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m Extracellular protein disulfide isomerases (PDIs), including PDI, endoplasmic reticulum

e protein 57 (ERp57), ERp72, ERp46, and ERp5, are required for in vivo thrombus formation in
: ERP5 !nh'b'ts the mice. Platelets secrete PDIs upon activation, which regulate platelet aggregation. However,
el @ E_R sttress platelets secrete only ~10% of their PDI content extracellularly. The intracellular role of
sensors protein kinase . L . .
RNA-like endoplasmic PDIs in platelet function is unknown. Here, we aim to characterize the role of ERp5 (gene
reticulum kinasz and Pdia6) using platelet conditional knockout mice, platelet factor 4 (Pf4) Cre*/ERp5fioxed (i,
IRE1 in murine PfaCre*/ERp5%/® mice developed mild macrothrombocytopenia. Platelets deficient in ERp5
platelets. showed marked dysregulation of their ER, indicated by a twofold upregulation of ER
proteins, including PDI, ERp57, ERp72, ERp46, 78 kilodalton glucose-regulated protein
. (GRP78), and calreticulin. ERp5-deficient platelets showed an enhanced ER stress response
platelets, defective ER . . . . . .

. to ex vivo and in vivo ER stress inducers, with enhanced phosphorylation of eukaryotic
homeostasis promotes T o o )
secretion of ER PDls translation initiation factor 2A and inositol-requiring enzyme 1 (IRE1). ERp5 deficiency was
and chaperones. associated with increased secretion of PDIs, an enhanced response to thromboxane A2

receptor activation, and increased thrombus formation in vivo. Our results support that
ERp5 acts as a negative regulator of ER stress responses in platelets and highlight the
importance of a disulfide isomerase in platelet ER homeostasis. The results also indicate a
previously unanticipated role of platelet ER stress in platelet secretion and thrombosis. This
may have important implications for the therapeutic applications of ER stress inhibitors in
thrombosis.

* In ERp5-deficient
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Introduction

Platelets promote thrombus formation upon activation by releasing a
and dense granules. However, platelet releasates also contain
nongranule proteins, such as the endoplasmic reticulum protein
(ERp) protein disulfide isomerase (PDI)," which platelets externalize
by nonconventional secretory pathways.? Multiple other members of
the PDI family have been identified in the platelet releasate,’
including ERp57,"* ERp72,° ERp46,° and ERp5.” Using inhibitory
antibodies or platelet conditional gene knockout (CKO) models, it
was shown that released PDI, ERp57, ERp72, ERp46, and ERp5
promote platelet aggregation and thrombus formation.® ' However,
the intracellular role of platelet PDIs has not been studied previously.

In nucleated cells, the primary role of PDls is to catalyze protein
folding in the ER."? PDlIs are disulfide oxidoreductases that catalyze
the oxidation and reduction of disulfide bonds to enable protein
folding. The folding activity of PDlIs is aided by ER chaperones,
such as 78 kilodalton glucose-regulated protein (GRP78).'® PDI
function is important in cells with high synthetic and secretory
activity, such as p-pancreatic cells.* In conditions of excess pro-
tein production or oxidative stress, the folding capacity of the ER is
exceeded, resulting in ER stress.'”® ER stress activates the
unfolded protein response, which involves the compensatory acti-
vation of inositol-requiring enzyme 1 (IRE1), protein kinase RNA-like
endoplasmic reticulum kinase (PERK), and activating transcription
factor 6 (ATF6) pathway to resolve ER stress.'®

ER stress develops in megakaryocytes at the stage of proplatelet
formation.'” However, there is limited knowledge of the function of
ER stress in platelets. The ER in platelets, also known as the dense
tubular system, regulates Ca®>* homeostasis and prostanoid syn-
thesis.'® Being anucleate cells, platelets have limited protein syn-
thesis despite high concentrations of PDls, that is, 1 human platelet
expresses ~32 000 PDI molecules.'® It is, therefore, intriguing to
consider the ER function of platelet PDIs. The PDIs may either be
passively transferred to platelets from megakaryocytes or may have
autonomous functions within the platelet ER. We sought to
understand the function of ERp5 in platelets based on its intra-
cellular function in other cells. In fibroblasts, ERp5 has been shown
to play a pivotal role in the ER stress response by the inhibition of
the IRE1 and PERK pathway.”’®?" Here, we investigated if ERp5
modulates ER stress responses in platelets using the first-
described platelet ERpS CKO mouse.

In our studies of the phenotype of ERp5 CKO mice, we observed
that these mice had mild macrothrombocytopenia. The knockout of
ERp5 in mouse platelets disrupted ER homeostasis, accompanied by
an increased abundance of multiple ER disulfide isomerases and
chaperone proteins and enhanced activation of the ER stress path-
ways, IRE1 and PERK. ERp5-deficient platelets were hypersecretory
of ER proteins and displayed increased thrombus formation. These
results support a physiological function of intracellular ERp5 in
safeguarding from ER stress and accompanying platelet secretion.

Methods

Reagents, platelet isolation and immunofluorescence, measurement
of reticulated platelets, platelet transmission electron microscopy
(TEM), bone marrow and spleen immunohistochemistry, platelet
proteomics, western blot of platelet lysates and releasates, disulfide
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reductase assay, enzyme-linked immunosorbent assay, platelet flow
cytometry, aggregation, adhesion & clearance, tail bleeding time,
activated partial thromboplastin time, and the carotid artery elec-
trolytic method are presented in the supplemental Material.

Generation of mice with CKO of ERp5 in
megakaryocyte-platelet lineage

Pdia6™*"* (ERp5™") mice were produced by the Mouse Engi-
neering at Garvan/ABR (MEGA) Facility (Moss Vale, Sydney,
NSW, Australia) using CRISPR/Cas9 gene targeting in C57BL/6)
mouse embryos following established molecular and animal hus-
bandry techniques.”” A single-guide RNA was employed that tar-
geted Cas9 cleavage 79 base pairs (bp) 3" of exon 2 of Pdia6
(TGAGACAGGATCATTAG*CCGTGG; *, Cas9 cleavage site;
underlined, protospacer-associated motif). A 3751 bp homologous
recombination (HR) substrate was synthesized in pUC57 plasmid
(Genscript, Piscataway, NJ), including 2500 bp 5" and 760 bp 3’
homology arms either side of a loxP-flanked 423 bp insert con-
taining exon 2 plus 202 bp and 79 bp of 5" and 3 flanking intron
sequences, respectively. A solution consisting of the single-guide
RNA (15 ng/pL), purified double-stranded HR substrate plasmid
DNA (2 ng/pL), and full-length, polyadenylated Streptococcus
pyogenes Cas9 messenger RNA (30 ng/plL) was prepared and
microinjected into the nucleus and cytoplasm of C57BL/6J
zygotes. Microinjected embryos were cultured overnight and those
that underwent cleavage were introduced into pseudopregnant
foster mothers. Pups were screened via polymerase chain reaction
to detect the HR of the 2 loxP sites into 1 of the Pdia6 alleles.
Excision of exon 2 by Cre is predicted to create a frameshift after
glycine-12 in ERpb, with translation terminating after the addition of
6 more residues. Mice were bred by crossing platelet factor 4 (Pf4)
Cre*/ERp5™" with ERp5™" mice to generate Pf4Cre* mice with
ERp5-deficient platelets and Pf4Cre™ littermate controls. All mice
were genotyped using tail clips as a source of genomic DNA to
detect the Pf4Cre and floxed Pdiaé6 alleles. Protein expression was
measured by western blot of washed platelet proteins separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis. Sex
and age-matched CKO (Pf4Cre*/ERp5™") and littermate controls
(ERp5™" were used in all experiments. All experiments were
conducted in accordance with the approval from the University of
Sydney Animal Ethics Committee (2017/1238).

Induction of ER stress and Ca2* flux assay

Washed platelets were prepared at 400 x 10%/uL, volume 100 pL.
Platelets were treated with 2 pM thapsigargin for 60 minutes, 2 pg/
mL tunicamycin for 2 hours or equal volume of dimethyl sulfoxide
(DMSO) buffer.'”?"?® Separately, platelets were isolated from
mice 24 hours after intraperitoneal injection of 1 pg/g tunicamycin
or DMSO vehicle as the control.>* Thapsigargin induces ER stress
by inhibiting sarcoendoplasmic reticulum Ca®* ATPase, which
leads to a rise in cytoplasmic Ca®* and depletion of the ER
stores."” Tunicamycin induces ER stress by inhibiting N-linked
glycosylation of proteins in the ER."%°

Platelet lysates were separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis using a 4% to 20% polyacrylamide
gel. Primary antibodies to IRE1, phosphorylated (P)-IRE1, eukaryotic
translation initiation factor 2A (elF2a), P-elF2a, c-Jun N-terminal
kinase (JNK), P-JNK, spliced X-box binding protein 1 (XBP1),
CCAAT-enhancer—binding protein homologous protein (CHOP),
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Figure 1. Deletion of ERp5 in the megakaryocyte lineage results in mild macrothrombocytopenia. (A) Western blot of ERp5 in resting platelet lysates from control
(ERp5™" and CKO (Pf4Cre*/ERp5™") mice, demonstrating ERp5 deletion in platelets. (B) Immunostaining of ERp5 in platelets from control and CKO mice after their adhesion to
fibrinogen, without (resting) or with stimulation with thrombin (ll). Differential interference contrast (DIC) (top) and staining with an anti-ERp5 Alexa 488 antibody (bottom).

Representative images, n = 2 per genotype. (C) Peripheral platelet count and mean platelet volume (MPV) in control (gray column) and CKO mice (red column), n= 16 to 18 mice
per genotype. (D) Percentage of reticulated (thiazole orange—positive) platelets in control and CKO mice. (E) Ultrastructure of resting platelets isolated from control and CKO

mice. Representative TEM images showing increased platelet size in CKO mice. n = 4 mice per genotype for thiazole orange staining and TEM, mean * standard error of the mean

(SEM), Student t test. *P < .05, **P < .005. Scale bar, 10 pm (B) and 2 pm (E).

caspase 3, and ATF6 were probed at 1:1000 dilution with anti—
B-actin or glyceraldehyde-3-phosphate dehydrogenase at 1:1000
dilution as loading control.

For intracellular Ca®* measurement, mouse platelets (200 x 10%/pL,
volume 500 pL) were labeled with 15 pM Fura-2AM and Pluronic
F-127 Plus N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid-
Tyrode buffer supplemented with 12.9 mM sodium citrate for 45
minutes at 37°C.?° Platelets were recalcified with 1 mM CaCl,
and 1 mM MgCl,, allowed to rest for 3 minutes at 37°C, before
stimulation with 0.2 pM U46619, 5 pM adenosine diphosphate
(ADP), 0.1 U/mL thrombin, or 1 pg/mL collagen-related peptide
(CRP). Relative Ca®* levels are reported as the ratio of the mean

1652 LAY et al

fluorescence emitted at 510 nm when excited alternatively at 340
and 380 nm (ratio, 340:380) using a CLARIOstar, BMG Labtech,
Ortenberg, Germany.

Carotid artery electrolytic injury-induced thrombosis
Mice were used between 16 and 20 weeks of age. The detailed
method has recently been published.?®

Mesenteric vein laser injury-induced thrombosis

Matched mice were used between 8 and 10 weeks of age. Mice
were intraperitoneally injected with 1 pg/g tunicamycin or DMSO
vehicle, as described.?* After 24 hours, mice were anesthetized, and
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Figure 2. Evidence of increased ER stress pathways in ERp5-deficient platelets. (A) Proteomic analysis of resting platelet lysate from control (ERp5™") and CKO
(Pf4Cre*/Erp5™™) mice. Volcano plot for all proteins detected by tandem mass spectometry (MS/MS), with the log?2 fold change (Ifc) plotted on the x-axis vs the negative log10 (P)
of a paired test statistic on the y-axis. Proteins in red are significantly increased (positive Ifc value) or decreased (negative Ifc value) in CKO compared with control mice (P <.05).

Color scale represents negative log10 (P); P = .05 corresponds to a negative log10 P value of 1.3 (upper limit of grayed-out area). (B) Upregulated and downregulated protein
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Table 1. Top 10 increased proteins in lysates of resting ERp5 knockout platelets

Average Intracellular
Protein Name Log FC expression P  Adjusted P Function location

1 Nucb2 Nucleobindin-2 2.0 27.6 0 .0002 Ca?* binding ER cytoplasm

2 Hspab 78 kilodalton glucose-regulated protein 1.2 348 0 .0002 ER chaperone ER

3 Dnajc3 DnaJ homolog subfamily C member 3 1.5 29.7 0 .0004 Unfolded protein response, inhibition of ER
phosphorylation of elF2a

4 Hsp90b1 Endoplasmin 1.0 34.1 0 .0004 ER chaperone, transport of secreted proteins ER

5 Pdia4 (ERp72) Protein disulfide isomerase A4 1.2 31.4 0 .0005 Disulfide isomerase ER

6 Hyoul Hypoxia upregulated protein 1 1.0 31.7 0 .0013 Hypoxia upregulated, ER stress ER

7 Pdia8 (ERp57) Protein disulfide isomerase A3 0.8 34.3 0 .0016 Disulfide isomerase ER

8 Manf Mesencephalic astrocyte—derived 1.1 30.9 0 .0057 Hypoxia upregulated, ER stress ER

neurotrophic factor

9 Copgt Coatomer subunit gamma-1 0.9 28.4 0 .0063 Protein transport from the ER to Golgi Cytoplasm
vesicles

10 Sdf2i1 Stromal cell-derived factor 2-like protein 1 1.2 20.2 0 .0066 Chaperone cofactor ER

Protein function data have been sourced from UniProt.

Log FC, log fold change.

the inferior vena cava was located and injected with 0.1 pg/g anti- Results

mouse glycoprotein Ibf (CD42c) Dylight 488. The mesentery was
exteriorized and spread onto a coverslip. The mesenteric vein was
located under the eyepiece, and the focal plane focused on the
endothelial cell layer. The mesentery was perfused with warmed
normal saline throughout the experiment. Laser injury to the endo-
thelial cell layer was induced with the RAPP laser module from
Rapp OptoElectronic GmbH, Hamburg, Germany. Laser power
was set at 10% and pulsed 5 times, 300 ms each pulse, in a
10 pm? sized square. The laser injury was performed on 3 to 4
veins per mouse. The area of the platelet fluorescence at 12 um
above the base of the veins was measured over time in accordance
with what has recently been described.”” Analysis was performed
using image J.

Statistical analysis

Normal distribution of data was confirmed by the Shapiro-Wilk test.
Comparison of 2 groups was performed by Student ¢ test. Comparison
of multiple groups was performed by 1-way analysis of variance with
Dunn post hoc test. P < .05 were considered as statistically significant.
Analysis was performed using the GraphPad Prism 8.0 software.

For all proteomics data, statistical analysis employed the limma R
package.’® Gene ontology enrichment pathways were identified
with clusterprofiler R package.”® Details are provided in the
supplemental Material.

Deletion of ERpS5 in the megakaryocyte lineage
results in decreased platelet count and larger
platelets

Polymerase chain reaction analysis of genomic DNA confirmed
homologous integration of Pdia6-floxed alleles carrying Pf4 Cre
recombinase. Expression of the ERp5 protein, tested by western
blotting of platelet lysates and immunofluorescent staining of
adherent platelets, confirmed the effective deletion of ERp5 in the
platelets of Pf4Cre*/ERp5™" mice (Figure 1A-B).

Measurement of the full blood count showed that the white blood
cell count, red blood cell count, and hemoglobin were not statis-
tically different between Pf4Cre*/ERp5™" and ERp5™" mice
(supplemental Table 1). However, the platelet count was signifi-
cantly decreased in Pf4Cre*/ERp5™" mice compared with that in
ERp5"" mice (Figure 1C). Platelets of Pf4Cre*/ERp5™" mice were
also larger than those of ERp5™" ones, with significantly increased
mean platelet volume (Figure 1C; supplemental Table 1). Reticu-
lated platelets increased in Pf4Cre*/ERp5™" mice compared with
those in ERp5™" mice, as measured by thiazole orange positivity
(Figure 1D) of gated platelets with the same size (supplemental
Figure 1).°° The increased size of ERpb5-deficient platelets was
confirmed by TEM (Figure 1E), whereas cytoskeletal staining
(supplemental Figure 2A) and o and dense granule density per um?

Figure 2 (continued) pathways in the resting platelet lysate of CKO mice by gene ontology enrichment pathway analysis. (C) Western blot of resting platelet lysates from control

(gray) and CKO (red) mice showing increased expression of PDI, ERp57, and ERp72 proteins in ERp5-deficient platelets. Top panels are representative blots. Bottom panels

show the relative band density of protein, expressed as a ratio to the corresponding -actin band, n = 4 to 7 per genotype. (D) Label-free quantification (LFQ) intensity plots for ER

proteins GRP78, calreticulin, and ERp46 detected by MS/MS in the resting platelet lysates from control (gray) and CKO (red) mice, n = 4 to 5 per genotype. (E) Megakaryocyte

expression of PDI and ERp57 in the bone marrow of control and CKO mice. Representative bone marrow histology sections, stained for Hoechst (nuclei, blue), GP1bg (green),

PDI, or ERp57 (red). Mean fluorescence intensity per megakaryocyte area. n = 28 to 35 megakaryocytes from 3 to 4 mice per genotype, mean + SEM, Student ¢ test. *P < .05,

**P <.005, **P < .0005, ***P < .0001.
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Figure 3. ERp5-deficient platelets have increased activation of the PERK pathway. (A) Schematic of the 3 ER stress/unfolded protein response pathways: IRE1, PERK, and
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ERp5”’”) mice after treatment of platelets with DMSO (vehicle control) or thapsigargin (TG). Representative immunoblots are shown. Band densitometry of PIRE1, P-elF2a, and ATF6
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Figure 4. Injection of tunicamycin induces platelet ER stress in ERp5 CKO mice. Detection of P-IRE1, IRE1, P-JNK, JNK, and XBP1s (A); (B) P-elF2a, elF2a, CHOP, and
caspase 3 (B); and ATF6 and PDI (C) in platelets isolated from control (ERp5"/") and CKO (Pf4Cre+/ERp5"/ﬂ) mice 24 hours after injection with DMSO (control) or tunicamycin (TN).
Representative immunoblots are shown. Band densitometry of P-IRE1; P-JNK expressed as a ratio to total protein. XBP1s is expressed as a ratio to actin. P-elF2a is expressed as a
ratio to total elF2a. CHOP, caspase 3, ATF6, and PDI are expressed as ratios to actin in control (gray) and KO (red) platelets after injection of DMSO (light box) and TN (dark box).
Ratios are presented as fold change over DMSO-treated controls. n = 3 to 4 mice per genotype, mean + SEM, 1-way ANOVA with Dunn post hoc analysis. **P <.005, *P < .05.

Figure 3 (continued) expressed as a ratio to corresponding f-actin bands, in control (gray) and KO (red) platelets after treatment with DMSO (light box) or TG (dark box). (E)
Detection of P-elF2a and elF2a in platelets after treatment with DMSO or tunicamycin (TN) for 2 hours. Representative immunoblots are shown. Band densitometry of P-elF2a expressed
as a ratio to corresponding B-actin bands, in control (gray) and KO (red) platelets after treatment with DMSO (light box) or TN (dark box). Ratios are presented as fold change over
DMSO-treated controls. n = 3 to 4 mice per genotype, mean £ SEM, 1-way analysis of variance (ANOVA) with Dunn post hoc analysis. *P < .05, **P < .005. kDa, kilodalton.
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Figure 5. ERp5-deficient platelets have increased constitutive secretion of ER proteins. (A) Representative immunoblots of vWF, TSP1, and PF4 in the platelet

releasates from control (ERp5™") and CKO (Pf4Cre*/ERp5™") mice after treatment of platelets with DMSO (buffer control) or thapsigargin (TG). Densitometry of VWF, TSP1, and
PF4 in the releasates from control (gray) or KO (red) platelets treated with DMSO (light box) or TG (dark box). Ratios are presented as fold change over DMSO-treated controls.
(B) Proteomic analysis of resting platelet releasate from ERp5™"" and Pf4Cre*/ERp5™" mice. Volcano plot for all proteins detected by MS/MS, with the log2 fold change (Ifc)
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Table 2. Top 10 increased platelet proteins in releasate of resting ERp5 knockout platelets

Average
Protein Name Log FC expression P Adjusted P Function Intracellular location
1 Smtn Smoothelin 2.3 25.9 .0004 1376 Structural protein, stress fibers Cytoskeleton
2 Vapb Vesicle-associated membrane protein— 2.0 26.1 .0007 .1376 Vesicle trafficking Vesicular membranes,
associated protein B cytoplasm
3 Hyout Hypoxia upregulated protein 1 1.8 30.2 .0008 .1376 Hypoxia upregulated, ER stress ER
4 Eif3b Eukaryotic translation initiation factor 3 3.0 26.7 .0009 .1376 Initiation of messenger RNA translation Cytoplasm
subunit B
5 Psmc2 26S protease regulatory subunit 7 1.8 27.0 .001 .1376 Adenosine triphosphate—dependent cytoplasm
degradation of ubiquitinated proteins
6 Pdia4 (ERp72) Protein disulfide isomerase A4 14 31.3 .0012 1376 Disulfide isomerase ER
7 Tmed3 Transmembrane emp24 domain-containing 1.7 26.1 .0013 .1376 Vesicular protein trafficking ER, Golgi
protein 3
8 Srm Spermidine synthase 15 275 .0014 1376 Polyamine biosynthesis Cytoplasm
9 Cull Cullin-1 25 23.6 .0015 1376 Protein ubiquitination Cytoplasm
10 Cdv3 Protein Cdv3 1.6 26.5 .0016 1376 Unknown, related to platelet activation®”  Cytoplasm

Protein function data have been sourced from UniProt and PubMed.
Log FC, log fold change.

on TEM were similar between Pf4Cre*/ERp5™" and ERp5™" mice
(supplemental Figure 2B). The expression of platelet surface
receptors: integrin ollo (CD41), CD42c, and glycoprotein VI was
not different between Pf4Cre*/ERp5™" and ERp5™" platelets
(supplemental Figure 2C). In addition, Pf4Cre*/ERp5™" and
ERp5™"" platelets were not different in the expression of surface
P-selectin and activated allbp3 integrin (JON/A) in response to
increasing doses of thrombin (0.025-0.5 U/mL) (supplemental
Figure 2D). Pf4Cre*/ERp5"" and ERp5™" mice had similar tail
bleeding times and activated partial thromboplastin time
(supplemental Table 1; supplemental Figure 3A-C). The decreased
platelet count in Pf4Cre*/ERp5™" mice was attributed to
decreased platelet production, and not increased platelet removal,
as platelet clearance was similar in Pf4Cre*/ERp5"" and ERp5™"
mice (supplemental Figure 3D).

Bone marrow and spleen megakaryocytes from Pf4Cre*/ERp5"!
and ERp5™™ mice showed comparable counts and surface areas
(supplemental Figure 4A-B). Pf4Cre*/ERp5"" megakaryocytes
showed a significant increase in emperipolesis, with >30% of
megakaryocytes containing neutrophils (supplemental Figure 4C).

ERp5-deficient platelets have dysregulated ER

Proteomic analysis of resting platelets, isolated from Pf4Cre*/
ERp5"™ and ERp5"™" mice, showed that ERp5 deficiency was
associated with a striking increase in intracellular ER chaperones
GRP78 (Hspab), Dnal homolog subfamily C member 3 (Dnajc3),

endoplasmin (Hsp90b1), disulfide isomerases ERp72 and ERp57
(Figure 2A), and enriched ER stress and Golgi transport pathways
(Figure 2B). The top 10 increased proteins are shown in Table 1.
ERp5-deficient platelet lysates had an approximately twofold
increase in PDI, ERp57, and ERp72 using western blot (Figure 2C)
and a twofold increase in GRP78, calreticulin, and ERp46 using
mass spectrometry compared with ERp5-replete platelet lysates
(Figure 2D). A twofold increase in expression of PDI and ERp57
was also found in megakaryocytes of Pf4Cre*/ERp5™" mice
compared with ERp5"" mice (Figure 2E). In human hepatoma and
mouse lymphoma cells, ERp5 is part of a large chaperone multi-
protein complex including DnaJ homolog subfamily B member 11
(Dnajb11), Hsp90b1, GRP78, hypoxia upregulated protein 1
(Hyout), stromal cell-derived factor 2-like protein 1 (Sdf2I1),
ERp72 (Pdia4), PDI, and ERp29.°" All of these complex members
were significantly increased in ERp5-deficient platelets (Figure 2A).
Proapoptotic proteins, including caspase 3, BAX, and Bcl-2
homologous antagonist/killer (Bak1),> were not significantly
elevated in resting ERp5-deficient platelets compared with controls
(supplemental Figure 5A).

ERp5-deficient platelets have enhanced ER stress
response to ex vivo treatment with thapsigargin and
tunicamycin

Disulfide isomerases are increased during ER stress in cardiovas-
cular®® and neurodegenerative disease.®* Thus, we questioned

Figure 5 (continued) plotted on the x-axis vs the negative log10 (P) of a paired test statistic on the y-axis. Proteins in red are significantly increased (positive Ifc value) or
decreased (negative Ifc value) in CKO compared with control mice (P <.05). Color scale represents negative log10 (P), P= .05 corresponds to a negative log10 (P) of 1.3 (upper
limit of grayed-out area). (C) Densitometry of PDI, ERp57, and ERp72 on western blots of platelet releasates from control (gray) and ERp5 CKO (red) mice after platelet treatment
with buffer (rest) (light box) or thrombin 0.5 U/mL (lla) (dark box). (D) CKO mice have increased plasma PDI. Densitometry of PDI on a western blot of plasma samples from control
(gray) and CKO (red) mice. (E) Relative disulfide reductase activity of thrombin 0.5 U/mL-treated CKO platelets (red) compared with thrombin-treated control platelets (gray) as
measured by the dieosin glutathione disulfide assay. (F) Representative immunoblots of TSP1 and PF4 in the platelet releasate after treatment with buffer (rest) or thrombin (llor).
Densitometry of TSP1 and PF4 in the releasates of control (gray) and ERp5 KO (red) platelets treated with buffer (light box) or thrombin (dark box). Ratios are presented as fold
change over buffer-treated controls. (G) VWF and serotonin concentration (ng/mL) measured by enzyme-linked immunosorbent assay in the releasates of control (gray) and ERp5
KO (red) platelets treated with buffer (light box) or thrombin (dark box). n = 3 to 6 per genotype, mean + SEM, Student ¢ test (D, E), 1-way ANOVA with Dunn post hoc analysis (A,
C, F, G). *P < .05, **P < .005.
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whether ER stress was present in ERp5-deficient platelets. We
measured the protein expression of members of the 3 ER stress
pathways: IRE1, PERK, and ATF6 (Figure 3A). Compared with
DMSO vehicle-treated ERp5™ platelets, thapsigargin-treated
Pf4Cre*/ERp5™" and ERp5"" platelets showed increased
P-IRE1 (Figure 3B), whereas only thapsigargin-treated Pf4Cre*/
ERp5™ platelets showed increased P-elF2a (downstream of
PERK) (Figure 3C). Neither Pf4Cre*/ERp5™ nor ERp5""
thapsigargin-treated platelets increased ATF6 (Figure 3D).
Increased P-elF2a was also observed in platelets from Pf4Cre™/
ERp5™ mice, both at baseline and after treatment with tunicamy-
cin (Figure 3E). There was no difference in the baseline expression
of CHOP, which is activated downstream of both PERK and IRE1
(supplemental Figure 5B).

ERp5-deficient platelets have enhanced ER stress
response to in vivo treatment with tunicamycin

To understand whether ER stress in ERp5 deficiency is relevant
in vivo, we injected Pf4Cre*/ERp5™" and ERp5™" mice with tuni-
camycin 1 pg/g or DMSO, and platelets were isolated 24 hours
later. Platelets from both Pf4Cre*/ERp5™" and ERp5™" mice
showed increased expression of P-IRE1 (Figure 4A) after tunica-
mycin injection, whereas only Pf4Cre*/ERp5™" platelets showed
increased P-elF2a (Figure 4B). There was no difference in ATF6
expression after tunicamycin injection (Figure 4C). ERpb5-deficient
platelets showed an increasing trend in CHOP expression after
tunicamycin injection, which did not reach significance (Figure 4D).
The expression of P-JNK, XBP1s, caspase 3, or PDI was not
different between Pf4Cre*/ERp5™" and ERp5™" mice (Figure 4D).

ERp5-deficient platelets have increased constitutive
secretion of ER proteins

Because thapsigargin-induced ER stress has previously been
shown to increase platelet secretion,®® we investigated if thapsi-
gargin treatment enhanced the secretion in ERp5-deficient plate-
lets. Platelets from Pf4Cre*/ERp5™" and ERp5"" mice had no
significant differences in the secretion of a-granule proteins, von
Willebrand factor (vWF), thrombospondin 1 (TSP1), and PF4, at
baseline or after treatment with thapsigargin (Figure 5A).

We then considered whether ER stress from ERp5 deficiency was
associated with the secretion of other platelet proteins. Proteomic
analysis of nonactivated platelet supernatants (releasates) identi-
fied an increase in proteins involved in protein synthesis and traf-
ficking (Table 2). However, some proteins involved in protein

processing (40S ribosomal protein S14 and ankyrin repeat
domain-containing protein 13A) had decreased in the releasate
and lysate of ERpb5-deficient platelets (Figure 5B; supplemental
Tables 2 and 3). Surprisingly, PDIl, ERp57, and ERp72 had
increased in the releasate of nonactivated ERp5-deficient platelets,
whereas PDI and ERp72 also increased in the releasate of acti-
vated ERp5-deficient platelets compared with that of resting con-
trol platelets (Figure 5C). This was accompanied by increased
plasma levels of PDI in Pf4Cre*/ERp5™" mice (Figure 5D). ERp5-
deficient platelets showed enhanced reduction of the disulfide-
containing fluorescent probe dieosin glutathione disulfide,®®
which is reduced by the PDIs and also by thioredoxin and gluta-
redoxin (Figure 5E). Platelets from Pf4Cre*/ERp5"" and ERp5™""
mice had no significant differences in the secretion of TSP1 and
PF4 (Figure 5F) or vWF and dense granule serotonin (Figure 5G),
at baseline or after stimulation with thrombin.

ERp5-deficient platelets have increased signaling
response to collagen and increased Ca®* flux and
aggregation in response to thromboxane A2 (TXA,)
receptor agonist

Because ER stress and platelet signaling responses are dependent
on Ca®* mobilization to the cytoplasm,*® we investigated if ERp5
deficiency is accompanied by altered signaling pathways in platelets.
Platelets from Pf4Cre*/ERp5™" and ERp5™" mice were stimulated
with thrombin, CRP, and U46619 (TXA, receptor agonist), followed
by the detection of signaling proteins in the platelet lysate by western
blot. Platelets from Pf4Cre*/ERp5™" and ERp5™" mice had similar
response to thrombin stimulation as assessed by the expression of
P-AKT and P-phospholipase C (PLCB3) (Figure 6A). Platelets from
Pf4Cre*/ERp5"" mice showed increased phosphorylation of spleen
tyrosine kinase (SYK) and proto-oncogene tyrosine-protein kinase
Src (SRC) in response to CRP (Figure 6B). Platelets from
Pf4Cre*/ERp5"" and ERp5™ mice had similar expression of P-p38
in response to U46619 (Figure 6C). However, platelets from
Pf4Cre*/ERp5"" mice stimulated with U46619 showed increased
Ca®* flux with an elevated peak fluorescence ratio of 340:380
compared with ERp5™" mice (Figure 6D). The Ca?* flux to 0.1 U/mL
thrombin, 5 pM ADP, and 1 pg/mL CRP was not different between
Pf4Cre*/ERp5™" and ERp5™ mice (data not shown). A limitation of
the Ca”* flux studies is that they studied the flux of extracellular Ca>*
stores but not from intracellular stores.

Platelet aggregation was increased in platelets from Pf4Cre*/
ERp5" mice compared with ERp5™" mice in response to low-

Figure 6. ERp5-deficient platelets have enhanced activation of collagen signaling pathways, increased Ca?* mobilization and aggregation in response to
U44619, and increased adhesion to fibrinogen under shear. (A) Representative immunoblots of P-AKT and P-PLCP3 in response to lla stimulation. Band densitometry of P-
AKT expressed as a ratio to glyceraldehyde-3-phosphate dehydrogenase (GAPDH); P-PLCB3 expressed as a ratio to total protein in lysates of control ERp5™ (gray) and CKO
Pf4Cre*/ERp5™ (red) platelets treated with buffer (light box) or lla (dark box). (B) Representative immunoblots of P-SYK and P-SRC in response to CRP stimulation. Band
densitometry of P-SYK and P-SRC expressed as a ratio to the total protein in lysates of control (gray) and ERp5 KO (red) platelets treated with buffer (light box) or CRP (dark box).
(C) Representative immunoblots of P-p38 and p38 in response to stimulation with 0.2 pm U46619. Band densitometry of P-p38 expressed as a ratio to the total protein in lysates
of control (gray) and ERp5 KO (red) platelets treated with buffer (light box) or U46619 (dark box). All ratios are presented as fold change over buffer-treated controls. (D) Calcium
flux, representative image, and peak Ca?* flux after stimulation of platelets from control ERpS"’fI (gray) or CKO Pf4Cre+/ERp5"/fI (red) mice with U46619. (E) Aggregation (%) after
activation with ADP, thrombin, collagen, and U46619. (F) Representative images of platelets labeled with calcein after perfusion on fibrinogen-coated microfluidic channels at a
shear rate of 500 s~ for 5 minutes. Kinetics of adhesion of washed platelets from control (gray) and CKO (red) mice. Area under the curve (AUC) of platelet surface fluorescence
at the end of perfusion (300 seconds) for control (gray) and CKO (red) platelets. n= 3 to 4 per genotype for signaling proteins; n= 3 to 6 per genotype for Ca®* flux, aggregation,
and adhesion; mean = SEM, Student ¢ test (F), 1-way ANOVA with Dunn post hoc analysis (A-E). *P < .05.
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dose U46619 and low-dose collagen, whereas platelet aggrega-
tion in response to ADP, thrombin, and higher doses of collagen
was not different (Figure 6E). However, platelet aggregation of
ERp5-deficient platelets in response to collagen was inhibited in
the presence of 10 pM indomethacin (TXA, inhibitor),” suggesting
that the heightened signaling and aggregation response of
ERp5-deficient platelets to collagen is partially dependent on TXA,
(supplemental Figure 6).

ERp5-deficient platelets have increased platelet
adhesion in vitro and thrombus formation in vivo

Because ERpb5-deficient platelets have an increased secretion of
PDI, ERp57, and ER72, we investigated if ERp5 deficiency affects
platelet adhesion. Platelets from Pf4Cre*/ERp5"" mice showed
increased adhesion to immobilized fibrinogen at a shear rate of
500 s~ compared with platelets from ERp5™" mice (Figure 6F).

Next, we used an arterial model of in vivo thrombosis to measure
the effect of platelet ERp5 deficiency on thrombus formation. The
time to occlusion (zero flow) from thrombus formation was
measured in carotid arteries subjected to electrolytic injury.
Pf4Cre*/ERp5™" mice showed a shortened time to carotid
occlusion compared with ERp5™" mice (Figure 7A-B).

Induction of ER stress potentiates thrombus
formation of ERp5-deficient platelets in vivo

To investigate if ER stress plays a role in thrombus formation in vivo,
we studied thrombus formation after intraperitoneal injection of
tunicamycin 1 pg/g or DMSO vehicle as control. Both Pf4Cre*/
ERp5™ and ERp5"" mice appeared healthy 24 hours after injec-
tion of tunicamycin or DMSO. However, tunicamycin-injected
Pf4Cre*/ERp5™" mice showed significantly increased platelet
accumulation and thrombus size in response to laser-induced injury
of the mesenteric veins as compared with tunicamycin-injected
ERp5™ mice (Figure 7C-D). Thrombus size was not significantly
different between vehicle-injected Pf4Cre*/ERp5"" and ERp5™"
mice (Figure 7E).

Discussion

This study reports a novel role for intracellular ERp5 in attenuating
ER stress in platelets and safeguarding against hypersecretion of
PDIs. Our analysis generated 3 key findings: (1) ERp5 plays a
physiological role in ER homeostasis in the platelet/megakaryocyte
lineage, (2) the absence of ERp5 upregulates other ER proteins
and enhances ER stress responses in platelets, and (3) ERp5
deficiency leads to a prothrombotic tendency linked to enhanced
secretion of PDIs and response to TXA,.

ERpS5 CKO mice developed mild macrothrombocytopenia, which
has recently been identified in a human and mouse with ERp5 loss-

of-function mutations.®**® Both mice and the index patient with
mutant ERp5 developed diabetes and macrothrombocytopenia,
suggesting a role for ERp5 in megakaryopoiesis. Previously, ERp57
has been shown to play a role in megakaryopoiesis by controlling
intracellular Ca®*. ERp57 acts as a “brake” for the activation of
store-operated calcium entry (SOCE) by interacting with calreticulin
and stromal interaction molecule 1 (STIM1).*' The activation of
SOCE and Ca®' mobilization activate signaling cascades that
trigger proplatelet formation.*’ Whether ERp5 controls proplatelet
formation via a similar mechanism is the subject of an ongoing study.

Deletion of platelet ERp5S increased the ER stress response pri-
marily in the PERK pathway but not in the ATF6 pathway. Our
findings are in agreement with previous studies where silencing of
ERpb, in fibroblasts and p-pancreatic cells, enhanced the activation
of IRE1 and PERK but not ATF6.?%?" This enhancement was
specific for ERp5, as silencing of PDI had no effect on IRE1 acti-
vation.?° Silencing of ERp5 also induced the upregulation of ER
proteins, including ERp72°" and calreticulin, similar to what we
observed in ERp5-deficient platelets. Other upregulated proteins
are involved in vesicle transport (surfeit locus protein 4 [Surf4]),
oligosaccharide transfer (dolichyl-diphosphooligosaccharide-pro-
tein glycosyltransferase subunit [STT3A]), and Ca®* transport
(sarcoplasmic/endoplasmic reticulum calcium ATPase 2 [Atp2a2])
(supplemental File 3). In contrast, some of the downregulated
platelet proteins are involved in protein processing and ubig-
uitinylation, such as leucyl-cystinyl aminopeptidase (Lnpep) and
ubiquitin conjugating enzyme E2 | (Ube2i) (supplemental File 3),
which may contribute to dysregulated ER function in ERp5
deficiency.

There is limited information on the results of dysregulated ER
function in platelets. ER stress responses have been described in
homocysteine-treated platelets from patients with diabetes.”®
Increased P-IRE1 has been recently reported in platelets from
patients with diabetes and in tunicamycin-treated platelets, which is in
line with our study.*> Although ER stress has been shown to activate
downstream apoptosis,**>** we did not find upregulation of apoptotic
pathways in ERp5-deficient platelets. On the contrary, we found that
ERp5 deficiency was associated with increased secretion of ER
proteins. ER stress generally attenuates protein secretion from
secretory cells (ie, p-pancreatic cells), but the secretion of ER chap-
erone proteins may increase. For example, ER stress in the heart,
developing from decreased ER Ca®* in ischemia, stimulates the
secretion of GRP78, GRP94, and calreticulin.*® Secreted GRP78
stimulates prosurvival pathways in cultured cardiomyocytes.*® In
HEK293T cells, activation of the ATF6 pathway induces the secretion
of the chaperone ERd]3. Secreted Erdj3 binds to misfolded proteins
in the extracellular space, preventing protein aggregation.*® In
contrast, the increased release of PDIs from ERp5-deficient platelets
may contribute to the prothrombotic tendency in ERp5 CKO mice.

Figure 7. ERp5-deficient platelets have increased thrombotic tendency in vivo and enhanced thrombotic response after injection of tunicamycin. (A-B) Doppler

tracing of blood flow after electrolytic injury to the carotid artery in ERp5™ (control) and Pf4Cre*/ERp5™" (CKO) mice (A) and time to occlusion after carotid electrolytic injury in

control (gray) and CKO (red) mice (B); n =6 to 11 per genotype. (C) Representative images of platelet (green) accumulation over time after laser injury of the mesenteric vein in a

control and ERp5 CKO mouse injected with tunicamycin 24 hours prior. (D) Kinetics of mean = SEM platelet accumulation over time as measured by fluorescence area and area

under the curve (AU) of individual thrombi in control (gray) and CKO mice (red) after tunicamycin injection; n = 9 thrombi from 3 control mice and n = 13 thrombi from 4 CKO

mice. (E) Kinetics of mean £ SEM platelet accumulation over time as measured by fluorescence area and AU of individual thrombi in control (gray) and CKO mice (red) after
DMSO vehicle injection; n = 11 thrombi from 4 control mice and n = 13 thrombi from 4 ERp5 CKO mice, mean * SEM, Student t test. *P <.05.
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Contributing to the prothrombotic tendency is the enhanced TXA,
response of ERp5-deficient platelets. Although the mechanism is
unknown, the prostaglandin pathway and TXA, generation primarily
occurs in the ER,"® so it is conceivable that ER stress locally may
dysregulate key components of this pathway. Suppression of ER
stress has been shown to decrease COX-1 expression and TXA,
release from hypertensive rat aortas.*” This raises the possibility
that the signaling events and platelet aggregation seen in ERp5-
deficient platelets are linked to dysregulated prostaglandin meta-
bolism. Understanding the link between platelet ER stress and
prostanoid synthesis is an important area for future investigation.

The effect of genetic deletion of platelet PDIs on signaling has not
been studied to date.>'""'® However, the effect of disulfide isom-
erase genetic deletion on signaling in other cells is not without
precedent. For example, using ERp57 knockout mouse embryonic
fibroblasts, it was shown that the absence of ERp57 in the ER
enhanced signal transducer and activator of transcription 3
(STAT3) activation.*® The effect of PDIs on signaling may be
different in the ER compared with the extracellular space. Exoge-
nously added PDI is reported to inhibit TXA, receptor signaling via
Gal3-mediated RhoA-guanosine triphosphate activation.*®
Although we identified an enhanced signaling response to CRP
in ERpb5-deficient platelets, this is likely secondary to TXA,, as
collagen-induced aggregation was inhibited by indomethacin.

The prothrombotic tendency of ERp5 CKO mice is context-
dependent. There is not a global upregulation in platelet respon-
siveness to multiple agonists. Increased responsiveness to TXA,
and hypersecretion of PDIs may be the major changes that are
manifested under the experimental conditions described. This
prothrombotic tendency contradicts previous findings, in which
ERp5 function-blocking antibodies inhibited platelet aggregation”
and thrombus formation.'® However, these studies focused on
the role of extracellular ERp5. The intracellular function of ERp5
could not have been probed by cell-impermeable antibodies and
would require genetic deletion or cell-permeable inhibitors of
ERp5. Using a genetic deletion approach, we identified an unex-
pected role of ERpS in maintaining ER homeostasis in platelets.
Genetic deletion of ERp5 caused upregulation and secretion of
multiple ER proteins, including PDI, ERp57, and ERp72, which
promote thrombus formation®'"°%% and which, we presume,
compensated for the lack of ERp5 in the extracellular compart-
ment. The resulting mild prothrombotic phenotype, from ER dys-
regulation in ERpS deficiency, was exacerbated after further ER
challenge, that is, after the injection of tunicamycin.

Our finding of a cross talk between ER stress, secretion of PDlIs,
and prothrombotic tendency has interesting implications for path-
ological situations with increased ER stress, such as the metabolic
syndrome and diabetes.”” Patients with metabolic syndrome have
increased platelet activity.* Our findings imply that increased ER
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stress could potentially contribute to platelet hyperactivity in the
metabolic syndrome.®®
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cretion of ER proteins. ER stress inhibitors may play a role in car-
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