represent the means = SEM of 3 independent experiments. (B) Spe-
cific receptor-dependent [?H]-SQ29548 binding to either wild-type (WT TxAzR) or variant
D304N TxA2R (D304N TxAzR) expressed in CHO-K1 cells was determined as described in
“Methods.” Data are expressed as disintegrations per minute per milligram of protein and
represent the means += SEM of 3 independent experiments.

consistent with expression of both wild-type TxA,R with normal
[*H]-SQ29548 binding and variant D304N TxA,R with absent
binding. The failure of variant D304N to bind [*H]-SQ295438,
which is a highly specific TxA,R antagonist, suggests that the
ligand binding site of the variant receptor is disrupted.!! This is
consistent with the loss of functional responses to the TxA,R
agonist U46619 and to AA, which induces synthesis of the native
receptor agonist TxA,. This mechanism of loss of receptor function
is therefore different to the previously reported variant R60L
TxAR in which ligand binding was normal.'4

The D304N substitution observed in our study subjects lies
within transmembrane domain 7 of the TxA,R that is distinct from
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extracellular loop 2, which has previously been identified as the
TxA,R ligand binding site.!'®!! However, D304 is a key polar
residue that lies at position 1 of the NPXXY motif within transmem-
brane domain 7 of the TxA,R, which corresponds to residue 7.49,
using the Ballesteros-Weinstein generic nomenclature for GPCRs.2
Recent crystal structures of other group A GPCRs have revealed a
network of ordered water molecules within transmembrane do-
main 7 that interact with a series of residues, including 7.49 in the
NPXXY motif, to form a hydrogen-bond network extending from
the ligand binding crevice toward the cytoplasmic face of the
receptor.’>?’ This network is critical for the maintenance of
interhelical associations within GPCRs in both inactive (R) and
active (R*) states and is therefore expected to maintain the integrity
of the ligand binding site in the R state receptor (reviewed in?®).
Residue 7.49 also interacts directly with a conserved D residue at
2.50 in transmembrane domain 2 during transition between R and
R* states.?0?7

The critical 7.49 residue is an Asn (N) in 75% of family A GPCRs
and is an Asp (D) in 21%, including the TxA,R.? However, the D and
Nresidues at this position are not interchangeable within individual
GPCRs, and an N substitution at 7.49 cannot support GPCR function
where there is a D residue in the wild-type receptor.’® This corresponds
to the D304N substitution observed in our study kindred in the TxA,R
and provides a highly plausible explanation for the loss of TxA;R
function. Our results indicate that at least part of this loss of function
occurs because of absent ligand binding.

This report of a novel variant D304N TxA,R establishes the
clinical and laboratory phenotype associated with reduced expres-
sion of functional TxA,R on platelets in vivo. Although the
NPXXY motif has proven function in other group A GPCRs, we
provide the first direct evidence that this motif is critical for
functionality of the TxA,R.
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