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Abstract

Background: Previous studies have shown that thiol isomerases such as ERp46 posi-

tively regulate platelet function by reducing integrin αIIbβ3 disulfides, and the trans-

membrane thiol isomerase TMX1 negatively regulates integrin αIIbβ3 activation.

However, whether and how the positive and negative thiol isomerases interact with

each other and their interactions participate in platelet activation remain unknown.

Objectives: To investigate whether and how TMX1 regulates the effect of ERp46 on

platelet function.

Methods: Using ERp46- and TMX1-deficient platelets, anti-TMX1 antibody, and wild-

type TMX1 (TMX1-CPAC, TMX1-SS) and inactive TMX1 (TMX1-SPAS, TMX1-OO)

proteins, we studied the antagonistic effect of TMX1 on ERp46 in platelet aggregation,

clot retraction, and integrin αIIbβ3 signaling. The underlying mechanisms were further

determined using thiol labeling, reductase activity, and other assays.

Results: Anti-TMX1 antibody and TMX1-OO reversed the decreased aggregation of

ERp46-deficient platelets induced by thrombin, convulxin, and U46619. Anti-TMX1

antibody reversed the attenuated integrin αIIbβ3 function of ERp46-deficient plate-

lets. TMX1 inhibited ERp46 reductase activity in a concentration-dependent manner.

TMX1 oxidized thiols of ERp46 and those of integrin αIIbβ3 generated by ERp46.

Moreover, TMX1 deficiency increased free thiols of ERp46 in platelets, which was

reversed by the addition of wild-type TMX1 protein. Besides, anti-TMX1 antibody

increased free thiols of ERp46 in wild-type activated platelets.

Conclusion: TMX1 not only oxidizes integrin αIIbβ3 disulfides that are reduced by

ERp46 but also directly oxidizes ERp46 to suppress its reduction of integrin αIIbβ3.

Thus, TMX1 is critical for maintaining platelets in a quiescent state and counter-

balancing the effect of ERp46 to prevent platelet overactivation.
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Essentials

• Thiol isomerase ERp46 enhances platelet function and thrombosis, and TMX1 has a negative role.

• We investigated whether and how TMX1 regulates the effect of ERp46 on platelet function.

• TMX1 inhibition reversed ERp46-deficient platelet function defects; TMX1 oxidized ERp46.

• TMX1 counterbalances the effect of ERp46 to prevent platelet overactivation.
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1 | INTRODUCTION

Thiol isomerases contain a thioredoxin-like domain with active motif

Cys-X-X-Cys and play a pivotal role in catalyzing thiol-disulfide ex-

change reactions [1]. The formation of free thiols in platelet integrin

αIIbβ3 is required for conformational change for higher affinity bind-

ing of fibrinogen [2,3]. Using genetically modified mouse models, we

and others found that thiol isomerases such as ERp46, PDI, ERp57,

and ERp72 enhance platelet function by reducing integrin αIIbβ3 di-

sulfide bonds [4–14]. ERp46, PDI, ERp57, and ERp72 are secreted

from activated platelets and bind to platelet surface integrin αIIbβ3.

Subsequently, they reduce integrin αIIbβ3 disulfides resulting in its

conformational change, supporting platelet aggregation and platelet

thrombus formation [3,4,6–14]. Moreover, we also found that in

contrast to these positive thiol isomerases, the transmembrane

member TMX1 with an active-site CPAC motif oxidizes integrin αIIbβ3

disulfides and inhibits platelet function [15,16]. Thus, we propose that

TMX1 maintains integrin αIIbβ3 in an oxidized form and prevents its

activation in resting platelets [1]; when platelets become activated by

receptor agonists, the positive thiol isomerases are released and

counteract the effect of TMX1 to reduce integrin αIIbβ3 disulfides [1].

Although the previous studies suggest that TMX1 and positive

thiol isomerases constitute “off-on” redox switches regulating integrin

αIIbβ3 function [1], whether and how TMX1 counteracts positive thiol

isomerases on platelet integrin αIIbβ3 activation remain unknown.

Notably, ERp46 with 3 CGHC redox-active sites was found to be the

most efficient in catalyzing disulfide reaction [17] and exhibited higher

reductase activity than PDI and ERp57 [18]. Therefore, this study

aimed to explore whether TMX1 regulates the role of ERp46 in

platelet activation and integrin αIIbβ3 function. We employed ERp46-

deficient platelets, TMX1-deficient platelets, and TMX1 inhibitors in

conjunction with thiol-labeling approaches. We found that TMX1 ox-

idizes both ERp46-reduced integrin αIIbβ3 and ERp46 itself, thereby

antagonizing its role of ERp46 in platelet activation and integrin

αIIbβ3 function.
2 | METHODS

Materials and methods are detailed in Supplementary Materials and

Methods.
3 | RESULTS AND DISCUSSION

3.1 | Generation and characterization of ERp46-

knockout mice

We generated ERp46-knockout (KO; ERp46−/−) mice using the

KO-first conditional-ready strategy (Supplementary Figure S1A). The

germline-transmitted targeted allele was confirmed by genotyping

(Supplementary Figure S1B). In ERp46-KO platelets, the absence of

ERp46 mRNA was shown by reverse transcription PCR, and the

expression of other thiol isomerases PDI, ERp5, ERp57, and ERp72

remained comparable with those of wild-type (WT) mouse platelets

(Supplementary Figure S1C). As detected by immunoblotting, ERp46

protein was not expressed in platelets and white blood cells of

ERp46−/− mice (Supplementary Figure S1D). These data indicate the

successful deletion of the ERp46 gene in mice.
3.2 | Inhibition of TMX1 reverses the decreased

platelet function caused by ERp46 deficiency

Using the specific inhibitory anti-TMX1 antibody (Ab; B01P), recom-

binant WT extracellular domain of WT TMX1 (CPAC, TMX1-SS), and

inactive extracellular domain of mutant TMX1 (SPAS, TMX1-OO) [15],

we investigated whether TMX1 regulates platelet function by inter-

acting with ERp46. First, we found that compared with ERp46+/+

platelets, ERp46−/− platelets had decreased aggregation induced by

convulxin, thrombin, and U46619 (Figure 1A–D). As we reported

previously [15], the anti-TMX1 Ab B01P (15 μg/mL) enhanced

convulxin-induced WT mouse platelet aggregation, and we used this

Ab for activity and characterization assays. Inhibition of TMX1 by this

Ab reversed the decreased aggregation of ERp46−/− platelets in

response to 16 and 21.5 ng/mL of convulxin (Figure 1A, B). When

platelets were stimulated with a higher concentration of convulxin (40

ng/mL), the anti-TMX1 Ab did not have a significant effect

(Supplementary Figure S2A), suggesting that overactivated platelets

secrete high levels of prothrombotic thiol isomerases including ERp46,

the effect of which could not be reversed by TMX1 inhibition. Simi-

larly, 15 μg/mL of anti-TMX1 Ab also significantly reversed the

decreased ERp46-deficient aggregation in response to thrombin

and U46619 (Figure 1C, D), while the low concentration of this Ab at
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F I GUR E 1 Inhibition of TMX1 reverses the decreased activation of ERp46-deficient platelets in response to various stimuli. (A–D) The

effect of a monoclonal anti-TMX1 antibody B01P on aggregation of ERp46+/+ platelets and ERp46−/− platelets stimulated by different

concentrations of (A, B) convulxin, (C) thrombin, and (D) U46619. B01P (15 μg/mL) was added 5 minutes prior to stimulation. Isotype

immunoglobulin G (IgG; 15 μg/mL) was used as a control. Representative aggregation curves (left) and combined data (right) are shown. Data

are shown as mean ± SEM, n = 3. (E) The effect of recombinant protein expressing the inactive TMX1 extracellular domain (TMX1-OO) on

aggregation of ERp46+/+ platelets and ERp46−/− platelets. TMX1-OO (2 μM) was added 5 minutes prior to stimulation. Representative

aggregation curves (left) and combined data (right) are shown. Data are shown as mean ± SEM, n = 4. (F) ERp46+/+ platelets and ERp46−/−

platelets were pretreated with 15 μg/mL of control IgG or B01P for 5 minutes, followed by stimulation with 100 ng/mL of convulxin. JON/A

binding was measured by flow cytometry. Left panel shows a representative histogram; right panel shows combined results. Data are shown as

mean ± SEM, n = 4. MFI, mean fluorescence intensity; NS, not significant. *P < .05; **P < .01; ***P < .001; ****P＜.0001, analysis of variance.
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5 μg/mL had no effect (Supplementary Figure S2B). These data indi-

cate that TMX1 inhibition–mediated reversal of ERp46-deficient

platelet aggregation defect is independent of primary receptor stim-

ulation. TMX1-OO protein had a similar augmentation effect with

anti-TMX1 Ab on decreased aggregation of ERp46-deficient platelets

(Figure 1E), suggesting that the absence of ERp46 renders TMX1 with

stronger inhibition of integrin αIIbβ3, and the inactive TMX1-OO

protein competitively inhibits endogenous TMX1. Besides, the anti-

TMX1 Ab also reverses the decreased integrin αIIbβ3 activation

(JON/A binding) of ERp46-deficient platelets (Figure 1F). Together,

TMX1 counterbalances the function of ERp46 in platelet aggregation

and integrin αIIbβ3 activation.
3.3 | Anti-TMX1 Ab accelerates the delayed clot

retraction of ERp46-deficient platelets

When platelets become activated, the binding of fibrinogen to acti-

vated integrin αIIbβ3 triggers outside-in signaling of integrin αIIbβ3

leading to intracellular activation events, which mediates irreversible

cytoskeletal reorganization and clot retraction [19]. Thus, we evalu-

ated whether inhibition of TMX1 by anti-TMX1 Ab also affects clot

retraction of ERp46-deficient platelets. As shown in Figure 2, the anti-

TMX1 Ab enhanced clot retraction of WT platelets; ERp46 deficiency

increased clot size and delayed clot retraction, but anti-TMX1 Ab

accelerated the delayed clot retraction of ERp46-deficient platelets,

indicating that TMX1 has an antagonistic effect on ERp46-enhanced

integrin αIIbβ3 outside-in signaling.
3.4 | TMX1 inhibits ERp46 reductase activity and

oxidizes its disulfide formation

To explore the mechanism underlying the antagonizing effect of

TMX1, we evaluated the impact of TMX1 on the reductase activity of

ERp46. As shown in Figure 3A, ERp46 protein had strong reductase

activity assessed by cleavage of Di-E-GSSG substrate. In a

concentration-dependent fashion, TMX1 markedly decreased ERp46

cleavage of Di-E-GSSG in a cell-free system (Figure 3A), indicating that

TMX1 directly inhibits the reductase activity of ERp46. Since TMX1 is

a thiol oxidase [15], we next tested whether TMX1 inhibition of ERp46

activity is associated with its oxidation of ERp46 disulfide. In a purified

system, TMX1 strongly oxidized free thiols of ERp46 (Figure 3B),

whereas it had no effect on albumin thiols (Figure 3C). Moreover,

compared with WT platelets, the TMX1-null platelets had increased

thiols of ERp46 secreted from activated platelets and the addition of

TMX1-SS abolished the increase (Figure 3D), indicating that TMX1

oxidizes ERp46 in platelets, which is consistent with its inhibition of

ERp46 reductase activity (Figure 3A). More interestingly, compared

with control immunoglobulin G, B01P increased free thiols of ERp46

in WT activated platelets (Figure 3E), which accounts for B01P

reversing the decreased platelet function of ERp46-deficient platelets

(Figures 1 and 2).
3.5 | TMX1 oxidizes integrin αIIbβ3 disulfides that

are reduced by ERp46

As TMX1 oxidizes integrin αIIbβ3 [15], we evaluated whether TMX1

oxidizes integrin αIIbβ3 disulfides that are reduced by ERp46. Shown

by 3-(N-Maleimidylpropionyl) biocytin labeling, ERp46 reduced

integrin αIIbβ3 disulfides and the addition of TMX1 completely

oxidized integrin αIIbβ3 disulfides reduced by ERp46 (Figure 4A),

suggesting that ERp46 and TMX1 target the same integrin αIIbβ3

disulfides but have opposite reduction and oxidation effects, respec-

tively. Similarly, when ERp46 was oxidized by TMX1, the oxidized

ERp46 lost its activity to reduce integrin αIIbβ3 (Figure 4B). Moreover,

free integrin αIIbβ3 thiols were observed in resting platelets as pre-

viously reported [20–22]. When ERp46 was incubated with platelets,

it reduced integrin αIIbβ3; however, the addition of TMX1 not only

oxidized this integrin but also prevented the effect of ERp46 on the

reduction of integrin αIIbβ3 (Figure 4C). Possibly, TMX1 oxidizes

integrin αIIbβ3 through 2 mechanisms: direct oxidation of integrin

αIIbβ3 by itself and indirect oxidation by converting reduced ERp46 to

oxidized ERp46 (Supplementary Figure S3) thereby counteracting the

effect of ERp46 on reduction of integrin αIIbβ3 disulfides

(Supplementary Figure S4).

We and others have previously shown that prothrombotic thiol

isomerases exhibit reductase activity toward integrin αIIbβ3, facili-

tating the formation of a high fibrinogen binding affinity conformation

[10–14,23]. ERp46 processes 3 catalytically active motifs [18,24,25]

and exhibits higher disulfide reductase activity compared with other

thiol isomerases [18]. ERp46 deficiency attenuated platelet aggrega-

tion and integrin αIIbβ3 activation [14] (Figure 1), supporting that

ERp46 potentiates platelet aggregation via reduction of integrin

αIIbβ3 disulfides [14]. In this study, we found that TMX1 antagonizes

the role of ERp46 in both inside-out and outside-in signaling of

integrin αIIbβ3, evident by the observations that the anti-TMX1 Ab

B01P and TMX1-OO reversed the decreased aggregation, integrin

αIIbβ3 activation, and clot retraction of ERp46-deficient platelets. In a

reductase assay, TMX1 directly diminishes the reductase activity of

ERp46 in a concentration-dependent fashion (Figure 3), consistent

with the fact that disulfide exchange exists between 2 thiol isomer-

ases [17,26,27]. TMX1 oxidized thiols of ERp46 at the purified protein

level and activated platelets (Figures 3 and 4), implying that TMX1

oxidizes ERp46 disulfides, which accounts for its suppression of

ERp46 reductase activity and the positive role of ERp46 in platelet

function.

Our findings demonstrate that TMX1 inhibits platelet activation

by antagonizing the effects of ERp46, providing the first evidence that

the interaction between positive and negative thiol isomerases offers

fine control of integrin αIIbβ3 activation. Previous studies have shown

that integrin αIIbβ3 is the main substrate for both positive and

negative thiol isomerases [1]. Our current new observations, together

with our previous report [15], raise a possibility that negative thiol

isomerase TMX1 and positive thiol isomerase ERp46 regulate the

same functional disulfides with opposite effects. Likely, TMX1 regu-

lates integrin activation through 2 mechanisms: (1) direct oxidation of
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F I GUR E 2 Effect of anti-TMX1 antibody on clot retraction of ERp46-deficient platelets. (A) Washed ERp46+/+ platelets and ERp46−/−
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integrin αIIbβ3 (ERp46-independent) and (2) indirect regulation of

integrin αIIbβ3 through oxidation of ERp46, thus decreasing ERp46

reduction of integrin αIIbβ3 disulfides (ERp46-dependent). Thus, in-

hibition of TMX1 may have 2 effects: reducing integrin αIIbβ3 disul-

fides (ERp46-independent) and keeping ERp46 in reduced form

(ERp46-dependent). The former possibility may explain why inhibition

of TMX1 augments platelet aggregation in the absence of ERp46 and
the absence of ERp46 enables TMX1 to have stronger inhibition of

integrin αIIbβ3, which, however, was reversed by TMX1 inhibitors.

The cross talk between TMX1 and ERp46 supports our hypothesis

on the “yin and yang” balance, formed by positive and negative thiol

isomerases controlling platelet activation [1]. On the surface of

quiescent platelets, TMX1 maintains integrin αIIbβ3 at a low ligand

binding affinity state by oxidizing its thiols when there is no vascular
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disulfides. (A) The effect of TMX1 on

reductase activity of ERp46 in Di-E-GSSG

assay. TMX1 at various concentrations was

incubated with ERp46 for 10 minutes at

37 ◦C before the addition of Di-E-GSSG (150

nM). Phosphate Buffered Solution (PBS) was

used as the control. (B, C) The effect of

TMX1 on thiols of (B) ERp46 and (C) Bovine

Serum Albumin (BSA). ERp46 or BSA (1 μM)

was incubated with or without 1 μM of

TMX1 at 37 ◦C for 30 minutes, followed by

thiol labeling with 20 μM 3-(N-

Maleimidylpropionyl) biocytin (MPB).

Labeled thiols in ERp46 and BSA were

detected by blotting with fluorescence-

conjugated streptavidin. (B) The membranes

were also blotted for total ERp46 protein as

loading control. (C) The loading of BSA was

verified by Coomassie blue staining.

Representative blot (upper) and cumulative

data (lower). Data are shown as mean ±
SEM, (B) n = 4 and (C) n = 3. **P < .01, t-test.

(D) TMX1 decreases the thiol labeling of

ERp46 released from activated platelets.

Washed platelets (109) from TMX1+/+ and

TMX1−/− mice were incubated with 2 μM of

TMX1-ss or not, followed by stimulation with

0.05 U/mL thrombin. After platelets were

lysed, 100 μM MPB was added to label thiols

in ERp46. ERp46 was immunoprecipitated,

and the labeled thiols were detected by

blotting with fluorescence-conjugated

streptavidin. Isotype immunoglobulin G (IgG)

was used as the nonimmune control in

immunoprecipitation. The membranes were

reprobed with anti-ERp46 antibody, and the

MPB label was normalized to the protein

density. Representative blot (upper) and

cumulative data (lower). Data are shown as

mean ± SEM, n = 4. **P < .01; ***P < .001, 1-

way analysis of variance. (E) B01P increased

the thiol labeling of ERp46 in activated

platelets. Wild-type platelets (109) were

incubated with 30 μg/mL of B01P or isotype

IgG for 10 minutes. After stimulation with

0.05 U/mL of thrombin, MPB labeling was

performed as described above. The intensity

of each band was calculated using the Image

J program, and the ratio of MPB label to

protein intensity was compared. Data are

shown as mean ± SEM. NS, not significant.

*P < .05, t-test. RFU, relative fluorescence

unit.
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injury. When platelets are activated, positive thiol isomerases like

ERp46 are secreted and bind to integrin αIIbβ3, subsequently cleaving

its disulfides, causing the conformational change with high ligand

binding affinity. Meanwhile, the expression and oxidase activity of
TMX1 increase on activated platelets [15], and TMX1 directly oxidizes

integrin αIIbβ3 disulfides that are reduced by ERp46; on the other

hand, TMX1 oxidizes ERp46 to suppress its reduction activity on

integrin αIIbβ3, which may prevent platelet overactivation and
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subsequent unnecessary platelet thrombus formation (Supplementary

Figure S4).

Although our data demonstrate a critical role for TMX1 regulation

of ERp46 in platelet activation, we need to resolve several remaining

outstanding issues. First, our further investigations identifying specific

disulfides of both αIIb and β3 subunits that are targeted by TMX1 and

ERp46, and the ERp46 CXXC motifs that are targeted by TMX1 are

underway. Second, more effects are needed to characterize how

TMX1 interacts with ERp46 platelet surface, which seems to be a

transient and complex process. Third, although TMX1 and ERp46

interaction is shown at protein and platelet levels, the biological

importance of their interaction needs to be demonstrated using in vivo

studies. Moreover, besides ERp46, other thiol isomerases such as

ERp57, ERp72, and PDI also contribute to integrin αIIbβ3 activation

via similar reduction activity on its disulfides. Our current study has

motivated us to further investigate whether TMX1 has a general role

in the regulation of these enzymes in another study.

In conclusion, this study demonstrates that TMX1 counterbal-

ances the effect of ERp46, providing the first evidence that TMX1 and

ERp46 form the “yin-yang” redox balance controlling integrin αIIbβ3

activation [1]. This new finding not only provides new insights into the

crucial redox network of thiol isomerases in platelet activation but will

also promote further investigation of contribution of other thiol

isomerases to the complex network formation as well as their cross-

talk mechanism. Better knowledge of the role of thiol isomerases in

platelet activation will facilitate our understanding of the contribution

of the disordered redox network in thrombotic and hemostatic dis-

ease states.
labeled by 3-(N-Maleimidylpropionyl) biocytin (MPB) and analyzed

as described above. The membranes were reprobed with the anti-β3
antibody and the MPB-labeled integrin αIIbβ3 was normalized to

total protein. Representative blot (upper) and cumulative data

(lower). Data are shown as mean ± SEM, n = 4. ***P < .001; ****P <

.0001, 1-way analysis of variance (ANOVA). (B) TMX1 oxidation of

ERp46 in regulation of αIIbβ3 thiol-disulfide exchange. ERp46 (2.5

μM) was incubated with TMX1 fused with Glutathione (GST) in

Sepharose beads or control beads at 37 ◦C for 30 minutes. After

removal of the beads, the TMX1-oxidized ERp46 was incubated

with 1 μg purified αIIbβ3 protein at 37 ◦C for 30 minutes. Integrin

αIIbβ3 thiols were labeled with MPB and analyzed as described

above. Representative blot (upper) and cumulative data (lower).

Data are shown as mean ± SEM, n = 4. ****P < .0001, 1-way ANOVA.

(C) Effect of ERp46 and TMX1 on the redox state of αIIbβ3 in

human platelets. Human platelets were incubated with PBS (lane 1),

2 μM ERp46 (lane 2), 2 μM TMX1 (lane 3), and ERp46 followed by

incubation of TMX1 (lane 4) at 37 ◦C for 30 minutes, followed by

labeling with 100 μM MPB. After platelet lysis, integrin αIIbβ3 was

immunoprecipitated. Labeled integrin αIIbβ3 thiols were detected

by blotting with fluorescence-conjugated streptavidin. The

membranes were reprobed for total β3 protein. The band intensity

in the blots was calculated using the ImageJ software (NIH).

Representative blot (upper) and cumulative data (lower). Data are

shown as mean ± SEM. NS, not significant. *P < .05; **P < .01;

***P < .001; ****P < .0001, 1-way ANOVA
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