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Calpains are ubiquitous calcium-regulated cysteine proteases that have been implicated in cytoskeletal
organization, cell proliferation, apoptosis, cell motility, and hemostasis. Gene targeting was used to evaluate
the physiological function of mouse calpain-1 and establish that its inactivation results in reduced platelet
aggregation and clot retraction potentially by causing dephosphorylation of platelet proteins. Here, we report
that calpain-1 null (Capnl~'") platelets accumulate protein tyrosine phosphatase 1B (PTP1B), which corre-
lates with enhanced tyrosine phosphatase activity and dephosphorylation of multiple substrates. Treatment of
Capnl~'~ platelets with bis(N,N-dimethylhydroxamido)hydroxooxovanadate, an inhibitor of tyrosine phos-
phatases, corrected the aggregation defect and recovered impaired clot retraction. More importantly, platelet
aggregation, clot retraction, and tyrosine dephosphorylation defects were rescued in the double knockout mice
lacking both calpain-1 and PTP1B. Further evaluation of mutant mice by the ferric chloride-induced arterial
injury model suggests that the Capnl '~ mice are relatively resistant to thrombosis in vivo. Together, our
results demonstrate that PTP1B is a physiological target of calpain-1 and suggest that a similar mechanism

may regulate calpain-1-mediated tyrosine dephosphorylation in other cells.

Since the original identification of calpain activity, over
three decades ago, there has been considerable interest in
elucidating the physiological function of this protease system.
Studies suggest a role for calpains in a wide variety of cellular
processes, including cell motility, cell proliferation, apoptosis,
cytoskeleton rearrangement, and hemostasis (21, 36). The
term calpain activity generally refers to the combined effects of
two cysteine proteases, which are calcium-dependent intracel-
lular enzymes that are active at neutral pH. The current no-
menclature designates these two enzymes as calpain-1 (p.-cal-
pain or calpain I) and calpain-2 (m-calpain or calpain II). The
calpains are ~80-kDa polypeptides sharing ~61% amino acid
identity and are encoded by Capnl and Capn2 genes (37). The
two calpains each form a heterodimer with a 30-kDa regulatory
subunit, encoded by the Capn4 gene (29), which has no cata-
lytic activity. The enzyme activity of calpain-1 and calpain-2 is
repressed by calpastatin, a specific endogenous protein inhib-
itor, present in large molar excess in various tissues (21). Cal-
pain-1 is believed to be activated at micromolar calcium con-
centrations, whereas calpain-2 is activated at millimolar
calcium concentrations in vitro (8, 21, 24). In the presence of
calcium, limited autolysis of both calpains occurs, thus reduc-
ing their activation requirement for calcium (21). The precise
mechanism of calpain activation by calcium remains poorly
understood mainly because of uncertain local fluctuations in
the calcium gradient from agonist-induced entry of extracellu-
lar calcium as well as calcium release from intracellular stores.
Using an activity-based assay, previous studies have shown that
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both enzymes exist in most tissues with calpain-1 expression
generally predominant in the hematopoietic compartment
(25). On the basis of casein zymography measurements, we
have demonstrated that calpain-1 is the sole active cysteine
protease in mouse erythrocytes (3). In contrast, ~80% of cal-
pain activity in mouse platelets is contributed by calpain-1 with
the remaining 20% derived from calpain-2 (3).

Functional studies of the calpain system have been facili-
tated by the use of synthetic inhibitors. However, as these
synthetic inhibitors inhibit both calpains, they cannot identify
the individual roles of calpain-1 and calpain-2. Both calpains
degrade essentially the same set of substrates in vitro, and
antibodies directed against calpain-1 cross-react with calpain-2
and vice versa. The endogenous inhibitor calpastatin, which
inhibits both calpains, is not suitable for cell-based studies, as
it does not cross the plasma membrane. Subsequent fusion of
the minimum inhibitory sequence of calpastatin with a cell-
permeable sequence led to the development of a calpastat
reagent that functions as a cell-permeable inhibitor of both
calpains (10). The use of calpeptin, a peptidyl aldehyde-based
cell-permeable inhibitor of calpains, was seriously challenged
with the demonstration that this inhibitor also inhibits several
protein tyrosine phosphatases (PTPs) (33). Based on our
knowledge thus far, there is no known synthetic inhibitor that
can selectively inhibit either of the two calpains, suggesting
that the development of experimental approaches that selec-
tively ablate enzyme activity of individual calpains either sys-
temically or in a tissue-specific manner is needed to explore
their function in vivo.

Selective ablation of calpains in mice has been used to in-
vestigate the individual functions of calpains in vivo. Genetic
disruption of the mouse Capn4 gene encoding the 30-kDa
regulatory subunit resulted in early embryonic lethality, sug-
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gesting an essential requirement for both enzymes during
mouse development (2, 39). We developed a calpain-1 null
mouse model, which provided the first direct evidence for a
functional role of calpain-1 in platelet aggregation and clot
retraction pathways (3). The levels of calpain-2 and the 30-kDa
regulatory subunit remained essentially unchanged in calpain-1
null mice, indicating that calpain-1 disruption does not alter
their expression in vivo. Since calpain-1 disruption does not
result in embryonic lethality, calpain-2 is likely to be the es-
sential cysteine protease, or it compensates for calpain-1 func-
tion during embryonic development. Importantly, proteolysis
of known calpain substrates, such as filamin (ABP 280), talin,
and the B; subunit of oy, B5 integrin, remained unaffected in
calpain-1 null mouse platelets when examined at a high agonist
concentration in the presence of calcium (3). These observa-
tions suggest that either these proteins are not physiological
targets of platelet calpain-1 or that the presence of ~20%
calpain-2 is sufficient to compensate for the loss of calpain-1
activity. Interestingly, several proteins in calpain-1 null mouse
platelets exhibited reduced tyrosine phosphorylation (3). Here,
we present evidence that non-receptor protein tyrosine phos-
phatase 1B (PTP1B, also known as PTPN1) is a physiological
target of calpain-1 in mouse platelets. The amount and activity
of PTP1B are significantly increased in calpain-1 null mouse
platelets and correlate with reduced tyrosine phosphorylation
of platelet proteins, platelet aggregation, and clot retraction
defects. More importantly, the platelet defects were rescued in
double knockout mice lacking both calpain-1 and PTP1B.
These studies suggest that calpain-1-dependent signaling path-
ways may serve as putative targets of therapeutic intervention
in order to prevent pathogenic thrombosis in vivo.

MATERIALS AND METHODS

Antibodies and reagents. Antiphosphotyrosine monoclonal antibody 4G10 was
purchased from Upstate Biotechnology. Antibodies against PTP1B were ob-
tained from Upstate Biotechnology and Santa Cruz Biotechnology (sc-1718 and
sc-1719), respectively. The rabbit polyclonal antibody against PTP1B was kindly
provided by Benjamin G. Neel. Antibodies against SH-PTP1 (sc-7289), SH-PTP2
(sc-7384), Fyn (sc-434AC), c-Yes (sc-14), and Syk (sc-573AC) were obtained
from Santa Cruz Biotechnology. Src antibodies included an anti-v-Src monoclo-
nal (OP07; Calbiochem), a phospho-specific anti-Src p*'* (44-660G; Biosource),
and a nonphospho-Src Tyr®?7 (2107; Cell Signaling). Focal adhesion kinase
(FAK) antibodies included FAK (sc-557; Santa Cruz) and anti-FAK phospho-
specific Tyr’”” (ST1011; Oncogene Research Products). Antibodies specific for
B5 integrin, phosphotyrosine-747, and tyrosine-759 were kindly provided by
David Phillips. An antibody against calpain-1 was obtained from Chemicon
International (MAB3104). An anti-B-actin antibody was purchased from Sigma
(A-5441). The horseradish peroxidase-conjugated secondary antibodies were
obtained from Upstate Biotechnology and Santa Cruz Biotechnology. Cal-
cineurin activity was measured using a commercial kit (Calbiochem). Inhibitors
MDL 28170 (a calpain inhibitor) (Aventis Pharmaceuticals), bis(N,N-dimethyl-
hydroxamido)hydroxooxovanadate (DMHV) (Calbiochem), bovine thrombin
(T-4648; Sigma), apyrase, prostaglandin E, (PGE,), leupeptin, and aprotinin
were purchased from Sigma. Raytide (PK04-22UG) was purchased from Onco-
gene Research Products. A PTP assay kit was obtained from Upstate Biotech-
nology. [a-*?P]dCTP and [y->’P]ATP were obtained from GE Healthcare.
Thromboxane A, agonist U46619 was purchased from Cayman Chemical, Ann
Arbor, MI.

Generation of double knockout mice lacking calpain-1 and PTP1B. Calpain-1
knockout (3) and PTP1B knockout (12) mice were mated to generate F; het-
erozygotes. Two separate PCR-based strategies were developed to genotype
PTP1B and calpain-1 mutant alleles. For calpain-1 knockout and wild-type (WT)
alleles, CALIF (5'-TGCACTCTAGTTCTGAGGCT-3"), CAL65 (5'-AGAGTG
CACGAACACCAGCTT-3'), and Neo-RO-calpain (5-TTAAGGGCCAGCTC
ATTCCT-3') primers were used. CALIF and CALG65 primers are targeted to an
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upstream intron and exon 4, respectively, whereas the Neo-RO-calpain primer is
targeted to the neomycin cassette that was used to disrupt the WT allele in exon
4 within the calpain-1 genomic locus on chromosome 19. The WT allele will
produce a 615-bp PCR product with CAL1F and CAL65 primers, whereas the
calpain-1 mutant allele will generate a 415-bp product with CALF and Neo-RO-
calpain primers. To distinguish PTP1B mutant and WT alleles, the PTP1B-F
(5'-CGTTGACCTCTTTGCTTGGT-3'), PTP1B-R (5'-TTCTTCTTGCTGTG
GCCAAT-3'), and Neo-R (5'-GCCAGAGGCCACTTGTGTAG-3") primers
were designed. The PTP1B-F and PTP1B-R primers are targeted to introns
upstream of exon 4 and exon 5, respectively, whereas the Neo-R primer is
targeted to the neomycin cassette used to disrupt exon 4 in the PTP1B genomic
locus on chromosome 2 (12). The PTP1B-F and PTP1B-R primers are expected
to generate a 900-bp product for the WT allele, and PTP1B-F and Neo-R
primers will generate a 300-bp product for the disrupted allele. The PTP1B null
mice are of pure C57B/6J genetic background, whereas the calpain-1 null mice
are of mixed genetic background (~85% C57B/6J and ~15% SvJ129). There-
fore, we predict that the double knockouts will be of a genetic background that
is greater than 90% C57B/6J. The precise genetic composition of the double
knockout mice was not established by the PCR analysis of linked loci. Nonethe-
less, we used WT mice of mixed genetic background, as well as a pure C57B/6]
background, but did not find any differences in their platelet function under our
experimental conditions.

Platelet isolation. Briefly, blood samples were collected from the inferior vena
cava of WT, calpain-1 null (calpnl~'~), PTP1B null (PTPIB~'"), and double
knockout (calpnl™~ PTPIB~'~) mice using an anticoagulant cocktail (acid
citrate dextrose, apyrase [0.5 U/ml], and PGE, [50 nM]). For each experiment,
platelet-rich plasma was isolated from the pooled blood samples by centrifuga-
tion at 200 X g at room temperature for 10 min from five or six mice of each
genotype. Platelets were isolated by gel filtration using a Sepharose 2B column,
eluted with modified Tyrode’s buffer (10.0 mM HEPES, 12 mM NaHCO;, pH
7.5, 137 mM NaCl, 2.5 mM KCl, 5 mM glucose, and 0.1% bovine serum albu-
min). The platelet count was adjusted to 2 X 10% to 5 X 10%/ml, and the platelets
were then allowed to rest for 30 min. Prior to experimental measurements, the
platelet suspension was supplemented with 1.0 mM CaCl, and 1.0 mM MgCl,.

Platelet aggregation. The aggregation of gel-filtered mouse platelets (3 X 108
cells/ml) was measured by the turbidometric method (5) using a CHRONOG-
LOG Whole Blood Aggregometer with stirring at 1,000 rpm. Platelet aggrega-
tion in each mouse strain was induced by stable thromboxane A, mimetic,
U46619, thrombin, and collagen.

Immunoblotting. Western blotting of whole-platelet lysate and the cytoskele-
ton fraction was carried out using various antibodies. Gel-filtered platelets (3 X
10® cells/ml) were used in the resting and activated states in the presence of
thrombin. The tyrosine phosphorylation status of platelet proteins was investi-
gated using the 4G10 monoclonal antibody. The PTP1B protein was detected
with antibodies targeted to its N and C termini. The time courses of SH-PTP1,
SH-PTP2, c-Src, Syk, Fyn, Lyn, c-Yes, and FAK/Pyk2 were studied using the
respective antibodies according to the manufacturer’s directions. Phosphoryla-
tion of Src and FAK was examined in resting and thrombin (0.15 U/ml)-activated
platelets under aggregating conditions.

Isolation of platelet cytoskeleton. Platelets (5 X 10° cells/ml) were stimulated
with thrombin for the indicated time intervals at 37°C with stirring. Platelets were
lysed with a 0.5 volume of 3 lysis buffer (3% Triton X-100, 60 mM Tris-HCI, pH
7.4,3 mM EGTA, 3 mM EDTA, and protease inhibitors) and gently agitated for
30 min at 4°C. Platelet lysate was centrifuged at 1,500 X g for 10 min to remove
debris, and the cytoskeleton fraction was further sedimented by centrifugation at
15,000 X g for 5.0 min. The pellet was washed three times in the detergent-free
lysis buffer, solubilized in sample buffer, and boiled for 5 min for sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis.

Phosphatase assay. Gel-filtered platelets (2 X 10° cells/ml) were activated with
thrombin with stirring (1,000 rpm). Resting and activated platelets were lysed in
a 0.5 volume of 3X concentrated lysis buffer (3% NP-40, 150 mM Tris-HCI, pH
7.4, 450 mM NaCl, 3.0 mM EGTA, 3.0 mM phenylmethylsulfonyl fluoride
[PMSF], 15 wg/ml leupeptin, 15 wg/ml aprotinin) for 30 min at 4°C. For immu-
nodepletion experiments, 6 wg of the rabbit polyclonal antibody was used to
immunoprecipitate PTP1B from calpain-1 null platelet lysates followed by an
incubation with protein G-conjugated agarose beads. Platelet lysates (20 pg)
were incubated in a reaction mixture volume of 200 wnl with the phosphatase
assay buffer (25 mM HEPES, pH 7.2, 50 mM NaCl, 2.5 mM EDTA, 5.0 mM
dithiothreitol). The reaction was started by the addition of specific substrates.
Phosphatase activity was measured using p-nitrophenyl phosphate (pNPP) as a
substrate following the company’s protocol for the microplate format (Upstate
Biotechnology). For experiments with sodium vanadate, phosphatase activity was
measured in the presence of 1.0 mM sodium vanadate. Alternatively, free phos-
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phate released by the phosphatase from a specific peptide substrate (TSTEPQ
pYQPGENL [where pY is phosphorylated tyrosine]) was quantified using the
malachite green system (Upstate Biotechnology). Serine-threonine phosphatase
activity was measured using a commercially available kit from Calbiochem.

PTP1B immune complex phosphatase assay. Gel-filtered platelets (2 X 108
cells/ml) in Tyrode’s buffer were stimulated with thrombin for 3.0 min at 37°C
with stirring (1,000 rpm) and lysed in the ice-cold radioimmunoprecipitation
assay lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1% Triton X-100,
0.5% sodium deoxycholate, 2.0 mM NaF, 4.0 mM EDTA, 4.0 mM benzamidine,
2.0 mM sodium pyrophosphate, 2.0 mM PMSF, 20 pg/ml leupeptin, 20 pg/ml
aprotinin) for 30 min on ice. After centrifugation at 14,000 X g for 15 min at 4°C,
lysates were precleared with protein G-agarose by rotation at 4°C for 1.0 h, and
PTP1B was immunoprecipitated with 5.0 pg of goat anti-PTP1B (sc-1718; Santa
Cruz Biotechnology) overnight at 4°C. Immune complexes were isolated by the
addition of protein G-agarose (for 2.0 h at 4°C), washed three times in the
phosphatase assay buffer, and resuspended in the same buffer. Samples were
analyzed for the phosphatase activity using PTP assay kits (Upstate Biotechnol-
ogy) per the manufacturer’s directions.

Tyrosine Kinase activity. Platelet lysates were prepared in 3X NP-40 lysis
buffer (3% NP-40, 150 mM Tris-HCI, pH 7.4, 450 mM NaCl, 3.0 mM EGTA, 3.0
mM PMSF, 15 pg/ml leupeptin, 15 wg/ml aprotinin, and 3.0 mM Na;VO,) and
resuspended in 10 pl of the buffer solution containing 50 mM HEPES, pH 7.5,
0.1 mM EDTA, and 0.015% Brij 35. Protein kinase reactions were initiated by
the addition of 10 wl of the ATP mixture containing 0.15 mM ATP, 30 mM
MgCl,, and 10 p.Ci [y->?P]ATP in the presence of 10 ul of Raytide (1.0 mg/ml in
the kinase assay buffer). After incubation at 30°C for 30 min, peptide phosphor-
ylation was stopped by the addition of 120 pl of 10% phosphoric acid, followed
by the application of reaction mixture onto P-81 phosphocellulose filter paper.
Papers were washed four times with 0.5% phosphoric acid and once with ace-
tone, dried, and counted in a scintillation counter.

Bacterial expression of PTP1B. Recombinant proteins of full-length PTP1B
(435 amino acids) and C-terminally truncated PTP1B (t-PTP1B) (365 amino
acids) fused to maltose binding protein (MBP) at their N termini were generated
by PCR using human PTP1B cDNA as the template (kindly provided by Nick
Tonks). Primers used for the subcloning of fragments into EcoRI and Xbal sites
of pMal-c2X expression system (NEB) are designated as follows: PTP1B-F,
5'-CGGAATTCATGGAGATGGAAAAGGAG-3'; PTP1B-435-R, 5'-CCGTC
TAGACTATGTGTTGCTGTTGAACAG-3'; and PTP1B-365-R, 5'-CCGTCT
AGACTAACTCATGCTTTCGATGCC-3'. The expression of recombinant pro-
teins was optimized in Escherichia coli TOP10 DH5a bacteria. The expected
molecular mass of recombinant fusion protein for full-length PTP1B is ~93.0
kDa (42 kDa contributed by MBP), whereas the truncated t-PTP1B migrates as
a ~86.0-kDa protein. Both PTP1B and t-PTPIB were expressed as soluble
proteins in bacteria (see Fig. 7). Recombinant proteins were purified by affinity
and ion-exchange chromatography. SDS-PAGE of full-length PTP1B and
t-PTP1B showed breakdown products of smaller polypeptides. Further purifica-
tion of intact polypeptides by ion-exchange chromatography on a Mono Q
column/fast-performance liquid chromatography was performed using a linear
salt gradient (0 to 500 mM NacCl). Although significant purification was achieved,
the SDS-PAGE still showed some smaller polypeptides particularly in the full-
length preparation of PTP1B. These lower-molecular-weight polypeptides re-
acted with an anti-MBP polyclonal antibody, indicating that the degradation
occurred at the C termini of PTP1B polypeptides. A prominent truncated
polypeptide present in the preparation of full-length PTP1B contains an intact
tyrosine phosphatase domain as assessed by Western blotting using an anti-MBP
antibody.

Proteolysis of PTP1B by calpain-1. To test whether calpain-1 can degrade
PTP1B completely, we performed in vitro proteolysis of full-length PTP1B (435
amino acids) and t-PTP1B (365 amino acids) fused to MBP. Proteins were
incubated with purified calpain-1 (Sigma) in the protease buffer (50 mM HEPES,
pH 7.4, 30 mM NaCl, 1.0 mM dithiothreitol, 100 pwg/ml bovine serum albumin)
in a reaction volume of 25 pl. Calpain-1 was activated by 10.0 mM CaCl, or
inhibited with 2.0 mM EDTA. Proteolysis was performed at 30°C and terminated
at different time points, and Western blotting was performed using anti-MBP and
anti-PTP1B antibodies. Platelets were incubated with MDL (350 uM) or di-
methyl sulfoxide (DMSO) (negative control) for 30 min at room temperature.
Calcium ionophore (1.0 pM) was added to activate platelets for 30 min under
aggregating conditions. Platelet lysates were subjected to SDS-PAGE and West-
ern blotting and probed with an anti-PTP1B antibody to examine the proteolysis
of PTP1B.

Clot retraction. Briefly, blood samples were collected from the inferior vena
cava of WT, calpain-1 null (Calpn1~'~), PTP1B null (PTP1B~'"), double knock-
out (Calpn1~~ PTPIB~'7), and PTPIB null and calpain-1 heterozygotes
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(PTPIB™'~ Calpnl1™~) in the anticoagulant cocktail (acid citrate dextrose,
apyrase [0.5 U/ml], and PGE, [50 nM]). Platelet-rich plasma was isolated from
pooled blood samples by centrifugation at 200 X g at room temperature for 10
min. Platelet counts were normalized to ~2.0 X 10%/ml with platelet-poor plasma
in each sample. In the borosilicate glass tubes, 200 pl of platelet-rich plasma
from each sample was mixed with 750 pl of buffer (53 uM Na,HPO, 12 uM
KH,PO,, 1.0 mM CaCl,, pH 7.4). In each test tube, 1.0 ul of packed erythrocytes
was added to generate color contrast for visualization of the clot. The addition of
erythrocytes did not affect the extent of clot retraction as determined by parallel
experiments without the addition of erythrocytes. Clot retraction was initiated
and studied at two concentrations of thrombin, 1.0 U/ml and 0.5 U/ml. In
experiments with DMHYV, platelets were incubated with 50 M DMHYV at room
temperature for 30 min before the initiation of clot retraction. Retracted clot
volume was calculated by subtracting the volume of plasma left after the removal
of the clot from the initial volume of plasma at each time point and expressed as
a percentage of initial volume.

Thrombosis assay. A previously described carotid artery thrombosis protocol
was used with modification (15). Adult WT, calpain-1 null, double knockout, and
PTP1B null mice (9 or 10 mice that were 10 to 12 weeks old and weighed ~28.6
g) were anesthetized by inhaling a mixture of room air and isoflurane (4% during
induction of anesthesia; 2 to 2.5% during maintenance of anesthesia), which was
administered via a close-fitting nasal cone. The left common carotid artery was
surgically exposed, and a miniature flow probe (model 0.5VB; Transonic Sys-
tems, Ithaca, NY) was placed on the surface of the artery. Sodium chloride
solution (0.9%) was placed in the surgical wound to allow blood flow measure-
ment, and baseline flow was recorded with a Transonic model T106 flow meter
that interfaced with Windaq computer software (Dataq Instruments). Subse-
quently, the sodium chloride solution was removed from the wound and a piece
of Whatman 1 M filter paper (2 by 1 mm) saturated with 10% FeCl; (Fisher
Scientific) was applied to the adventitial surface of the carotid artery, immedi-
ately proximal to the flow probe for 3.0 min. The filter paper was removed, and
saline solution was placed in the wound to allow blood flow monitoring. The time
to stable thrombotic occlusion (defined as lack of detectable blood flow for =1
min) after initiation of arterial injury with FeCl; was recorded. The operator
was blinded to mouse genotype while performing all experiments. Data are
represented as mean occlusion time for each group * standard error of the
mean (SEM).

RESULTS

Reduced platelet aggregation and tyrosine phosphorylation
in calpain-1 null mice. Previously, we have shown that the
calpain-1 null mutation in mice leads to defective platelet ag-
gregation in response to several agonists (3). We determined
the dose dependence of thrombin activation and established
that the thrombin-mediated platelet aggregation is defective in
washed and stirred calpain-1 null platelets (Fig. 1A). A similar
dose-dependent defect was observed in calpain-1 null mouse
platelets when collagen was used as an agonist (data not
shown). Our studies have shown reduced tyrosine phosphory-
lation of several platelet proteins, including the B; subunit of
ap,B5 integrin in the calpain-1 null mouse platelets (3). This
conclusion was made when the whole-platelet protein lysate
was tested using an antiphosphotyrosine antibody 4G10 (3). To
investigate the status of tyrosine-phosphorylated proteins in
the platelet cytoskeleton, we examined the phosphorylation of
platelet cytoskeleton-associated proteins using the 4G10 anti-
body. In response to thrombin stimulation with stirring, ty-
rosine phosphorylation of several cytoskeleton-associated pro-
teins was reduced in the calpain-1 null platelets (Fig. 1B).
Phosphorylation of proteins migrating with molecular masses
of ~160, 97, and 45 kDa appears to be most affected in the
calpain-1 null mouse platelet cytoskeleton (Fig. 1B). Although
the identity of platelet proteins showing reduced tyrosine phos-
phorylation is currently unknown, we investigated the phos-
phorylation status of the B; subunit of oy;,B5 integrin that
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FIG. 1. Platelet aggregation and tyrosine phosphorylation of cytoskeletal proteins in calpain-1 null platelets. (A) Gel-filtered (3 X 10%/ml)
platelets were analyzed for platelet aggregation assay in response to different doses of thrombin. (B) Gel-filtered platelets (5 X 10%/ml) from WT
(+/+) and calpain-1 null (—/—) mice were activated by 0.15 U/ml of thrombin, and tyrosine phosphorylation of the cytoskeletal proteins was
analyzed by Western blotting using the 4G10 antibody (WB: 4G10). The cytoskeleton extract was normalized after activation with thrombin for
up to 5.0 min (5') using B-actin as a control antibody. 30", 30 s. (C) Tyrosine phosphorylation of the 5 subunit of oy,B5 integrin was evaluated
after 5 min of thrombin activation (0.15 U/ml) of cells from WT (+/+) and calpain-1 null (—/—) mice using antiphosphotyrosine specific antibodies

as described in the text. The antibody against 3-actin served as a control.

migrates at ~100 kDa on SDS-polyacrylamide gels. Integrin
aypBs i a major adhesion receptor for platelet outside-in
signaling pathway, and the primary structure of the cytoplasmic
domain of B subunit is identical in human and murine plate-
lets. The B5 cytoplasmic domain contains two tyrosine residues
at positions 747 and 759, and in vivo mutagenesis studies have
shown that their phosphorylation is required for mouse plate-
let aggregation and clot retraction pathways (27). Using poly-
clonal antibodies specific for phosphotyrosines 747 and 759 of
the B subunit, we evaluated its tyrosine phosphorylation in
total platelet lysates from WT and calpain-1 knockout mice
(Fig. 1C). Our results indicate that the tyrosine phosphoryla-
tion of both tyrosine residues in the 35 subunit at positions 747
and 759 is reduced ~60 to 70% in calpain-1 null mouse plate-
lets. These findings are consistent with our previous observa-
tions showing reduced tyrosine phosphorylation of the B5 sub-
unit in calpain-1 null platelets under conditions where the B5
subunit was first immunoprecipitated and then examined with
the 4G10 antibody (3). Together, these results indicate that the
calpain-1 null mutation in mice leads to reduced tyrosine phos-
phorylation of several platelet cytoskeleton-associated pro-
teins, including the B cytoplasmic domain of oy;,B5 integrin.

Origin of reduced tyrosine phosphorylation in calpain-1
null platelets. Calpains have been implicated in the regulation
of several protein tyrosine kinases and phosphatases (7, 9, 14,
20, 22, 28, 32). To elucidate the basis of reduced tyrosine
phosphorylation in calpain-1 null platelets, we first examined
the status of tyrosine kinases that are known to serve as calpain
substrates. In thrombin-stimulated mouse platelet lysates, im-
munoblotting of major platelet protein tyrosine kinases, such
as pp1257AK, pp60°™, pp72%, Fyn, Lyn, and c-Yes revealed no
discernible differences in the amounts of these proteins in WT
and calpain-1 null platelets (Fig. 2). In addition, we measured
total tyrosine kinase activity in thrombin-stimulated platelet
lysates by monitoring the [y-**P] phosphorylation of Raytide
using an in vitro kinase assay. The time course of total tyrosine
kinase activity was again indistinguishable between the WT
and calpain-1 null mouse platelet lysates (Fig. 2B). Further

immunoprecipitation and immunoblotting analysis indicated
no difference in the phosphorylation of Src tyrosine-416 in the
WT and calpain-1 null platelets (Fig. 2C). We also examined
the phosphorylation status of FAK, a known Src substrate, at
tyrosine-577. The FAK activation was comparable in the WT
and calpain-1 null platelets (Fig. 2D). We also tested the de-
phosphorylation of tyrosine-527 in Src using an antibody spe-
cific for the dephosphorylated tyrosine-527 and found no dif-
ference in the activation of Src in the WT and calpain-1 null
platelets (Fig. 2E). Together, these results suggest that Src
activation is not altered in the calpain-1 null platelets under
these experimental conditions. We did not examine the acti-
vation status of other individual tyrosine kinases; therefore, it
remains possible that the activity of one or more of these and
other tyrosine kinases may be altered by the calpain-1 null
mutation. However, since the total tyrosine kinase activity in
calpain-1 null platelet lysates is not measurably altered, we
speculate that the individual activation of a tyrosine kinase, if
any, must be subtle and transient under these conditions and is
likely to make relatively little contribution to the total tyrosine
kinase activity in the calpain-1 null mouse platelets.

Next, we measured the total phosphatase activity in cal-
pain-1 null mouse platelets. The calpain-1 null platelet lysate
showed a significant increase in the total phosphatase activity
compared to WT platelets in both resting and thrombin-acti-
vated conditions (Fig. 3A and B). This increase in total phos-
phatase activity did not originate from calcineurin, a major
serine-threonine phosphatase that is known to serve as a sub-
strate of calpains (38), since its activity was in fact slightly
reduced in the calpain-1 null mouse platelets (Fig. 3C). Simi-
larly, the calcium-calmodulin-independent serine-threonine
phosphatase activity was not altered, suggesting that these
phosphatases do not contribute to the total increase of phos-
phatase activity observed in the calpain-1 null mouse platelets
(Fig. 3C). Further analysis suggested that the increased total
phosphatase activity in calpain-1 null platelets is a conse-
quence of the approximately twofold increase in total tyrosine
phosphatase activity in the calpain-1 null platelets (Fig. 3D).
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FIG. 2. Evaluation of protein tyrosine kinase activity in calpain-1 null platelets. (A) Gel-filtered (3 X 10%ml) platelets from WT (+/+) and
calpain-1 null (—/—) mice were analyzed for the presence of different tyrosine kinases (Syk, Fyn, and c-Yes) by Western blotting with specific
antibodies in the resting platelets and platelets activated by thrombin (0.15 U/ml) for defined time periods (30 s [30” and 1 min [1']). The Fyn
antibody epitope is conserved in the Lyn tyrosine kinase and therefore can detect both tyrosine kinases. (B) Total protein tyrosine kinase activity
was measured in the resting and thrombin-activated platelets. (C) Src tyrosine kinase was immunoprecipitated (IP) using a mouse monoclonal
antibody, and the immunoprecipitated Src was probed with an antibody specific for phosphotyrosine-416 antibody (PhosY*'® Src). The bottom gel
shows the total amount of Src in the platelet lysate used to immunoprecipitate Src. IB, immunoblotting. (D) In the resting and thrombin-activated
platelet lysates, FAK activation was analyzed using an antibody against phosphotyrosine 577 in FAK. The bottom gel shows the total amount of
FAK in the platelet lysate. (E) Western blot analysis of Src in the resting and thrombin-activated platelet lysates. An antibody specific for the
dephosphorylation site in Src at position 527 was used. The bottom gel shows the total amount of Src in platelet lysate.

Thus, the reduced tyrosine phosphorylation of platelet pro-
teins in the calpain-1 null platelets correlates with an approx-
imately twofold increase in the total tyrosine phosphatase ac-
tivity as measured by the dephosphorylation of the synthetic
phosphopeptide substrate (Fig. 3D).

PTP1B activity is elevated in calpain-1 null platelets. Since
the calpain-1 null mouse platelets exhibit an approximately
twofold increase in tyrosine phosphatase activity, an expecta-
tion was that the calpain-1 mutation might have affected a key
tyrosine phosphatase. PTP1B, SH-PTP1, and SH-PTP2 are the
major platelet tyrosine phosphatases that are known to serve as
substrates for calpains and are believed to modulate tyrosine
dephosphorylation of platelet proteins (13, 14, 19). The protein
content of SH-PTP1 and SH-PTP2 was unaltered in the cal-
pain-1 null mouse platelets as assessed by Western blotting
using commercially available antibodies (Fig. 4A). In contrast,
an approximately twofold increase in the amount of PTP1B
protein was observed in calpain-1 null platelets in resting and
thrombin-activated platelets (Fig. 4A). We performed immu-
noblotting using three different antibodies directed against the
N and C termini of PTP1B. Multiple truncated forms of
PTP1B, as detected by antibodies directed against the N ter-
minus of PTP1B, were observed in both WT and calpain-1 null
platelets. Both the full-length PTP1B (~50 kDa) and its trun-
cated forms were increased in the calpain-1 null platelets com-

pared to WT platelets. The presence of truncated PTP1B
forms suggests that either calpain-2 or another protease can
cleave PTP1B in the absence of calpain-1. We measured the
levels of PTP1B transcripts in nonplatelet cells by Northern
blotting but did not find any significant differences (data not
shown). However, at this stage, we cannot rule out the possi-
bility that the calpain-1 mutation exerts differential effects
on PTP1B gene transcription in megakaryocytes or other
cells, thus contributing to the increased level of PTP1B
protein in vivo.

To determine whether the observed approximately twofold
increase in PTP1B protein correlates with increased tyrosine
phosphatase activity in the calpain-1 null platelet lysates, we
performed an immunocomplex phosphatase assay. The PTP1B
protein was immunoprecipitated from thrombin-stimulated
platelet lysates, and its tyrosine phosphatase activity was mea-
sured by two different methods. The free phosphate released
from the TSTEOQpYQPGENL substrate was quantified using
the malachite green assay (Fig. 4B). Alternatively, the hydro-
lysis of pNPP was measured spectroscopically (Fig. 4C). In
both assays, the calpain-1 null platelets showed an approxi-
mately twofold increase in the PTP1B enzyme activity that
correlated with the approximately twofold increase in the
amount of PTP1B protein. To determine whether the increase
in the total phosphatase activity was attributed solely to
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FIG. 3. Comparison of phosphatase activity in the resting and thrombin-activated platelets. (A and B) Platelet lysates from gel-filtered platelets
were tested for total phosphatase activity. Inhibition of tyrosine phosphatases in calpain-1 null lysates was performed by incubation with 1.0 mM
sodium vanadate in the phosphatase assay buffer. Total phosphatase activity in the double knockout (DKO) platelet lysate was included to
demonstrate the rescue of enhanced phosphatase activity in calpain-1 null platelets. (C) The serine-threonine phosphatase activity of calcineurin
was measured calorimetrically as described in the text. (D) Total protein tyrosine phosphatase (PTP) activity was measured in thrombin-activated
platelets. (E and F) Immunodepletion of PTP1B was carried out with polyclonal antibodies against PTP1B using protein G-conjugated agarose
beads. Resting and thrombin-activated platelet lysates were analyzed for total phosphatase by the pNPP hydrolysis assay in the WT, calpain-1 null,
and calpain-1 null lysate that was immunodepleted as previously described.

PTP1B, we immunodepleted PTP1B from the calpain-1 null
platelet lysates, which resulted in the quantitative removal of
the tyrosine phosphatase activity under resting and thrombin-
activated conditions (Fig. 3E and F). Similarly, the calpain-1
null platelets were treated with sodium vanadate, a generic
inhibitor of tyrosine phosphatases, which, as expected, reduced
the total tyrosine phosphatase activity (Fig. 3A and B). To-

gether, these results suggest that the increased tyrosine phos-
phatase activity in the calpain-1 null platelets is due to the
increased amount of PTP1B protein.

Pharmacological inhibitors modulate platelet signaling in
calpain-1 null platelets. We examined the effects of MDL
28170, a calpain inhibitor, on platelet aggregation from WT
mice. Gel-filtered platelets were incubated with MDL 28170
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FIG. 4. Characterization of PTP1B in mouse platelets. (A) Gel-filtered platelets from WT (+/+) and calpain-1 null (—/—) mice were activated
with 0.15 U/ml of thrombin, and the amount of PTP1B was examined using three different antibodies (Ab) targeted to defined epitopes at the C
and N termini (C-term and N-term) of PTP1B. Western blot analysis of SH-PTP1 and SH-PTP2 indicated no changes in their protein level and
served as an internal control. 30", 30 s; 1’, 1 min. (B and C) Gel-filtered platelets were activated with 0.15 U/ml of thrombin, and PTP1B was
immunoprecipitated using a polyclonal antibody directed against the N terminus of PTP1B. The data show PTP1B enzyme activity in the mouse

platelets activated for 3.0 min by thrombin.

for 30 min at room temperature, followed by the initiation of
aggregation by thrombin at 0.15 U/ml with stirring (Fig. SA to
E). MDL 28170 inhibited WT mouse platelet aggregation in a
dose-dependent manner (Fig. 5C to E), which is consistent
with published studies (6, 10). Since reduced platelet aggrega-
tion in calpain-1 null platelets correlates with increased PTP1B
activity, we examined the effect of DMHYV, an inhibitor of
tyrosine phosphatases, including PTP1B, on calpain-1 null
platelet aggregation. We first titrated DMHYV concentration
using thrombin-activated calpain-1 null platelets (Fig. 5F to
H). The DMHYV inhibitor at 50 uM completely corrected the
aggregation defect in calpain-1 null platelets at 0.15 U/ml of
thrombin activation (Fig. 5SH). Next, we tested the effect of 50
pM DMHV on WT mouse platelet aggregation but did not
observe any effect at 0.15 U/ml of thrombin activation (data
not shown). Interestingly, the treatment with 50 uM DMHV
enhanced the extent of WT mouse platelet aggregation at a
lower concentration (0.075 U/ml) of thrombin (Fig. 5I). Simi-
lar results were obtained when human platelets treated with
DMHYV were tested for platelet aggregation in response to
different doses of thrombin (Fig. 5J to L). The effect of DMHV
on clot retraction in the calpain-1 null mice was also examined.
Treatment of 50 uM DMHYV with the calpain-1 null platelet-
rich plasma at 0.5 U/ml of thrombin corrected the clot retrac-
tion defect to a level similar to that of WT mice (data not
shown). Together, our results indicate that DMHYV, a tyrosine
phosphatase inhibitor, can correct platelet aggregation and
clot retraction defects in the calpain-1 null mice, thus suggest-
ing that PTP1B may be a key mediator of calpain-1 signaling in
mouse platelets. Nonetheless, the possibility that the DMHV
exerted its effects by inhibiting some unknown tyrosine phos-
phatases in mouse platelets remained. This critical issue was
addressed using a genetic approach as outlined below.

Generation of double knockout mice for calpain-1 and
PTP1B. If the elevated level of PTP1B were responsible for the
observed defects of platelet aggregation and clot retraction path-
ways in calpain-1 null mice, one would anticipate a correction of
these defects in mice where the genes of both calpain-1 and
PTP1B have been inactivated. To accomplish this goal, we first
developed a new PCR-based assay to screen the genomic DNA of
progeny produced from the mating of calpain-1 and PTP1B null
mice (Fig. 6A). The characterization of PTP1B null mice used in
our study has been previously described (12). Another mouse
model of PTP1B deficiency has also been described (26). The
successful generation of calpain-1 and PTP1B double knockout
mice was confirmed by the PCR assay (Fig. 6A). Individual inac-
tivation of calpain-1 and PTP1B genes does not exhibit any del-
eterious effects on mouse embryonic development (3, 12). The
double knockout mice for calpain-1 and PTP1B null alleles were
born according to a normal Mendelian ratio and are fertile with
no obvious developmental defects. Western blotting was used to
confirm that the double knockout mice were null for both cal-
pain-1 and PTP1B proteins. Previously, we have shown that ma-
ture erythrocytes are the only cells that exclusively contain cal-
pain-1 (3). All commercially available antibodies against calpain-1
cross-react with calpain-2 under our conditions; therefore, West-
ern blotting of platelets and other tissues could not be used to
establish the absence of calpain-1 in the double knockout mice.
Since mouse erythrocytes contain only calpain-1, we performed
Western blotting on the red cell membranes prepared from the
double knockout erythrocytes. Both calpain-1 and PTP1B pro-
teins were detected in the mature erythrocytes of WT mice and
were completely eliminated from the double knockout mice (Fig.
6B). Together, these results confirm the development of double
knockout mice lacking both calpain-1 and PTP1B.
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FIG. 5. Effects of pharmacological inhibitors of calpain-1 and PTP1B on platelet aggregation. Gel-filtered platelets were analyzed for platelet
aggregation in response to synthetic inhibitors of calpains and PTP1B. The platelet aggregation was induced by 0.15 U/ml of thrombin. (A to E)
WT platelets (A), WT platelets incubated with vehicle DMSO (B), and WT platelets incubated with the indicated concentrations of MDL (C to
E). (F) Platelet aggregation response of calpain-1 null platelets. It is noteworthy that at 25 uM DMHYV, although the final extent of platelet
aggregation was not altered in calpain-1 null mice (G), the overall shape of the aggregation tracing without DMHYV appears to be distinct (F).
(H) The reduced platelet aggregation in calpain-1 null mice was rescued by incubation with 50 puM DMHYV, a pharmacological inhibitor of tyrosine
phosphatases, including PTP1B. (I) In the WT mouse platelets, 50 .M DMHYV enhanced platelet aggregation at 0.075 U/ml thrombin activation.
(J to L) Washed human platelets (2 X 10%/ml) were incubated with 25 pM and 50 uM DMHYV for 30 min at room temperature for aggregation

response to thrombin activation.

Correction of platelet aggregation defect in the double
knockout mice. Previously, we have shown that the mouse
calpain-1 null mutation leads to reduced platelet aggregation
in response to several agonists, such as thrombin, ADP, colla-
gen, and calcium ionophore (3). To test our hypothesis that
defective platelet aggregation might be regulated by the ele-
vated level of PTP1B in calpain-1 null mice, platelet aggrega-
tion was measured in the double knockout mice. We compared
the platelet aggregation defect of calpain-1 null mice with the
WT, double knockout, and PTP1B null mice. The thrombin-
mediated platelet aggregation defect of calpain-1 null mice was
rescued in the double knockout mice lacking both calpain-1
and PTP1B in a dose-dependent manner with stirring (Fig. 6C
to E). Under similar experimental conditions, the thrombin-

induced platelet aggregation response of PTP1B null mice was
comparable to that of WT and double knockout mice (Fig. 6F).
These results are consistent with a recently published study
where no defect in platelet aggregation was observed in the
PTP1B null platelets upon activation by ADP and PAR4 re-
ceptor-activating peptide (1). For logistical reasons of main-
taining mice of four different genotypes and to keep our focus
on the characterization of calpain-1 mutation, we did not eval-
uate platelet aggregation phenotype of PTP1B null mice with
other agonists.

Next, we investigated whether the thromboxane A, recep-
tor-mediated platelet aggregation is defective in the calpain-1
null mice. U46619, a stable thromboxane analogue, was used to
induce platelet aggregation under conditions similar to those
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FIG. 6. Generation of double knockout mice lacking calpain-1 and PTP1B and correction of the platelet aggregation defect. (A) Genomic DNA
was analyzed for the corresponding genotype by PCR. Mice heterozygous (top gel) for both calpain-1 (lanes 1 and 2) and PTP1B (lanes 3 and 4),
and double knockout mice (bottom gel) for calpain-1 (lane 2) and PTP1B (lane 4) are shown. (B) Western blot (WB) analysis of erythrocyte
membrane lysates with anti-calpain-1 and anti-PTP1B antibodies. The erythrocytes were from WT and double knockout (DKO) mice. (C to I)
Correction of platelet aggregation defect in the double knockout (DKO) mice. Gel-filtered platelets were analyzed for platelet aggregation
response with thrombin (C to E) and with U46619, a stable thromboxane A, analogue (G to I). (F) Quantification of platelet aggregation at various
concentrations of thrombin in the WT, calpain-1 null (Calpnl /"), double knockout (DKO), and PTP1B null (PTP1B~/") mice (P < 0.05). For
statistical analysis, the extent of platelet aggregation in the WT mouse platelets at each dose was taken as 100%. The platelet aggregation response
at comparable doses in the mutant platelets was normalized to their respective dose in the WT platelets. Each bar graph shows the mean platelet
aggregation plus SEM for a mouse genotype. Data were analyzed using one-way analysis of variance by GraphPad Prism software.

used with thrombin. The U46619-induced platelet aggregation
was also blocked in the calpain-1 null mouse platelets in a
dose-dependent manner, and this defect was rescued in the
double knockout mice lacking both calpain-1 and PTP1B (Fig.
6G to I). The thrombin-induced platelet aggregation in the
double knockout mice was rescued even at low doses of throm-

bin, whereas the U46619-mediated rescue appears to be in-
complete at lower U46619 concentrations, particularly in the
secondary part of the platelet aggregation curve.

Correction of clot retraction defect in the double knockout
mice. The reversal of clot retraction defect in the calpain-1 null
platelet-rich plasma by DMHYV suggested that PTP1B and/or a
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related phosphatase is the key regulator of calpain-1 function
during outside-in signaling in mouse platelets. To validate
these findings in vivo, we tested the double knockout mice
lacking both calpain-1 and PTP1B for clot retraction pheno-
type and compared this phenotype with those of single mu-
tants. The clot retraction defect in the calpain-1 null mice was
rescued in the double knockout mice lacking both calpain-1
and PTP1B (Fig. 7A and B). In addition, we compared the
double knockout mice with PTP1B null mice that were het-
erozygous for the calpain-1 mutation (PTPIB~'~ Calpnl™'™).
Again, the results were consistent with the PTP1B null mice
(data not shown). In agreement with a recently published study
(1), we also observed a mild clot retraction defect in the
PTP1B null mice (Fig. 7A). Together, these results indicate
that calpain-1 regulates clot retraction phenotype in the mouse
platelet-rich plasma, primarily through the activity of PTP1B.

Correction of tyrosine phosphorylation defect in the double
knockout mice. We have previously shown that calpain-1 null
platelets exhibit reduced tyrosine phosphorylation of several
platelet proteins, including B35 integrin, in response to various
agonists (3). The reduced tyrosine phosphorylation of platelet
proteins correlates with increased PTP1B in the calpain-1 null
platelets (Fig. 4). To investigate this observation further, we
examined the tyrosine phosphorylation status of thrombin-ac-
tivated gel-filtered platelets from double knockout mice under
resting as well as aggregated conditions. A comparison of the
time course of tyrosine phosphorylation between WT, cal-
pain-1 null, and double knockout platelets indicates that the
tyrosine phosphorylation defect in calpain-1 null platelets was
reversed in the double knockout platelets (data not shown).
The reduced tyrosine phosphorylation of platelet protein p100
is relatively more prominent at the 0.5-min time point and is
rescued in the double knockout mice (data not shown). Simi-
larly, the reduced tyrosine phosphorylation of p74, p125, and
p160 polypeptides was also rescued in the double knockout
mouse platelets. We also investigated the tyrosine phosphory-
lation status of B5 integrin in the double knockout platelets
using antibodies directed against tyrosine-747 and tyrosine-759
(data not shown). Again, the reduced tyrosine phosphorylation
of B5 integrin in the calpain-1 null mice was rescued in the
double knockout platelets. This result suggests that phosphor-
ylated B5 integrin is a substrate of PTP1B in mouse platelets
but does not resolve the issue of whether this effect is direct or
indirect. Together, our results indicate that the tyrosine phos-
phorylation defect in the calpain-1 null mouse platelets is cor-
rected in the double knockout mice lacking both calpain-1 and
PTP1B proteins.

Calpain-1 null mice are less susceptible to thrombosis in
vivo. We evaluated age- and gender-matched WT, calpain-1
null, double knockouts lacking both calpain-1 and PTP1B, and
PTP1B null mice in a carotid artery injury model that has been
previously demonstrated to induce platelet-rich thrombi (15).
The mean time required to form a completely occlusive throm-
bus in calpain-1 null mice after initiation of arterial injury
(10.7 = 1.6 min; n = 9) was significantly greater than that of
WT mice (6.6 = 0.4 min; n = 9; P = 0.02), suggesting that
complete deficiency of calpain-1 suppresses thrombus devel-
opment in vivo (Fig. 7C). The mean occlusion time in the
PTP1B null mice (7.1 = 0.3 min; n = 10; P = 0.3) is similar to
that of the WT mice as assessed by the same carotid artery
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thrombosis assay (Fig. 7C). Interestingly, the mean occlusion
time in double knockout mice lacking both calpain-1 and
PTP1B (8.9 = 0.8 min; n = 9) was lower than in calpain-1 null
mice; however, this value was statistically different from the
corresponding value of WT mice, suggesting that the reduced
propensity to thrombosis in calpain-1 null mice is mediated at
least in part by PTP1B.

Proteolysis of PTP1B by calpain-1. In order to examine the
proteolysis of PTP1B by calpain-1, we expressed recombinant
forms of full-length and truncated PTP1B (Fig. 7D). Both
forms of PTP1B were degraded by purified calpain-1 in vitro
(Fig. 7E and F). The full-length PTP1B was degraded com-
pletely upon 60 min of incubation with calpain-1 (Fig. 7E, lane
6). Full-length PTP1B (93 kDa) degraded rapidly at an early
time point (Fig. 7E, lane 2), thus releasing several truncated
polypeptides. These lower-molecular-weight truncated polypep-
tides, ranging from 78 to 80 kDa, were initially resistant to
proteolysis but were ultimately degraded completely by cal-
pain-1 (Fig. 7E, lane 6). Since these truncated polypeptides
reacted with an anti-MBP antibody, it is likely that these
polypeptides originated from the truncation of the C terminus
of full-length PTP1B. This prediction was further confirmed by
Western blotting using a polyclonal antibody specific for the C
terminus of PTP1B. This antibody detected a single 93-kDa
band of PTP1B and did not recognize any truncated polypep-
tides (Fig. 7E, bottom gel). Consistent with these observations,
our results confirm that PTP1B is cleaved into the 42-kDa form
and multiple lower-molecular-weight fragments upon treat-
ment of WT mouse platelets with 1.0 uM calcium ionophore
A23187 (Fig. 7G). Pretreatment of mouse platelets with MDL,
a peptidyl inhibitor of both calpains, completely abolished
PTP1B proteolysis under these conditions (Fig. 7G). Together,
these results support the hypothesis that calpain-1 modulates
PTP1B function by sequential degradation of the full-length
polypeptide to differentially regulate tyrosine phosphatase ac-
tivity in a time- and site-dependent manner.

DISCUSSION

This report presents evidence that demonstrates that the
reduced tyrosine phosphorylation in calpain-1 null platelets is
due to the increased amount of PTP1B, a major tyrosine phos-
phatase. The generation of double knockout mice null for
calpain-1 and PTP1B suggests that calpain-1 regulates mouse
platelet signaling by modulating tyrosine phosphorylation of
key platelet proteins. The rescue of the platelet aggregation,
clot retraction, and tyrosine phosphorylation defects in the
double knockout mice further supports the notion that PTP1B
is the major physiological target of calpain-1 in mouse plate-
lets. Calpain activity has been implicated in a number of plate-
let functions, including cytoskeletal reorganization, shape
change regulation, granule/vesicle release, and clot retraction
pathways (3, 6, 10, 11, 13, 16, 17, 34, 35). Our previous findings
which show that the major calpain substrates are still cleaved in
calpain-1 null mouse platelets raise the possibility that either
calpain-2 or an unknown protease is the likely source of sub-
strate degradation in calpain-1 null platelets (3). The calpain
inhibitors used in nearly all published studies on platelet cal-
pains inhibit both calpains, as well as other enzymes including
cathepsins and phosphatases (10, 33). We believe that our in
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FIG. 7. Correction of clot retraction defect in the double knockout mice. Platelet-rich plasma samples were pooled, and platelet counts were
normalized. (A) Representative photographs of clot retraction induced by thrombin. (B) Quantification of fibrin clot retraction 3.0 h after thrombin
and CaCl, treatment. Clot volumes are expressed as a percentage of initial platelet-rich plasma volume. (C) Measurement of in vivo thrombosis
by ferric chloride injury assay. Calpain-1 null mice are less susceptible to thrombus development. The mean plus SEM (error bar) for each group
are shown. Data were analyzed using one-way analysis of variance by GraphPad prism software (P = 0.01). (D) Coomassie blue staining of
recombinant PTP1B. Bacterially expressed full-length PTP1B (FL-PTP1B) (lane 1) and truncated PTP1B (t-PTP1B) (lane 2) were purified by
affinity chromatography. The boundaries of each fusion protein with MBP at the N terminus are shown in the schematic diagram. (E) In vitro
proteolysis of full-length recombinant PTP1B (FL-PTP1B) by commercial calpain-1 for indicated time intervals (from 1 min [1'] to 60 min [60'])
(see Materials and Methods for details). Lane 1 contains a negative control where calpain-1 was not added. Lanes 2 to 6 show various incubation
times of PTP1B with calpain-1. Lane 7 shows incubation of PTP1B with calpain-1 in the presence of 2.0 mM EDTA for 60 min to inhibit calpain-1.
The top blot was probed with a rabbit polyclonal antibody raised against MBP. The bottom blot was probed with a commercially available
polyclonal antibody against PTP1B. WB, Western blotting. (F) In vitro proteolysis of truncated PTP1B by calpain-1. Lane 1 contains a negative
control with no calpain-1, and lanes 2 to 5 show incubation times (from 10 min [10] to 60 min [60']) with calpain-1. Lane 6 shows incubation with
calpain-1 in the presence of 2.0 mM EDTA for 60 min. Western blotting (WB) was carried out using an anti-PTP1B antibody. (G) Gel-filtered
platelets (3 X 10%/ml) from WT mice were incubated with either DMSO or calpain inhibitor MDL 28170 (350 uM) in DMSO for 30 min at room
temperature. PTP1B proteolysis was initiated by incubation of platelets with calcium ionophore A23187, and PTP1B degradation was monitored
by Western blotting using a polyclonal antibody directed against mouse PTP1B. This antibody, kindly provided by B. Neel, recognizes intact and
cleaved forms of PTP1B under these conditions R, resting.
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vivo mouse models begin to offer, for the first time, a definitive
clue to the physiological function(s) of calpain-1 in mouse
platelets.

The aggregation defect in calpain-1 null platelets upon ac-
tivation with thrombin and other agonists suggests that cal-
pain-1 may integrate the cross talk between signaling pathways
mediated by various agonists under conditions of stirring. The
reduced tyrosine phosphorylation and clot retraction pheno-
type in the calpain-1 null mice is consistent with a similar
phenotype observed in the diYF mice where both tyrosines of
B5 integrin were replaced by phenylalanines (27). It is note-
worthy that unlike diYF and B; integrin-deficient mice (23),
the calpain-1 null mice do not show any significant bleeding
phenotype (3), thus implying that a phosphorylation-indepen-
dent pathway also contributes to the signaling function of cal-
pain-1 in mouse platelets. Alternatively, partial tyrosine phos-
phorylation of the B; subunit of a;,B5 integrin in calpain-1
null platelets might be sufficient to overcome the bleeding
phenotype as observed in the diYF and B; integrin-deficient
mice. The reduced tyrosine phosphorylation of B85 integrin in
the calpain-1 null mice was rescued in the double knockout
platelets, further supporting the notion that phosphorylated
B integrin is a physiological substrate of PTP1B in mouse
platelets.

To determine the basis of reduced tyrosine phosphorylation
of platelet proteins in calpain-1 null mice, we first evaluated
the status of tyrosine kinases in mutant platelets, since several
tyrosine kinases serve as calpain substrates in human platelets
(7,9, 28, 32). In principle, one would expect that the inactiva-
tion of calpain-1 gene is unlikely to diminish the activity of
tyrosine kinases; however, the possibility that the limited cleav-
age of tyrosine kinases or an adaptor protein triggers an acti-
vation cascade that is silenced in the calpain-1 null mice re-
mained. Our results indicate that the total tyrosine kinase
activity remains unaffected by the inactivation of the calpain-1
gene in mouse platelets (Fig. 2). Consistent with this observa-
tion, the protein amounts of major tyrosine kinases were not
altered in both resting and activated calpain-1 null platelets.
The activation of Src and FAK was also comparable in WT and
calpain-1 null platelets. However, the possibility that the en-
zyme activity of some other tyrosine kinases could be modu-
lated by calpain-1 in a way that was not detectable under our
experimental settings remains.

Our finding indicating PTP1B as the major physiological
target of calpain-1 in mouse platelets is consistent with several
previous reports that PTP1B is cleaved by calpains in platelets
and other cells (19, 22). According to one model of PTP1B
regulation, limited cleavage of the carboxyl terminus of PTP1B
by calpains releases the enzyme from its docking site at the
endoplasmic reticulum (18). The truncated soluble PTP1B ex-
hibits twofold-enhanced enzyme activity and translocates to
the plasma membrane to initiate multiple dephosphorylation
reactions (19). Other published studies indicate that calpains
may also regulate protein dephosphorylation by alternate
mechanisms. For example, Falet et al. have shown that calpain
activation, and hence the formation of shorter forms of platelet
PTP1B, may not be sufficient to account for the significant
increase in tyrosine phosphatase activity observed in platelets
treated with calcium ionophore A23187 (14). Another study by
Pasquet et al. demonstrated complete proteolysis of PTP1B in
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A23187-treated platelets, and this cleavage of PTP1B corre-
lated with the activation of calpains (30). Recently, it has been
shown that full-length PTP1B is a fully active enzyme under
conditions where calpains are not activated, suggesting that
PTP1B exhibits enzyme activity without the limited C-terminal
cleavage by calpains (1). Indeed, a very recent study compared
the enzyme activity of full-length and C-terminally truncated
PTP1B by in vitro assays and demonstrated that the two forms
of PTP1B exhibit identical enzyme activity against pNPP, a
synthetic soluble substrate (31). Together, these studies indi-
cate that both full-length and truncated forms of PTP1B are
active enzymes and can contribute to the dephosphorylation of
platelet proteins under specified experimental conditions.

Our results indicate that the combination of increased
amounts of full-length PTP1B and the truncated 42-kDa
polypeptide of PTP1B contributes to the enhanced tyrosine
phosphatase activity in calpain-1 null platelets. Since the rest-
ing calpain-1 null platelets contain an elevated level of PTP1B,
it is likely that the mutant platelets inherited the elevated level
of PTP1B from megakaryocytes. Although the precise mecha-
nism of how calpain-1 regulates PTP1B protein synthesis re-
mains unknown at this stage, one may speculate that the lack
of calpain-1 increases PTP1B by affecting either transcription
or translation or by some as yet unknown mechanism not
directly related to platelet activation. Increased basal PTP1B in
calpain-1 null platelets might cause some of it to avoid binding
to the endoplasmic reticulum membrane and translocate to the
plasma membrane, thereby affecting integrin signaling by de-
phosphorylating multiple substrates (Fig. 8). According to this
model, calpains regulate PTP1B activity by first cleaving its C
terminus, followed by the complete degradation of the trun-
cated PTP1B under certain conditions. Upon activation, both
calpain-1 and calpain-2 cleave PTP1B, thus releasing it from
the pool of intracellular membranes. Once released, the trun-
cated PTP1B translocates to the plasma membrane to dephos-
phorylate multiple substrates, including 35 integrin and other
cytoskeletal proteins. As the outside-in signaling sets in, fur-
ther proteolysis of truncated PTP1B occurs by calpains, thus
limiting the excessive dephosphorylation of substrates to
maintain a homeostatic balance between the kinases and
phosphatases. The mechanism of how the ratio of two
PTP1B forms is maintained, the differential effects of cal-
pain-1 mutation on the kinetics of PTP1B translocation,
substrate specificity, and the route of their complete degra-
dation are issues that would now be experimentally testable
with the further characterization of calpain-1 null and dou-
ble knockout mice as reported here.

The rescue of the platelet aggregation, clot retraction, and
tyrosine phosphorylation defects in the double knockout mice
strongly suggests a critical role for PTP1B in the regulation of
calpain-1-mediated signaling in mouse platelets. It is notewor-
thy that the clot retraction phenotype in PTP1B null mice and
double knockout mice is not identical (Fig. 7), indicating the
contribution of additional regulatory mechanisms in the ab-
sence of calpain-1. Similarly, the PTP1B null mice do not show
any measurable effect on platelet aggregation (1), yet we ob-
served an enhancing effect of DMHYV, a general inhibitor of
tyrosine phosphatases, on the aggregation of WT mouse plate-
lets as well as human platelets at low doses of thrombin acti-
vation. This result suggests that DMHYV presumably inhibits
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FIG. 8. Proposed model for the regulation of PTP1B by calpains. See text for details. ER, endoplasmic reticulum.

PTP1B, as well as other tyrosine phosphatases in mouse plate-
lets under these conditions. Interestingly, physiological evalu-
ation of double knockout mice by the ferric chloride-induced
arterial injury in vivo thrombosis assay revealed a partial res-
cue of the thrombosis defect in calpain-1 null mice, again
implying that factors other than PTP1B are likely to contribute
to the development of thrombosis in vivo. Recently, Arias-
Salgado et al. (1) investigated platelet integrin signaling in
PTP1B knockout mice under nonaggregating conditions and
reported that PTP1B functions as a positive regulator of out-
side-in signaling by dephosphorylating c-Src tyrosine 529 and
c-Src activation. They also reported decreased platelet spread-
ing and clot retraction but no effect on platelet aggregation in
PTP1B null mice. Consistent with these observations, our find-

ings also did not show any measurable difference in the platelet
aggregation of PTP1B null mice, and the clot retraction defect
we observed in the PTP1B null mice was more pronounced at
low agonist concentrations. In contrast to the reduced tyrosine
phosphorylation of platelet proteins reported in PTP1B null
platelets (1), our data show reduced tyrosine phosphorylation
of multiple proteins in calpain-1 null mouse platelets, which
contain an elevated level of PTP1B. Although the precise rea-
son behind these opposing findings is not yet clear, the pres-
ence of excess PTP1B in calpain-1 null platelets may dephos-
phorylate multiple tyrosine residues in c-Src and/or other
tyrosine kinases, thus suppressing their tyrosine kinase activity
in vivo. It is also important to emphasize here that our exper-
iments were performed with mouse platelets under aggregating
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conditions where both inside-out and outside-in signaling
components are operational. Future studies will determine
whether the effects of increased PTP1B activity in calpain-1
null platelets are mediated through the activation of c-Src
and Csk dissociation from the integrin complex under con-
ditions that promote selective induction of outside-in sig-
naling without a contribution from the inside-out signaling
component.

The PTP1B null mice are known to display increased insulin
sensitivity and obesity resistance (12, 26), thus making the
pharmacological inhibition of PTP1B a major therapeutic goal
of many ongoing efforts in both academia and pharmaceutical
companies. The two independent mouse models of PTP1B
deficiency that currently exist (12, 26), as well as the develop-
ment of tissue-specific PTP1B knockouts (4), may not be suit-
able for testing the efficacy of novel synthetic inhibitors of
PTP1B. Our calpain-1 null mice offer the first model system
where the elevated PTP1B level in circulating platelets could
provide a unique experimental tool to test the selectivity of
PTP1B inhibitors in vivo.
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