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Abstract

Background Several members of protein disulfide isomerase (PDI) family with the CXYC active motif such as PD,
ERp57, ERp72, ERp46, ERp5 and TMX1 have important roles in platelet functions and thrombosis. These members
contribute to the network of redox regulation of platelet activities. However, whether other PDI family members
without the CXYC motif such as ERp29, have a role in these processes remains unknown.

Aims To determine the role of ERp29 in platelet functions and thrombosis.

Methods The phenotypes of platelet-specific ERp29-deficient (Pf4-Cre/ERp29™™) mice were evaluated using tail
bleeding assay and laser-induced and FeCl;-induced arterial injury models, as well as venous thrombosis model. In
vitro, the functions of ERp29-deficient platelets were assessed in respect to aggregation, adhesion, spreading, clot
retraction, granule secretion and integrin allb@3 activation measured by flow cytometry. Redox state of integrin
allbB3 thiols was detected using 3-(N-maleimido-propionyl) biotin (MPB) labeling.

Results Compared with WT mice, Pf4-Cre/ERp29"1 mice exhibited shortened tail-bleeding times, increased platelet
accumulation in the two arterial thrombosis models, and enhanced thrombogenesis in the venous thrombosis
model. ERp29-deficient platelets had enhanced response in aggregation, ATP release, spreading, clot retraction,
allbB3 activation, fibrinogen binding and P-selectin expression. As detected by MPB labeling, the free thiol content of
integrin allbP3 in ERp29-deficient platelets were increased compared with WT platelets, suggesting that the role of
ERp29 is associated with oxidation of the functional disulfides of integrin allb and/or 33 subunits.

Conclusion(s) ERp29 is the first disulfide isomerase without the CXYC motif that negatively regulates platelet
function. This study provides new insight into the redox network controlling thrombosis.
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Introduction

Platelets are central mediators of hemostasis and
thrombus formation. Upon vascular injury, activated
platelets rapidly adhere to damaged endothelial sur-
faces and exposed subendothelial matrix compo-
nents through sequential activation processes [1].
Subsequently, activated platelets trigger disulfide
bond reduction in integrin allbp3, inducing a con-
formational shift from low- to high-affinity states.
This structural change facilitates fibrinogen binding,
thereby promoting platelet aggregation and thrombus
formation at injury sites [2, 3]. Although we know that
integrin alIbp3 activation depends on redox regulation
of integrin alIbB3 disulfide bonds, which enzymes are
responsible for this process has become an important
issue [4].

We and other investigators have shown that several
members of the protein disulfide isomerase (PDI) fam-
ily, PDI [5, 6], ERp57 [7, 8], ERp72 [9], ERp46 [10],
ERp5 [11-14], TMX4 [15] and TMX1 [16], have been
shown to have distinct functions in regulating platelet
function and thrombosis via their CXYC active motif.
These members contribute to the network of redox
regulation of platelet activities. However, whether
other PDI family members, especially those without
the CXYC motif such as ERp29, have a role in these
processes remains unknown.

ERp29, an endoplasmic reticulum (ER)-resident
PDI family member, features four structural domains.
These include the N-terminal ER localization
domain/signal sequence, the b-type PDI domain, the
D-domain, and an ER retrieval KEEL (Lys-Glu-Glu-
Leu) domain at the C-terminus [17]. Although ERp29
contains a conserved thioredoxin-like PDI domain, it
contains only a single cysteine and does not possess
any thioredoxin enzymatic activity [18]. Holbrook LM
et al. reported that ERp29 is released by platelets and
relocates to the cell surface following platelet activa-
tion [19]. This study indicates that ERp29 may be
involved in the regulation of platelet function. How-
ever, its function in platelets needs to be characterized
using gene-modified mouse models.

In this study, we found that ERp29 was expressed in
platelets and endothelial cells. Using ERp29-knock-
out mouse models, we found that ERp29 deficiency
enhanced platelet aggregation, integrin alIbp3 acti-
vation, fibrinogen binding, spreading and clot retrac-
tion, as well as platelet thrombus formation in vivo.
Moreover, we found that the free thiol content of
integrin olIbPB3 in activated ERp29-deficient plate-
lets were increased compared with WT platelets.
Thus, ERp29 is the first disulfide isomerase without
the CXYC motif that inhibits platelet function and
thrombosis.
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Materials and methods

Materials

Suppliers for antibodies were as follows: anti-mouse
integrin olIbp3, GPIba, and GPVI antibodies, PE-
labeled JON/A antibodies and Dylight-488-conjugated
anti-CD42c¢ from Emfret; PE-conjugated anti-P-selec-
tin antibody from eBioscience; Alexa 647 (Invitrogen)-
conjugated anti-human fibrin antibody (59D8) from
Antibody System SAS; Rat monoclonal CD41 antibody
(MWReg30) from BD Biosciences; Mouse monoclonal
anti-allb antibody (B-9) and anti-p3 antibody (D-11)
from Santa Cruz; Polyclonal anti-vWF antibody from
Dako; Polyclonal anti-ERp29 antibody from Abcam; Poly-
clonal anti-PDI, ERp57 and Transferrin antibody from
Abclone; Polyclonal anti-ERp5, ERp46 and GAPDH anti-
body from Proteintech; Monoclonal anti-ERp72 antibody
from HuaBio; IRDye 680-conjugated goat anti-mouse
and IRDye 800-conjugated goat anti-rabbit antibodies
from LI-COR Bioscience. Additional materials used were:
ATP standard and CHRONO-LUME, a-thrombin and
collagen from CHRONO-LOG; Convulxin and U46619
from Enzo; Arachidonic acid, A23187 and epinephrine
from MCE; 3-( N-maleimido-propionyl) biocytin (MPB)
from Molecular Probes; Purified fibrinogen protein from
Sigma; Flow chamber plates from Fluxion; PVDF mem-
brane from Millipore.

Flow cytometry and aggregation and secretion studies of
mouse platelets

Flow cytometry studies on mouse platelets were per-
formed using platelet-rich-plasma (PRP) prepared and
diluted into Tyrode’s buffer as described. The PRP was
prepared from blood obtained into acid-citrate dextrose
solution through the abdominal aorta [5]. Aggregation
studies were performed using washed platelets pre-
pared as described [20]. Platelet concentration was mea-
sured using a Sysmex Coulter Counter, and counts were
adjusted to 2 x 10%/mL for aggregation studies. Secretion
of ATP was monitored in the Chronolog lumi-aggregom-
eter as previously described [21].

Clot retraction

Clot retraction was performed using washed mouse
platelets (3x10%/mL) in Tyrode buffer (pH 7.4) as pre-
viously described [22]. Adding fibrinogen (0.5 mg/mL)
to washed platelets. Clot retraction was initiated with
thrombin (0.3 U/mL), and images were taken at increas-
ing times. Two-dimensional clot size was measured using
Image ] software, and the percentage of clot size relative
to initial suspension volume was determined.

Platelet spreading on fibrinogen
Platelet spreading on fibrinogen was performed as pre-
viously described with minor modifications [23]. Micro
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Fig. 1 ERp29 deficiency potentiates platelet function. (A-C) ERp29-deficient platelets have enhanced thrombin-induced P-selectin expression (A), activa-
tion of allbf3 (detected by the JON/A activation-dependent antibody) (B) and Fibrinogen binding (C). Representative line graphs (left panels) and com-
bined results (right panels); Data are presented as mean +standard error of the mean (SEM), n =3 for each group, *P<.05, **P <.01, ****P <0001, Student’s
t test. ns, not significant. (D-G) Representative aggregation and ATP release tracings (left panels) and combined results (right) showing the enhanced
aggregation and ATP release in ERp29-deficient platelets using (D) thrombin, (E) U46619, (F) Convulxin and (G) CRP; Mean +SEM, n=3 for each group,
P <01, ***P<.001, ****P <0001, Student’s t test. Aggregation and ATP secretion were monitored in the lumi-aggregometer

coverglass-12 mm Dia were coated with 10 pg/mL fibrin-
ogen in 0.1 M NaHCO3 (pH 8.3) in 24 well plates at 4 °C
overnight and blocked with 1% bovine serum albumin
(BSA) in PBS. Washed platelets (3x10’/mL) in Tyrode
buffer were added into wells (200 puL/well) and allowed to
spread for 60 min at 37 °C. After unbound platelets were
removed by washing, wells were incubated with 4% para-
formaldehyde for 30 min at room temperature. F-actin in
the adhering platelets was stained by 0.1 pg/mL TRITC-
conjugated phalloidin containing 0.1% Triton X-100 for

2 h. Images were collected with a Olympus microscope
(confocal), and the average surface area of individual
platelets (pixel number) in 15 random fields was quanti-
fied using Image J software.

Bleeding time analysis

Bleeding time assay was performed using a razor blade
to transect the mouse-tail 4 mm from the tip, with the
tail immersed in a 15-ml test tube containing phosphate-
buffered-saline (PBS) at 37 °C [7]. Bleeding times were
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Fig. 2 ERp29 deficiency enhances platelet spreading and clot retraction. (A) Platelet spreading on fibrinogen was induced with thrombin (0.016 U/
mL), and adherent platelets were stained with TRITC labeled phalloidin. Representative images are shown, Scale bar, 10 um. The number and average
spreading area of adherent platelets (right) were quantified using Image Jin 15 random fields showing the enhancement of platelet spreading in ERp29-
deficient platelets; Mean + SEM, n=15, **P <.01, Student’s t test. (B) Clot retraction was initiated with thrombin (0.3 U/mL), images (left panels) were taken
at the indicated times and combined results (right) showing the acceleration of clot retraction in ERp29-deficient platelets. Two-dimensional clot size
was measured using Image J and normalized to the clot size at time 0 (clot volume %), Mean + SEM, n=4, ****P < 0001, Student’s t test. ns, not significant

determined when the bleeding stopped for more than
ten seconds. If the bleeding time was longer than 15 min,
the assay was stopped and bleeding time was counted
as 15 min. The control and experimental groups were
matched for age, sex and body weight. The experiments
were performed in a single-blinded manner.

FeCl;-induced platelet accumulation and thrombosis of the
mesenteric artery

To monitor platelet accumulation in vivo, Dylight-
488-conjugated anti-CD42c antibody was injected into
mice through tail vein, as previously described [16].
Briefly, the mesentery was exteriorized through a mid-
line abdominal incision. A single arteriole was visualized

using an OLYMPUS MVX10 fluorescent microscope and
its diameter was measured. Vessel injury was generated
by placing a 1 x 2 mm patch of No.1 Whatman filter paper
soaked in 4% FeCl; above the exposed artery for 1 min.
The filter paper was removed and platelet accumulation
observed and photographed every minute for 15 min.
The fluorescent intensity (FI) of the platelet accumula-
tion and thrombus formation was analyzed by Image ]
software. The FI divided by the area analyzed gave the
relative FI for each injury and is indicated by FI/um?. The
area analyzed was obtained from the length analyzed
multiplied by the diameter of each injured vessel. The
length of the thrombi ranged from the beginning of the
upstream edge of the thrombi to 1 mm downstream of
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Fig.3 ERp29 deficiency shortens the bleeding time and potentiates thrombosis. (A-B) Characterization of Pf4-Cre/ERp29™" mice. (A) PCR products of tail
DNA from ERp29"" and Pf4-Cre/ERp29™" mice. The ERp29-floxed allele yielded a 614 bp product and Pf4-Cre recombinase was 420 bp. (B) Western blot
analysis of ERp29 expression in platelets, white blood cells (WBCs) and endothelial cells (ECs) from ERp29™" and Pf4-Cre/ERp29™" mice. GAPDH serves as
loading control. (C) Tail bleeding time in ERp29"" and Pf4-Cre/ERp29"" mice; Mean + SEM. *P <05, Student’s t test. (D-E) Incorporation of platelets into
a growing thrombus in ERp29"" and Pf4-Cre/ERp29™" mice was detected by Dylight-488-conjugated anti-CD42c after FeCl; (4%)-induced mesenteric
arterial injury. Images at 7, 11, and 15 min. The dotted lines mark the vessel wall. Scale bar, 200 um. The mean artery diameter was 168.1£6.316 um in
ERp29"" mice and 175.8+6.959 pm in Pf4-Cre/ERp29™" mice. (P=not significant, NS). (E) Composite of fluorescence intensity (Fl) per area analyzed (FI/
pmz) in ERpZQﬂ/ﬂ (32 thrombi from 5 mice), Pf4-Cre/EF<p29ﬂ/ﬂ (26 thrombi from 4 mice); Mean +SEM, **P<.01, ***P<.001, ANOVA. ns, not significant. (F)
Platelet adhesion on collagen under flow conditions. Whole blood was labeled with Dylight-488-conjugated anti-CD42c and perfused through col-
lagen—coated BioFlux plates at 40 dynes/cm? for 5 min. Scale bar, 100 um. Platelet adhesion (covered area) was quantified using Image J; Mean +SEM,
#**%P < 0001, Student’s t test
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plates which were pre-coated with collagen (100 pg/mL)
for 5 min in a microfluidic whole-blood perfusion assay
(Bioflux-200 system) under a shear force of 40 dynes/
cm? Thrombus formation was dynamically monitored
via inverted fluorescence microscopy (Olympus IX53).
The platelet-covered area was quantified using Image |
software [24].

Intravital microscopy of laser-induced thrombosis of the
cremaster arterioles

Intravital microscopy of the laser-induced injury model
of thrombosis was performed as previously described [25,
26]. This experiment examines the cremaster vasculature
and thus utilizes only male mice (8 ~ 16 weeks old). Plate-
lets and fibrin were visualized using Dylight-488-conju-
gated anti-CD42c antibody (0.1 pg/g body weight) and
Alexa-647-conjugated anti-fibrin (59D8) antibody (Anti-
body System, 0.3 pg/g body weight), respectively. Images
were analyzed using Slidebook v6.0 (Intelligent Imaging
Innovations). The median fluorescence intensity over
time was calculated and the area under the curve (AUC)
for each thrombus was quantified.

Inferior vena cava (IVC) stenosis model

The surgical procedure was performed as described pre-
viously [27]. Briefly, the abdomen was opened through a
ventral midline laparotomy. The small intestine was gen-
tly removed aside and draped with sterile saline-soaked
gauze. The IVC was exposed gently and a metal spacer
made from 30-gauge needle was placed on the outside of
vessel. The IVC and spacer were ligated using a 6.0 nylon
suture just below the left renal vein. The spacer was then
removed to allow blood flow through the IVC. 48 h after
surgery, mice were sacrificed. The weight and length of
thrombi from IVC were measured.

Labeling of platelet allbp3 with MPB

Washed mouse platelets (2 x 10%/ml) in BSA-free Tyrode’s
buffer were incubated with 5 mM EDTA at 37 °C for 1 h.
In some experiments, platelets were stimulated with
thrombin (0.016 U/mL) for 5 min. For sulthydryl label-
ing and quantitation, the membrane impermeant reagent
MPB (100 pM) was added, and thiols were labeled,
as described previously [9, 28]. Briefly, after a 20 min
incubation at room temperature, unreacted MPB was
quenched with GSH (200 pM) for 10 min at room tem-
perature. The unreacted GSH was quenched with iodo-
acetamide (400 pM) for 10 min at room temperature as
described. After platelets were washed three times with
1 ml TBS buffer containing 2 mM EDTA, platelet pellet
was solubilized with 200 pl lysis buffer (TBS containing
protease inhibitor cocktail, 2 mM Na3VO4, 20 uM leu-
peptin, 1 mM PMSE, and 1% Triton X-100, pH 7.4) and
incubated on ice for 30 min. After centrifugation, the
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supernatant was collected and the protein concentra-
tion determined. Platelet lysates were incubated with
anti-allb antibody (MWReg 30) and protein G beads to
immunoprecipitate olIbp3. After washing four times
with lysis buffer, the relative amount of MPB label
per protein on blotting was determined as previously
described by using the IRDye® 800CW (Green) Strep-
tavidin (LI-COR) to detect the MPB and IRDye® 680RD
(red) goat anti-mouse secondary antibody (LI-COR) to
detect the primary mouse anti-allb antibody (B-9) and
anti-p3 antibody (D-11). The intensity of each band was
calculated using Image J program and the ratio of MPB to
allbB3 protein.

Statistics

Data were analyzed using the statistical software Graph-
Pad Prism 8. For parametric comparison, the values were
expressed as the Mean+ SEM, one-way ANOVA (analy-
sis of variance) followed by the Tukey’s test was used for
multiple groups and the two-tailed Student’s t-test was
used for 2 groups. For nonparametric comparisons of the
area under the curve (AUC) of the laser injury experi-
ments, the Mann Whitney test was used. A P value less
than 0.05 was considered significant.

Results

ERp29 is expressed in human platelets and endothelial
cells

The expression of ERp29 was detected by immunoblot-
ting and found that human platelets and endothelial
cells (HUVECs) expressed ERp29 protein (supplemen-
tal Fig. 1A). Moreover, we found that human platelets
expressed 18,900 ERp29 molecules per platelet (supple-
mental Fig. 1B), which is similar to the level of PDI mol-
ecules (32,000 per platelet) reported previously [6].

Generation and characterization of ERp29-knockout mice

To determine the role of ERp29 in thrombosis, first,
ERp29-knockout mice were generated, using the knock-
out-first conditional-ready strategy [29] (supplemental
Fig. 2A). Littermate wild-type (WT) and ERp29-knock-
out (ERp297~'-, knockout first) mice were confirmed by
PCR analysis (supplemental Fig. 2B). To test the knock-
out efficiency of ERp29~~ mice, the protein levels of
ERp29 were measured using western blotting, showing
that platelets, white blood cells, endothelial cells, heart,
liver, spleen, lung and kidney from ERp29-knockout mice
did not express ERp29 protein (supplemental Fig. 2C),
indicating the successful global knockout of ERp29.
Platelet counts and volume were comparable to those
of wild-type control mice (supplemental Fig. 3A-B).
Platelets from ERp29~/~ mice presented normal expres-
sion of the major platelet surface glycoproteins (GPIba,
GPVI and oIIbB3) (supplemental Fig. 3C-E). The size
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(See figure on previous page.)

Fig. 4 ERp29 deficiency potentiates platelet accumulation and fibrin deposition and venous thrombosis. (A) Representative images of platelet accu-
mulation (Green) and fibrin generation (Red), as visualized by Dylight-488-conjugated anti-CD42c and Alexa-647-conjugated fibrin (59D8) antibody,
respectively, at indicated time points following laser injury in the cremaster arterioles in ERp29" and Pf4-Cre/ERp29™ mice. Scale bar, 30 um. The median
fluorescence intensity of platelets (B) and fibrin (C) were calculated and plotted over time. The area under the curve (AUC) for platelets (D) and fibrin (E)
were analyzed from each individual thrombus in the two groups. Data are presented as Mean + SEM and analyzed by two-tailed Mann-Whitney U-test,
*P<.05. The data were obtained from 26 thrombi in 3 mice for each experimental condition. (F-H) Pf4-Cre/ERpZ9ﬂ/ﬂ mice (n=15) and control littermate
ERp29"" mice (n=14) were subjected to IVC stenosis for 48 h. Thrombi were extracted 48 h after surgery. (F) Representative image showing the different
size of thrombi from ERp29"" and Pf4-Cre/ERp29™ mice after 48 h of stenosis. (G) Thrombus weight and (H) length at 48 h were quantified respectively.

Mean £ SEM, **P<.01; ***P <001, Student’s t test

and morphology of platelets and number of granule
were comparable between ERp29~/~ and littermate con-
trol wild-type mice, as determined by using transmission
electron microscopy (supplemental Fig. 3F).

Coagulation function and vWF biosynthesis in ERp29-
knockout mice are normal

Activated partial thromboplastin time (aPTT), pro-
thrombin time (PT) and thrombin time (TT) in plasma
from ERp29~/~ mice were normal (supplemental Fig. 4A-
C), suggesting that these mice have not coagulopathy.
Since von Willebrand factor (vWF) plays an important
role in thrombosis, its levels in plasma and epinephrine-
induced vWF release in ERp29~/~ mice were measured
using western blotting, transferrin serves as loading
control, showing that vWF levels in plasma were compa-
rable to those of wild-type control mice and epinephrine-
induced vWF release was normal (supplemental Fig. 4D,
E). In addition, vWF multimer was normal in ERp297/~
mice as analyzed by SDS-agarose gel electrophoresis
(supplemental Fig. 4F).

ERp29 deficiency potentiates platelet functions
Thrombin-induced P-selectin surface expression, allbp3
activation and fibrinogen binding were consistently
elevated in ERp29-deficient platelets (Fig. 1A-C). Com-
pared with the wild-type platelets, ERp29-deficient plate-
lets exhibited significantly increased in aggregation and
ATP release in response to thrombin, convulxin, colla-
gen-related peptide (CRP) and thromboxane A2 analog,
U46619 (Fig. 1D-G). Calcium ionophore, A23187 and
arachidonic acid (AA)-induced aggregation were also
enhanced (supplemental Fig. 5A, B). These results sug-
gested that ERp29 inhibits platelet functions.

ERp29 deficiency enhances platelet spreading and clot
retraction

Platelet spreading and clot retraction are processes in
which the cytoskeleton of platelets reorganizes driven by
integrin ollbp3-mediated outside-in signaling, and are
important for hemostasis and thrombosis in response
to vascular injury. To determine whether ERp29 plays a
role in platelet spreading and clot retraction, we analyzed
adhesion and spreading of ERp29-deficient and wild-
type platelets, and found that ERp29 deficiency enhanced

fibrinogen-mediated platelet adhesion and spreading
(Fig. 2A). In accordance with this finding, clot retrac-
tion was also significantly enhanced in ERp29-deficient
platelets (Fig. 2B). These results suggested that ERp29
is also involved in integrin ollbB3-mediated outside-in
signaling.

ERp29 deficiency shortens bleeding time and potentiates
thrombosis

To further determine the specific role of platelet ERp29
in platelet function and thrombosis, platelet-specific
ERp29-knockout (Pf4-Cre/ERp29"1) mice were gener-
ated (supplemental Fig. 2D). Genotyping of Pf4-Cre/
ERp29"® mice showed the homozygous floxed allele
and the presence of the Cre gene (Fig. 3A). Pf4-Cre/
ERp29"1 mice did not express ERp29 protein in platelets,
but express ERp29 protein in white blood cells and endo-
thelial cells (Fig. 3B). In addition, the expression of ERp29
was also detected in the heart, liver, spleen, lung and kid-
ney in Pf4-Cre/ERp29"" mice (supplemental Fig. 2E).
The levels of PDI, ERp57, ERp72, ERp5 and ERp46 in
ERp29-deficient platelets were comparable with wild-
type platelets (supplemental Fig. 6A), indicating success-
ful targeting of ERp29. Using Pf4-Cre/ERp29™! mice, we
observed that platelet ERp29 deficiency shortened mouse
tail bleeding times (Fig. 3C). In the FeCl;-induced mes-
enteric artery injury model, the incorporation of platelets
into the thrombus of Pf4-Cre/ERp29"1 mice was also
substantially increased compared with that of control
ERp29ﬂ/ﬂ mice (Fig. 3D-E). Furthermore, under arterial
flow conditions, ERp29 deficiency significantly promoted
thrombus formation in vitro (Fig. 3F). From these data, it
is indicated that platelet ERp29 inhibits hemostasis and
arterial thrombosis.

ERp29 deficiency potentiates platelet accumulation, fibrin
deposition and venous thrombosis

To confirm the role of ERp29 in platelet accumulation
in a second injury model and to analyze fibrin deposi-
tion at the same time, we used a laser-induced cremas-
ter arteriole injury model, and Pf4-Cre/ERp29™1 mice
exhibited a significant increase in platelet accumula-
tion and fibrin deposition (Fig. 4A-E). In addition, we
investigated the role of ERp29 in venous thrombus for-
mation using a mouse inferior vena cava (IVC) stenosis
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Fig. 5 ERp29 deficiency increases thiols of the allbf3 integrin in activated platelets. (A-D) Thiols are increased in allb3 on the surface of activated
ERp29 deficient platelets. Platelets from wild-type and ERp29 knockout mice were activated with thrombin (0.016 U/mL) for 5 min followed by MPB
labeling. After platelet lysis, allb3 was immunoprecipitated. The labeled thiols were detected by blotting with fluorescence conjugated streptavidin. The
membranes were re-probed with anti-allb and anti-B3 antibodies, and the MPB label was normalized to the protein density. Representative blot (A, C),
cumulative data (B, D); Mean + SEM, n=3, *P<.05, Student’s t test. ns, not significant

model. Compared with control ERp29"1 mice, Pf4-Cre/
ERp29"" mice displayed significantly increased weight
and length of thrombus (Fig. 4F-H). These results sug-
gested that platelet ERp29 inhibits both arterial and
venous thrombosis.

ERp29 deficiency increases thiols of the allbf3 integrin in
activated platelets

The redox regulation of integrin alIbB3 disulfides is very
important for platelet activation. We and others have pre-
viously shown that the PDI family members, including
ERp57 [8], ERp72 [9], ERp46 [10] and PDI [5], enhance
platelet aggregation by reducing integrin oIIbp3 disul-
fides; in contrast, TMX1 [16] inhibits platelet aggrega-
tion by oxidizing integrin oIIbB3 disulfides. It is unknow
whether ERp29 affect allbB3 disulfides. MPB labeling
revealed increased free thiol content in activated allbp3
integrins from ERp29-deficient platelets relative those
from wild-type platelets (Fig. 5C, D); however, it had no
difference in resting platelets (Fig. 5A, B). This suggests
that the role of ERp29 is associated with oxidation of
the functional disulfides of integrin allbp3 subunits in
response to platelet activation.

Discussion
In this study, using a new genetically modified mouse
model of ERp29 knockout and platelet-specific ERp29
deficiency, we provide the first evidence that plate-
let ERp29 inhibits platelet functions, including plate-
let aggregation, ATP release, spreading, clot retraction,
allbB3 activation, fibrinogen binding and P-selectin
surface expression. In the platelet aggregation assay,
we found that ERp29-deficient platelets both showed
enhanced platelet aggregation in response to various
stimulants such as thrombin, convulxin, CRP and U46619
(Fig. 1D-G), as well as A23187 and arachidonic acid (sup-
plemental Fig. 5A, B), suggesting that ERp29 is likely to
act on a common pathway of platelet activation. We also
found that ERp29-deficient platelets enhanced platelet
spreading and clot retraction, suggesting that ERp29 is
also involved in platelet integrin ollbp3-mediated out-
side-in signaling. These results indicate that ERp29 is
likely to regulate the activation of integrin aIIbp3.
Pf4-Cre/ERp29"" mice lacking platelet ERp29 dis-
played shortened tail-bleeding times and increased
platelet accumulation in the two arterial thrombosis
models, as well as fibrin deposition in a laser-induced
arterial thrombosis. Additionally, Pf4-Cre/ERp29™/f

mice exhibited enhanced thrombogenesis in the venous
thrombosis model. Although these models differ in injury
mechanisms, vessel size, and hemodynamics, the con-
sistent phenotype under these different conditions indi-
cates that platelet-derived ERp29 inhibits both platelet
accumulation and fibrin deposition in arterial thrombosis
and venous thrombosis in mice, which is not the case for
other reported PDI family members. It will be interest-
ing to investigate how platelet-derived ERp29 regulates
coagulation and venous thrombosis.

Holbrook LM et al. reported that ERp29 is released by
platelets and relocate to the cell surface following platelet
activation [19]. However, the amount of ERp29 released
by platelets is small. Although ERp29 is a PDI-like pro-
tein, it lacks a thioredoxin domain and is therefore likely
redox inactive. In this way, ERp29 is unique, and func-
tions as a chaperone or escort of immature client protein,
stabilizing clients and facilitating their transport from the
ER to the Golgi for maturation [17], such as proinsulin
[30], and thyroglobulin [31] in secretory cells and non-
secretory membrane proteins including Cx43 hemichan-
nels [32], CFTR [33] and ENaC [34] in epithelial tissue.
These findings suggest that ERp29 may participate in
quality control processes during membrane protein bio-
genesis in the endoplasmic reticulum.

The free thiol content of integrin oIIbP3 is increased
in activated platelets [35]. We found that the free thiol
content of integrin allbP3 in activated ERp29-deficient
platelets was increased than that in wild-type platelets.
However, ERp29 does not possess redox activity, and we
found no difference in the ratio of GSH to GSSG between
wildtype and ERp29-deficient platelets in either resting
or activated state (supplemental Fig. 6B). How ERp29
regulates the disulfide bond of allbp3 is an interest-
ing but complex question, this is also a limitation of our
study.

Several secreted enzymes of the PDI family with CXYC
motif, such as PDI [5], ERp57 [8], ERp72 [9], ER46 [10]
and TMX4 [15], have been shown to support platelet
activation through reducing the disulfide bond of integ-
rin alIbp3, and ERp5 inhibits platelet activation through
binding to integrin allbB3 blocking its ligand binding
[14] or cleaving B3 disulfide C177-C184 to decrease the
ligand binding affinity [36]. and TMX1 [16] has an inhibi-
tory role through oxidizing the disulfide bond of integ-
rin allbp3, demonstrating that the PDI family members
can both positively and negatively regulate platelet func-
tion. Our current study has revealed that ERp29 is the
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first member without CXYC motif of this network and
revealed a CXYC motif-independent pathway for remod-
eling in the disulfide bond of integrin alIbf33.

In conclusion, ERp29 is the first disulfide isomerase
without the CXYC motif that negatively regulates plate-
let functions and thrombosis. These findings reveal the
complex regulatory mechanism of PDI family enzymes in
platelet activation and thrombosis.
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