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Abstract

Aims Adverse cardiovascular events have day/night patterns with peaks in the morning, potentially related to endogenous cir-
cadian clock control of platelet activation. Circadian nuclear receptor Rev-erbα is an essential and negative component of
the circadian clock. To date, the expression profile and biological function of Rev-erbα in platelets have never been
reported.

Methods
and results

Here, we report the presence and functions of circadian nuclear receptor Rev-erbα in human and mouse platelets. Both
human and mouse platelet Rev-erbα showed a circadian rhythm that positively correlated with platelet aggregation.
Global Rev-erbα knockout and platelet-specific Rev-erbα knockout mice exhibited defective in haemostasis as assessed
by prolonged tail-bleeding times. Rev-erbα deletion also reduced ferric chloride-induced carotid arterial occlusive throm-
bosis, prevented collagen/epinephrine-induced pulmonary thromboembolism, and protected against microvascular mi-
crothrombi obstruction and infarct expansion in an acute myocardial infarction model. In vitro thrombus formation
assessed by CD41-labelled platelet fluorescence intensity was significantly reduced in Rev-erbα knockout mouse blood.
Platelets from Rev-erbα knockout mice exhibited impaired agonist-induced aggregation responses, integrin αIIbβ3 acti-
vation, and α-granule release. Consistently, pharmacological inhibition of Rev-erbα by specific antagonists decreased
platelet activation markers in both mouse and human platelets. Mechanistically, mass spectrometry and co-immunopre-
cipitation analyses revealed that Rev-erbα potentiated platelet activation via oligophrenin-1-mediated RhoA/ERM (ezrin/
radixin/moesin) pathway.

Conclusion We provided the first evidence that circadian protein Rev-erbα is functionally expressed in platelets and potentiates
platelet activation and thrombus formation. Rev-erbα may serve as a novel therapeutic target for managing throm-
bosis-based cardiovascular disease.
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Key question
Adverse cardiovascular events have day/night patterns with peaks in the morning, potentially related to endogenous circadian clock control of
platelet activation. Whether circadian nuclear receptor Rev-erba is present in platelets and regulates platelet function remains unknown.

Key finding
We provide the first evidence that Rev-erba is functionally expressed in platelets and acts as a positive regulator of platelet activation/thrombus
formation through the oligophrenin-1-mediated RhoA/ERM signalling pathway.

Take home message
Our observations highlight the importance of circadian clock machinery in platelet physiology and support the notion that Rev-erba may serve as
a novel therapeutic target for managing thrombosis-based cardiovascular diseases.

Structured Graphical Abstract Circadian nuclear receptor Rev-erbα potentiates platelet activation and thrombus formation via
OPHN-1/RhoA/ERM pathway.

Keywords Circadian • Rev-erbα • Blood platelets • Platelet activation • Thrombosis

Translational Perspective
Adverse cardio-cerebrovascular thrombotic events have day/night patterns with peaks in the morning, potentially related to endogenous
circadian clock control of platelet activation. Our study identified circadian nuclear receptor Rev-erbα as a new functional protein being ex-
pressed in both human and mouse platelets and exhibiting a circadian rhythm that positively correlated with platelet aggregation. Rev-erbα
was significantly upregulated in platelets from acute myocardial infarction patients, with a peak at early morning. Pharmacological inhibition or
genetic ablation of Rev-erbα decreases platelet activation and thrombus formation in various thrombosis models. Consistent results of anti-
platelet actions were obtained by Rev-erbα-specific antagonists in human platelets. Thus, Rev-erbαmay serve as a novel therapeutic target for
managing thrombosis-based cardiovascular diseases.

Introduction
Platelets, which are derived from megakaryocytes, are anucleate
blood cells that physiologically contribute to haemostasis at sites of

vascular injury.1 However, the pathological activation of platelets
triggers occlusive thrombosis and results in ischaemic events, such
as myocardial infarction and stroke, which are the leading causes
of death globally. Such adverse cardiovascular events follow the
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day/night pattern with a peak in the early morning, potentially related
to endogenous circadian clock control of platelet activation.2,3

Multiple measures of platelet activation show strong time-of-day
variation, including platelet aggregation and platelet activation mar-
kers [i.e. β-thromboglobulin (βTG), platelet factor 4 (PF4), glycopro-
tein Ib (GPIb), P-selectin, and activated αIIbβ3], which also peak in
the early morning at �9 a.m.4–6

The circadian clock is a ubiquitous endogenous timing system sus-
taining circadian oscillation that coordinates physiological processes.
Circadian nuclear receptor Rev-erbα (also known as nuclear recep-
tor subfamily 1 group D member 1; NR1D1) is a unique member of
the nuclear receptor superfamily that was originally cloned in pituit-
ary tissue recognized as a key clock component that provided a feed-
back loop to consolidate the rhythms of circadian oscillators.7

Recently, several new functions of Rev-erbα beyond its roles in cir-
cadian rhythm were identified, and implied in the pathogenesis of
various disorders, such as neoplastic diseases,8 inflammatory dis-
eases,9 and cardiometabolic diseases.10,11 To date, the expression
profile and biological function of circadian nuclear receptor
Rev-erbα in platelets have never been reported.
In this study, we aim to investigate whether Rev-erbα is expressed

by platelets and regulates platelet function. We report our findings
that platelet-expressed Rev-erbα displays a circadian rhythm that
positively correlates with platelet aggregation. Moreover, Rev-erbα
acts as a positive regulator of platelet activation and thrombus for-
mation by regulating oligophrenin-1 (OPHN-1)-mediated RhoA/
ERM (ezrin/radixin/moesin) signalling pathway.

Methods

Human studies
All human samples used in this study were processed under Institutional
Review Board–approved protocols at Shanghai Jiao Tong University. All
study participants were recruited after providing informed consent and
with approval by the Ethics Committee of Renji Hospital, School of
Medicine, Shanghai Jiao Tong University, and the study was conducted ac-
cording to the criteria set by the Declaration of Helsinki (2013).

To test the presence of Rev-erbα in human platelets, positive controls
including human brain, kidney, and liver samples were obtained from
fresh surgical specimens removed for brain, kidney, and liver neoplasia.
Normal tissues were collected at least 2 cm away from tumour tissues
and were residual tissues that would otherwise have been discarded.
Tissues were immediately frozen and stored at −80°C until they were
used for analysis. Informed consent was obtained from all the patients
before tissue harvest.

To examine the diurnal oscillation of Rev-erbα expression in human
platelets, we performed two sets of studies. The first series of studies
was conducted among six male and six female healthy volunteers. To
avoid potential interference from other confounding factors, we only in-
cluded volunteers who: (i) aged 20–35 years; (ii) were non-smokers and
teetotallers; (iii) had not taken antiplatelet/anticoagulant drugs or other
medications in the previous 2 weeks; and (iv) had normal sleep/wake
rhythm and none of them had travelled between time zones 3 months
before the study.12 On the day before the study, subjects were admitted
to the Cardiovascular Clinical Research Center of Renji Hospital. Blood
samples were drawn without stasis from an antecubital vein via indwel-
ling needles. Washed human platelets and platelet-rich plasma (PRP)
were prepared as described in the Supplementary material online.

The second series of studies was conducted in 12male and 8 female pa-
tients with acute ST-elevation myocardial infarction (STEMI). ST-elevation
myocardial infarction was defined as a clinical syndrome of myocardial is-
chaemia in association with persistent ECG ST-segment elevations
(≥2 mm in two contiguous precordial leads or ≥1 mm in two peripheral
leads).13 To avoid possible interference by other confounding factors, we
included patients with first episodes of acute anteriormyocardial infarction
and in the age range of 50–65 years, and excluded patients if they had: (i)
known hypertension, heart failure, structural heart disease, acute pericar-
dial disease, aorta dissection, and diabetes mellitus; and (ii) any history of
severe renal or hepatic dysfunction, haematological disorders, infectious
disease, autoimmune disease, neurological disease, and cancer. During
the same period, healthy donors matched with age and sex were recruited
as controls under a separate Institutional Review Board protocol.

Animal studies
All animal experiments were conducted in compliance with the National
Institutes of Health Guidelines on the Care and Use of Laboratory
Animals (NIH Publication, 8th Edition, 2011), with approval by the
Animal Ethics Committee of Shanghai Jiao Tong University. All mice
were housed at 24+ 2°C and 40+ 5% humidity under a 12-h light/
dark cycle with access to diet and water ad libitum. Both male and female
mice, aged 8–12-week-old, were used in this study.

C57BL/6J wild type (WT) mice were from Jackson Laboratory. Global
Rev-erbα knockout (Rev-erbα−/−) mice on a C57BL/6J background
were kindly provided by Dr Ueli Schibler (University of Geneva,
Geneva, Switzerland).14 The littermate Rev-erbα+/+ mice were used
as controls. To generate platelet-specific Rev-erbα knockout
(Rev-erbαfl/flPF4Cre+) mice, Rev-erbαfl/fl mice were crossed with the
mice carrying the PF4Cre transgene (Jackson Laboratory). The littermate
Rev-erbαfl/flPF4Cre− mice were used as controls. The blood samples
were collected from the abdominal aorta as described in the
Supplementary material online.

Statistical analysis
Data are presented as mean+ standard deviation. Data normality were
determined by the Shapiro–Wilk test.When comparing two sets of data,
Student’s t-test (parametric data) or Mann–Whitney U-test (non-
parametric data) were used. Multiple group comparisons were per-
formed by a one-way analysis of variance (ANOVA) or two-way
ANOVA followed by Tukey’s, Dunnett’s, or Bonferroni’s multiple com-
parisons. A P-value of ,0.05 was considered statistically significant.
Statistical analysis was performed by the GraphPad Prism 8 software.

Detailed materials and methods are presented in the Supplementary
material online.

Results

Rev-erbα is present in human platelets
To our knowledge, the presence of circadian nuclear receptor
Rev-erb (including two isoforms: Rev-erbα and Rev-erbβ) in platelets
has never been reported. To test the presence of Rev-erbα in plate-
lets, we performed quantitative real-time PCR (qRT-PCR) and west-
ern blotting on total mRNA and protein, obtained from human
platelets. The human brain, kidney, and liver samples served as posi-
tive controls.15 As shown in Figure 1A, Rev-erbα mRNA was de-
tected in human platelets. Immunoblotting confirmed the presence
of a Rev-erbα protein band at �78 kDa in positive controls (human
brain, kidney, and liver samples), as well as in human platelets
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Figure 1 Expression of Rev-erbα in human platelets. (A) Lysates of human platelets, kidney, liver, and brain tissues were subjected to quantitative
real-time PCR to detect Rev-erbα mRNA (n= 4 independent experiments). Kidney, liver, and brain tissues served as positive controls.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. (B) Lysates of human platelet, kidney, liver, and brain
were subjected to immunoblotting to detect Rev-erbα (n= 4 independent experiments). Kidney, liver, and brain tissues served as positive controls.
GAPDH was used as an internal control. (C ) Validation of the Rev-erbα antibody using Rev-erbα blocking peptide to block the antibody

Continued

2320 J. Shi et al.



(Figure 1B). This 78 kDa band disappeared on preincubation of the
antibody with its immunogenic peptide in human platelets, indicating
the specificity of the reaction (Figure 1C). The localization of
Rev-erbα in human platelets was further analysed by in situ immuno-
fluorescence microscopy. In resting platelets, Rev-erbαwas found to
be dispersed throughout the platelet cytoplasm in a punctate ar-
rangement. While in response to physiological platelet agonists (i.e.
U46619, a thromboxane A2 receptor agonist), the localization of
Rev-erbα appeared to partially translocate towards the plasma
membrane (Figure 1D). We did not observe gender differences in
the expression of Rev-erbα in human platelets (Supplementary
material online, Figure S1A). Additionally, we detected the presence
of the Rev-erbβ subtype in human platelets (Supplementary
material online, Figure S2A and B).

The diurnal oscillation of platelet
Rev-erbα is associated with the circadian
variation in platelet aggregation
Because Rev-erbα protein is an integral component of the circadian
rhythm system,16 we further examined the diurnal oscillation of
platelet Rev-erbα expression throughout the day. Importantly, hu-
man platelet Rev-erbα expression followed a circadian rhythm-
dependent pattern, with a peak corresponding to clock time 9 a.m.
(Figure 1E and F ). To investigate whether the diurnal oscillation of
platelet Rev-erbα expression is implicated in the circadian rhythm
of platelet activation, agonist-induced platelet aggregation responses
were examined. A similar circadian variation in platelet activation
(agonist-induced aggregation responses, Figure 1G) and thrombus
propensity (in vitro thrombus formation assay, Figure 1H) was ob-
served in human platelets, with a peak at 9 a.m. In contrast to that
of Rev-erbα, Rev-erbβ expression did not show obvious circadian
rhythm-dependent patterns in human platelets (Supplementary
material online, Figure S2C). Thus, although both Rev-erbα and
Rev-erbβ subtypes are present in human platelets, only Rev-erbα ex-
pression displays circadian variation.

Adverse cardiovascular events (i.e. acute myocardial infarction)
have day/night patterns with peaks in the morning, potentially related
to endogenous circadian clock control of platelet activation.6,17 Thus,
we further determined the expression of Rev-erbα in patients with
acute STEMI. As shown in Figure 1I and J, Rev-erbα was significantly
upregulated in platelets from acute STEMI patients, with the peak at
early morning. No gender differences were observed in the diurnal
oscillation pattern of Rev-erbα expression in human platelets
(Supplementary material online, Figure S1B and C). Together, these
data indicate that human platelet Rev-erbα shows a circadian rhythm
that positively correlates with platelet aggregation.

Rev-erbα is present in mouse platelets
We further determined the expression profile of circadian nuclear re-
ceptor Rev-erbα in mouse platelets. As shown in Figure 2A and B,
Rev-erbα mRNA and protein were detected in mouse platelets.
The Rev-erbα protein appeared at an expected molecular weight of
�78 kDa in platelets obtained frommice, but was not detected in pla-
telets obtained from Rev-erbα-deficient mice (Figure 2C). In situ im-
munofluorescence confirmed the presence of Rev-erbα in mouse
platelets. Similar to the human platelets, Rev-erbαwas found to be dis-
persed throughout the platelet cytoplasm in a punctate arrangement
in resting mouse platelets, and appeared to partially translocate to-
wards the plasma membrane upon stimulation by agonists (Figure 2D).

Next, we examined the diurnal oscillation of Rev-erb expression in
mouse platelets throughout the day by qRT-PCR and western blot-
ting (Supplementary material online, Figure S3A and Figure 2E). For
mice, we used zeitgeber time (ZT), which is a standardized 24-h no-
tation of the phase in an entrained circadian cycle.18 The Rev-erbα
expression followed a circadian rhythm-dependent pattern in mouse
platelets, with a peak at ZT4 and a trough at ZT16. We did not ob-
serve gender differences in Rev-erbα expression and circadian varia-
tion in mouse platelets (Supplementary material online, Figure S1D
and E). Platelets are anucleate cells derived from megakaryocytes.19

Thus, we examined Rev-erbα expression in mouse megakaryocytes.
We did not observe gender differences in Rev-erbα expression in

Figure 1 Continued
epitope (n= 3 independent experiments). (D) Immunolocalization of Rev-erbα in human platelets. Resting and activated platelets were fixed in 4%
paraformaldehyde-PBS. Platelets were permeabilized and stained with anti-CD42b (GPIbα) and anti-Rev-erbα antibodies. Activated platelets were
prepared by treatment with U46619 (0.5 μg/ml) in the presence of Integrilin (4 μM). (E) Platelet levels of Rev-erbα mRNA determined by quan-
titative real-time PCR (n= 6 per time point). Variation was analysed by one-way repeated measures analysis of variance (P= 0.0001). (F ) Platelet
levels of Rev-erbα protein determined by western blotting (n= 6 per time point). Data were analysed by one-way repeated measures ANOVA test.
Variation was analysed by one-way repeatedmeasures analysis of variance (P, 0.0001). (G) Platelets collected at 1 a.m., 9 a.m., and 5 a.m. were used
for aggregation tests. U46619 (0.5 μg/ml) was used as inducing agents. The maximum aggregation was compared (n= 6 per time point). Data were
analysed by one-way repeated measures ANOVA test followed by Tukey’s multiple comparisons test. (H ) Representative images of microfluidic
chambers through which D-phenylalanyl-L-prolyl-L-arginine chloromethyl ketone-anticoagulated blood from 1 a.m., 9 a.m. and 5 p.m., labelled with
CD41 was passed on immobilized collagen at a shear rate of 20 dyn for 3 min. Representative images were captured at ×4 magnification under an
EVOS microscope, and the average fluorescence area was compared (n= 6 per time point). Data were analysed by one-way repeated measures
ANOVA test followed by Tukey’s multiple comparisons test. (I ) Platelet levels of Rev-erbα mRNA in acute ST-elevation myocardial infarction pa-
tients and healthy controls determined by quantitative real-time PCR (n= 12 per time point). Data were analysed by two-way repeated measures
ANOVA test followed by Bonferroni post hoc analysis. (J ) Platelet levels of Rev-erbα protein in acute ST-elevation myocardial infarction patients and
healthy control were determined by western blotting, and the band intensity was quantified (n= 12 per time point). Data were analysed by two-way
repeated measures ANOVA test followed by Bonferroni post hoc analysis. AMI indicates acute myocardial infarction; HC, healthy controls.
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Figure 2 Expression of Rev-erbα in the mouse platelets. (A) Lysates of C57BL/6J wild type mouse platelets, kidney, liver, and brain tissues were
subjected to quantitative real-time PCR to detect Rev-erbα mRNA (n= 4 independent experiments). Kidney, liver, and brain tissues served as

Continued
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mouse megakaryocytes (Supplementary material online, Figure S1F).
We further examined the diurnal oscillation of Rev-erbα expression
in mouse megakaryocytes throughout the day (Supplementary
material online, Figure S3B and Figure 2F). Similarly, Rev-erbα expres-
sion demonstrated a diurnal oscillation in mouse megakaryocytes.
Moreover, a day/night fluctuation in the platelet aggregation rates
and in vitro thrombus propensity was also observed in mice, with a
peak at ZT4 (Figure 2G and H ). Deletion of Rev-erbα impaired the
diurnal oscillation of platelet aggregation and thrombus propensity
(Figure 2I and J ). Although we also detected the presence of
Rev-erbβ subtype in mouse platelets (Figure 2K), its expression did
not show obvious circadian rhythm-dependent patterns in mouse
platelets (Figure 2L). Together, our data confirm that Rev-erbα is pre-
sent in mouse platelets, and displays a circadian rhythm that positive-
ly correlates with platelet aggregation.

Rev-erbα deletion in mice prolongs
bleeding time
To determine whether Rev-erbα is involved in regulating platelet
function, global Rev-erbα knockout mice (Rev-erbα−/−) were first
used. Rev-erbα−/− mice were fertile and healthy without visible ab-
normalities, spontaneous bleeding or thrombosis. Compared with
Rev-erbα+/+ mice, Rev-erbα−/− mice exhibited significantly pro-
longed tail-bleeding time, and larger ratios of bleeding time
≥15 min (Supplementary material online, Figure S4A and B).
However, Rev-erbα−/− mice and Rev-erbα+/+ littermates did not
differ in platelet counts, average platelet sizes, white blood cell

counts, red blood cell counts, haemoglobin, activated partial thrombo-
plastin time (APTT), prothrombin time (PT), or international normal-
ized ratio (INR) (Supplementary material online, Figure S4C–J). To
further confirm the role of platelet-expressed Rev-erbα, we generated
conditional Rev-erbα knockout mice (Rev-erbαfl/flPF4Cre+), in which
Cre-recombinase was under the control of the platelet factor 4 (PF4)
promoter, recombining almost exclusively in platelets and megakaryo-
cytes (Figure 3A). The platelet-specific deletion of Rev-erbα was con-
firmed at DNA, mRNA, and protein levels (Figure 3B and C). No
statistical differences were detected in the expression of other circa-
dian proteins between Rev-erbαfl/flPF4Cre− and Rev-erbαfl/flPF4Cre+

platelets (Supplementary material online, Figure S5).
Consistently, Rev-erbαfl/flPF4Cre+ mice exhibited a prolonged

bleeding time (Figure 3D) and larger ratios of bleeding time ≥15 min
following tail transection when compared with Rev-erbαfl/flPF4Cre−

mice (Figure 3E). Rev-erbαfl/flPF4Cre+ and Rev-erbαfl/flPF4Cre−

mice did not differ in platelet counts (Figure 3F), average platelet sizes
(Figure 3G), the platelet microstructures (α-granules and dense gran-
ules) (Figure 3H and I) or the expression levels of the major platelet
membrane proteins, CD41, and GPVI (Figures 3J). These results sug-
gest that Rev-erbα deletion impairs haemostasis without altering
platelet counts and microstructures.

Rev-erbα deletion in mice decreases
thrombus propensity
We used different thrombosis models to determine the effects of
Rev-erbα deficiency on thrombus propensity. In the first model,

Figure 2 Continued
positive controls. GAPDHwas used as an internal control. (B) Lysates of wild type mouse platelets, kidney, liver, and brain tissues were subjected to
immunoblotting to detect Rev-erbα protein (n= 4 independent experiments). Kidney, liver, and brain tissues served as positive controls. GAPDH
was used as a loading control. (C ) Rev-erbα protein expression by immunoblotting in platelets from Rev-erbα+/+ and Rev-erbα−/− mice. The
Rev-erbα protein appeared in platelets obtained from Rev-erbα+/+ mice, but was not detected in platelets obtained from Rev-erbα−/− mice (n
= 3 independent experiments). (D) Immunolocalization of Rev-erbα in wild type mouse platelets was analysed using immunofluorescence micros-
copy. Resting and activated [using U46619 (0.15 μg/ml) in the presence of Integrilin (4 μM)] platelets were fixed in 4% (v/v) paraformaldehyde-PBS.
Platelets were permeabilized and stained with anti-CD41 (αIIbβ3) and anti-Rev-erbα antibodies. (E) Wild type mouse platelet levels of Rev-erbα
protein determined by western blotting (n= 4 per time point) every 4 for 48 h. Variation was analysed by one-way ANOVA (P, 0.0001). (F ) Wild
type mouse megakaryocyte levels of Rev-erbα protein determined by western blotting (n= 4 per time point) every 4 for 48 h. Variation was ana-
lysed by one-way ANOVA (P, 0.0001). (G) Wild type mouse platelets collected at ZT4, ZT12, and ZT20 were used for aggregation. U46619
(0.15 μg/ml) was used as an inducing agent. The maximum aggregation was compared (n= 5 independent experiments). Data were analysed by
one-way ANOVA test followed by Tukey’s multiple comparisons test. (H ) Representative images of microfluidic chambers through which
D-phenylalanyl-L-prolyl-L-arginine chloromethyl ketone (PPACK)-anticoagulated wild type mouse whole blood from ZT4, ZT12, and ZT20, labelled
with CD41 was passed on immobilized collagen for 3 min. Representative images were captured at ×4 magnification under an EVOS microscope,
and the average fluorescence area was compared (n= 6 per time point). Data were analysed by one-way ANOVA test followed by Tukey’s multiple
comparisons test. The average fluorescence area was compared across groups. (I ) Rev-erbα−/−mouse platelets collected at ZT4, ZT12, and ZT20
were used for aggregation. U46619 (0.15 μg/ml) was used as an inducing agent. The maximum aggregation was compared (n= 5 independent ex-
periments). Data were analysed by one-way ANOVA test followed by Tukey’s multiple comparisons test. (J ) Representative images of microfluidic
chambers through which D-phenylalanyl-L-prolyl-L-arginine chloromethyl ketone(PPACK)-anticoagulated Rev-erbα−/− mouse whole blood from
ZT4, ZT12, and ZT20, labelled with CD41 was passed on immobilized collagen for 3 min. Representative images were captured at×4 magnification
under an EVOS microscope, and the average fluorescence area was compared (n= 6 per time point). Data were analysed by one-way ANOVA test
followed by Tukey’s multiple comparisons test. The average fluorescence area was compared across groups. (K) Lysates of wild type mouse plate-
lets, kidney, liver, and brain were subjected to immunoblotting to detect Rev-erbβ. Kidney, liver, and brain tissues served as positive controls.
GAPDH was used as a loading control. Lysates of wild type mouse platelets, kidney, liver, and brain tissues were subjected to qRT-PCR to detect
Rev-erbβmRNA. Kidney, liver, and brain tissues served as positive controls. GAPDHwas used as an internal control. (L)Wild type mouse Rev-erbβ
mRNA level was determined every 4 for 48 h (n= 4 per time point). Variation was analysed by one-way ANOVA (P. 0.05).
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Figure 3 Platelet-specific deletion of Rev-erbα impaired haemostasis. (A) Schematic of Rev-erbα gene editing strategy. To generate platelet-
specific Rev-erbα knockout (Rev-erbαfl/flPF4Cre+) mice, Rev-erbαfl/fl mice were crossed with the mice carrying the PF4Cre transgene. The

Continued
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the time to occlusion in the FeCl3-induced carotid artery thrombosis
assay was analysed using the laser speckle imaging technique.20 The
mean time to occlusion in Rev-erbαfl/flPF4Cre+mice was significantly
longer than that in Rev-erbαfl/flPF4Cre− mice (11.30+ 2.96 min vs.
6.86+ 0.71 min; P, 0.05) (Figure 4A). The thrombus cross-
sectional area of the FeCl3-injured carotid artery segment in
Rev-erbαfl/flPF4Cre+ mice was significantly smaller than that in
Rev-erbαfl/flPF4Cre− mice (Figure 4B). In the second model, a colla-
gen/epinephrine-induced thromboembolism assay was performed in
the absence of endothelial influence. The inability of Evan’s blue dye
to penetrate the lungs because of obstruction (i.e. pink colour) was
severer in Rev-erbαfl/flPF4Cre− mice than that in Rev-erbαfl/
flPF4Cre+mice (Figure 4C). Moreover, the number of pulmonary vas-
culature thrombi in the pulmonary sections of Rev-erbαfl/flPF4Cre+

mice was less than that in the pulmonary sections of Rev-erbαfl/
flPF4Cre− mice (Figure 4D). To further evaluate the thrombus
growth in the absence of the influence of the endothelium, we assayed
in vitro thrombus formation by perfusing whole blood through a mi-
crofluidic device coated with fibrillar collagen.21 The number of
CD41-labelled platelets in a thrombus (a measure of thrombus size
determined based on the fluorescence intensity of CD41-labelled pla-
telets) in Rev-erbαfl/flPF4Cre+ mouse blood was significantly lower
than that in Rev-erbαfl/flPF4Cre− mouse blood (Figure 4E). These re-
sults indicate that Rev-erbα acts as a positive regulator of thrombus
formation. The prothrombotic role of platelet-expressed Rev-erbα
was further confirmed using a platelet depletion/reconstitutionmouse
model (detailed in Supplementary material online, Figures S6 and S7).
Microvascular microthrombi obstruction contributes to myocar-

dial infarct expansion and heart dysfunction.22 Thus, we further eval-
uated the effects of platelet Rev-erbα deletion in a model of acute
myocardial infarction.22 Acute myocardial infarction was induced
by ligation of the left anterior descending coronary artery, and micro-
thrombi obstruction, infarct area, myocardial viability, and cardiac
function were evaluated as described previously.22 Compared with
Rev-erbαfl/flPF4Cre− mice, Rev-erbαfl/flPF4Cre+ mice exhibited less
microthrombi (Figure 5A), reduced infarct area, and improved myocar-
dial viability and cardiac dysfunction (Figure 5B). Thus, platelet Rev-erbα
deletion protects against microvascular microthrombi obstruction
and infarct expansion in a model of acute myocardial infarction.

Rev-erbα deletion decreases platelet
aggregation and multiple aspects of
platelet activation
Platelet aggregation
The prothrombotic mechanisms of Rev-erbα were further studied by
analysing platelet function in Rev-erbαfl/flPF4Cre− and Rev-erbαfl/fl

PF4Cre+ mice. The Rev-erbαfl/flPF4Cre− and Rev-erbαfl/flPF4Cre+

platelets were stimulated with various physiological agonists. The
platelet aggregation responses in washed mouse platelets were
analysed using light transmission aggregometry. Compared with
that of Rev-erbαfl/flPF4Cre− platelets, the aggregation of
Rev-erbαfl/flPF4Cre+ platelets significantly decreased upon stimula-
tion with low concentrations of U46619 (0.1 and 0.15 μg/ml)
(Figure 6A). Similar results were obtained on the aggregation of
Rev-erbαfl/flPF4Cre+ platelets in response to low concentrations
of thrombin, collagen or ADP (shown in Supplementary material
online, Figure S8A–C). The aggregation defects were overcome by
a high dose of agonists. These results suggest that Rev-erbα dele-
tion inhibits platelet aggregation.

Platelet α-granule release
Platelet α-granule release was evaluated by detecting the expression
of P-selectin, a glycoprotein, that is, located within the α-granule
membrane of non-activated platelets and translocated to the platelet
surface in activated platelets.23 Compared with that of Rev-erbαfl/
flPF4Cre− platelets, P-selectin surface expression of Rev-erbαfl/
flPF4Cre+ platelets was significantly decreased upon stimulation
with agonists, as assessed by the flow cytometric analysis (Figure 6B).

Fibrinogen-binding and JON/A-binding
Integrin αIIbβ3 is themost abundant glycoprotein on the platelet sur-
face that mediates multiple aspects of platelet signalling.24 Integrin
αIIbβ3 inside-out activation was evaluated by measuring fibrinogen-
binding using flow cytometry detection of Alexa Fluor 647-labelled
fibrinogen-binding and PE-labelled JON/A-binding to platelets. In re-
sponse to agonist treatment, fibrinogen-binding and JON/A-binding
on Rev-erbαfl/flPF4Cre+ platelets were significantly lower than those
on Rev-erbαfl/flPF4Cre− platelets (Figure 6C).

Figure 3 Continued
littermate Rev-erbαfl/flPF4Cre− mice were used as controls. (B) PCR analysis for the confirmation of gene editing. The 420 bp band represents
PF4Cre. The 430 bp represents the mutation, which was produced by the insertion of LoxP in intron 1 and intron 6. The 342 bp represents
the wild type. (C ) Platelet levels of Rev-erbα mRNA and protein in indicated groups determined by qRT-PCR (n= 4 independent experiments)
and western blotting (n= 4 independent experiments). Data were analysed by Student’s t-test. (D) Bleeding time for Rev-erbαfl/flPF4Cre− and
Rev-erbαfl/flPF4Cre+ mice. Each symbol represents a single mouse. Means are indicated by horizontal lines. Data were analysed by Mann–
Whitney U-test. Results were obtained from 40 Rev-erbαfl/flPF4Cre− and 40 Rev-erbαfl/flPF4Cre+ mice. (E) Percentages of Rev-erbαfl/
flPF4Cre− and Rev-erbαfl/flPF4Cre+ mouse bleeding times ≥15 min or were ,15 min. Data were analysed by χ2-test. Results were obtained
from 40 Rev-erbαfl/flPF4Cre− and 40 Rev-erbαfl/flPF4Cre+ mice. (F and G) Platelet counts and platelet average sizes were analysed (16 from
Rev-erbαfl/flPF4Cre− mice and 16 from Rev-erbαfl/flPF4Cre+ mice). Data were analysed by Student’s t-test. (H ) Electron microscopic images of
Rev-erbαfl/flPF4Cre− and Rev-erbαfl/flPF4Cre+ platelet ultrastructure (red arrows, α-granules; black arrows, dense granules). (I ) Quantification
of α-granules and dense granules of Rev-erbαfl/flPF4Cre− and Rev-erbαfl/flPF4Cre+ platelets. Under 3000 magnification, α-granules and dense gran-
ules in platelets (50 from Rev-erbαfl/flPF4Cre− and 44 from Rev-erbαfl/flPF4Cre+) were counted. Data were analysed by Student’s t-test. (J ) Surface
expression of CD41 and GPVI in indicated groups. Data were analysed by Student’s t-test. GPVI indicates glycoprotein VI; WT indicates wild type.
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Figure 4 Platelet-specific deletion of Rev-erbα decreased thrombus formation in vivo and in vitro. (A) Representative images of blood flow through
carotid vascular which damaged by 10% FeCl3. The blood flow was detected using the laser speckle imaging technique. The red part, which repre-
sented the blood flow signal, becameweak and finally disappeared as time went on. Themean times of the first occlusion in Rev-erbαfl/flPF4Cre− and
Rev-erbαfl/flPF4Cre+mice were shown. Quantification of the first occlusion time in Rev-erbαfl/flPF4Cre− and Rev-erbαfl/flPF4Cre+mice (n= 10 per
group). Data were analysed by Student’s t-test. (B) The ratio of thrombosis cross-sectional area to lumen cross-sectional area was analysed. Scale bar
= 200 μm. Quantification of the ratio of thrombosis area to lumen area in Rev-erbαfl/flPF4Cre− and Rev-erbαfl/flPF4Cre+ mice (n= 8 per group).
Data were analysed by Student’s t-test. (C ) Images of the mouse lungs injected with 0.5 ml of Evans blue solution (1% in saline) into the heart 5 min
after the injection of the collagen–epinephrine mix. The inability of Evan’s blue dye to penetrate the lungs was visible from their pink colour. Mouse
lungs were blue due to the free passage of the dye (n= 8 per group). (D) Images of haematoxylin and eosin-stained paraffin-embedded sections of
the lungs from (C ). Scale bar= 200 μm. Quantification of the number of lung embolisms (n= 8 per group). Data were analysed by Student’s t-test.
(E) Representative images of microfluidic chambers through which D-phenylalanyl-L-prolyl-L-arginine chloromethyl ketone-anticoagulated blood
from Rev-erbαfl/flPF4Cre− and Rev-erbαfl/flPF4Cre+ mice labelled with CD41 was passed on immobilized collagen at a shear rate of 20 dyn for
3 min. Representative images were captured at ×4 magnification under an EVOS microscope. The percentage of fluorescence intensity was ana-
lysed with Image J (National Institutes of Health). Quantification of the fluorescence intensity (n= 6 independent experiments). Data were analysed
by Student’s t-test.
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Figure 5 Platelet-specific deletion of Rev-erbα protected against microvascular microthrombi obstruction and infarct expansion. (A)
Immunofluorescence of the hearts from Rev-erbαfl/flPF4Cre− and Rev-erbαfl/flPF4Cre+ post-acute myocardial infarction. Platelets, endothelial cells

Continued

Rev-erbα potentiates platelet activation 2327



Clot retraction
Clot retraction is an outside-in signalling event downstream of
αIIbβ3 integrin activation.25 Compared with Rev-erbαfl/flPF4Cre−

platelets, the Rev-erbαfl/flPF4Cre+ platelets exhibited significantly
decreased clot retraction in PRP (Figure 6D). Collectively, these re-
sults suggest that genetic Rev-erbα inhibition impairs platelet aggre-
gation and activation.

Pharmacological inhibition of Rev-erbα
decreases platelet aggregation and
multiple aspects of platelet activation
We further tested the effects of pharmacological Rev-erbα inhibition
in both mouse and human platelets. To date, only two Rev-erbα an-
tagonists, SR8278, and GSK2945, have been described.26,27 SR8278
was identified as the first Rev-erbα antagonist for probing Rev-erbα
function;26 however, whether GSK2945 is an agonist or antagonist is
not conclusive so far.27,28 Thus, we selected SR8278 as a pharmaco-
logical inhibitor in our study, and performed molecular docking re-
search to investigate the binding affinity and the target binding sites
between SR8278 and the Rev-erbα receptor. The crystal structure
of human Rev-erbα (Homo sapiens, PDB id: 3N00) was downloaded
from the RCSB Protein Data Bank (PDB, https://www.rcsb.org/). The
mouse Rev-erbα structure (Mus musculus) was obtained by hom-
ology modelling due to no crystal structure in PDB. The docking
scores, which represent the affinity between SR8278 and Rev-erbα
proteins, were −6.8520 kcal/mol for humans and −6.5848 kcal/
mol for mice (Supplementary material online, Figure S9A).
According to the two-dimensional interaction map, human
Rev-erbα complexed with SR8278, with an arene–arene interaction
at Phe128 of human Rev-erbα, and a H-bond at Met166 of human
Rev-erbα. Moreover, there existed hydrophobic interactions be-
tween SR8278 and human Rev-erbα, which were helpful to make
the ligands bind in the pocket more stably (Supplementary material
online, Figure S9B). Taken together, the molecular docking confirmed
the stable interaction between SR8278 and Rev-erbα.

Next, washed platelets were pre-treated with Rev-erbα antagon-
ist SR8278 (10–50 μM) before platelet activation tests. SR8278 con-
centration dependently inhibited mouse platelet aggregation induced
by U46619 (0.15 μg/ml) (Figure 7A). Treatment with 30 and 50 μM
SR8278 significantly inhibited the U46619-induced α-granule release,
as evidenced by reduced P-selectin expression in mouse platelets
(Figure 7B). Moreover, treatment with 10, 30, or 50 μM SR8278 in-
hibited integrin αIIbβ3 inside-out activation (i.e. fibrinogen-binding
and JON/A-binding) induced by U46619 in mouse platelets

(Figure 7C). Furthermore, SR8278 concentration dependently de-
creased the average ratio of clot retraction of PRP (Figure 7D).

To corroborate the role of Rev-erbα in human platelet aggrega-
tion and activation, SR8278-pre-treated human platelets were sub-
jected to various platelet activation tests. SR8278 concentration
dependently inhibited agonist-induced aggregation responses
(Figure 7E), P-selectin expression (Figure 7F), fibrinogen-binding,
PAC-1 binding (Figure 7G), and clot retraction (Figure 7H). Note
that the effective concentrations of Rev-erbα-specific antagonist
SR8278 on human platelet aggregation/activation were higher than
those on mouse platelet aggregation/activation. Together, these re-
sults suggest that pharmacological inhibition of Rev-erbα significantly
inhibits human and mouse platelet aggregation and activation.

Rev-erbα regulates OPHN-1-mediated
RhoA/ERM signalling in platelets
To further elucidate the potential molecular mechanisms of the role
of Rev-erbα in platelet activation, the Rev-erbα-interacting proteins
were characterized using immunoprecipitation and mass spectrom-
etry. Based on the results of mass spectrometry and the protein–
protein interaction network analysis using String and UniProt,
OPHN-1 was identified as a potential candidate for further analysis
(Figure 8A). Oligophrenin-1 is a GTPase-activating protein (GAP) in
platelets that exhibits strong GTPase-stimulating activity towards
the Rho-family small GTPases RhoA, which was crucial for platelet
activation.29 The results of the co-immunoprecipitation revealed
that Rev-erbα coimmunoprecipitated with OPHN-1 in both mouse
and human platelets and this interaction significantly increased upon
stimulation with agonist U46619 (Figure 8B). To further identify the
role of Rev-erbα in OPHN-1 mediated signalling, the activity of
RhoA, a main downstream target of OPHN-1, was analysed.
Rev-erbα deletion significantly downregulated the activity of RhoA
(Figure 8C) without altering RhoA expression in mouse platelets
(Figure 8D). Besides, the phosphorylation levels of ERM (ezrin/radix-
in/moesin) proteins, a downstream effector of RhoA, were signifi-
cantly downregulated in Rev-erbαfl/flPF4Cre+ platelets stimulated
with U46619 at the corresponding time points (Figure 8E). Similar re-
sults were obtained in the pharmacological inhibition experiments
with Rev-erbα-specific antagonists in human platelets.
Pre-treatment by SR8278 inhibited the activity of RhoA (Figure 8F)
without affecting RhoA expression (Figure 8G), and reduced the
phosphorylation levels of ERM (Figure 8H) in human platelets in a
concentration-dependent manner. However, SR8278 lost its inhib-
ition ability on platelet aggregation, RhoA activation, and ERM phos-
phorylation in OPHN-1−/+ platelets (Supplementary material online,
Figure S10). Taken together, these results suggest that Rev-erbα

Figure 5 Continued
and nuclei were stained with anti-CD41, anti-CD31, and 4’,6-diamidino-2-phenylindole. Scale bars= 50 μm. Quantification of CD41 area per field
(n= 7–8 per group). Data were analysed by Student’s t-test. (B) Representative images of Masson’s trichrome-stained hearts, M-mode echocardi-
ography, and positron emission tomography computed tomography scanning of Rev-erbαfl/flPF4Cre− and Rev-erbαfl/flPF4Cre+ mice on day seven
post-acute myocardial infarction. Quantification of infarct size (n= 8 per group), echocardiographic cardiac function (n= 10–12 per group), and
mean myocardial 18F-FDG SUV (n= 6 per group). Data were analysed by Student’s t-test. ECHO indicates echocardiography; 18F-FDG SUV,
18F-fluorodeoxyglucose standardized uptake value; LV, left ventricular; LVEF, left ventricular ejection fraction; LVFS, left ventricularfractional short-
ening; LVIDs, left ventricularinternal dimension in systole; LVIDd, left ventricular internal dimension in diastole; PET-CT, positron emission tomog-
raphy computed tomography.
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Figure 6 Platelet-specific deletion of Rev-erbα decreased multiple aspects of platelet activation. (A) Representative platelet aggregation tracings of
washed platelets from Rev-erbαfl/flPF4Cre− or Rev-erbαfl/flPF4Cre+ mouse stimulated with various concentrations of U46619, as indicated.
Aggregation was measured as a change in light transmission and monitored for 5 min. Data are plotted in terms of percentage aggregation (n=
5 independent experiments). Data were analysed by one-way ANOVA followed by Bonferroni post hoc analysis. (B) Quantitation of P-selectin sur-
face expression of Rev-erbαfl/flPF4Cre− or Rev-erbαfl/flPF4Cre+ mouse platelets stimulated with various concentrations of U46619, as indicated
(n= 5 independent experiments). Data were analysed by two-way ANOVA test followed by Bonferroni post hoc analysis. (C) Quantitation of flow
cytometric analysis of Alexa Fluor 647-labelled fibrinogen-binding and PE-labelled JON/A-binding to Rev-erbαfl/flPF4Cre− or Rev-erbαfl/flPF4Cre+

mouse platelets stimulated with various concentrations of U46619, as indicated. Data are presented as a percentage of platelets binding to fibrinogen
(n= 5 independent experiments). Data were analysed by two-way ANOVA test followed by Bonferroni post hoc analysis. (D) The representative
images of Rev-erbαfl/flPF4Cre− and Rev-erbαfl/flPF4Cre+ mouse platelet clot retraction stimulated with 0.5 U/ml thrombin. Images were captured
every 20 for 60 min. The two-dimensional size of the clot was measured using the ImageJ software. The data are presented in terms of clot size (n
= 4 independent experiments). Data were analysed by two-way ANOVA followed by Bonferroni post hoc analysis.
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Figure 7 Pharmacological inhibition of Rev-erbα decreased multiple aspects of mouse and human platelet activation. Washed mouse and human
platelets (2.5× 108/ml) were pre-treated with vehicle or various concentrations of SR8278 (10–50 μM) for 30 min. SR8278 was dissolved in
dimethyl sulfoxide (DMSO). The vehicles were treated with the same concentrations of DMSO, which were 0.1% in platelet suspension.

Continued
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potentiates platelet activation via an OPHN-1-mediated RhoA/ERM
signalling pathway.

Discussion
In the present work, we identified a novel role of the circadian nu-
clear receptor Rev-erbα in platelets. The novel contributions in-
cluded the following: we detected two isoforms of Rev-erb
(Rev-erbα and Rev-erbβ) in platelets from both humans and
mice; however, only Rev-erbα showed a circadian rhythm that
positively correlated with platelet aggregation. Global and
platelet-specific knockout of Rev-erbα in mice decreased platelet
activation and inhibited thrombus formation in multiple thrombosis
models. Consistently, pharmacological inhibition of Rev-erbα
by specific antagonists decreased human and mouse platelet aggre-
gation and activation. Mechanistically, mass spectrometry and
co-immunoprecipitation analyses revealed that Rev-erbα potentiated
platelet activation via an OPHN-1-mediated RhoA/ERM signalling
pathway (Structured Graphical abstract). Collectively, the current
study provides the first evidence that Rev-erbα is expressed by pla-
telets, positively regulates platelet activation, and contributes to
thrombus formation through a non-genomic OPHN-1/RhoA/ERM
signalling pathway.
Epidemiological studies revealed that adverse thrombotic events

(i.e. acute myocardial infarction and ischaemic stroke) had day/night
patterns, with peak onset in the early morning.2,30 In accordance with
the morning peak in adverse cardiovascular events, previous studies
revealed that the highest platelet responses were shown in the
morning hours, while the lowest were observed in the evening.31–33

Moreover, surface markers expressed on the activated platelet, includ-
ing activatedαIIbβ3, P-selectin, andGPIb, reached amorning peak. The
present study confirmed a circadian variation in platelet aggregation
and thrombus propensity in human platelets, with a peak in the early
morning at �9 a.m. However, the potential mechanism under the
diurnal variation of platelets has not been appreciated.

Circadian rhythms are driven by the rhythmic oscillation of the en-
dogenous circadian clock. In addition to the master circadian clock in
the brain’s hypothalamus, components of the circadian clock machin-
ery are also expressed in various peripheral tissues and cells.34 As a
main peripheral circadian component, Rev-erbα belongs to the nu-
clear receptor superfamily (also known as nuclear receptor subfamily
1, group D, member 1; NR1D1).14,16 Rev-erbα was initially consid-
ered to be an orphan nuclear receptor until 2007, when lipophilic
haem was found as a physiologically relevant ligand of Rev-erbα.35

Before long, a synthetic ligand for Rev-erbα (i.e. SR8278) was identi-
fied,26 opening the door to novel pharmacological therapies based
on Rev-erbα activity manipulation. Besides its classical functions on
circadian rhythm, recent studies uncovered several new and unique
functions and a broad involvement in the pathogenesis of various dis-
eases.11,36,37 Here, we reported our new findings that Rev-erbα was
present in human and mouse platelets. Importantly, the expression
of Rev-erbα showed a circadian rhythm that positively correlated
with the platelet aggregation. Moreover, Rev-erbα was significantly
upregulated in platelets from acute STEMI patients, with a peak at
early morning. Collectively, these data identified circadian nuclear re-
ceptor Rev-erbα as a new functional protein expressed in platelets.

To determine whether platelet-expressed Rev-erbα mediates
platelet activation or acts as an antiplatelet signal, we generated glo-
bal and conditional Rev-erbα knockout mice. Although Rev-erbα de-
letion did not affect platelet counts, average platelet sizes and its
microstructures, agonist-induced aggregation and multiple aspects
of platelet activation were significantly impaired. Moreover,
Rev-erbα depletion inhibited the ability of platelets to form thrombi
in different in vivo thrombosis models, presented by prolonged mean
time to carotid artery occlusion, less pulmonary vasculature thrombi
formation, and resulted in significant protection against microvascu-
lar microthrombi obstruction and infarct expansion in a model of
acute myocardial infarction. Of clinical relevance, we further exam-
ined the effects of pharmacological inhibition of Rev-erbα in human
platelets. Consistent results of antiplatelet actions were obtained by
Rev-erbα-specific antagonist SR8278 in human platelets. These lines

Figure 7 Continued
(A) Representative platelet aggregation tracings of SR8278-pre-treated mouse platelets stimulated with U46619, as indicated. Data are plotted in
terms of percentage aggregation (n= 5 independent experiments). Data were analysed by one-way ANOVA test followed by Dunnett’s multiple
comparisons test. (B) Quantitation of P-selectin surface expression of mouse platelets stimulated with U46619, as indicated (n= 5 independent
experiments). Data were analysed by two-way ANOVA test followed by Dunnett’s multiple comparisons test. (C ) Quantitation of flow cytometric
analysis of Alexa Fluor 647-labelled fibrinogen-binding and PE-labelled JON/A-binding to SR8278-pre-treated washed mouse platelets stimulated
with U46619, as indicated. Data are presented as a percentage of platelets binding to fibrinogen (n= 5 independent experiments). Data were ana-
lysed by two-way ANOVA test followed by Dunnett’s multiple comparisons test. (D) Representative images of mouse platelet clot retraction sti-
mulated with 0.5 U/ml thrombin. Images were captured every 20 for 60 min (n= 4 independent experiments). Data were analysed by two-way
ANOVA test followed by Dunnett’s multiple comparisons test. The two-dimensional size of the clot was measured using the ImageJ software.
(E) Representative platelet aggregation tracings of SR8278-pre-treated human platelets stimulated with U46619, as indicated. Data are plotted
in terms of percentage aggregation (n= 5 independent experiments). Data were analysed by one-way ANOVA test followed by Dunnett’s multiple
comparisons test. (F ) Quantitation of P-selectin surface expression of human platelets stimulated with U46619, as indicated (n= 5 independent
experiments). Data were analysed by two-way ANOVA test followed by Dunnett’s multiple comparisons test. (G) Quantitation of flow cytometric
analysis of Alexa Fluor 647-labelled fibrinogen-binding and fluoresceine isothiocyanate-labelled PAC-1-binding to SR8278-pre-treated washed hu-
man platelets stimulated with U46619, as indicated. Data are presented as a percentage of platelets binding to fibrinogen (n= 5 independent ex-
periments). Data were analysed by two-way ANOVA test followed by Dunnett’s multiple comparisons test. (H ) Representative images of human
platelet clot retraction stimulated with 0.2 U/ml thrombin. Images were captured every 20 min for 60 min. The data are plotted in terms of clot size.
The two-dimensional size of the clot was measured using the ImageJ software (n= 4 independent experiments). Data were analysed by two-way
ANOVA test followed by Dunnett’s multiple comparisons test. *P indicates the comparison between vehicle and 10 μM SR8278-treated platelets;
#P, vehicle and 30 μM SR8278-treated; §P, vehicle; and 50 μM SR8278-treated. Veh indicates vehicle.
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Figure 8 Rev-erbα interacted with OPHN-1, promoted RhoA activity and phosphorylation of ERM. (A) The protein–protein interaction analysis
showed the top-ranked protein. (B) Rabbit anti-Rev-erbαmonoclonal antibody was used to immunoprecipitate Rev-erbα from the lysates of resting
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of evidence convincingly pointed out a previously unrecognized role
of Rev-erbα as a positive regulator contributing to platelet activation
and thrombus formation.
As a transcription factor, Rev-erbα has been well characterized to

function by transcriptionally regulating downstream gene targets in
nucleated cells.38 Binding via the DBD to the ROR response element
DNA sequence (RORE), Rev-erbα would recruit nuclear receptor
corepressor to play a critical role in transcriptional control in various
nucleated cells. However, platelets are anucleate cells, and thus, it is
quite interesting to investigate how circadian nuclear receptor
Rev-erbα regulates anucleate platelet functions. Based on the results
of mass spectrometry and the protein–protein interaction network
analysis, OPHN-1 was identified as a candidate protein for Rev-erbα
actions in platelets. Co-immunoprecipitation analyses confirmed that
Rev-erbα interacted with OPHN-1 in both mouse and human plate-
lets, and this interaction significantly increased upon stimulation with
agonists. Oligophrenin-1 is a RhoGAP-regulating cytoplasmic protein
that exhibits strong GTPase-stimulating activity towards the
Rho-family small GTPases RhoA.29 As a main downstream target
of OPHN-1, RhoA regulates actin cytoskeleton and promotes actin
remodelling in platelets,38 which is crucial for platelet activation.
RhoA deletion decreased platelet aggregation and multiple aspects
of platelet activation,39 while OPHN-1 deletion promoted thrombus
formation through aberrant Rho activation.40 Here, genetic deletion
or pharmacological inhibition of Rev-erbα significantly downregu-
lated the activity of RhoA without altering RhoA expression in plate-
lets. Moreover, the phosphorylation levels of ERM proteins, a
downstream effector of RhoA, were significantly downregulated.
ERM signalling is regulated by Rho via phosphorylation at Thr558
of the moesin phosphatase, and implicated in the formation of filo-
podia and lamellipodia in platelets.41,42 All together, these results re-
vealed that Rev-erbα potentiated platelet activation, at least partially,
via an OPHN-1/RhoA/ERM signalling pathway.

The involvement of Rev-erbα in regulating cell functions has also been
reported in other cell types.11,43–45 Rev-erbαwas shown to be a positive
regulator that contributed to the amyloid plaque deposition in
Alzheimer’s disease by targeting microglial cells.46 However, it func-
tioned as a negative regulator in pulmonary inflammation43 and neuroin-
flammation.44 Thus, the role of Rev-erbα in regulating cell functionsmay
depend on the cell types, and platelet-targeted Rev-erbα inhibition
would be an optimal choice for clinical implications.45

Clinical implications of this study
The current experimental findings are scientifically and clinically im-
portant. The identification of circadian nuclear receptor Rev-erbα as
a novel functional protein in platelets may broaden our understand-
ing of the multiple biological functions of Rev-erbα. Our observa-
tions, along with the recent findings regarding the diurnal
oscillation of platelet aggregation,6,47,48 highlight the importance of
circadian clock machinery in platelet physiology. Importantly, the
finding of the ability of regulating platelet aggregation and thrombus
formation, which often precipitates stroke or myocardial infarction,
supports that Rev-erbα may serve as a novel therapeutic target for
managing thrombosis-based cardiovascular diseases.

Supplementary material
Supplementary material is available at European Heart Journal online.

Acknowledgments
We are greatly appreciative of Prof. Junling Liu in the Department of
Biochemistry and Molecular Cell Biology, Key Laboratory of Cell
Differentiation, and Apoptosis of Chinese Ministry of Education,
School of Medicine, Shanghai Jiao Tong University, for his expertise
in platelet biology and activation.

Figure 8 Continued
Rev-erbαfl/flCre− platelets and U46619-stimulated Rev-erbαfl/flCre− platelets. Rabbit IgG was used as the negative control. Mouse anti-OPHN-1
monoclonal antibody was used to immunoprecipitate OPHN-1 from the lysates of resting Rev-erbαfl/flCre− platelets and U46619-stimulated
Rev-erbαfl/flCre− platelets. Mouse IgG was used as negative controls. The human platelets were subjected to co-immunoprecipitation assay using
the samemethod (n= 4 independent experiments). (C ) Active GTP-bound RhoA in Rev-erbαfl/flCre− and Rev-erbαfl/flPF4Cre+ platelets stimulated
with U46619 (0.1 μg/ml) were analysed using G-LISA (n= 5 independent experiments). Data were analysed by two-way ANOVA test followed by
Bonferroni post hoc analysis. (D) RhoA protein expression in the Rev-erbαfl/flCre− and Rev-erbαfl/flPF4Cre+ platelets. Quantification of the ratio of
RhoA to GAPDH (n= 4 independent experiments). Data were analysed by Student’s t-test. (E) Detection of phosphorylated ezrin (Thr567)/radixin
(Thr564)/moesin (Thr558)(p-ERM) in Rev-erbαfl/flCre− and Rev-erbαfl/flPF4Cre+ platelets using phospho-specific antibodies. Total amounts of ez-
rin/radixin/moesin(t-ERM) and GAPDH (loading control) in platelet lysates. Quantification of the ratio of p-ERM to t-ERM (n= 4 independent ex-
periments). Data were analysed by two-way ANOVA test followed by Bonferroni post hoc analysis. (F ) SR8278 was dissolved in DMSO. The vehicles
were treated with the same concentrations of DMSO, which were 0.1% in platelet suspension. Active GTP-bound RhoA in untreated resting,
U46619 (0.5 μg/ml)-treated, and SR8278 (50 μM)+U46619 (0.5 μg/ml)-treated human platelets were analysed using G-LISA (n= 5 independent
experiments). Data were analysed by two-way ANOVA test followed by Dunnett’s multiple comparisons test. (G) RhoA protein expression in the
vehicle controls and SR8278 (50 μM)-treated human platelets. Quantification of the ratio of RhoA to GAPDH (n= 4 independent experiments).
Data were analysed by Student’s t-test. (H ) Detection of phosphorylated ERM in untreated resting, U46619 (0.5 μg/ml)-treated, SR8278 (10 μM)+
U46619 (0.5 μg/ml)-treated, SR8278 (30 μM)+U46619 (0.5 μg/ml)-treated, and SR8278 (50 μM)+U46619 (0.5 μg/ml)-treated human platelets
using phospho-specific antibodies. Total amounts of ERM and GAPDH (loading control) in platelet lysates. Quantification of the ratio of p-ERM to
t-ERM (n= 4 independent experiments). Data were analysed by two-way ANOVA test followed by Dunnett’s multiple comparisons test. Veh in-
dicates vehicle.
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