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Abstract: Diabetes is associated with platelet hyper-reactivity and enhanced risk of thrombosis
development. Here we compared protein expression in platelets from healthy donors and diabetic
patients to identify differentially expressed proteins and their possible function in platelet activation.
Mass spectrometry analyses identified cyclin Y (CCNY) in platelets and its reduced expression in
platelets from diabetic patients, a phenomenon that could be attributed to the increased activity of
calpains. To determine the role of CCNY in platelets, mice globally lacking the protein were studied.
CCNY-/- mice demonstrated lower numbers of circulating platelets but platelet responsiveness to
thrombin and a thromboxane A2 analogue were comparable with that of wild-type mice, as was
agonist-induced α and dense granule secretion. CCNY-deficient platelets demonstrated enhanced
adhesion to fibronectin and collagen as well as an attenuated spreading and clot retraction, indicating
an alteration in “outside in” integrin signalling. This phenotype was accompanied by a significant
reduction in the agonist-induced tyrosine phosphorylation of β3 integrin. Taken together we
have shown that CCNY is present in anucleated platelets where it is involved in the regulation of
integrin-mediated outside in signalling associated with thrombin stimulation.
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1. Introduction

During physiological hemostasis, platelets are activated and are recruited to sites of vascular
injury where they adhere and aggregate. However, under pathological conditions abnormal platelet
activation can increase the risk of thrombosis development. Although the regulation of hemostasis
and thrombosis are the primary role attributed to platelets, there is increasing evidence demonstrating
their involvement in different physiological processes including inflammatory reactions, angiogenesis,
cancer progression and metastasis [1,2]. Indeed, platelets store a variety of bioactive molecules in their
granules and express different receptors on their surfaces conferring them diverse functions.

Despite being anucleated, platelets are known to express mRNA and a plethora of microRNAs and
are able to de novo synthesize proteins [3–5]. There have been some surprises in the platelet proteome
including the transcription factors nuclear factor κB (NFκB) and Peroxisome proliferator-activated
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receptor gamma (PPARγ) that play non-genomic roles in platelets [6]. Platelets also express functional
alpha7-nicotinic acetylcholine receptor [7] and more recently functional ectonucleotidases [8] and
collagen [9] have been added to the list of proteins expressed in platelets. Given that platelet proteome is
changed upon platelet activation [10] and during different pathological conditions [11,12], a comparison
of the proteome of platelets from healthy individuals and from patients would extend our current
understanding of platelet activation.

Diabetes is associated with changes in platelet activation [13]. Indeed, platelets from patients
with diabetes are hyper-reactive to certain stimuli and they demonstrate increased thrombin-induced
adhesiveness, aggregation, degranulation and thrombus formation. One of the mechanisms known to
be responsible of diabetes-associated platelet hyperactivation is the activation of the calcium-dependent
proteases or calpains, that modify protein function via limited proteolysis [14,15]. The aim of the
present study was to identify platelet proteins altered by diabetes.

2. Results

2.1. Cyclin Y Is Expressed in Platelets and Is Ubiquitinated in Response to Platelet Stimulation by Thrombin

To identify proteins differentially expressed in platelets from healthy individuals versus patients
with type 2 diabetes, platelet lysates were subjected to mass spectrometry. A total of 1355 proteins were
quantified with at least two unique peptides (Table S1). After averaging the ratios among the groups
and correcting P values, cyclin Y (CCNY) was the only protein that was found to be significantly
differentially expressed and significantly lower in platelets from diabetic patients. (Figure 1A). CCNY is
a membrane associated cyclin that binds to and activates the cyclin-dependent kinase 14 (CDK14) and
given that it was not known to be expressed in platelets, we focussed on this protein for subsequent
analyses. The loss of CCNY expression in platelets from diabetic individuals was confirmed by Western
blotting (Figure 1B).

The first issue addressed was the reason for the loss of the protein in diabetes. CCNY was identified
as a calpain target as the stimulation of washed platelets from healthy donors with the combination of
Ca2+ and ionomycin, which we have shown to activate calpain [14], led to the disappearance of the
full-length protein and the appearance of a 20 kD cleavage product (Figure 1C). As this effect was not
observed in the presence of the calpain inhibitor calpeptin, the loss of CCNY in diabetic platelets was
most likely the consequence of calpain activation. The activation of Ca2+ -activated cysteine proteinases
(calpains) in platelets from diabetic patients has been reported to result in the limited proteolysis of
some proteins [15]. Interestingly, thrombin, which was included as a control in the latter experiments
as it does not activate calpain, led to an apparent increase in the molecular mass of CCNY (shift from
36 to 46 kD). As expected, the thrombin-induced shift in CCNY was not affected by calpain inhibition.

Post translational modifications can cause such an effect and as cyclin family proteins are known
to be ubiquitinated in different cell types [16–18], we focussed on determining whether or not CCNY
was ubiquitinated in response to thrombin stimulation. Indeed, while the CCNY immunoprecipitated
from solvent-treated platelet lysates was not recognized by anti-ubiquitin antibodies, a clear signal
was detected in thrombin-stimulated platelets (Figure 1D). This response was specific to thrombin and
accompanied by a change in the detergent solubility of CCNY since neither the thromboxane analogue,
U46619, nor ADP elicited CCNY ubiquitination in the absence or presence of the Ubiquitin-activating
enzyme (E1) inhibitor; NSC 624206 (Figure S1).
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Figure 1. CCNY is expressed in human platelets and is monoubiquitinated upon platelet activation. 
(A) Graph showing levels of CCNY measured by mass spectrometry in platelets from healthy donors 
(HS) and from diabetic patients (DM); n = 4–6 (Student’s t test); (B) Blot showing the levels of CCNY 
in platelets from healthy donors (HS) and from diabetic patients (DM); n = 8 (Student’s t test); (C) 
Representative blots showing the effect of thrombin (1 U/mL, 10 minutes) or Ca2+ (5 mmol/L) and 
ionomycin (Io,1 µmol/L), in the absence or in the presence of the calpain inhibitor calpeptin (cpt, 10 
µmol/L) on the levels of CCNY in washed human platelets; n = 6 (ANOVA and Newman-Keuls post-
test); (D) CCNY was immunoprecipitated (IP) from platelets stimulated with either solvent (sol) or 
with thrombin (Thr, 1U/mL) and immunoblotted with an antibody against ubiquitin (Ub) and CCNY; 
n = 4. *** p < 0.001. 

2.2. Cyclin Y is Involved in Platelet Biogenesis and Function 

To characterize the function of CCNY in platelets, mice globally lacking the protein (CCNY-/- 
mice) were generated. As reported previously [19], CCNY-/- mice are viable but both genders 
demonstrated a reduced body weight (Figure SII). However, although blood counts were similar in 
wild-type and CCNY-/- mice (Table S2), the deletion of CCNY resulted in a significant decrease in 
platelet number (Figure 2A) and an increase in mean platelet volume (Figure 2B). To assess whether 
the low platelet count was the consequence of enhanced clearance, platelet numbers in the spleens 
from the two genotypes were compared. No differences were detected suggesting that the reduced 
platelet count is more likely to reflect a defect in platelet biogenesis (Figure 2C). CCNY-/- mice also 
demonstrated an enhanced bleeding time (74 ± 10 s in wild-type vs 126 ± 22 s in CCNY-/- -/- mice, n = 
15, p = 0.041). 

Figure 1. CCNY is expressed in human platelets and is monoubiquitinated upon platelet activation.
(A) Graph showing levels of CCNY measured by mass spectrometry in platelets from healthy donors
(HS) and from diabetic patients (DM); n = 4–6 (Student’s t test); (B) Blot showing the levels of
CCNY in platelets from healthy donors (HS) and from diabetic patients (DM); n = 8 (Student’s t test);
(C) Representative blots showing the effect of thrombin (1 U/mL, 10 min) or Ca2+ (5 mmol/L) and
ionomycin (Io,1 µmol/L), in the absence or in the presence of the calpain inhibitor calpeptin (cpt,
10 µmol/L) on the levels of CCNY in washed human platelets; n = 6 (ANOVA and Newman-Keuls
post-test); (D) CCNY was immunoprecipitated (IP) from platelets stimulated with either solvent (sol) or
with thrombin (Thr, 1 U/mL) and immunoblotted with an antibody against ubiquitin (Ub) and CCNY;
n = 4. *** p < 0.001.

2.2. Cyclin Y Is Involved in Platelet Biogenesis and Function

To characterize the function of CCNY in platelets, mice globally lacking the protein (CCNY-/- mice)
were generated. As reported previously [19], CCNY-/- mice are viable but both genders demonstrated
a reduced body weight (Figure S2). However, although blood counts were similar in wild-type and
CCNY-/- mice (Table S2), the deletion of CCNY resulted in a significant decrease in platelet number
(Figure 2A) and an increase in mean platelet volume (Figure 2B). To assess whether the low platelet
count was the consequence of enhanced clearance, platelet numbers in the spleens from the two
genotypes were compared. No differences were detected suggesting that the reduced platelet count is
more likely to reflect a defect in platelet biogenesis (Figure 2C). CCNY-/- mice also demonstrated an
enhanced bleeding time (74 ± 10 s in wild-type vs 126 ± 22 s in CCNY-/- -/- mice, n = 15, p = 0.041).

Next, we compared the function of platelets from wild-type and CCNY-/- mice. When platelet
numbers were adjusted to similar values, the aggregation induced by thrombin and the thromboxane
A2 analogue were comparable (Figure 3A). There was also no difference in the Ca2+ response to
thrombin between the genotypes (Figure 3B) or in the secretion of α granule contents (Figure 3C).
Interestingly, the basal release of dense granule contents was significantly higher in platelets from
CCNY-/- compared to wild-type platelets whereas similar levels were released after agonist stimulation
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(Figure 3D). There were, however, clear differences in the ability of platelets from wild-type and CCNY-/-

mice to adhere and spread. Even though more platelets from CCNY-/- mice adhered to collagen and
fibronectin, their spreading was impaired and although CCNY-deficient platelets formed filopodia
they failed to generate lamellipodia (Figure 3E). A clear delay in clot retraction was also evident in
platelet-rich plasma from CCNY-/- versus wild-type mice (Figure 3F), suggesting an alteration of the
outside in signalling.Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 4 of 14 

 

 
Figure 2. CCNY is important for platelet biogenesis. (A) Number of platelets in whole blood from 
wildtype (WT) vs CCNY-/- mice; (B) Mean platelet volume in wildtype (WT) vs CCNY-/- mice; (C) 
Number of platelets in the spleen from wildtype (WT) vs CCNY-/- mice. n = 6–10 (Student’s t test), ** p 
< 0.01. 
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Figure 2. CCNY is important for platelet biogenesis. (A) Number of platelets in whole blood
from wildtype (WT) vs CCNY-/- mice; (B) Mean platelet volume in wildtype (WT) vs CCNY-/- mice;
(C) Number of platelets in the spleen from wildtype (WT) vs CCNY-/- mice. n = 6–10 (Student’s t test),
** p < 0.01.Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 5 of 14 

 

 
Figure 3. CCNY is important for platelet spreading but dispensable for platelet aggregation, change 
in intracellular Ca2+ concentration and degranulation: (A) Aggregation induced by thrombin (Thr) or 
by the thromboxane A2 analogue U46619 of platelets from wildtype (WT) and CCNY-/- mice; n = 7–12; 
(B) Increase in intracellular calcium levels in washed platelets from wildtype (WT) and CCNY-/- mice 
after stimulation with thrombin (Thr); n = 5; (C) Flow cytometry analysis of the expression of P-
selectin on the surface of washed platelets from wildtype (WT) and CCNY-/- stimulated or not with 
thrombin (Thr, 1 U/mL); n = 5; (D) Levels of ATP measured in the releasate from platelets stimulated 
with either solvent (Sol) or thrombin (Thr, 1 U/mL); n = 5; (E) Representative images and graphs 
showing levels of adherent and spread platelets from wild-type (WT) and CCNY-/- mice on collagen 
(Col) or fibronectin (Fn); arrows represent lamellipodia, arrow heads show filopodia; bar = 10 µm; n 
= 11–14; (F) Clot retraction of platelet-rich plasma from wild-type (WT) and CCNY-/- mice after 
stimulation with thrombin (1 U/mL); n = 6 (ANOVA and Newman-Keuls post-test). * p < 0.05 ** p < 
0.01 p ***<0.001. 

2.3. CCNY Regulates β3 Integrin Tyrosine Phosphorylation 

The activation of β3 integrin and its phosphorylation on Tyr747 is an essential part of outside-in 
signalling [20] and while thrombin elicited the phosphorylation of β3 integrin in platelets from wild-
type mice, significantly lower phosphorylation was detected in CCNY-/- platelets (Figure 4).  

Figure 3. CCNY is important for platelet spreading but dispensable for platelet aggregation, change in
intracellular Ca2+ concentration and degranulation: (A) Aggregation induced by thrombin (Thr) or by
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the thromboxane A2 analogue U46619 of platelets from wildtype (WT) and CCNY-/- mice; n = 7–12;
(B) Increase in intracellular calcium levels in washed platelets from wildtype (WT) and CCNY-/- mice
after stimulation with thrombin (Thr); n = 5; (C) Flow cytometry analysis of the expression of P-selectin
on the surface of washed platelets from wildtype (WT) and CCNY-/- stimulated or not with thrombin
(Thr, 1 U/mL); n = 5; (D) Levels of ATP measured in the releasate from platelets stimulated with
either solvent (Sol) or thrombin (Thr, 1 U/mL); n = 5; (E) Representative images and graphs showing
levels of adherent and spread platelets from wild-type (WT) and CCNY-/- mice on collagen (Col) or
fibronectin (Fn); arrows represent lamellipodia, arrow heads show filopodia; bar = 10 µm; n = 11–14;
(F) Clot retraction of platelet-rich plasma from wild-type (WT) and CCNY-/- mice after stimulation with
thrombin (1 U/mL); n = 6 (ANOVA and Newman-Keuls post-test). * p < 0.05 ** p < 0.01 *** p < 0.001.

2.3. CCNY Regulates β3 Integrin Tyrosine Phosphorylation

The activation of β3 integrin and its phosphorylation on Tyr747 is an essential part of outside-in
signalling [20] and while thrombin elicited the phosphorylation of β3 integrin in platelets from
wild-type mice, significantly lower phosphorylation was detected in CCNY-/- platelets (Figure 4).Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 6 of 14 
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platelet biogenesis and platelet spreading as well as an increased bleeding. 
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was demonstrated as a novel feedback inhibitory mechanism to modulate platelet functions. 
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as well as the control of adipogenesis [19]. However, CCNY has also been detected in non-dividing 
neuronal cells where it is thought to play a variety of roles that are independent of cell cycle and 
proliferation [28–30]. Certainly, CCNY is involved in targeting presynaptic components to the axon 
and in synapse elimination during development. The function of CCNY in platelets was 

Figure 4. CCNY is important for β3-integrin-mediated outside-in signaling: Representative blots
and graph showing the phosphorylation of β3-integrin in platelets from wild-type (WT) and CCNY-/-

mice stimulated with either solvent (Sol) or thrombin (Thr, 0,1 and 1 U/mL); n = 6 (ANOVA and
Newman-Keuls post-test. *** p < 0.001.

3. Discussion

The present study identified CCNY in human and murine platelets and reports a role for this
protein in the regulation of β3 integrin outside-in signalling. We found that upon thrombin stimulation,
CCNY is ubiquinated and very likely translocates to the plasma membrane to regulate the tyrosine
phosphorylation of β3 integrin (Figure 5). The loss of CCNY results in the alteration of platelet
biogenesis and platelet spreading as well as an increased bleeding.
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Figure 5. Role of CCNY in β3-integrin-mediated outside-in signaling: CCNY is expressed in human and
murine platelets. Stimulation of platelets with thrombin leads to the mono-ubiquitination of CCNY and
its translocation to the plasma membrane where it regulates β3 integrin tyrosine phosphorylation and
outside-in signaling. Arrows represent defined processes and dotted arrow shows possible mechanism.

There is increasing evidence that platelets express proteins that were initially thought to be only
present in nucleated cells – good examples being the transcription factors PPARγ and NFκB [21,22].
Clearly, these proteins play non transcriptional roles in platelets as PPARγ was shown to attenuate
platelet activation by preventing the surface expression and release of CD40L and thromboxane B(2)
whereas NFκB forms a complex with protein kinase A. The release of PKA upon platelet activation
was demonstrated as a novel feedback inhibitory mechanism to modulate platelet functions.

In the present study, CCNY was discovered by a proteomic study that was initially aimed to
identify proteins that are differentially expressed in platelets from healthy donors and from patients
with type 2 diabetes. CCNY is one of the most highly conserved members of the cyclin superfamily
of proteins and was originally identified as a protein that interacts with cyclin-dependent kinase
14, and is involved in cell cycle and transcription regulation. [23]. Different functions have been
attributed to CCNY including the regulation of cancer cell proliferation [24,25], Wnt signalling [26,27]
as well as the control of adipogenesis [19]. However, CCNY has also been detected in non-dividing
neuronal cells where it is thought to play a variety of roles that are independent of cell cycle and
proliferation [28–30]. Certainly, CCNY is involved in targeting presynaptic components to the axon
and in synapse elimination during development. The function of CCNY in platelets was characterized
in CCNY-/- mice, which demonstrated a marked depression in platelet biogenesis suggesting that in
megakaryocytes CCNY might be involved in proplatelet formation. Indeed, just such a function has
been reported for Cyclin D1 [31].

The most impressive phenotype of CCNY-/- platelets was the defect in spreading, a complex process
that involves integrin phosphorylation and activation. Among the plethora of integrins expressed by
platelets, theαIIbβ3 integrin complex represents the majority of platelet integrin [32] with approximately
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80,000 copies expressed on the surface of unstimulated platelets [33]. Upon platelet activation,
the serine/threonine phosphorylation of the intracellular tail of β3 integrin and conformational
changes leads to its activation (inside-out signaling). The active αIIbβ3 can bind different platelet
agonists including fibrinogen, vWF and fibronectin that initiates intracellular signaling i.e., tyrosine
phosphorylation of the intracellular tail of the β3 integrin and the recruitment of kindlin 3 (outside-in
signaling). The Src-family kinase Fyn is the tyrosine kinase responsible for the tyrosine phosphorylation
of β3 integrin in platelets [34]. In the absence of CCNY the tyrosine phosphorylation of β3 integrin
was altered, suggesting a crucial role for CCNY in the regulation of β3 integrin activity. Given that
following thrombin stimulation, CCNY was ubiquitinated, a modification that was concomitant with a
change in the solubility of the protein, it seems that thrombin elicits the translocation of CCNY to the
platelet membrane to affect β3 integrin function Indeed, contrary to polyubiquitination that targets
proteins to proteasomal degradation [35], monoubiquitination localizes proteins to specific cellular
compartments [36] and has been reported to regulate protein complex formation [37]. Currently, it is
not known whether CCNY serves as a molecular scaffold that would facilitate the association of a
tyrosine kinase with β3 integrin and a detailed characterization of the mechanism will be the subject
of a future study. It is also not clear how CCNY becomes ubiquitinated and whether the mechanism
described in this study is specific to platelets or also applies to other cells. It was however possible
to demonstrate that CCNY levels were lower in platelets from diabetic individuals, as this could be
attributed to the activation of Ca2+ activated proteases or calpains. This is important as we have
previously shown that diabetic mice developed large but unstable thrombus [14], and calpain inhibition
has been reported to prevent platelet-hyperreactivity in mouse models of diabetes [14].

4. Materials and Methods

4.1. Reagents

Fibronectin was from BD transduction laboratories (Heidelberg, Germany). Thrombin was
from Hemochrom Diagnostica (Essen, Germany). The anti-cyclin Y antibody and the anti-CD42b
were from Abcam (Cambridge, UK). All other compounds were from Sigma-Aldrich (Merck,
Darmstadt, Germany).

4.2. Study Subjects

A total of nine patients (four women, five men; mean age, 47.11 ± 4.9 years, age range, 20 to
60 years, Hemoglobin (Hb)A1c, 8.57 ± 0.41%; fasting plasma glucose, 155.17 ± 20.72 mg/dL and
BMI = 28.68 ± 1.78) with type 2 diabetes mellitus either without treatment or treated with metformin
were included in the study. Fifteen age-matched subjects without diabetes or insulin resistance served
as the control group (eight women, seven men; mean age, 39.06 ± 3.87, age range, 25 to 63 years).
None of the participants took any medication known to interfere with platelet aggregation for at least
10 days before fasting blood sampling. The study protocol was approved by the ethics committee of the
Goethe University Hospital (No. E 61/09 Geschäfts Nr 86/09, 9 June 2009) and the Landesärztekammer
Hessen. All of the participants gave written informed consent.

4.3. Animals

Mice globally lacking cyclin Y (CCNY-/-) were generated by Genoway (Lyon, France)
using CRISPR/Cas9 technology by inserting a premature Stop codon in exon 1 of CCNY gene.
CCNY heterozygous mice (MGI:1915224) were developed onto a pure C57BL/6N genetic background
(Charles River Laboratories, Sulzfeld, Germany) and mice were bred at the Goethe University to
generate homozygous knockout animals. All animals were housed in conditions that conform to
the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of
Health (NIH publication no. 85-23). Both the university animal care committee and the Federal
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Authorities for Animal Research, Regierungspräsidium Darmstadt (Hessen, Germany) approved the
study (study number: Fu-1264, 24th April 2020).

4.4. Blood Counting

Mice were anesthetized with isoflurane and blood was collected via cardiac puncture into
EDTA-coated capillary tubes. Samples of whole blood (100 µL) were counted using an automated
hematology analyzer VetScan HM5 (Abaxis, Griesheim, Germany).

4.5. Flow Cytometry

Spleens were shredded manually and suspended in phosphate-buffered saline. Thereafter,
suspension was passed through a 40 µM filter and lysed with red cell lysis buffer and centrifuged
(4000 rpm, 10 min). Thereafter, samples were fixed with formaldehyde (2% in PBS v/v, 15 min),
washed and incubated in the dark for 15 min at room temperature with FITC-conjugated anti-CD42
antibody (Emfret Analytics GmbH, Würzburg, Germany) to stain platelets. IgG1-FITC antibody
(BD transduction laboratories; Heidelberg, Germany) served as an isotype control. Data were acquired
and analyzed using a FACSCalibur flow cytometer (BD Biosciences, Heidelberg, Germany).

4.6. Platelet Isolation

Human platelets: Platelets were isolated as described [38], and samples were either directly used
for functional assays or lysed for Western blotting or proteomic analyses or snap frozen and stored at
−80 ◦C until use.

Murine platelets: Mice were anesthetized with isoflurane and blood was collected via cardiac
puncture into a syringe containing 10% acidic citrate dextrose (120 mmol/L sodium citrate, 110 mmol/L
glucose, 80 mmol/L citric acid) as anticoagulant. Platelets were prepared from whole blood by
differential centrifugation and resuspended in HEPES buffer as described [14].

4.7. Platelet Aggregation

Aggregation of washed murine platelets (2.5 × 108 platelets/mL) was measured using an 8-channel
aggregometer (PAP8, Mölab, Langenfeld, Germany).

4.8. ATP Assay

The release of ATP was determined using a luciferin/luciferase ATP kit (Enliten ATP assay system;
Promega, Walldorf, Germany) as described [39].

4.9. P-selectin Expression

Washed platelets from wild-type or CCNY-/- mice were stimulated with either solvent or thrombin
(1 U/mL, 10 min). After stimulation, platelets were fixed with formaldehyde (2% in PBS v/v, 15 min),
washed and incubated with FITC-conjugated anti-P-selectin antibody, or control mouse IgG for
15 min at room temperature. After washing, surface expression of P-selectin was analyzed using a
FACSCalibur flow cytometer (BD Biosciences, Heidelberg, Germany).

4.10. Platelet Adhesion and Spreading Assays

Static adhesion assays were performed as described [38]. Suspensions of platelets from wild-type
and CCNY-/- mice (5 × 104 platelets/µL) were seeded on 8-wells glass µ-slides (ibidi, Martinsried,
Germany), coated with either fibronectin (100 µg/mL) or collagen (1.8 ng/mL) and incubated at 37 ◦C
for 60 min. Non-adherent platelets were removed by washing and adherent and spread platelets
were fixed. Images were captured by an AxioCam MRm on a Cell Observer microscope (Zeiss, Jena,
Germany) and visualized using the imaging software AxioVision 4.8 (Zeiss, Jena, Germany). Platelets
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were counted and classified according to their shape. Platelets with lamellipodia were considered fully
spread and the ones with filopodia were not fully spread.

4.11. Clot Retraction

Platelet-rich plasma obtained by centrifugation of whole blood at 250× g for 10 min, was stimulated
with 1 U/mL thrombin in the presence of CaCl2 (2 mmol/L) and 2 µL erythrocytes to enhance the
contrast of the clot. The clots were allowed to retract for up to 3 h at room temperature and were
photographed at different times. The extent of retraction was quantified using Bio-1D software
(version 15.05, Vilber Lourmat, Eberhardzell, Germany).

4.12. Bleeding Time

Mice were restrained in appropriate restrainer and placed on a heated mat and anesthetized with
isoflurane (3 to 5%). A 1–2 mm section of the tail tip was cut, and the tail tip was immediately immersed
in sterile saline solution at 37 ◦C. The bleeding time (i.e., the time between initial flow of blood and its
cessation) was recorded. When no blood was observed on the saline after 60-second intervals, bleeding
was considered to have ceased. The experiment was stopped after 20 min to prevent bleeding.

4.13. LC-MS-based Proteomics

For proteomics analysis, purified platelets from 4 healthy donors and 6 diabetic patients were lysed
in 50 mmol/L TRIS-HCL, 150 mmol/L NaCl, 1% sodium dodecyl sulfate (SDS), pH 7.8 including one tablet
cOmplete Mini and one tablet PhosSTOP (Roche, Basel, Switzerland) per 10 mL. Protein concentrations
were determined using the bicinchoninic acid assay (Pierce, Thermo-Fisher Scientific, Bremen,
Germany). Afterwards, cysteines were reduced by 30 min incubation at 56 ◦C with 10 mmol/L
dithiothreitol and free sulfhydryl groups were alkylated with 30 mmol/L iodoacetamide for 30 min at
RT in the dark. 80 µg of each samples were processed using filter-aided sample preparation (FASP)
using 30 kDa molecular weight cut-off (spin-) filters [40,41]. In brief, samples were diluted with
8 mol/L urea in 100 mmol/L TRIS-HCl, pH 8.5 to a final concentration of 0.25 % SDS and loaded
onto the filters followed by centrifugation for 25 min (13,500× g, as well used for all following steps).
The retained protein fraction was washed three times with 100 µL 8 M urea in 100 mmol/L Tris-HCl at
pH 8.5 and three times with 100 µL 50 mmol/L ammonium bicarbonate (ABC) followed by 15 min of
centrifugation. Digestion was performed in 50 mmol/L ABC, 200 mmol/L guanidine hydrochloride,
2 mmol/L CaCl2 using trypsin (Promega, Sequencing Grade Modified, Madison, WI, USA) with an
enzyme to sample ratio of 1:20 (w/w) for 16 h at 37 ◦C. Peptides were recovered by centrifugation for
25 min and filters were washed with 50 µL 50 mM ABC and 50 µL of pure water for recovering residual
peptides. Samples were acidified by adding trifluoroacetic acid (TFA) to a final concentration of 1 %
and digestion quality control was performed via a monolithic column-HPLC [42].

Nano LC-MS/MS analysis was conducted using a U3000 RSLCnano online-coupled to a Q Exactive
HF mass spectrometer (both Thermo Scientific, Bremen, Germany, including employed HPLC columns).
Peptides were loaded onto the trap column (Acclaim PepMap100 C18; 100 µm × 2 cm) in 0.1 % TFA
at a flow rate of 20 µL/min. After 5 min, the pre-column was switched in line with the main column
(Acclaim PepMap100 C18; 75 µm × 50 cm) and peptides were separated using a 120 min binary
gradient ranging from 2.5–35 % acetonitrile in presence of 0.1 % formic acid at 60 ◦C and a flow
rate of 250 nL/min. The MS was operated in data dependent acquisition (DDA) mode with survey
scans acquired at a resolution of 60,000 followed by 15 MS/MS scans at a resolution of 15,000 (top15).
Precursor ions were selected for MS/MS by intensity, isolated in a 1.6 m/z window and subjected to
fragmentation by higher energy collision induced dissociation using a normalized collision energy of
27. Automatic gain control target values were set to 106 and 5×104 and the maximum ion injection
was set to 120 ms and 250 ms for MS and MS/MS, respectively. Precursor masses were excluded
from re-fragmentation for 30 s (dynamic exclusion) and the polysiloxane at m/z 371.1012 was used as
internal calibrant [43].
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4.14. Proteomic Data Analysis

Raw-files were imported into Progenesis QI (Nonlinear Dynamics, Newcastle upon Tyne, UK)
for ion trace alignment, feature detection and feature mapping. Exported MS/MS were subjected to a
database search against the human Uniprot database (www.uniprot.org, December 2013; 20,274 target
sequences, decoys reversed) using X!TANDEM Sledgehammer (2013.09.01.1) and OMSSA implemented
in SearchGUI 2.2.2 [44]. Search parameters were: enzyme trypsin with a maximum of two missed
cleavages, carbamidomethylation of Cys (+57.0214 Da) as fixed and oxidation of Met (+15.9949 Da) as
variable modification. MS and MS/MS tolerances were set to 10 ppm and 0.02 Da.

Search results were combined in PeptideShaker version 1.2.0 [45] and filtered to meet a 1 %
false discovery rate (FDR) on the peptide spectrum match level before re-import into the Progenesis
QI software. Peptide sequences containing oxidized Met (+15.9949 Da) and pyro-Glu (−17. 0265),
as obtained from the second pass of the X!TANDEM, were omitted from further analysis as well as
proteins detected with less than two unique peptides. MS raw files, SearchGUI and peptide shaker
search results are deposited in the ProteomeXchange repository [46] and can be accessed via the identifier
PXD021271 and 10.6019/PXD021271. (reviewers can access the data via user: reviewer00373@ebi.ac.uk,
password: HcIdZJx7).

In total 1355 proteins were quantified with at least 2 unique peptides (Table S1). The mean of
abundances for each protein was calculated for each group. Thereafter, means from diabetic patients
were divided by those from healthy individuals to calculate ratios, which were transformed to log2.
P-values were determined using Welch’s t-test resulting in 100 candidate proteins. Notably, at a
significance level of 0.05, 68 % of the candidates were expected to be false positive, hence, p-values
were corrected for multiple testing using the method of Benjamini-Hochberg (q-value).

4.15. Activation of Calpain In Vitro

Washed human platelets were stimulated with the combination of CaCl2 (5 mmol/L) and ionomycin
(1 µmol/L) for 30 min at 37 ◦C to activate calpain as previously described [14]. Stimulation was stopped
by lysing platelet suspension with Triton X-100 lysis buffer.

4.16. Western Blotting

Platelets were lysed in Triton X-100 lysis buffer and lysate was subjected to SDS-PAGE followed
by immunoblotting as described [47].

4.17. Immunoprecipitation

Platelets were lysed in TAP-lysis buffer (1% NP-40, 50 mmol/L Tris pH7.5, 150 mmol/L NaCl,
10 mmol/L NaPPi, 20 mmol/L NaF, 50 mmol/L β-glycerolphosphate, 2 mmol/L Na3VO4, 10 nmol/L
okadaic acid, Protease Inhibitor Mix, PMSF, 10% glycerol) and lysate was incubated overnight at 4 ◦C
with anti-cyclin Y antibody (Abcam, Cambridge, UK). Immunoprecipitates (antibody/antigen complex)
were pulled out of the sample using protein G-coupled agarose beads and subjected to immunoblotting
with anti-Fyn (Abcam, Cambridge, UK), anti-β3 integrin (Abcam, Cambridge, UK), or anti-ubiquitin
(Calbiochem, Merck, Darmstadt, Germany) antibodies.

4.18. Statistical Analysis

Data are expressed as mean ± SEM and statistical evaluation was performed using either Student’s
t test, one-way analysis of variance (ANOVA) followed by a Newman-Keuls post-test or two-way
ANOVA followed by Tukey’s or Sidak’s post-test where appropriate using Prism software (GraphPad 7).
Values of p < 0.05 were considered statistically significant.

www.uniprot.org
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Author Contributions: Conceptualization, R.P.Z., U.W., I.F. and V.R.; methodology, A.K., M.S., J.A., F.A.S. and
S.L.; software, F.A.D. and S.L.; writing-original draft preparation, V.R.; writing-review and editing, V.R. and I.F.;
funding acquisition, I.F. and V.R. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the Deutsche Forschungsgemeinschaft (DFG-RA 2435/3-2 to V.R. and F.L.
364/7-1 to I.F.). Deutsches Zentrum für Herz-Kreislauf-Forschung eV (DZHK, 81X2200113).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Smyth, S.S.; McEver, R.P.; Weyrich, A.S.; Morrell, C.N.; Hoffman, M.R.; Arepally, G.M.; French, P.A.;
Dauerman, H.L.; Becker, R.C. Platelet functions beyond hemostasis. J. Thromb. Haemost. 2009, 7, 1759–1766.
[CrossRef] [PubMed]

2. Schlesinger, M. Role of platelets and platelet receptors in cancer metastasis. J. Hematol. Oncol. 2018, 11, 125.
[CrossRef] [PubMed]

3. Rowley, J.W.; Chappaz, S.; Corduan, A.; Chong, M.M.; Campbell, R.; Khoury, A.; Manne, B.K.; Wurtzel, J.G.;
Michael, J.V.; Goldfinger, L.E.; et al. Dicer1-mediated miRNA processing shapes the mRNA profile and
function of murine platelets. Blood 2016, 127, 1743–1751. [CrossRef] [PubMed]

4. Weyrich, A.S.; Schwertz, H.; Kraiss, L.W.; Zimmerman, G.A. Protein synthesis by platelets: Historical and
new perspectives. J. Thromb. Haemost. 2009, 7, 241–246. [CrossRef]

5. Denis, M.M.; Tolley, N.D.; Bunting, M.; Schwertz, H.; Jiang, H.; Lindemann, S.; Yost, C.C.; Rubner, F.J.;
Albertine, K.H.; Swoboda, K.J.; et al. Escaping the nuclear confines: Signal-dependent pre-mRNA splicing in
anucleate platelets. Cell 2005, 122, 379–391. [CrossRef]

6. Lannan, K.L.; Sahler, J.; Kim, N.; Spinelli, S.L.; Maggirwar, S.B.; Garraud, O.; Cognasse, F.; Blumberg, N.;
Phipps, R.P. Breaking the mold: Transcription factors in the anucleate platelet and platelet-derived
microparticles. Front. Immunol. 2015, 6, 48. [CrossRef]

7. Schedel, A.; Thornton, S.; Schloss, P.; Kluter, H.; Bugert, P. Human platelets express functional alpha7-nicotinic
acetylcholine receptors. Arter. Thromb. Vasc. Biol. 2011, 31, 928–934. [CrossRef] [PubMed]

8. Chaurasia, S.N.; Kushwaha, G.; Pandey, A.; Dash, D. Human platelets express functional ectonucleotidases
that restrict platelet activation signaling. Biochem. Biophys. Res. Commun. 2020, 527, 104–109. [CrossRef]

9. Kyselova, A.; Zukunft, S.; Puppe, D.; Wittig, I.; Mann, W.A.; Dornauf, I.; Fleming, I.; Randriamboavonjy, V.
Human platelets are a source of collagen I. Haematologica 2020. [CrossRef]

10. Senzel, L.; Gnatenko, D.V.; Bahou, W.F. The platelet proteome. Curr. Opin. Hematol. 2009, 16, 329–333.
[CrossRef]

11. Loroch, S.; Trabold, K.; Gambaryan, S.; Reiss, C.; Schwierczek, K.; Fleming, I.; Sickmann, A.; Behnisch, W.;
Zieger, B.; Zahedi, R.P.; et al. Alterations of the platelet proteome in type I Glanzmann thrombasthenia
caused by different homozygous delG frameshift mutations in ITGA2B. Thromb. Haemost. 2017, 117, 556–569.
[CrossRef] [PubMed]

12. Sabrkhany, S.; Kuijpers, M.J.E.; Knol, J.C.; Olde Damink, S.W.M.; Dingemans, A.C.; Verheul, H.M.;
Piersma, S.R.; Pham, T.V.; Griffioen, A.W.; Oude Egbrink, M.G.A.; et al. Exploration of the platelet
proteome in patients with early-stage cancer. J. Proteom. 2018, 177, 65–74. [CrossRef]

13. Randriamboavonjy, V.; Fleming, I. Platelet Function and Signaling in Diabetes Mellitus.
Curr. Vasc. Pharmacol. 2012. [CrossRef]

14. Randriamboavonjy, V.; Isaak, J.; Elgheznawy, A.; Pistrosch, F.; Fromel, T.; Yin, X.; Badenhoop, K.; Heide, H.;
Mayr, M.; Fleming, I. Calpain inhibition stabilizes the platelet proteome and reactivity in diabetes. Blood
2012, 415–423. [CrossRef]

15. Randriamboavonjy, V.; Fleming, I. All cut up! The consequences of calpain activation on platelet function.
Vascul. Pharmacol. 2012, 56, 210–215. [CrossRef] [PubMed]

http://www.mdpi.com/1422-0067/21/21/8239/s1
http://dx.doi.org/10.1111/j.1538-7836.2009.03586.x
http://www.ncbi.nlm.nih.gov/pubmed/19691483
http://dx.doi.org/10.1186/s13045-018-0669-2
http://www.ncbi.nlm.nih.gov/pubmed/30305116
http://dx.doi.org/10.1182/blood-2015-07-661371
http://www.ncbi.nlm.nih.gov/pubmed/26773046
http://dx.doi.org/10.1111/j.1538-7836.2008.03211.x
http://dx.doi.org/10.1016/j.cell.2005.06.015
http://dx.doi.org/10.3389/fimmu.2015.00048
http://dx.doi.org/10.1161/ATVBAHA.110.218297
http://www.ncbi.nlm.nih.gov/pubmed/21051662
http://dx.doi.org/10.1016/j.bbrc.2020.04.065
http://dx.doi.org/10.3324/haematol.2020.255612
http://dx.doi.org/10.1097/MOH.0b013e32832e9dc6
http://dx.doi.org/10.1160/TH16-07-0515
http://www.ncbi.nlm.nih.gov/pubmed/28078347
http://dx.doi.org/10.1016/j.jprot.2018.02.011
http://dx.doi.org/10.2174/157016112801784639
http://dx.doi.org/10.1182/blood-2011-12-399980
http://dx.doi.org/10.1016/j.vph.2012.02.009
http://www.ncbi.nlm.nih.gov/pubmed/22386643


Int. J. Mol. Sci. 2020, 21, 8239 12 of 13

16. Hershko, A. Mechanisms and regulation of ubiquitin-mediated cyclin degradation. Adv. Exp. Med. Biol.
1996, 389, 221–227. [CrossRef]

17. Obaya, A.J.; Sedivy, J.M. Regulation of cyclin-Cdk activity in mammalian cells. Cell. Mol. Life Sci. 2002, 59,
126–142. [CrossRef]

18. Qie, S.; Diehl, J.A. Cyclin D degradation by E3 ligases in cancer progression and treatment. Semin. Cancer Biol.
2020. [CrossRef]

19. An, W.; Zhang, Z.; Zeng, L.; Yang, Y.; Zhu, X.; Wu, J. Cyclin Y Is Involved in the Regulation of Adipogenesis
and Lipid Production. PLoS ONE 2015, 10, e0132721. [CrossRef]

20. Payrastre, B.; Missy, K.; Trumel, C.; Bodin, S.; Plantavid, M.; Chap, H. The integrin alpha IIb/beta 3 in human
platelet signal transduction. Biochem. Pharmacol. 2000, 60, 1069–1074. [CrossRef]

21. Akbiyik, F.; Ray, D.M.; Gettings, K.F.; Blumberg, N.; Francis, C.W.; Phipps, R.P. Human bone marrow
megakaryocytes and platelets express PPARgamma, and PPARgamma agonists blunt platelet release of
CD40 ligand and thromboxanes. Blood 2004, 104, 1361–1368. [CrossRef]

22. Gambaryan, S.; Kobsar, A.; Rukoyatkina, N.; Herterich, S.; Geiger, J.; Smolenski, A.; Lohmann, S.M.; Walter, U.
Thrombin and collagen induce a feedback inhibitory signaling pathway in platelets involving dissociation
of the catalytic subunit of protein kinase A from an NFkappaB-IkappaB complex. J. Biol. Chem. 2010, 285,
18352–18363. [CrossRef]

23. Liu, D.; Guest, S.; Finley, R.L., Jr. Why cyclin Y? A highly conserved cyclin with essential functions.
Fly (Austin.) 2010, 4, 278–282. [CrossRef]

24. Xu, Y.; Wang, Z.; Wang, J.; Li, J.; Wang, H.; Yue, W. Lentivirus-mediated knockdown of cyclin Y (CCNY)
inhibits glioma cell proliferation. Oncol. Res. 2010, 18, 359–364. [CrossRef] [PubMed]

25. Yue, W.; Zhao, X.; Zhang, L.; Xu, S.; Liu, Z.; Ma, L.; Jia, W.; Qian, Z.; Zhang, C.; Wang, Y.; et al. Cell cycle
protein cyclin Y is associated with human non-small-cell lung cancer proliferation and tumorigenesis.
Clin. Lung Cancer 2011, 12, 43–50. [CrossRef]

26. Liu, H.; Shi, H.; Fan, Q.; Sun, X. Cyclin Y regulates the proliferation, migration, and invasion of ovarian
cancer cells via Wnt signaling pathway. Tumour. Biol. 2016, 37, 10161–10175. [CrossRef] [PubMed]

27. Zeng, L.; Cai, C.; Li, S.; Wang, W.; Li, Y.; Chen, J.; Zhu, X.; Zeng, Y.A. Essential Roles of Cyclin Y-Like 1 and
Cyclin Y in Dividing Wnt-Responsive Mammary Stem/Progenitor Cells. PLoS Genet. 2016, 12, e1006055.
[CrossRef] [PubMed]

28. Joe, I.S.; Kim, J.H.; Kim, H.; Hong, J.H.; Kim, M.; Park, M. Cyclin Y-mediated transcript profiling reveals
several important functional pathways regulated by Cyclin Y in hippocampal neurons. PLoS ONE 2017,
12, e0172547. [CrossRef]

29. Ou, C.Y.; Poon, V.Y.; Maeder, C.I.; Watanabe, S.; Lehrman, E.K.; Fu, A.K.; Park, M.; Fu, W.Y.; Jorgensen, E.M.;
Ip, N.Y.; et al. Two cyclin-dependent kinase pathways are essential for polarized trafficking of presynaptic
components. Cell 2010, 141, 846–858. [CrossRef] [PubMed]

30. Park, M.; Watanabe, S.; Poon, V.Y.; Ou, C.Y.; Jorgensen, E.M.; Shen, K. CYY-1/cyclin Y and CDK-5 differentially
regulate synapse elimination and formation for rewiring neural circuits. Neuron 2011, 70, 742–757. [CrossRef]

31. Sun, S.; Zimmet, J.M.; Toselli, P.; Thompson, A.; Jackson, C.W.; Ravid, K. Overexpression of cyclin D1
moderately increases ploidy in megakaryocytes. Haematologica 2001, 86, 17–23.

32. Bennett, J.S. Structure and function of the platelet integrin alphaIIbbeta3. J. Clin. Investig. 2005, 115,
3363–3369. [CrossRef]

33. Wagner, C.L.; Mascelli, M.A.; Neblock, D.S.; Weisman, H.F.; Coller, B.S.; Jordan, R.E. Analysis of GPIIb/IIIa
receptor number by quantification of 7E3 binding to human platelets. Blood 1996, 88, 907–914. [CrossRef]

34. Reddy, K.B.; Smith, D.M.; Plow, E.F. Analysis of Fyn function in hemostasis and alphaIIbbeta3-integrin
signaling. J. Cell Sci. 2008, 121, 1641–1648. [CrossRef]

35. Sadowski, M.; Suryadinata, R.; Tan, A.R.; Roesley, S.N.; Sarcevic, B. Protein monoubiquitination and
polyubiquitination generate structural diversity to control distinct biological processes. IUBMB Life 2012,
64, 136–142. [CrossRef] [PubMed]

36. Jura, N.; Scotto-Lavino, E.; Sobczyk, A.; Bar-Sagi, D. Differential modification of Ras proteins by ubiquitination.
Mol. Cell 2006, 21, 679–687. [CrossRef]

37. Pavri, R.; Zhu, B.; Li, G.; Trojer, P.; Mandal, S.; Shilatifard, A.; Reinberg, D. Histone H2B monoubiquitination
functions cooperatively with FACT to regulate elongation by RNA polymerase II. Cell 2006, 125, 703–717.
[CrossRef]

http://dx.doi.org/10.1007/978-1-4613-0335-0_27
http://dx.doi.org/10.1007/s00018-002-8410-1
http://dx.doi.org/10.1016/j.semcancer.2020.01.012
http://dx.doi.org/10.1371/journal.pone.0132721
http://dx.doi.org/10.1016/S0006-2952(00)00417-2
http://dx.doi.org/10.1182/blood-2004-03-0926
http://dx.doi.org/10.1074/jbc.M109.077602
http://dx.doi.org/10.4161/fly.4.4.12881
http://dx.doi.org/10.3727/096504010X12644422320582
http://www.ncbi.nlm.nih.gov/pubmed/20441050
http://dx.doi.org/10.3816/CLC.2011.n.006
http://dx.doi.org/10.1007/s13277-016-4818-3
http://www.ncbi.nlm.nih.gov/pubmed/26831658
http://dx.doi.org/10.1371/journal.pgen.1006055
http://www.ncbi.nlm.nih.gov/pubmed/27203244
http://dx.doi.org/10.1371/journal.pone.0172547
http://dx.doi.org/10.1016/j.cell.2010.04.011
http://www.ncbi.nlm.nih.gov/pubmed/20510931
http://dx.doi.org/10.1016/j.neuron.2011.04.002
http://dx.doi.org/10.1172/JCI26989
http://dx.doi.org/10.1182/blood.V88.3.907.907
http://dx.doi.org/10.1242/jcs.014076
http://dx.doi.org/10.1002/iub.589
http://www.ncbi.nlm.nih.gov/pubmed/22131221
http://dx.doi.org/10.1016/j.molcel.2006.02.011
http://dx.doi.org/10.1016/j.cell.2006.04.029


Int. J. Mol. Sci. 2020, 21, 8239 13 of 13

38. Randriamboavonjy, V.; Isaak, J.; Fromel, T.; Viollet, B.; Fisslthaler, B.; Preissner, K.T.; Fleming, I. AMPK alpha2
subunit is involved in platelet signaling, clot retraction, and thrombus stability. Blood 2010, 116, 2134–2140.
[CrossRef]

39. Randriamboavonjy, V.; Schrader, J.; Busse, R.; Fleming, I. Insulin induces the release of vasodilator compounds
from platelets by a nitric oxide-G kinase-VAMP-3-dependent pathway. J. Exp. Med. 2004, 199, 347–356.
[CrossRef]

40. Solari, F.A.; Mattheij, N.J.; Burkhart, J.M.; Swieringa, F.; Collins, P.W.; Cosemans, J.M.; Sickmann, A.;
Heemskerk, J.W.; Zahedi, R.P. Combined Quantification of the Global Proteome, Phosphoproteome,
and Proteolytic Cleavage to Characterize Altered Platelet Functions in the Human Scott Syndrome.
Mol. Cell. Proteom. 2016, 15, 3154–3169. [CrossRef]

41. Wisniewski, J.R.; Zougman, A.; Nagaraj, N.; Mann, M. Universal sample preparation method for proteome
analysis. Nat. Methods 2009, 6, 359–362. [CrossRef]

42. Burkhart, J.M.; Schumbrutzki, C.; Wortelkamp, S.; Sickmann, A.; Zahedi, R.P. Systematic and quantitative
comparison of digest efficiency and specificity reveals the impact of trypsin quality on MS-based proteomics.
J. Proteom. 2012, 75, 1454–1462. [CrossRef]

43. Olsen, J.V.; de Godoy, L.M.; Li, G.; Macek, B.; Mortensen, P.; Pesch, R.; Makarov, A.; Lange, O.; Horning, S.;
Mann, M. Parts per million mass accuracy on an Orbitrap mass spectrometer via lock mass injection into a
C-trap. Mol. Cell. Proteom. 2005, 4, 2010–2021. [CrossRef] [PubMed]

44. Vaudel, M.; Barsnes, H.; Berven, F.S.; Sickmann, A.; Martens, L. SearchGUI: An open-source graphical user
interface for simultaneous OMSSA and X!Tandem searches. Proteomics 2011, 11, 996–999. [CrossRef]

45. Vaudel, M.; Burkhart, J.M.; Zahedi, R.P.; Oveland, E.; Berven, F.S.; Sickmann, A.; Martens, L.; Barsnes, H.
PeptideShaker enables reanalysis of MS-derived proteomics data sets. Nat. Biotechnol. 2015, 33, 22–24.
[CrossRef]

46. Perez-Riverol, Y.; Csordas, A.; Bai, J.; Bernal-Llinares, M.; Hewapathirana, S.; Kundu, D.J.; Inuganti, A.;
Griss, J.; Mayer, G.; Eisenacher, M.; et al. The PRIDE database and related tools and resources in 2019:
Improving support for quantification data. Nucleic Acids Res. 2019, 47, D442–D450. [CrossRef]

47. Fleming, I.; Fisslthaler, B.; Dixit, M.; Busse, R. Role of PECAM-1 in the shear-stress-induced activation of
Akt and the endothelial nitric oxide synthase (eNOS) in endothelial cells. J. Cell Sci. 2005, 118, 4103–4111.
[CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1182/blood-2010-04-279612
http://dx.doi.org/10.1084/jem.20030694
http://dx.doi.org/10.1074/mcp.M116.060368
http://dx.doi.org/10.1038/nmeth.1322
http://dx.doi.org/10.1016/j.jprot.2011.11.016
http://dx.doi.org/10.1074/mcp.T500030-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/16249172
http://dx.doi.org/10.1002/pmic.201000595
http://dx.doi.org/10.1038/nbt.3109
http://dx.doi.org/10.1093/nar/gky1106
http://dx.doi.org/10.1242/jcs.02541
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Cyclin Y Is Expressed in Platelets and Is Ubiquitinated in Response to Platelet Stimulation by Thrombin 
	Cyclin Y Is Involved in Platelet Biogenesis and Function 
	CCNY Regulates 3 Integrin Tyrosine Phosphorylation 

	Discussion 
	Materials and Methods 
	Reagents 
	Study Subjects 
	Animals 
	Blood Counting 
	Flow Cytometry 
	Platelet Isolation 
	Platelet Aggregation 
	ATP Assay 
	P-selectin Expression 
	Platelet Adhesion and Spreading Assays 
	Clot Retraction 
	Bleeding Time 
	LC-MS-based Proteomics 
	Proteomic Data Analysis 
	Activation of Calpain In Vitro 
	Western Blotting 
	Immunoprecipitation 
	Statistical Analysis 

	References

