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alcium-Diacylglycerol Guanine Nucleotide
xchange Factor I gene mutations associated with

oss of function in canine platelets

ARY K. BOUDREAUX, JAMES L. CATALFAMO, and MARION KLOK

UBURN, ALA; ITHACA, NY; AND OUDESCHANS, THE NETHERLANDS

Calcium-Diacylglycerol Guanine Nucleotide Exchange Factor I (CalDAG-GEFI) has
been implicated in platelet aggregation signaling in CalDAG-GEFI knockouts. Func-
tional mutations were identified in the gene encoding for CalDAG-GEFI in 3 dog breeds.
Affected dogs experienced epistaxis, gingival bleeding, and petechiation. Platelet
number, von Willebrand factor, clot retraction, and coagulation screening assays were
normal, whereas bleeding time tests were prolonged. Platelet aggregation and release
responses to all agonists, except thrombin, were markedly impaired. Platelet mem-
branes had normal concentrations of integrin alphaIIb-beta3; however, ADP-induced
fibrinogen binding by activated platelets was markedly impaired. Forskolin-stimulated
platelets exhibited a marked increase in intraplatelet cAMP associated with impaired
phosphodiesterase (PDE) activity, whereas levels of extractable phosphoinositides
were 1.5-fold to 2-fold higher in thrombin-stimulated affected platelets. DNA analysis of
the CalDAG-GEFI gene in affected dogs documented the existence of 3 distinct mu-
tations within portions of the CalDAG-GEFI gene encoding for structurally conserved
regions within the catalytic domain of the protein. The mutations are predicted to result
in either lack of synthesis, enhanced degradation, or marked impairment of protein
function. The dysfunctional profile of canine platelets observed in mutant dogs puta-
tively links CalDAG-GEFI and its target Rap1 or other Ras family member, for the first
time, to a role in pathways that regulate cAMP PDE activity and thrombin-stimulated
phosphoinositide anchoring or metabolism. The finding of distinct functional mutations
in 3 dog breeds suggests that mutations in the CalDAG-GEFI gene may be implicated
in similar defects in human patients with congenital platelet disorders having primary
secretion defects of unknown etiology. (Translational Research 2007;150:81–92)

Abbreviations: CalDAG-GEFI � Calcium-Diacylglycerol Guanine Nucleotide Exchange Factor I;
CAP-1 � canine activated platelet-1; EDTA � ethylenediaminetetraacetic acid; GEF � guanine
nucleotide exchange factor; GT � Glanzmann thrombasthenia; GTP � guanine-nucleotide-
binding protein; PAF � platelet activating factor; PAR � protease activated receptor; PCR � poly-
merase chain reaction; PDE � phosphodiesterase; PKC � protein kinase C; PRP � platelet rich plasma;
RIBS � receptor induced binding site; SCR � structurally conserved region; SDS-PAGE � sodium

dodecyl sulfate polyacrylamide gel electrophoresis; TRAP � thrombin receptor activation peptide
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he platelet integrin alphaIIb-beta3, also known as
the platelet glycoprotein complex IIb-IIIa, medi-
ates platelet aggregation by binding the dimeric

igand fibrinogen. In unactivated platelets, the integrin
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pecific receptors on the platelet surface; this sequence
f events is termed “inside-out” signaling.1,2 Examples
f agonists that can induce “inside-out” signaling and
hus change the affinity of the integrin for fibrinogen
nclude ADP, collagen, thromboxane, and thrombin.
nce fibrinogen has bound to alphaIIb-beta3, signal

ransduction events referred to as “outside-in” signaling
ccur, which increase the avidity of the integrin for
brinogen and are accompanied by integrin receptor
lustering. Rap1 is a Ras-related low-molecular-weight
uanine-nucleotide-binding protein (GTPase) that is
biquitously expressed in high levels in platelets, neu-
rophils, and brain.3 Rap1 seems to play an important
ole in several cell processes, including cell prolifera-
ion and differentiation, platelet, neutrophil, and B-cell
ctivation, induction of T-cell anergy, and the regula-
ion of the respiratory burst in neutrophils.3 Rap1 is
ctivated by many different stimuli in different cell
ypes and is thus a shared (common) component in
ignaling. Receptor-signaled generation of second mes-
engers, including calcium, cAMP, and DAG can lead
o the direct activation of Rap1-specific guanine nucle-
tide exchange factors (GEFs). Platelets contain high
evels of Rap1b. In platelets, Rap1 is involved in inte-
rin activation and is activated by the binding of GTP
nd inactivated by the hydrolysis of bound GTP to
DP. In quiescent platelets, Rap1b is primarily local-

zed to the plasma membrane.4 After activation, Rap1b
elocalizes to the actin cytoskeleton.5 Platelet agonists
hat stimulate fibrinogen binding to platelet integrin
lphaIIb-beta3 also stimulate binding of GTP to Rap1b
esulting in its rapid activation.6,7 Most physiologic
gonists (including ADP and collagen) that stimulate
ap1b activation do so through stimulation of Gi-cou-
led receptors.8,9 Platelet adhesion mediated by binding of
he platelet integrin alpha2-beta1 to collagen initiates
utside-in signaling pathways that also result in activa-
ion of Rap1b.10 Agonists that activate platelets through
q-coupled receptors, including thromboxane, or

hrough cross-linking of Fc�RIIA, which is a tyrosine
inase-based pathway, rely on binding of secreted
DP, which in turn binds to the Gi-coupled ADP

eceptor P2Y12.8 The importance of Rap1b for normal
latelet function and hemostasis was demonstrated re-
ently in a knockout mouse model. Rap1b null mice
xhibited markedly impaired platelet function and ex-
erienced 85% embryonic and perinatal lethality pri-
arily caused by hemorrhage-related events.11 Calci-

m-Diacylglycerol Guanine Nucleotide Exchange
actor I (CalDAG-GEFI) is a GEF that activates
ap1b. Guanine nucleotide exchange factors promote
ucleotide release from GTPases. GDP is not preferen-
ially released over GTP; cellular concentrations of

TP are generally 10 times higher than concentrations w
f GDP; thus, GTP has a higher likelihood of rebinding
o the GTPase than GDP.12 The exchange of GTP for
DP promotes the activity of GTPases. CalDAG-GEFI
nockout mice exhibit severely impaired platelet ag-
regation and release responses to most agonists, in-
luding ADP, collagen, thromboxane, and the calcium
onophore A23187.13 CalDAG-GEFI effects are likely
aused by affinity/avidity modulation of integrin al-
haIIb-beta3 via activation of Rap1b.14 It is possible,
owever, not all the CalDAG-GEFI effects on platelet
unction reported in the knockout mice may be linked
o activation of Rap1b. Intrinsic platelet function dis-
rders have been described in Basset hounds and Es-
imo Spitz dogs.15-17 A platelet defect has been recog-
ized in Landseers, a European dog breed related to the
ewfoundland breed; however, biochemical and func-

ional descriptions of the disorder are lacking. Affected
asset hounds, Spitz dogs, and Landseers experience
pistaxis, gingival bleeding, and petechiation on mu-
ous membranes and skin. Platelet number, plasma von
illebrand factor concentration, and function and co-

gulation screening assays are normal, whereas bleed-
ng time tests are prolonged. In contrast to Rap1b null
ice, reduced litter sizes or high neonatal lethality have

ot been described with these disorders in dogs.
The platelet disorders in Basset hounds and Spitz

ogs have been well characterized, and they are essen-
ially similar at the functional level. Platelet aggrega-
ion responses to ADP, collagen, calcium ionophore
23187, and platelet activating factor (PAF) are se-
erely impaired. In response to thrombin, their platelets
xhibit a characteristic lag phase with normal maximal
xtent aggregation. Epinephrine enhances the sensitiv-
ty of thrombopathic platelets to ADP, but the aggre-
ation response is still reduced compared with normal
latelets. Thrombopathic Basset hound intraplatelet fi-
rinogen content and concentrations of membrane gly-
oproteins IIb and IIIa are normal. Platelets from af-
ected Basset hounds and Spitz dogs support normal
lot retraction. cDNA sequences and coding areas of
enomic DNA for platelet glycoproteins IIb and IIIa
btained from affected Basset hounds and heterozygous
andseers are identical to sequences obtained for nor-
al dogs except for the presence of benign polymor-

hisms (Boudreaux, unpublished findings). The simi-
arity of the platelet function disorder described in
ffected dogs to that identified in CalDAG-GEFI
nockout mice, combined with the lack of embryonic
r neonatal lethality described in the CalDAG-GEFI
ouse knockout, prompted the evaluation of the gene

ncoding CalDAG-GEFI in affected Basset hounds, in
n affected Eskimo Spitz dog, and in an affected Land-
eer. Three distinct CalDAG-GEFI gene mutations

ere identified in each breed evaluated. All mutations
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ere located in portions of the gene encoding the
ighly conserved catalytic unit. The changes are con-
idered significant and would result in either lack of
ynthesis, enhanced degradation, or marked impair-
ent of protein function. This article illustrates the

ffects of mutations in a gene encoding for a critically
mportant GEF in platelets in 3 different dog breeds and
he striking similarity of these effects to those observed
n CalDAG-GEFI knockout mice.

ATERIALS AND METHODS

This study was conducted in compliance with ethical
uidelines for research involving the use of animals.

cDNA synthesis. Platelet rich plasma (PRP) was iso-
ated from ethylenediaminetetraacetic acid (EDTA)-anti-
oagulated blood using differential centrifugation. Prosta-
landin E1 was added to PRP samples at a final
oncentration of 3 �M before centrifugation of PRP to
orm pellets. Platelet pellets were resuspended in a small
olume of autologous plasma and transferred to RNase-
ree tubes and centrifuged again. Residual plasma was
emoved from the pellets, and the pellets were frozen at

Fig 1. Primer sets used to amplify cDNA and DNA
of the segments amplified are indicated following t
80°C until use for RNA isolation. Total RNA was iso- l
ated from platelet pellets using a commercially available
it (Micro to Midi Total RNA Purification Kit; Invitrogen,
arlsbad, Calif). cDNA synthesis was accomplished using
separate commercially available kit (iScript cDNA syn-

hesis kit; BioRad, Hercules, Calif).
Genomic DNA isolation. Genomic DNA was harvested

rom EDTA-anticoagulated whole blood using a commer-
ially available kit (QIAamp DNA Blood Mini Kit; Qiagen,
alencia, Calif).
Polymerase chain reaction (PCR) analysis. Primers for

alDAG-GEFI were designed based on sequence information
ound on GenBank (GI:73983733, PREDICTED: Canis famil-
aris sequence similar to RAS guanyl releasing protein 2 isoform
, mRNA) and sequence within the dog genome located using
RNA sequence information (Fig 1). Primers for protease acti-

ated receptor (PAR) 1, PAR3, and PAR4 were designed based
n human and mouse sequences located on GenBank. cDNA
nd DNA segments were initially amplified by PCR by using
ormal canine cDNA or DNA as a template. Amplification
roducts were separated on agarose gels using electrophore-
is. DNA was extracted from target bands using a commer-
ially available kit (QIAquick Gel Extraction Kit; Qiagen).
xtracted DNA was submitted for DNA sequencing in a

s of the gene encoding CalDAG-GEFI. The length
r sets (bp � base pairs).
segment
aboratory equipped with an ABI 3100 Genetic Analyzer.
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Flow cytometry. Citrated PRP (10 �L) was added to 100
L of flow buffer (10mM HEPES, 145 mM NaCl, 5 mM KCl,
mM MgSO4, pH 7.4) in round-bottomed polystyrene tubes.
onoclonal antibodies were added directly to samples of

iluted PRP. Monoclonal antibodies evaluated included Y2/
1, an FITC-labeled antibody against human platelet glyco-
rotein IIIa (DAKO, Carpinteria, California) that recognizes
anine IIIa, 2F9 a monoclonal antibody recognizing canine
Ib (kind gift from Dr. S.A. Burstein, University of Oklahoma
ealth Sciences Center), and canine activated platelet-1

CAP-1), a monoclonal antibody recognizing a receptor in-
uced binding site (RIBS) on canine fibrinogen.18 The FITC-
abeled isotype control antibody was used for samples eval-
ating binding of Y2/51. CAP-1 binding was evaluated using
secondary, FITC-labeled antibody, which was also used
ithout primary antibody in control experiments to detect
onspecific binding. CAP-1 binding was evaluated in nonac-
ivated and activated PRP samples. Samples were fixed with
00 �L of 2% formalin and immediately evaluated by flow
ytometry (Coulter Epics Elite, Hialeah, Fla).

Sodium dodecyl sulfate polyacrylamide gel electro-
horesis (SDS-PAGE) and Western blot analysis. Human
nd canine blood was collected into ACD-A, and platelets
ere isolated essentially as described for phospholipid anal-
sis.19 After the second wash, platelets were resuspended to a
nal concentration of 3 � 108 platelets per 1.0 mL wash
uffer and 2, 10-�L aliquots were removed for protein deter-
ination (BCA Protein Assay Reagent Kit; Pierce Biotech-

ology, Rockford, Ill). The remaining cell suspension was
ecentrifuged. The supernatants were discarded, and platelet
ellets were stored frozen at �70°C until analysis. The frozen
latelet pellets were lysed in hot (95°C) Laemelli SDS-PAGE
ample buffer (BioRad) with vortex mixing and heated for 4
in at 95°C. Platelet proteins were separated by SDS-PAGE

n 12.5% polyacrylamide gels (Ready Gels, BioRad) with
0-�g protein loaded per lane and then electroblotted onto
VDF membranes (BioRad) using cooled Tris-glycine buffer
25 mM Tris, pH 8.3, 192 mM glycine). The PVDF mem-
ranes were then blocked overnight at 4–8°C using 5%
wt/vol) powdered milk in TBS-T (20 mM Tris HCL, pH 7.5,
00 mM NaCl, 0.1% (wt/vol) Tween-20). The blots were
ashed 3 times in TBS-T and probed for 1 h at 18–24°C
sing a purified mouse monoclonal antibody (MO9, clone
D8, Abnova Corporation, Taipei, Taiwan) that recognizes a
artial recombinant human RasGRP2 (CalDAG-GEFI) pro-
ein. The sequence of the recombinant human protein is
omologous with canine sequence for CalDAG-GEFI. The
ntibody was diluted to 1 �g per mL in TBS-T and reacted
ith immunoblots for 1 h at 18–24°C. The blots were also
robed with a rabbit anti-human Rap1 polyclonal antibody
Stressgen Bioreagents, Victoria, British Columbia, Canada)
ith cross reactivity to canine Rap1. After incubation with
rimary antibodies, the blots were washed 3 times in TBS-T,
eacted for 1 h at 18–24°C with either purified goat anti-
ouse or purified goat anti-rabbit IgG conjugated to HRP

BioRad) diluted 1:50,000 in TBS-T, and then washed 3 times
n TBS-T. Immunoreactive protein bands were visualized

sing the ECL-Plus Western Blotting Detection System (GE B
ealthcare, Chalfont St. Giles, United Kingdom) and high-
erformance chemiluminescence film (Hyperfilm ECL; Am-
rsham Biosciences, Piscataway, NJ) according to manufac-
urer suggested protocols. Films were scanned using standard
maging software (Adobe Photoshop v.7.0.1; Adobe Corpo-
ation, San Jose, Calif).

Platelet phosphoinositides. Platelets from normal dogs
nd affected Basset hounds were labeled with [3H]-inositol
ssentially as detailed by Huang.20 Radiolabeled platelets
ere activated by addition of either saline (0.15 M NaCl) or
Unit/mL human alpha-thrombin at 37°C, with stirring at

50 RPM for various times from 0 s to 120 s. Reactions were
erminated by rapid addition of ice cold 10% (vol/vol) HClO4

nd extracted as detailed by Wreggett21 with inclusion of
hytate hydrolysate to optimize recovery. [3H]-labeled inosi-
ol phosphates were separated using QMA anion exchange
EP-PAKS (Waters Corp, Milford, Mass) and ammonium
ormate buffers.22

ESULTS

Flow cytometry. Monoclonal antibody Y2/51, recog-
izing platelet glycoprotein IIIa, bound normally to
latelets obtained from affected Basset hounds and
pitz dogs17 in contrast to platelets obtained from dogs
ith Glanzmann thrombasthenia (GT) in which binding
as markedly reduced.23 CAP-1, a monoclonal anti-
ody that recognizes a RIBS on canine fibrinogen, did
ot bind significantly to nonactivated platelets obtained
rom either normal dogs or dogs with Basset hound
hrombopathia or GT23 (Spitz dog platelets were not
vailable for CAP-1 flow cytometry studies.) Platelets
btained from normal dogs and activated with ADP or
AF bound CAP-1 in a dose-dependent fashion. In
ontrast, platelets obtained from thrombopathic Basset
ounds failed to bind CAP-1 even when activated with
DP concentrations as high as 100 �M (Fig 2). Plate-

ets from dogs with GT also failed to bind CAP-1.
CalDAG-GEFI cDNA and DNA sequences. Platelet-

erived cDNA sequences encoding CalDAG-GEFI
ere evaluated in 2 thrombopathic Basset hounds and 1
ormal mixed-breed dog. Sequences obtained from the
hrombopathic Basset hounds and the mixed-breed dog
atched the Boxer dog sequence available on GenBank

xcept for a 3 base pair deletion (TCT) observed at
ucleotides 509, 510, and 511 within Exon 5
509,510,511delTCT) in samples obtained from throm-
opathic Basset hounds (Fig 3). Alternatively spliced
egments were also observed in cDNA samples from
hrombopathic Basset hounds and in normal dogs be-
ween Exons 1 and 6. Alternatively spliced versions
ncluded portions of Exon 1 and Exon 3 with complete
eletion of Exon 2. Exons 4, 5, and 6 within these
DNA sequences were complete except for the missing
CT in Exon 5 noted in samples from thrombopathic

asset hounds. Because of frame shift, premature stop
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odons appeared within the sequences. The significance
f these alternatively spliced cDNA sequences is not
nown. Unusual 5= and 3= splice sites were noted for
he intron following Exon 2 (au and ac), which may
ave contributed to the alternative splicing variations
bserved. cDNA sequences also revealed a 175 base
air deletion, likely an intron, after the 6th nucleotide
ollowing the stop codon, TAA. This deletion was
bserved in samples from normal dog and from throm-
opathic Basset hounds. DNA sequences encoding
alDAG-GEFI were evaluated in 79 Basset hounds, 1
skimo Spitz, 8 Landseers, 1 mixed-breed dog, and 1
avalier King Charles Spaniel. Of the 79 Basset
ounds, 8 were affected (identified either with platelet
unction studies or by ruling out other possible causes
f bleeding). One dog was an obligate carrier and had
ired 1 affected dog mentioned above. Platelet function
as evaluated in 23 of the remaining Basset hounds,

nd studies indicated that they either had normal plate-
et function or slightly reduced platelet function in
esponse to either low doses of ADP, collagen, or both.
latelet function studies were not performed on the
emaining Basset hounds who were all reported to be
linically normal. The Eskimo Spitz was an affected
og with a platelet function disorder essentially identi-
al to that described in Basset hounds.16 Two Landseers
ere obligate carriers for a bleeding disorder in Land-

eer in the Netherlands. One Landseers was affected.

Fig 2. Representative flow cytometric results obta
thrombopathic Basset hound (lower panel, a throug
response to 100 �M ADP. Bb. Mouse anti-RIBS on
Mouse anti-human GPIIb (alpha IIb). Dd. Mouse an
Basset hounds with thrombopathia did not bind CA
in response to ADP or PAF (A and B). Similar fi
concentrations. Thrombopathic platelets bound ant
canine platelets (C and D). Similar results were fo
he remaining 5 Landseers were clinically normal, and b
were closely related to the affected and obligate
arrier Landseers. The mixed-breed dog was clinically
ormal and had normal platelet function. The Cavalier
ing Charles Spaniel was clinically normal and had a
acro-thrombocytopenia and enhanced platelet reac-

ivity in response to ADP and collagen. DNA se-
uences for the coding portions of the CalDAG-GEFI
ene in 62 Basset hounds were identical to the normal
oxer dog sequence available as part of the dog ge-
ome located at NCBI. DNA sequences from the 8
ffected Basset hounds were also identical except for a

base pair deletion (509,510,511delTCT) located in
xon 5 (Fig. 3). This portion of the gene encodes for

he structurally conserved region 1 (SCR1) of the cat-
lytic domain within the protein.24 This deletion would
e predicted to result in the elimination of a highly
onserved phenylalanine (amino acid 170) from within
he catalytic unit of CalDAG-GEFI. The obligate car-
ier Basset hound was heterozygous for this deletion as
ere 8 other Basset hounds who were clinically normal
ut were related to other dogs that had been identified
s either being carriers or affected. The other 11, non-
asset dogs were clear of this deletion and matched
ormal dog genome in this location.
The DNA sequence for the coding region of the
alDAG-GEFI gene in the Eskimo Spitz dog with

hrombopathia was identical to the normal Boxer dog
equence except for a single nucleotide insertion (A)

a normal dog (upper panel, A through E) and a
Mouse anti-RIBS on canine fibrinogen (CAP1) in
brinogen (CAP1) in response to 0.2 �M PAF. Cc.
GPIIIa (beta 3). Ee. Isotype control. Platelets from
noclonal antibody to a RIBS on canine fibrinogen
ere found using a wide range of ADP and PAF
GPIIb and GPIIIa in a manner similar to normal

latelets from a Spitz dog with thrombopathia.
ined from
h e). Aa.
canine fi

ti-human
P1, a mo
ndings w

ibodies to
etween nucleotides 452 and 453 within Exon 5 (452-
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Fig 3. Partial DNA sequence of the gene encoding CalDAG-GEFI in dogs. Amino acid letter designations are
shown for normal canine sequence above each codon. Numbering of amino acids and nucleotides begins with
ATG. Nucleotide numbers are in parentheses following the amino acid number for selected codons. D � Boxer,
dog genome; B � thrombopathic Basset hound; S � thrombopathic Eskimo Spitz; L � thrombopathic Landseer;
M � mixed-breed dog, non-bleeder; C � Cavalier King Charles Spaniel with macrothrombocytopenia and
enhanced platelet reactivity. Bracketed section [FDHLEPLELAEHLTYLEYRSFCKI] � SCR1 in Exon 5.
Eskimo Spitz dogs with thrombopathia have a single nucleotide insertion (A) between nucleic acids 452 and 453
(452-453insA) resulting in a frame shift. Basset hounds with thrombopathia have a 3 nucleotide deletion (XXX
� TCT) at nucleotide positions 509,510,511 (509,510,511delTCT), which would result in the deletion of a
phenylalanine at amino acid position 170. Bracketed section [RALVITHFVHVAEKLLHLQNFNTLMAV-
VGGLSHSSISRLKETH] � SCR2 in Exons 6 and 7. Eskimo Spitz dogs with thrombopathia have a premature
stop codon appearing at nucleotide position 796 because of a frame shift starting at nucleotide position 453
(S266Stop). Bracketed section [GFRFPILGVHLKDLVALQLALPD] � SCR3 in Exon 8. Bracketed section
[RLNGAK] � SCR4 in Exon 8. Landseers with thrombopathia have a single nucleotide substitution at
nucleotide position 982 (982C�T) resulting in the appearance of a premature stop codon (R328Stop) within

SCR4). Bracketed section [LYQLSLQREPR] � SCR5 in Exon 9.



4
S
w
c
a
p
w
c
f
f
a
d
f
(
r
t
(
r
s
i
w
a
w
w
q
w
s
w
N
i
K
d
n
s
g
m

u
P
a
s
c
P
a
o
R
w
o
n
s
C
s
e
o

w
h
a
u
d

c
b
p
s
i
n
i
w
P
P
o
n
s
t
g
s
l
t
P
a
w
a
P
P
S

d
t
p
h
t
p
f

F
f
w
n
a
C
n
G

Translational Research
Volume 150, Number 2 Boudreaux et al 87
53insA) at the beginning of the sequence encoding
CR1 of the catalytic domain (Fig 3). This insertion
ould be predicted to result in a frame shift and en-

oding of amino acids not compatible with the types of
mino acids necessary for the proper function of this
rotein. Assuming normal splicing, the frame shift
ould result in the appearance of a premature stop

odon near the end of Exon 7. cDNA was not available
or evaluation in the affected Spitz. The DNA sequence
or the coding region of the CalDAG-GEFI gene in the
ffected Landseer was identical to the normal Boxer
og sequence except for a nucleotide substitution of T
or C at nucleotide position 982 within Exon 8
982C�T) (Fig 3). This mutation would be predicted to
esult in the substitution of a premature stop codon in
he place of an arginine at amino acid position 328
R328Stop) within SCR4 of the catalytic unit. This
esult would greatly impair the function and/or synthe-
is of the protein. The 2 obligate carrier Landseers were
dentical to the normal Boxer dog sequence except they
ere heterozygous for the change described in the

ffected Landseer. Of the remaining 5 Landseers, 3
ere found to be heterozygous for the mutation and 2
ere found to match normal dog genome. DNA se-
uence from a Great Pyrenees dog heterozygous for GT
as found to match dog genome at this location. This

equence was evaluated because the Landseer breed
as derived from the Great Pyrenees as well as the
ewfoundland breed. The DNA sequence for the cod-

ng region of the CalDAG-GEFI gene in the Cavalier
ing Charles Spaniel was identical to the normal Boxer
og sequence except for minor polymorphisms that did
ot result in a change in encoded amino acids. DNA
equences for the coding region of the CalDAG-GEFI
ene in the normal mixed-breed dog matched the nor-
al Boxer dog sequence.
CalDAG-GEFI expression. Platelet extracts were eval-

ated for the presence of CalDAG-GEFI using SDS-
AGE and Western blotting. A murine monoclonal
ntibody to human CalDAG-GEFI recombinant protein
equence reacted with a protein band at 69 kD that
orresponds to the predicted size for CalDAG-GEFI.
latelet extracts from human (n � 1), dog (n � 2), and
ffected Basset hounds (n � 3) had comparative levels
f reactive protein (Fig 4). The blot was also probed for
ap1 using a rabbit polyclonal antibody to human Rap1
ith cross reactivity to canine Rap1. Similar amounts
f Rap1 were detected in platelet lysates from human,
ormal dogs, and affected Basset hounds. (Data not
hown.) These results demonstrate the expression of
alDAG-GEFI in affected Basset hound platelets and

uggest that the mutant protein is dysfunctional. No
vidence for enhanced proteolysis of the mutant form

f canine CalDAG-GEFI was observed. Platelet lysates I
ere not available from Eskimo Spitz or Landseers;
owever, in light of their mutations, which result in the
ppearance of premature stop codons, one could spec-
late that protein synthesis of platelet CalDAG-GEFI
oes not occur in those disorders.
PAR1, PAR3, and PAR4 cDNA sequences. Information

oncerning PAR receptors on canine platelets has not
een published, and it is not known whether canine
latelets possess PAR1, PAR3, and/or PAR4 receptors
imilar to those documented in mice and people. This
nformation coupled with the importance of PAR sig-
aling in thrombin mediated platelet activation and the
mpaired reactivity to thrombin of platelets from dogs
ith the mutations prompted an evaluation of canine
AR encoding sequences. cDNA sequences encoding
AR1, PAR3, and PAR4 were amplified from cDNA
btained from normal dog platelets and compared with
ormal human and mouse sequence information. The
equences encoding the cleavage regions of the tethered
hrombin receptor activation peptides (TRAPs) sug-
ested that dog platelets do synthesize these 3 receptors
imilarly to those reported for mouse and human plate-
ets. Encoded amino acids were similar but not identical
o either human or mouse platelet receptors (Fig 5).
AR1 cDNA encoded for 2 additional amino acids 15
mino acids beyond the predicted cleavage site that
ere not present in human sequence. The first 23 amino

cids of the predicted tethered ligands for PAR1,
AR3, and PAR4 in dogs were SFFLKNTNDGFEPF-
LEEDEEKN, TFRGAPSNSFEEFPLSAIEGWTE, and
FPGQPWANNSDILEIPESSRAL, respectively.
Inositol phosphates. An inherited human bleeding

isorder has been identified in association with defec-
ive initial platelet reactivity and impaired platelet
hosphatidylinositol metabolism.25 As affected Basset
ound platelets exhibited impaired initial platelet reac-
ivity to thrombin, we examined thrombin-stimulated
hosphoinositide hydrolysis in normal dogs and af-
ected Basset hounds. Similar levels of radiolabeled

ig 4. Western blot analysis of CalDAG-GEFI in platelet lysates
rom normal dogs and affected Basset hounds. Each lane was loaded
ith 40-�g total protein. Lanes 1 and 8 � human, lanes 2 and 6 �
ormal dog, lanes 3 and 7 � affected Basset hound 1, lane 4 �
ffected Basset hound 2, and lane 6 � affected Basset hound 3.
anine platelet CalDAG-GEFI was detected using murine monoclo-
al antibody MO9, clone 3D8 to partial recombinant human Ras-
RP2 (CalDAG-GEFI).
P1, IP2, IP3, and IP4 were extracted after 120 s from
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nstimulated saline control platelets evaluated in nor-
al and affected dogs. At 120 s, levels of IP1, IP2, IP3,

nd IP4 were 1342, 1300; 497, 390; 226, 260 and 226,
36 [3H] dpm/109 platelets for normal and affected
ogs, respectively. In contrast, at all time points, post-
hrombin activation (5, 10, 15, 30, and 120 s) IP ex-
racts from affected platelets were 1.5-fold to 2-fold
igher, with peak thrombin-stimulated accumulation at
20 s. IP1, IP2, IP3, and IP4 levels at 120 s postthrombin
timulation were 2787, 5390; 2558, 2830; 557, 873 and
80, 378 [3H] dpm/109 platelets from normal and af-

Fig 5. Partial cDNA sequences encoding PAR1,
mouse (M) sequences obtained from GenBank. En
sequences encompass regions encoding the cleavag
for mouse and human and proposed cleavage sites f
X’s are used to designate absence of nucleotides o
ected dogs, respectively. r
ISCUSSION

Inherited platelet function disorders in Basset hounds
nd Spitz dogs have been reported previously.15-17

latelet aggregation responses of affected Basset
ounds and Spitz dogs are essentially identical and are
haracterized by normal shape change responses but
arkedly impaired aggregation responses to ADP, col-

agen, calcium ionophore A23187, and PAF. In both
isorders, the thrombin response is delayed with max-
mal aggregation occurring in approximately 5 min to 6
in instead of the typical 2-min to 3-min maximum

d PAR3 in dog (C) compared to human (H) and
ino acids (letter designations) are shown. cDNA
the activation peptides. Cleavage sites determined

e indicated (*). Activation peptides are underlined.
cids observed during sequence alignment.
PAR4, an
coded am

e sites for
or dog ar
esponse observed with normal canine platelets (Fig 6).
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lot retraction is normal in both disorders. Dense gran-
le secretion as demonstrated using 14C-serotonin re-
ease is markedly impaired in thrombopathic platelets
btained from Basset hounds and Spitz dogs.16,17 Al-
hough uptake of serotonin is normal, thrombopathic
latelets release less than 6% of their total platelet
4C-serotonin in response to collagen or A23187. ADP-
nduced secretion is highly variable between dogs;
owever, the kinetics of release is unique and very
nusual in thrombopathic platelets obtained from Bas-
et hounds. Thrombopathic platelets release their 14C-
erotonin within 30 s of ADP addition, and the percent
eleased is dose-independent. In contrast, normal dog
latelets do not release 14C-serotonin before 1-min

ig 6. Representative aggregation tracings from Basset hounds or
pitz dogs with thrombopathia compared with normal dogs. Aggre-
ation responses in affected dogs are markedly impaired at all con-
entrations of agonists used. Thrombopathic platelets respond to
hrombin with a characteristic lag phase. Reprinted with permission
rom Boudreaux et al.17 Copyright 1994 Journal of Veterinary Inter-
al Medicine.
ost-ADP addition and percent release is dose-dependent. n
hrombin-induced 14C-serotonin release is comparable in
hrombopathic and normal dog platelets. In earlier studies,
hrombopathic Basset hound platelets were found to have
ncreased basal levels of cAMP as well as impaired cAMP
etabolism in experiments using an activator of adenylate

yclase (forskolin) and a phosphodiesterase (PDE) inhib-
tor, 1-methyl-3-isobutylxanthine.26,27 PDE activity was
ormal in platelet extracts, which suggested an impair-
ent of regulatory control. Platelets from affected Basset

ounds also exhibited increased levels of extractable
hosphoinositides when stimulated with thrombin, which
uggested either differences in phosphoinositide meta-
olic pathways or differences in PI anchoring and recov-
ry. These findings suggest a putative link between
alDAG-GEFI and its target Rap1 or an unrecognized

arget Ras involved in pathways that regulate cAMP PDE
ctivity and thrombin-stimulated phosphoinositide an-
horing or metabolism. In this study, 3 distinct mutations
ere identified in 3 different breeds of dogs in the gene

ncoding CalDAG-GEFI, a guanine nucleotide exchange
actor found in platelets that is critically important for
ormal platelet function. These mutations were all located
ithin regions of the gene encoding structurally conserved

egions within the catalytic domain of the protein. In
ffected Basset hounds, Western blots of platelet lysates
ndicated that CalDAG-GEFI levels were similar to nor-
al dogs, which suggests that this mutation results in

xpression of a protein that seems to be functionally
mpaired. The 3 distinct mutations identified in affected
ogs are associated with profound platelet dysfunction
nd abnormal bleeding tendencies that parallel those re-
ently reported for CalDAG-GEFI knockout mice (Table
). The significance of CalDAG-GEFI function was dem-
nstrated in studies with megakaryocytes that did not have
he transcription factor NF-E2. NF-E2 �/� megakaryo-
ytes could not undergo agonist-induced fibrinogen bind-
ng28 because of the absence of the gene encoding
alDAG-GEFI.29 Forced expression of CalDAG-GEFI in

hese megakaryocytes led to enhanced agonist-induced
inding of fibrinogen to alphaIIb-beta3.30 CalDAG-GEFI
ontains 4 major domain structures including (1) Ras
xchanger motif domain common to Ras family GEFs; (2)
dc25-like GEF (catalytic) domain; (3) 2 EF hand do-
ains for interaction with calcium; and (4) C1 domain for

nteraction with DAG and phorbol esters.30 The catalytic
omain of CalDAG-GEFI is critically important for the
EF-mediated activation of Rap1b.
Thrombopathic platelets undergo normal clot retrac-

ion and respond fully to thrombin although with im-
aired kinetics. PARs have not been characterized on
anine platelets. In a comparative study, dog platelets
ere found to be nonresponsive to SFLLRN.31,32 This
onresponsiveness may have been from use of the

onspecific peptide for dog platelets (SFLLRN instead
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f SFFLKN) or from reduced affinity of binding of
oluble TRAPs to canine PAR receptors on platelets.
he possibility of the latter is suggested by parallel
ose response curves obtained for platelet activation of
anine or human platelets by human alpha thrombin16

nd human gamma thrombin (Catalfamo, unpublished
ata), which has been reported to selectively activate
AR4.33 Our evaluation of dog platelet cDNA se-
uences suggests that dog platelets do possess PAR1,

able I. Comparative phenotype data for CalDAG
alDAG-GEFI gene mutations

TESTS

latelet number no
leeding time ma
oagulation assays no

ntraplatelet/plasma fibrinogen no
on Willebrand factor no
ether to a collagen surface no
irmly anchor to a collagen surface imp
latelet function:
hape change (all tested agonists) no
ggregation:
ADP, 2–10 uM ab
ADP, � 50 uM ab
Collagen, � 20 ug/uL ab
alpha thrombin, 0.1 U/mL rat
alpha thrombin, 1.0 U/mL rat
gamma thrombin, 16 nM no

alcium Ionophore A23187
5–10 uM in PRP ab
5–10 uM in GFP � 1 mM Ca2� no
U46619 or Na Arachidonate imp
PMA, 1.5–3 uM no

denine nucleotide content no
ranule secretion
ADP, 10 to 100 uM no
Collagen, 12–100 ug/mL or CRP 1–50 ug/mL imp
alpha thrombin, 0.1 U/mL no
alpha thrombin, 1.0 U/mL no
�IIb�3 integrin concentration no
�IIb�3 integrin activation
ADP, 10 to 100 uM no
Collagen, 12 to 100 ug/mL or CRP 1–50 ug/mL imp

alpha thrombin, 0.1 U/mL no
alpha thrombin, 1.0 U/mL no

Calcium Ionophore A23187, 1 uM no
Calcium Ionophore A23187, 10 uM no
Clot retraction no

ntraplatelet cAMP
Resting, unstimulated no
Forskolin stimulated no

AMP PDE activity, regulatory control no
xtractable phosphoinositides
alpha thrombin, 1.0 U no

Prolonged collagen-induced thrombus formation (Clot signature
AR3, and PAR4 receptors. Biphasic kinetics of acti- p
ation and signaling for PAR1 and PAR4 have been
escribed for human platelets.34 In that study, PAR1
inding resulted in a rapid spike in calcium influx
ollowed by a PAR4-induced slower and prolonged
alcium influx. PAR4 was found to generate a sustained
alcium signal and was considered to be more effective
han PAR1 in eliciting secondary autocrine signals nec-
ssary for complete platelet activation. The delayed
inetics of thrombin activation observed in thrombo-

nockout mice and dogs homozygous for

DAG-GEFI CalDAG-GEFI

kout mice gene mutations (dogs)

normal
olonged markedly prolonged

normal
d normal
d normal

normal
impaired*

normal

absent
absent; occasional microaggregates
absent

x extent impaired rate and max extent impaired
x extent normal rate impaired, max extent normal
d rate impaired, max extent normal

absent
d rate impaired, max extent normal

impaired
normal

d normal

d atypical
impaired
normal
normal
normal

d impaired
impaired
impaired

d normal
d impaired
d normal
d normal

d slightly elevated
d markedly elevated
d impaired

d elevated

, unpublished data).
-GEFI k

Cal

knoc

rmal
rkedly pr
rmal
t evaluate
t evaluate
rmal
aired

rmal

sent
sent
sent
e and ma
e and ma
t evaluate

sent
t evaluate
aired

rmal
t evaluate

t evaluate
aired

rmal
rmal
rmal

t evaluate
aired

rmal
t evaluate
t evaluate
t evaluate
t evaluate

t evaluate
t evaluate
t evaluate

t evaluate
athic canine platelets may be mediated by PAR4 sig-
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aling. This result suggests that PAR1 signaling may
equire CalDAG-GEFI activation of Rap1b, whereas
AR4 signaling does not. Thrombin has been shown to
ctivate Rap1b in 2 phases, with the second phase being
ediated via protein kinase C (PKC).35 Phorbol myris-

ate acetate, an activator of PKC, has been shown to
ctivate platelets of thrombopathic Basset hounds in a
anner similar to normal canine platelets.36 These find-

ngs suggest that thrombin signaling through PAR4 is
inked to activation of PKC with resulting activation of
ap1b in a manner independent of CalDAG-GEFI.
hrombin-induced serotonin release kinetics were rapid
nd normal in thrombopathic platelets, which rules out
elayed dense granule release of ADP as a reason for the
elay in thrombin-induced platelet aggregation. Thrombo-
athic platelets did not bind CAP-1, a monoclonal
ntibody to a RIBS epitope on canine fibrinogen, in
esponse to ADP or PAF, even at high agonist concen-
rations. In an earlier study,37 thrombopathic platelets
ere found to bind soluble fibrinogen in the absence of
latelet aggregation. In that study it is likely that the
orm of fibrinogen detected on platelet surfaces had not
ndergone the conformational change induced by bind-
ng to the alphaIIb-beta3 integrin receptor that is de-
ected by CAP-1. Interestingly, thrombopathic platelets
o form micro-aggregates in the presence of high con-
entrations of ADP. ADP may be able to induce slight
ffinity changes in the integrin receptor that allows
ome fibrinogen binding; however, in the absence of
alDAG-GEFI effects, the receptor cannot complete

he conformational change that results in the change in
he conformation of bound fibrinogen. This interpreta-
ion is consistent with the failure of activated thrombo-
athic platelets to interact with bead immobilized fi-
rinogen.16 Changes in ligand conformation likely play
key role in outside-in signaling events through the

lphaIIb-beta3 integrin that lead to complete affinity
nd avidity modulation necessary for full platelet ag-
regation and eventual clot retraction. The relationship
etween dysfunctional CalDAG-GEFI and impaired
AMP metabolism identified in platelets obtained from
hrombopathic Basset hounds is interesting. It is pos-
ible that platelet Rap1b or other CalDAG-GEFI-
ctivated signaling molecules have roles not previously
ecognized in pathways that regulate PDE activity and
AMP levels. It is also possible that CalDAG-GEFI
erves a scaffolding function or acts as a binding part-
er for PDE and other signal transduction molecules in
ddition to its function as a GEF for Rap1b. This type
f relationship has been documented in other cell types,
ncluding cardiac myocytes in which muscle A kinase-
nchoring protein acts as a scaffolding protein for
DE4D3, protein kinase A, and Epac1, a guanine nu-

leotide exchange factor activated by cAMP.38 It would
e informative to evaluate cAMP metabolism in
alDAG-GEFI knockout mice.
Three distinct mutations were identified in the gene

ncoding CalDAG-GEFI. These mutations were all lo-
ated within regions of the gene encoding structurally
onserved regions within the catalytic domain of the
rotein. As a result of these mutations, affected dogs
xperienced a profound degree of platelet dysfunction
nd abnormal bleeding tendencies. The similarity of the
latelet dysfunction observed in affected dogs to those
f knockout mouse was striking. The finding of muta-
ions in 3 different dog breeds with platelet dysfunction
uggests that functional mutations in the CalDAG-
EFI gene may be associated with similar defects in
uman patients. This finding is underscored by the
ealization that most human patients with congenital
latelet disorders have primary secretion defects of
nknown etiology.39 CalDAG-GEFI has been demon-
trated to play a critical role in mouse and canine
unction. This protein is involved in signal transduction
vents that are important for inside-out as well as
utside-in integrin signaling events. The protein also
ay play an important role in regulating the platelet

elease reaction and likely plays a role in cAMP me-
abolism and PDE regulation. CalDAG-GEFI may be a
ew target for drugs designed and developed to regulate
latelet function. Future studies will be aimed at eval-
ating CalDAG-GEFI function in thrombopathic Bas-
et hound platelets. Efforts will also be made to eval-
ate CalDAG-GEFI expression in thrombopathic
andseer platelets if materials become available.

The authors wish to thank Kevin King for technical assistance with
his project and the Basset hound breeders who submitted samples for
his study, including Celeste Gonzalez, Carolyn Young, Joan Urban,
laudia Orlandi, and Barbara Kahl.
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