
fcvm-09-879351 June 3, 2022 Time: 16:17 # 1

REVIEW
published: 09 June 2022

doi: 10.3389/fcvm.2022.879351

Edited by:
Junjie Xiao,

Shanghai University, China

Reviewed by:
Salvatore De Rosa,

Magna Græcia University, Italy
Cécile Oury,

University of Liège, Belgium

*Correspondence:
Lujin Wu

lujinwu_tj2013@163.com
Yan Wang

newswangyan@126.com

Specialty section:
This article was submitted to

General Cardiovascular Medicine,
a section of the journal

Frontiers in Cardiovascular Medicine

Received: 19 February 2022
Accepted: 24 May 2022

Published: 09 June 2022

Citation:
Leng Q, Ding J, Dai M, Liu L,

Fang Q, Wang DW, Wu L and Wang Y
(2022) Insights Into Platelet-Derived

MicroRNAs in Cardiovascular
and Oncologic Diseases: Potential
Predictor and Therapeutic Target.

Front. Cardiovasc. Med. 9:879351.
doi: 10.3389/fcvm.2022.879351

Insights Into Platelet-Derived
MicroRNAs in Cardiovascular and
Oncologic Diseases: Potential
Predictor and Therapeutic Target
Qianru Leng, Jie Ding, Meiyan Dai, Lei Liu, Qing Fang, Dao Wen Wang, Lujin Wu* and
Yan Wang*

Division of Cardiology, Hubei Key Laboratory of Genetics and Molecular Mechanisms of Cardiological Disorders, Tongji
Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China

Non-communicable diseases (NCDs), represented by cardiovascular diseases and
cancer, have been the leading cause of death globally. Improvements in mortality from
cardiovascular (CV) diseases (decrease of 14%/100,000, United States) or cancers
(increase 7.5%/100,000, United States) seem unsatisfactory during the past two
decades, and so the search for innovative and accurate biomarkers of early diagnosis
and prevention, and novel treatment strategies is a valuable clinical and economic
endeavor. Both tumors and cardiovascular system are rich in angiological systems that
maintain material exchange, signal transduction and distant regulation. This pattern
determines that they are strongly influenced by circulating substances, such as glycolipid
metabolism, inflammatory homeostasis and cyclic non-coding RNA and so forth.
Platelets, a group of small anucleated cells, inherit many mature proteins, mRNAs,
and non-coding RNAs from their parent megakaryocytes during gradual formation
and manifest important roles in inflammation, angiogenesis, atherosclerosis, stroke,
myocardial infarction, diabetes, cancer, and many other diseases apart from its classical
function in hemostasis. MicroRNAs (miRNAs) are a class of non-coding RNAs containing
∼22 nucleotides that participate in many key cellular processes by pairing with mRNAs
at partially complementary binding sites for post-transcriptional regulation of gene
expression. Platelets contain fully functional miRNA processors in their microvesicles
and are able to transport their miRNAs to neighboring cells and regulate their gene
expression. Therefore, the importance of platelet-derived miRNAs for the human health
is of increasing interest. Here, we will elaborate systematically the roles of platelet-
derived miRNAs in cardiovascular disease and cancer in the hope of providing clinicians
with new ideas for early diagnosis and therapeutic strategies.
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INTRODUCTION

The latest WHO report released in December 2020 shows
that non-communicable diseases (NCDs), represented by
cardiovascular and oncologic diseases, have been the leading
cause of global death over the past 20 years (1). Cardiovascular
diseases (CVDs), principally ischemic heart disease, heart failure
and stroke, account for one-third of the annual deaths and
also are the major contributors to disability (2). However, the
global incidence and mortality of CVDs have continued to rise
uncontrollably, with an increase of 93 and 54%, respectively,
for the last three decades (1, 3). The second cause of death
is cancer, with 24.5 million incident cases worldwide and 9.6
million deaths in 2017 (4, 5). With the aging of social population,
the deterioration of environment, the prevalence of obesity and
the deterioration of lifestyle (smoking, alcohol, drugs nightlife,
and physical inactivity), the incidence of cardiovascular and
oncologic diseases is bound to grow. Despite massive researches
funding and government spending, the ultimate efficacy of both
diseases is far from satisfactory, most likely because of limited
access to timely diagnosis and standard treatment. In fact, 5-year
survival rates for heart failure and lung cancer are less than 25
and 17%, respectively (6, 7).

Platelets are small anuclear cell fragments in the circulating
blood. Although platelets could not transcribe the gene,
the complete translational and post-transcriptional regulation
machinery including mRNA, non-coding RNAs, ribosomes, and
initiation/termination factors are inherited from megakaryocyte
and stored in the cytoplasm and granules during thrombopoiesis
(8, 9). Platelet activation dependent on specific receptors [such as
glycoprotein Ib-IX-V (GPIb-IX-V), purinergic receptors (P2Y1
and P2Y12), and integrin αIIbβ3] on their surface is the key step
for platelet function (10, 11). Once activated, platelets quickly
secrete granules and intracellular active substances such as
P-selectin, soluble CD40 ligand (sCD40L), platelet factor 4 (PF4)
and interleukin-1 beta (IL-1β) via exocytosis pathway. These
substances contribute to platelet adhesion, aggregation, platelet-
leukocyte crosstalk, platelet-endothelial crosstalk and systemic
inflammation states (12–14). These actions are important
mechanisms by which platelets are involved in thrombosis,
cardiac remodeling after myocardial infarction, atherosclerosis,
diabetic microangiopathy, tumor growth, and metastasis (13, 15–
18). Besides these proteins, platelets inherit a variety of nucleic
acids including non-coding RNAs (miRNAs as well as lncRNAs)
and messenger RNAs (mRNAs). In recent years, in-depth
transcriptional analyses identified up to 532 different miRNAs
and as many as 3000–6000 mRNAs in human platelets (19, 20).
As we known, miRNAs are highly conserved, small endogenous
non-coding RNAs negatively regulating gene expression at
the post-transcriptional level by complementary sequence
recognition, and are involved in many pathophysiological
processes, including cardiovascular diseases and cancer. An
enormous amount of research has gradually described the
strong biological effects of platelet-derived miRNAs. They not
only regulate the synthesis of platelet protein but also are
transferred to endothelial cells, smooth muscle cells (SMCs),
macrophages, and tumor cells, where they bind to host cells’

mRNAs (21–23). However, a systematic review about the role
and mechanism of platelet-derived miRNAs on two highly lethal
diseases, cardiovascular disease and cancer, is lacking.

In this study, we explore the possibility of circulating platelet-
derived miRNAs as early diagnosis and prognostic factors, and
their roles in the occurrence and development of cardiovascular
diseases and tumors, which may provide clinicians with new
diagnostic and therapeutic targets for these diseases.

The Origin of Platelets MicroRNAs
MicroRNAs are a class of regulatory non-coding RNAs with a
length of ∼22 nucleotides expressed in multicellular organisms
and synthesized by an elaborate system involving numerous
protein-protein and protein-RNA interactions (24, 25). Briefly,
miRNA-related genes are firstly transcribed into primary
miRNAs (pri-miRNAs) by RNA polymerase II (Pol II), and
subsequently pri-miRNAs are processed into shorter precursor
miRNAs (pre-miRNAs) by a complex formed by the RNAase-
III enzyme Drosha and its interaction partner DGCR8 in the
nucleus. Next, pre-miRNAs are transported out of the nucleus by
exportin-5. In the cytoplasm, RNase Dicer enzyme bound to the
double-stranded RNA with protein TRBP cleaves pre-miRNAs
into shorter double-stranded miRNAs. Finally, double-stranded
miRNAs are replicated into argonaute 2 (Ago2) and form the
miRNA-induced silencing complex (RISC). One strand of the
double-stranded miRNA is retained in the RISC complex, and the
other strand is expelled from the complex and rapidly degraded.
The RISC complex containing the miRNA single strand can
function in subsequent gene regulation processes (26).

Since platelets are anucleate, mature miRNAs in platelets were
previously considered remnants of megakaryocytes. However,
later studies confirmed that anucleate platelets possess complete
elements (Dicer, Ago2, and TRBP2) which can machine precursor
miRNA (pre-miRNA) into mature miRNA in their cytoplasm
(27), but lack of nuclear microprocessor components Drosha
and DGCR8. The function of platelet Dicer enzyme was
confirmed since miRNA-sized RNA fragments were obtained
when a radioactive Dicer substrate 32P-labeled pre-let-7a-3
was co-cultured with platelet extracts (27). Additionally, their
research also confirmed that platelets harbor functional Ago2–
miRNA complexes. The direct interaction between Ago2 with
endogenous mature miR-223 was confirmed by northern blotting
of platelets Ago2 immunoprecipitation and the inhibitory
expression of target gene P2Y12 confirmed the regulatory
function of the Ago2-miR-223 complex (27). These results
suggested that platelets have the ability to produce mature
miRNA by processing pre-miRNA templates.

However, evidence suggests that a large proportion of
mature miRNAs contained in platelets are mainly inherited
from megakaryocytes (28). Cultured megakaryocytes transcribes
multiple miRNAs, which correlates well with the content of
miRNAs found in platelets (28, 29). Platelets inherit RNA pool,
including pre-miRNAs, from their parent megakaryocytes (30,
31). These RNAs become important sources of platelet miRNA
as they may be processed into mature miRNA by functional
Dicer as templates (22, 27). Besides, miRNAs can bidirectionally
transfer between platelets and the surrounding environment (32).
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RNA uptake from contacting cells or the circulating blood is
also thought to be a contributor to miRNA diversity within
platelets (30, 33). In general, platelets can not only inherit a large
amount of miRNAs from megakaryocytes and take up part of
miRNAs from surrounding environment, but also can process the
inherited and ingested RNAs into miRNAs (Figure 1).

The Content of Platelets MicroRNAs
As early as in 2008, Bruchova et al. first detected abundant miR-
26b in platelets in patients with polycythemia vera and essential
thrombocythemia (34). This was the first study attracting our
attention to platelet-derived miRNAs. Later, a large number of
studies confirm that platelets contain a wide variety of miRNAs,
although platelet-derived miRNAs are much less than those
in nucleated blood cells (35, 36). With the development of
microarray and sequencing technology, more miRNAs have
been identified in platelets. Landry et al. identified 219 miRNAs
in purified leukocyte-depleted platelet by locked nucleic acid
(LNA) microarray profiling in 2009. Among them, miR-223,
let-7c, and miR-19a were the three most abundant miRNAs
according to their results (27). Subsequent studies on the most
common miRNAs in platelets were inconsistent (Table 1). In
many studies, miR-223-3p was described as the most abundant
platelet-derived miRNA (37–39). Later, the first next-generation

sequencing (NGS) data on platelet miRNAs was published,
identifying 532 miRNAs present in platelets, with the let-7 family
accounting for almost half of the total miRNA content (20).
Other miRNA families highly represented in human platelets
include miR-199, miR-103, miR-25, and miR-140. However, the
expression of miR-223 was only ranked the tenth in this study.
Overall, the top 15 miRNAs accounted for more than 90% of all
miRNAs present in human platelets. More recently, Bray et al.
analyzed miRNAs content in purified platelets from four healthy
volunteers, expanding the number of known platelet miRNAs
to approximately 750 (35). In their study, the top five miRNAs
expressed most abundantly in platelets were miR-223, miR-451,
miR-21, miR-23a, and miR-126. In Table 1, we summarized the
top 20 miRNAs in platelet.

MicroRNAs and Platelet Biogenesis
Platelets are derived from megakaryocytes, and formed
when the edges of mature megakaryocytes break off. Each
megakaryocyte releases about 1,000–5,000 platelets (40, 41).
The process of platelet production lasts approximately 7 days,
involving in three main phases: megakaryocyte differentiation,
megakaryocyte maturation, and platelet formation. This process
is complex and regulated by multiple mechanisms including
epigenetic, transcriptional as well as post-transcriptional gene

FIGURE 1 | Proposed model for the inheritance and operation of platelet miRNAs. On the one hand, platelets inherit precursor miRNA (pre-miRNA) from
megakaryocytes and process them into mature miRNA by Dicer. On the other hand, platelets also inherit mature miRNA from megakaryocytes, and absorb miRNA
from endothelial cells and leukocytes.
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TABLE 1 | A summary of the top 20 expressed miRNAs in platelets.

Total miRNA numbers in
platelets

The top 20 miRNAs in platelets Method References

219 miR-142-5p, miR-142-3p, miR-223, let-7a, miR-185, let-7c, let-7i,
let-7b, miR-126, miR-103, miR-320, miR-30c, miR-130a, miR-26a,

miR-191, miR-30b, miR-146a, miR-23b, miR-21, miR-23a

Locked nucleic acid (LNA)-based
microarray profiling in human platelets

(27)

532 Let-7f-5p, let-7a-5p, miR-199ab-3p, miR-103a-3p, miR-140-3p,
miR-7g-5p, miR-25-3p, let7b-5p, miR-7d-5p, miR-21-5p, miR-185-5p,

miR-191-5p, miR-223-3p, miR-26b-5p, miR-423-5p, miR-221-3p,
miR-107, miR-101-3p, let-7i-5p, miR-23a-3p

High-throughput sequencing in purified
human platelets

(20)

750 miR-223, miR-22, miR-21, miR-126, miR-23a, miR-451, miR-17,
miR-191, miR-26b, miR-15b, miR-23b, miR-484, miR-19a, let-7g,

miR-221, miR-130a, miR-425, miR-142-5p, miR-185, miR-30d

RNA sequencing in highly purified,
leukocyte-depleted platelet

(35)

expression control. Indeed, several studies have addressed
miRNAs as well as their target proteins play important roles in
megakaryocytopoiesis and platelet biogenesis (Figure 2; 21, 22,
29, 42).

In the megakaryopoiesis stage, hematopoietic stem cells
(HSCs) differentiate and grow into megakaryocyte erythroid
progenitor cells (MEPs) in bone marrow, which then develop
to megakaryocytes under the influence of different factors such
as thrombopoietin (TPO). Garzon et al. firstly explored the
differential expression of miRNAs profiles between cultured
CD34+ hematopoietic progenitor cells and megakaryocytes (43).
They found a strong downregulation of 19 miRNAs during
megakaryocytopoiesis suggesting that these downregulated
miRNAs possibly unblock certain genes involving this
process. For example, MAFB (v-maf musculoaponeurotic
fibrosarcoma oncogene homolog B) and HOXA1 (Homeobox
A1) gene are upregulated during megakaryocyte differentiation,
as they are targets for the downregulated miR-130a and
miR-10a, respectively (43). In contrast, miR-34a increases
during megakaryocytic differentiation and stimulates
megakaryocytopoiesis by enhancing megakaryocyte colony
formation from CD34 + HSCs (44). Additionally, hematopoietic
stem cells with miR-150 overexpression produced 8-fold
enrichment of megakaryocyte in vitro and 15-fold amplification
in vivo compared with normal controls. miR-150 was shown to
maintain normal differentiation of MEPs into megakaryocyte by
targeting the transcription factor c-myb (45). On the contrary,
miR-28 attenuates TPO stimulating signal by downregulating
the thrombopoietin receptors (TPOR, MPL), resulting in a
negative effect on megakaryocyte differentiation (46). Recently,
other miRNAs such as miR-10a, miR-155, and miR-125a-5p
were also shown to play an important role in the formation
of megakaryocytes (47–49). Interestingly, mature platelets
release microvesicles (PMVs) containing many miRNAs can
be internalized by bone marrow hematopoietic stem cells
and regulate megakaryocytes biogenesis as a self feedback
regulatory mechanism (50, 51). MiR-223, the most abundant
miRNA in PMVs, enhances MK differentiation and maturation
by inhibiting MYH10 and LMO2 (52). Additionally, global
miR-223 knockout leads to an obstacle in the recovery of
platelet production after platelet immunodepletion in mice,
supporting the role of miR-223 in thrombopoiesis (53). Another

miRNA, miR-1915-3p, which is highly enriched in PMV,
exhibits more significant effects than miR-223 in promoting MK
differentiation by suppressing Rho GTPase family member B
(RHOB) expression (54).

In the thrombopoiesis stage, megakaryocytes greatly enlarge
their bodies with amplifying their DNA to 64-fold, filling
with a high concentration of ribosomes, and synthesizing lots
of platelet-specific proteins (55–57). Then, an expansive and
interconnected membranous network of pools and tubules is
formed, also named the demarcation membrane system (DMS)
(58). DMS divides the megakaryocyte cytoplasm into small
chamber where pro-platelets are split out (59, 60). TPO is widely
regarded as the primary regulator of thrombopoiesis for their
promoting roles on megakaryocyte endomitosis by binding to the
c-Mpl receptor (61, 62). MiR-204-5p and miR-28a were reported
to directly target TPO and MPL, respectively, via sequence-
dependent 3′-UTR repression and inhibit platelet formation
(46). Additionally, miR-142-3p was reported to maintain actin
filament homeostasis, thereby promoting actin-dependent pro-
platelet formation (63). miR-125a-5p directly targets and reduces
the expression of L-plastin, an actin-bundling protein who
inhibits the pro-platelet formation (49). Other miRNAs, such as
miR-125b and miR-660 were found to promote platelet output
from cultured megakaryocytes while miR-23a/27a/24-2 cluster
blocked this process (64).

Platelet MicroRNAs and Platelet
Activation
Platelets are unstable and keep hyperresponsiveness to external
stimuli, such as endothelial injury, infection, and metabolic
disorders. Platelet receptors, such as glycoprotein (GPIb and
GPVI), adenosine receptors (P2Y12 and P2Y1), thromboxane
a2 receptor (TP), and thrombin receptors (PAR1, PAR3, and
PAR4), act as switches for platelet activation once binding
to their ligands von Willebrand factor (vWF), collagen, ADP,
TxA2, and thrombin (65, 66). MiRNAs, as an important
part of post-transcriptional regulation of platelet proteins,
regulate platelet activity by directly targeting several platelet
proteins (Table 2). Landry et al. firstly reported that Ago2·miR-
223 complexes negatively regulated the expression of P2Y12
receptor by targeting the 3′-UTR region (27). However, the
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FIGURE 2 | The regulation network of miRNA during platelet biogenesis. Platelet production goes through three main stages: Firstly, hematopoietic stem cells
(HSCs) were differentiated into megakaryocyte erythroid progenitor cells (MEPs), which were further differentiated and proliferated to form mature megakaryocytes,
and then produced functional platelets. This process is controlled by several miRNAs through regulating the expression of their target gene. The red circle represents
miRNA-mRNA pairs promoting platelet biogenesis, and the brown color represents miRNA-mRNA pairs inhibiting this process. Abbreviations: GP Iba, glycoprotein
Ib platelet subunit alpha; HOXA1, homeobox A1; MAFB, V-maf musculoaponeurotic fibrosarcoma oncogene homolog B; EST-1, E26 transformation-specific
sequence 1; RUNX1, runt-related transcription factor 1; PDGFRA, platelet derived growth factor receptor alpha; GFI1, growth factor independent 1; RHOB, ras
homolog family member B; MYH10, myosin heavy chain 10; LMO2, LIM-only protein 2; TRAF6, tumor necrosis factor receptor associated factor 6; CXCR4, C-X-C
motif chemokine receptor 4; MAPK1, mitogen-activated protein kinase 1; MPL, thrombopoietin receptor; CDKs, cyclin dependent kinases; SOCS6, suppressor of
cytokine signaling 6; TPO, thrombopoietin; LCP1, L-plastin; BOD1, biorientation of chromosomes in cell division 1; TWF1, twinfilin actin binding protein 1; ITGAV,
integrin subunit alpha V.

results of studies assessing the effect of miR-223 on platelet
activation are contradictory. Leierseder et al. found that miR-
223 did not affect platelet activation and aggregation and
bleeding time while Elgheznawy et al. reported that miR-
223 deletion in mice exacerbated platelet aggregation and the
formation of large thrombosis (53, 67). Additionally, miR-126
transfection inhibits platelet reactivity by downregulating the
expression of a disintegrin and metalloproteinase-9 (ADAM9),
a protease associated with the interaction between platelet
adhesion and collagen, and P2Y12 receptor expression (68,
69). In a LPS-induced sepsis model, platelet miR-26b is
significantly downregulated, which contributes to elevated
P-selectin (SELP) expression of MKs and platelets, and augments
platelet activation (70). MiR-181a targets Ras-related protein 1B
(RAP1B), an important protein participating in platelet activation
and hemostasis induced by agonists, and thereby reducing
platelet activation (71). Recently, high-through RNA sequencing
was used to compare miRNA and mRNA profiles between
hypo- and hyper-reactive platelets and helped to discover
more miRNA-mRNA pairs associated with platelet activation.

Nagalla et al. reported that 74 miRNAs were significantly
changed in epinephrine-activated platelets compared with resting
subjects. Several changed miRNAs were negatively correlated
with the genes related with platelet activation, such as miR-
200b: PRKAR2B, miR-495: KLHL5, and miR-107: CLOCK.
The regulatory relationship was validated by miRNA-mediated
inhibition of the targeted genes. Moreover, the function of
these miRNA-mRNA pairs was further confirmed by reduced
activation in platelets lacking PRKAR2B (72).

Platelet MicroRNAs and Platelet
Secretion
Platelets contain three types of secretory organelles—alpha and
dense granules and lysosomes. Alpha granules are the largest
and most abundant secretory granules in platelets. More than
280 proteins are stored in alpha particles, including vWF, PF4,
P-selectin, and platelet-derived growth factor (PDGF) (73, 74).
Dense granules contain more than 200 small molecules, mainly
including calcium, ADP/ATP, and 5-hydroxytryptamine (75).
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Lysosomes only account for a small proportion in platelet
and have more heterogeneous in composition and properties,
containing a number of acid hydrolases, cathepsins, and
lysosomal membrane proteins (76). In addition, a large number
of miRNAs may also be stored in these granules, since the
circulating platelet-derived miRNA increases significantly, when
these particles are secreted after platelet activation (36). However,
what we still don’t know is their distribution and content in
these particles.

The release of platelet granules is the material basis of
platelet functional diversity and involves in the occurrence
and development of many diseases especially cardiovascular
and oncologic diseases (77). These platelet granules can fuse
to the membrane of platelets via complex mechanisms after
platelet activation and release their contents into the extracellular
vascular space (78–82). The molecular mechanisms about platelet
secretion mainly involve in soluble N-ethylmaleimidesensitive
factor attachment protein receptor (SNARE) families (83). In
2010, Kondkar et al. reported that miR-96 overexpression
resulted in significant inhibition of the expression of vesicle-
associated membrane protein 8 (VAMP8), a SNARE protein
which was elevated in hyperactive platelets and crucial for
promoting platelet granules secretion (Table 2). In addition, miR-
376c was found to inhibit the expression of phosphatidylcholine
transfer protein (PCTP), an important protein contributing to
secretion of dense granules by regulating PAR4-mediated platelet
activation (84). Notably, the above-mentioned miRNAs who are

TABLE 2 | Overview of key platelet miRNAs and their function within platelets.

MicroRNA Target Role in platelets Study
samples

References

miR-223 P2y12R Platelet activation Mice/MEG-01 (158, 144)

SMOC1 Platelet activation Mice (230)

Factor XIII Platelet activation Mice (67)

miR-126 P2y12R Platelet activation Mice (146)

PLXNB2 Platelet activation Human (68)

ADAM9 Platelet aggregation Mice (69)

miR-30c PAI-1 Thrombus formation Mice (149)

miR-148a FcγRIIA Thrombus formation Mice (231)

miR-181a RAP1B Platelet activation Mice (71)

miR-320c RAP1 Platelet activation Human (232)

miR-140 SELP Platelet activation MEG-01 MK (144)

miR-26b SELP Platelet activation MEG-01 MK (144)

miR-200b PRKAR2B Platelet reactivity MEG-01 MK (72)

miR-495 KLHL5 Platelet reactivity MEG-01 MK (72)

miR-107 CLOCK Platelet reactivity MEG-01 MK (72)

miR-96 VAMP8 Platelet secretion Human (233)

miR-376c PCTP Platelet secretion Human (84)

miR-21 WASp TGF-β1 secretion Mice (234)

miR-236 Bcl-xl/Bak1 Platelet apoptosis Human (235)

SMOC1, secreted modular calcium-binding protein 1; PLXNB2, plexin B2; ADAM9,
metalloproteinase domain-containing protein 9; PAI-1, plasminogen activator
inhibitor-1; RAP1B, ras-related protein 1b; SELP, selectin P; PRKAR2B, cAMP-
dependent protein kinase type II-beta regulatory subunit beta; KLHL5, Kelch
like family member 5; VAMP8, vesicle associated membrane protein 8; PCTP,
phosphatidylcholine transfer protein; WASp: Wiskott–Aldrich syndrome protein.

involved in regulating platelet activation may also alter platelet
particles secretion theoretically, since platelet exocytosis are
initiated by platelet activation.

Platelet Secretes and Delivers
MicroRNAs
In earlier studies, researchers found that the changes of
circulating miRNA were closely related to platelets activation.
They identified a large number of miRNAs when comparing the
miRNAs profiles in hyporeactive platelets and hyperreactive ones
in response to agonist stimulation (72). However, what puzzles
scientists is how they are released and maintain their stability
after entering into circulation? In the past, the concept that
platelets produce many membrane encapsulated extracellular
vesicles (EVs) has been widely accepted (74, 85). These EVs hide
miRNAs in their natural membrane barrier and isolate them from
degradative components (such as nucleases) in the extracellular
environment, maintaining the stability of extracellular miRNAs.
Later, researchers demonstrated that platelet secreted miRNAs
into circulation possibly through EVs-mediated manner (86, 87).
They compared miRNAs profiles between plasma microparticles
(MP) and MP-free plasma and confirmed that plasma miRNAs
mainly originated from microparticles. 41–45% of circulating
microparticles were of platelet, 28% of leukocyte, and 8% of
endothelial origin.

Upon stimulation, platelets mainly secrete two types of EVs:
exosomes (derived from exocytosis of multivesicular bodies
and alpha-granules, <100 nm) and microvesicles (produced
by surface shedding, 100 nm–1 µm) (74). Although exosomes
from endothelial cells and tumor cells have been verified to be
carriers for miRNA-based intercellular communication and a
source of circulating miRNAs (88), the role of platelet-derived
exosomes in miRNA transfer is still undetected. Philipp Diehl
et al. firstly proposed that circulating miRNAs were mainly
localized in microvesicles (MVs) derived from different tissues,
especially from platelets (87). Consistently, Laffont et al. reported
that platelet-derived microvesicles (PMVs) acted as intercellular
transporters delivering rich miR-223 to endothelial cells and
altering the gene expression (86). Thus, the transfer of platelet
miRNAs is mainly mediated by PMVs (89). Indeed, platelet-
derived MVs are the major source of cell-derived MVs in the
circulation (90), which is consistent with the conclusion that
circulating miRNAs are mainly platelets-derived (91). Then, we
elaborate on the regulation of PMVs mediated miRNAs on
distant cells below (Figure 3).

Platelet Microvesicles Transfer MicroRNAs to
Endothelial Cells
Takeuchi et al. found that platelet-like particles (PLPs) derived
from the megakaryoblastic cell line Meg-01 transferred labeled
RNA to the endothelial recipient cells. This is the first evidence
supported the phenomenon of platelet-mediated miRNA transfer
(92). Later, Laffont et al. found that endothelial cells actively
uptake PMVs produced by activated platelets, resulting in a
significant increase of platelet miRNA (such as miRNA-223)
in HUVECs when they are co-incubated. Moreover, miR-223-
Ago complexes in PMVs was found to have regulatory ability,
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FIGURE 3 | Platelet MPs mediate the transfer of intercellular miRNAs to other cells in the circulatory system, and participate in the regulation of gene expression of
recipient cells. MPs released by activated platelets are rich in bioactive lipid mediators, cytokines, mRNAs and a wide variety of non-coding RNAs (including miRNAs).
Platelets derived miRNAs can be efficiently transferred into endothelial cells, immune cells, and cancer cells through MPs-mediated manner. Platelet MPs form a tent
to protect miRNAs from extracellular nucleases degradation and act as intercellular transporters to deliver functional Ago2·microRNA complexes, through which they
modulate the genes of recipient cells in the circulatory system and perform a wide range of biological functions. The red represents miRNA-mRNA pairs that produce
promoting functions and the blue represents miRNA-mRNA pairs that produce inhibitory functions. Abbreviations: Ago2, argonaute 2; ATF3, activating transcription
factor 3; ATP1B1, sodium/potassium-transporting ATPase subunit beta-1; ATP9A, ATPase phospholipid transporting 9A; RAI14, retinoic acid induced 14; VEGFA,
vascular endothelial growth factor A; FBXW7, F-box and WD-40 domain protein 7; EFNA1, ephrin A1; IGF1-R, insulin like growth factor 1 receptor; ICAM-1,
intercellular adhesion molecule 1; SELP, selectin P; PDGFRA, platelet derived growth factor receptor alpha; TSP-1, thrombospondin 1; BCLAF1, BCL2 associated
transcription factor 1; EPB41L3, erythrocyte membrane protein band 4.1 like 3; mt-Nd2, mitochondrially encoded NADH: ubiquinone oxidoreductase core subunit 2.

resulting in significant downregulation of the expression of two
endogenous target genes FBXW7 and EFNA1 (86). Consistently,
increased miR-223 in thrombopoietin-induced platelets leads to
decreased IGF1-R expression in cultured endothelial cells, and
exacerbates their apoptosis (93). Additionally, platelet-derived
miR-223 also was predicted to target the ICAM-1 gene and
proved to inhibit its expression in HUVECs during inflammation

process via blocking the NF-κB and MAPK pathways (94).
Besides miR-223, co-culture of fluorescent labeling platelets with
miR-Scr-FITC and HMEC-1 endothelial cells confirms that 4
platelet-derived miRNAs (miR-22, −185, −320b, and −423-5p)
are uptake by endothelial cells and restrains the expression of
ICAM-1 (23). Moreover, miR-96 and−26a were also found to be
transferred from PMVs to HUVECs, and inhibited the migration
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and tube formation of HUVECs (95). In conclusion, platelet-
derived miRNAs are taken up by endothelial cells through
microvesicles, inhibit endothelial inflammation, migration and
tubule formation, and promote apoptosis. However, the opposite
results also exist. Let-7a highly expressed in PMVs was found to
significantly promote endothelial cell angiogenesis by targeting
the anti-angiogenic molecule thrombospondin-1 (TSP-1) (96).
Moreover, miR-142-3p from PMVs was also found to be
delivered into endothelial cells and enhanced their proliferation
via inhibiting the expression of Bcl-2-associated transcription
factor (BCLAF)1 (97). Therefore, the effects of platelet-derived
miRNAs on endothelial cells depend on the type of miRNA
ingested. However, it is still unclear whether the uptake of
platelet-derived miRNA types by endothelial cells is selective
in different states, or only depends on the content of miRNAs
in PMVs. It is worth noting that SMCs are identified as other
recipients on vascular for PMV-mediated miRNAs. Thrombin-
stimulated platelets produced numerous PMVs containing
miR-223, miR-339, and miR-21, which were transferred into
SMCs and inhibited their proliferation by downregulating
the expression of platelet-derived growth factor receptor beta
(PDGFRb) (98).

Platelet Microvesicles Transfer MicroRNAs to
Immune Cells
Circulating leukocytes are a kind of cells that can be directly
coupled with activated platelets through surface receptors, and
subsequently modifying their phenotypes. In this study, we
focused on leukocytes as recipient cells that receives miRNAs
from PMVs and the biological effects of the miRNAs on the
former. Laffont et al. found that fluorescently labeled PMVs
were internalized by primary human macrophages when they
were co-incubated, subsequently causing the aggregation of miR-
126-3p in the recipient macrophage (99). Further analysis using
transcriptome-wide microarray, 34 miRNAs were identified
to be significantly elevated in macrophages upon incubation
with PMVs. Correspondingly, 367 mRNAs, including important
cytokines and chemokines such as CCL4, CSF1, and TNF-α,
acting as potential targets for these changed miRNAs, were
confirmed to be significantly downregulated. Co-incubation of
macrophages with PMVs enhanced their ability of phagocytosis,
pointing toward a potential role of PMVs-mediated miRNAs
in shaping macrophage functions (99). However, it didn’t
identify which miRNAs besides miR-126-3p are involved in
the cellular reprogramming of macrophages. A later study
from Yang et al. suggested that miRNA-4306 mainly from
PMVs was effectively delivered into human monocyte-derived
macrophages, and inhibited their migration in vitro and reduced
macrophage infiltration in myocardial infarction tissues. The
inhibitory effect of miR-4306 on macrophages was possibly
mediated by restraining the ERK/NF-κB signaling (100). Besides
macrophages, PMVs also interact with natural killer (NK) cells
and shift their function via transferring platelet-derived miR-183
and suppressing the expression of NK activation adapter DAP12
(101). However, the mechanisms of PMV-miRNAs transfer
and mediated gene regulation on other immune cells require
further exploration.

Platelet Microvesicles Transfer MicroRNAs to Cancer
Cells
Although the role of PMVs in tumor regulation has been largely
confirmed, there are few studies on whether the miRNAs carried
by PMVs have direct effects on tumor cells (102). In 2015, Liang
et al. found that PMVs-derived miR-223 was rapidly delivered
into human lung cancer A549 cells once they were nurtured
together. Subsequently, the invasion ability of A549 cell was
increased. This effect may be explained by the inhibition of tumor
suppressor-associated gene EPB41L3 by platelet miR-223 in A549
cells (103). By contrary, Michael et al. reported that platelet-
derived RNAs, including miRNAs, were transferred into tumor
cells, leading to tumor cell apoptosis as their vector PMVs left
the circulation and entered the tumor microenvironment. MiR-
24 was a major species in this transfer (104). These findings
provide novel insights of horizontal miRNA transfer from PMVs
to tumor cells and their roles on cancer progression. However, the
mechanisms of PMVs infiltration and miRNA transfer, as well as
the types of transferred miRNAs and global effects on tumor gene
expression, remain to be further investigated.

Functions of Platelet-Derived MicroRNAs
in Cardiovascular Diseases and Cancer
For the past few decades, platelet hyperactivation had been
elaborated to play important roles in the development and
progression of cardiovascular diseases and cancer (105–107).
Activated platelets release a variety of vasoactive substances,
cytokines and growth factors, promoting platelet-leukocytes
crosstalk, mediating the migration of leukocytes, and inducing
smooth muscle cell migration and proliferation, further
aggravating the damage of vascular-related diseases (108).
Platelet secretion also plays multiple roles in cancer fate,
including promoting proliferation, resisting cell death, inducing
angiogenesis, accelerating invasion and metastasis, and evading
immunodetection (109). Activated platelets release and deliver
abundant miRNAs as above mentioned; however, few studies
have systematic revealed their association and value with clinical
diseases. Here, we will explore the possible association of
platelet-derived miRNAs with cardiovascular disease and cancer
(Tables 3, 4 and Figures 4, 5).

Platelet-Derived MicroRNAs and Atherosclerosis
Atherosclerosis (AS) is a chronic cardiovascular disease that
underlies the pathology of cerebral infarction and coronary
heart disease (110). The occurrence and development of AS
involve in a series of pathological and physiological processes,
mainly including vascular endothelial damage, inflammatory cell
and lipid infiltration, platelet activation, and intimal thickening
(111–113). Platelets are considered to be important contributors
to atherosclerosis for their ability to induce inflammatory
cascades. Activated platelets lead to vascular damage through the
expression and release of inflammatory mediators and promote
the activation and degeneration of endothelial cells to form
atherosclerosis and vascular thrombotic lesions (114). They also
promote intercellular communication and adhesion between
blood cells and the vessel wall, proliferation of SMCs and
chemotaxis of foam cells (115, 116).
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TABLE 3 | The potential roles of platelet miRNAs on cardiovascular diseases and diabetes.

Diseases MicroRNA Target Associated phenotypes References

Atherosclerosis miR-21 MAP3K10 Inhibit macrophage inflammation and atherosclerosis progression (119)

miR-223 ICAM-1, NFAT5 Inhibited endothelial inflammation and intra-arterial thrombosis in
atherosclerosis; inhibited proliferation and migration of SMCs and

atherosclerosis progress

(94)
(122)

miR-34a Sirt1 Aggravated atherosclerotic plaque development (121)

miR-25-3p Adam 10 Inhibited ox-LDL-induced vascular endothelial inflammation, lipid deposition,
and atherosclerosis

(123)

miR-22-3p HMGB1 Suppressed the proliferation and migration of SMCs, and neointimal hyperplasia
during atherosclerosis

(236)

Let-7g PDGF/MEKK1 Decreased atherosclerotic plaques (237)

Let-7 IL-6/TGFβR1 Reduced diabetes-associated carotid atherosclerosis (155)

Myocardial infarction miR-22-3p PTAFR Suppressed the fibrogenesis and collagen deposition of post-MI (238)

miR-4306 VEGFA Reduced macrophage infiltration in cardiac tissue in myocardial infarction mice (100)

miR-320b ICAM-1 Alleviated endothelial inflammation in myocardial infarction mice (23)

miR-223-3p KLF15,
PARP-1
RASA1

Protected cardiomyocyte from hypoxia-induced apoptosis and oxidative stress;
promoted the proliferation, migration, and differentiation, and aggravated

myocardial fibrosis

(239)
(128)
(127)

miR-126 HIF-1α

VEGFA
Promote angiogenesis in AMI patients (129)

Hypertension miR-142-3p BCLAF1 Promoted endothelial cell proliferation in hypertension (97)

miRNA-126 PI3KR2 Prevented microvascular abnormalities in hypertension (134)

miR-140-5p Nrf2/Sirt2 Worsen hypertension and oxidative stress (240)

miR-21-3p HDAC8
ADRA2B

Lowered blood pressure and weakened reduced organ damages in
hypertension

(241)
(242)

Diabetes miR-223 P2y12R
SMOC1
NLRP3

FOXO1/SOX6
GLUT4

Restrained platelet hyperreactivity associated with diabetes; inhibited
endothelial injury induced by high-glucose and high-fat; promoted β-cell
proliferation and improved β-cell function in diabetes; Increased glucose
metabolism of cardiomyocytes and improved diabetic cardiomyopathy

(158)
(230)
(154)
(243)
(244)

miR-126 ADAM9 Rescued diabetes-induced impairment in efferocytosis of apoptotic
cardiomyocytes

(245)

miR-140 FOXK2 Improved angiogenic dysfunction in diabetes mellitus (246)

miR-143 ORP8 Inhibited insulin-stimulated AKT activation and impaired glucose metabolism (247)

miR-103b SFRP4 Early diagnosed DM2 (148)

ICAM-1, intercellular adhesion molecule 1; NFAT5, nuclear factor of activated T cells 5; Adam 10, a disintegrin and metalloprotease 10; HMGB1, high mobility group box
1; PDGF, platelet derived growth factor; MEKK1, mitogen-activated protein kinase kinase kinase 1; TGFβR1, transforming growth factor beta receptor 1; PTAFR, platelet-
activating factor receptor; VEGFA, vascular endothelial growth factor A; KLF15, kruppel like factor 15; PARP-1, poly (ADP-ribose) polymerase 1; RASA1, RAS p21 protein
activator 1; BCLAF1, BCL2 associated transcription factor 1; PI3KR2, phosphoinositide-3-kinase regulatory subunit 2; Nrf2, nuclear factor erythroid 2-related factor 2;
Sirt2, sirtuin 2; HDAC8, histone deacetylase 8; ADRA2B, adrenoceptor alpha 2b; SMOC1, secreted modular calcium-binding protein 1; NLRP3, nod-like receptor protein
3; Foxo1, forkhead box O1; SOX6, SRY-box transcription factor 6; GLUT4, glucose transporter 4; FOXK2, forkhead box K2; ORP8, oxysterol-binding protein-related
protein 8; SFRP4, secreted frizzled related protein 4.

As mentioned above, platelet-derived miRNAs not only
regulate platelet function, but also participate in endothelial
cell function and SMC proliferation, suggesting that they may
play a significant role in the occurrence and development
of atherosclerosis. Several studies have found platelet-derived
miRNAs changed in the circulation of atherosclerotic patients.
In study performed by Sondermeijer group, circulating miR-
624 and miR-340 are found to be significantly elevated in
patients with CAD as compared to healthy controls (117).
However, the expression of miR-126 and miR-223 in platelets
were reduced in AS patients. Among them, miR-126 expression
level was proven to have a negative correlation with plaque
morphology and coronary stenosis (118). The mechanism may
involve the targeted regulation of MAP3K10 by miR-21 to inhibit
macrophage inflammation and atherosclerosis progression (119).

In a atherosclerosis animal model, more miRNAs such as
miR-19a, −21, −126, −26b, −92a, −155, −204, −210, −221,
−222, and −34a are reported to be delivered by PMVs
and contribute to the richness of circulating miRNAs (120).
Elevated miR-34a aggravated atherosclerotic plaque development
by inhibiting Sirt1 signaling in an atherosclerosis mouse
model (121). Other demonstrated the roles of platelet-derived
miRNAs in many key links of atherosclerosis development.
MiR-223 released by thrombin-activated PMVs inhibits ICAM-1
expression by regulating NF-κB and MAPK pathways and is
protective against atherosclerosis and endothelial inflammation
(94). MiR-223 also inhibits the platelet-derived growth factor-BB
(PDGF-BB)-induced proliferation and motility of human aortic
smooth muscle cells by targeting NFAT5 and exhibits potential
therapeutic effects for atherosclerosis (122). Platelet-derived

Frontiers in Cardiovascular Medicine | www.frontiersin.org 9 June 2022 | Volume 9 | Article 879351

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-879351 June 3, 2022 Time: 16:17 # 10

Leng et al. Functions of Platelet-Derived MicroRNAs

TABLE 4 | The potential roles of platelet miRNAs on cancer.

MicroRNA Target Associated phenotypes References

miR-223 Mef2c
RhoB

EPB41L3

Promoted lung cancer cell invasion (168)
(169)
(103)

miR-126 VEGF-A
ZEB1

ADAM9
CCR1

Inhibit the progression of ovarian
cancer, cervical cancer, prostate

cancer, and NSCLC

(172)
(173)
(174)
(175)

miR-24 mt-Nd2 Inhibited growth of both lung and
colon carcinoma ectopic tumors

(104)

miR-939 E-cadherin Induced epithelial-mesenchymal
transition and promoted

progression of epithelial ovarian
cancer

(178)

miR-22 ACLY
SIRT1/FGFR1

Inhibited the growth and metastasis
in breast cancer, inhibits the

angiogenic activities of endothelial
cells and consequently NSCLC

growth

(180)
(187)

Let-7d HIF1α Inhibited breast cancer metastasis
to the brain

(248)

miR-27b THBS-1 Enhanced the pro-angiogenic
activities

(168)

miR-21 KRIT1
PTEN

Leading to tumor progression (182)
(183)

miR-142 TGF-β Leading to decreased growth and
metastasis of hepatocellular
carcinoma by antagonizing

angiogenesis

(186)

HIF1α, hypoxia inducible factor 1 subunit alpha; VEGF-A, vascular endothelial
growth factor A.

exosomes overexpressing miR-25-3p attenuate coronary vascular
endothelial cell inflammation induced by oxidized low density
lipoprotein via targeting NF-κB/Adam10 Pathway in ApoE-/-
mouse models of atherosclerosis (123). However, whether other
differentially expressed platelet miRNAs are also involved in the
occurrence and development of atherosclerosis remains unclear.

Platelet-Derived MicroRNAs and Myocardial
Infarction
The rupture of unstable plaque leading to rapid activation and
aggregation of circulating platelets, and following thrombosis,
is the main mechanism of myocardial infarction. Several
selected platelet miRNAs were found to significantly change
in acute myocardial infarction (AMI) and become indicators
of thrombosis. Candidate platelet miR-21 and miR-126 were
significantly descended in patients with AMI compared with
the controls while the results of platelet miR-150 and miR-
223 were opposite. Hromadka et al. found that miR-126 and
miR-223 were potential independent predictors of thrombotic
events and recommended for ischemic risk stratification after
AMI (124). The expression levels of platelet miR-587 were
relatively higher in AMI patients than unstable angina (UA)
and control groups and showed positive association with the
degree of coronary stenosis (125). These results suggest that
platelet-derived miRNAs may induce atherosclerotic plaque
instability or thrombosis besides platelet function. Elgheznawy

et al. found that in a mouse FeCl3-induced arterial thrombosis
model, miR-223 deficiency increased thrombus size after FeCl3
carotid treatment, and increased embolization after laser-induced
vascular injury of the small dorsal skin (67). MiR-223 directly
targets kindlin3, an integrin-binding protein, and FXIII-A,
both of which contribute to thrombus formation. Therefore,
platelets unexpectedly antagonize the formation of thrombi
by releasing specific miRNAs, such as miR-223, when they
are abnormally activated in the early stage of MI, through
above mechanisms. Additionally, miR-223 has also been found
to exhibit contradictory direct cardiac effects in myocardial
infarction, including protecting cardiomyocytes from ischemic
injury, promoting fibroblast proliferation and collagen formation
(126–128). Of course, platelet miRNAs also influence platelet
activity by targeting its surface receptors, such as miR-223/P2Y12
and miR-126/ADAM9, accounting for their potential behaviors
during thrombosis (27, 68). Besides, inflammatory response
accelerating myocardial fibrosis after myocardial infarction
is closely related to the deterioration of cardiac function
and long-term prognosis. MiR4306 from PMVs noticeably
inhibited macrophage infiltration in cardiac tissue in myocardial
infarction mice, which may also restrain the progression of
post-infarction remodeling (100). Endothelial cells expressing
ICAM-1 triggering the adhesion and migration of inflammatory
cells to the damaged myocardium, has been found to be
regulated by platelets releasing miR-320b (23) and miR-223 (122).
Additionally, exosomes containing miR-126 extracted from AMI
patients promote angiogenesis by increasing HIF-1α and VEGFA
expression (129).

Platelet-Derived MicroRNAs and Hypertension
Hypertension is a complex, multifactorial disease, and its
occurrence and development have definite relationships
with miRNA regulatory network (130). Marketou et al.
assessed platelet-derived miRNAs in 82 patients with essential
hypertension and 28 healthy individuals and found that miR-22
and −223 levels are significantly decreased in hypertension
and negatively correlated with SBP levels (131). Additionally,
let-7 is reported to have a positive correlation with carotid
intima-media thickness in patients with essential hypertension
(132) while miR-21 has a negative association with arterial
stiffness (133). These results suggest that platelets are involved
in the formation and progress of hypertension by delivering
miRNAs, although the mechanisms seem not very clear.
Abnormal proliferation of endothelial cells (EC) induced
by pathologic factors contributes to vascular remodeling in
hypertensive conditions. MiR-142-3p from PMVs enhanced EC
proliferation by downregulating the expression of BCLAF1 (97).
In a spontaneously hypertensive rat (SHR) model, miRNA-21
levels were increased by 36% levels while miRNA-126 levels
were reduced by 29%. Both of them are abundant in platelets.
Aerobic exercise training reversed their changes and prevented
microvascular abnormalities in hypertension via increasing the
expression of anti-apoptotic protein Bcl-2 and inhibiting the
expression of anti-angiogenic regulator PI3KR2 (134). Thus,
regulating endothelial cell proliferation in hypertensive vascular
remodeling is one of the mechanisms to explain the potential
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FIGURE 4 | Functions of platelet-derived miRNAs in cardiovascular diseases. The transport of miRNAs from platelet microvesicle (PMV) to the cardiovascular system
participate in the occurrence and development of hypertension, diabetes, coronary heart disease, and myocardial infarction, involving multiple mechanisms such as
endothelial homeostasis, smooth muscle cell proliferation, inflammatory cell infiltration, and cardiomyocyte apoptosis. Red labeled miRNAs promoted their
downstream processes, while blue labeled miRNAs inhibited the downstream processes.

role of platelet-derived miRNAs. Additionally, PMVs from
thrombin-stimulated platelets transferring miR-223, −339,
and −21 into SMCs were shown to inhibit their proliferation
by downregulating the expression of PDGFRb (98). However,
whether their proliferation effects on SMCs is enough to change
the phenotype of hypertension deserves further study.

Platelet-Derived MicroRNAs and Diabetes
Diabetes mellitus is a serious threat to human lifespan
worldwide, resulting in a 2–4 times increase in mortality
compared with non-diabetic subjects (135, 136). Cardiovascular
complications are the leading cause of death from diabetes,
accounting for 50–75% of deaths (137, 138). It has been widely
accepted that diabetes are prone to pro-thrombic condition by
increasing coagulation activity, impaired fibrinolysis, endothelial
dysfunction, and platelet hyper-reactivity. Although the detail
mechanism of hypercoagulable state in diabetes remain unclear,
hyperactivation, and endothelial dysfunction observed in
diabetes contribute to this pathological process (139). In 1993,
Nomura et al. reported that platelets were activated in diabetic
patients and the microparticles released from them also increased
in plasma (140, 141). Activated platelets are able to modulate the

function of ECs and SMCs, contributing to both the initiation
and progression of atherosclerosis, and even the ensuing
atherothrombotic sequelae (142, 143). Recently, it has been
reported that platelets have been found to be a major source of
circulating miRNAs and specific miRNAs from platelets changed
in diabetes, suggesting that platelets-derived miRNAs may be
potential predictive markers and therapeutic targets.

Fejes et al. reported that hyperglycemia suppresses miRNAs
expression in platelets. They found the expression of miR-
223, miR-26b, miR-140, and miR-126 in mature platelets had
been significantly inhibited in T2DM subjects (144), which
at least partly because hyperglycemia decreased platelet Dicer
activity (145). Additionally, miR-26b and miR-140 showed direct
target on the gene SELP and miR-223 and miR-126 inhibited
the expression of P2Y12 in platelets (144, 146). Similarly,
Elgheznawy et al. found human subjects and mice with diabetes
showed decreased levels of platelet miR-142, miR-143, miR-
155, and miR-223, which possibly related to the inhibition
of Dicer enzyme. Using calpain inhibitors to prevent the loss
of platelet Dicer in diabetic mice can save the decrease of
platelet-miRNAs and increase their target genes (67). Besides
miR-223, the expression of miR-146a was also downregulated
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FIGURE 5 | Functions of platelet-derived miRNAs in cancer. Platelet-derived miRNAs change tumor fates in two ways: on the one hand, PMVs transfer platelet
miRNAs to vascular endothelial cells and are associated with enhanced tumor metastasis and cancer progression; on the other hand, PMVs can penetrate the blood
vessels and enter the tumor microenvironment to directly transfer platelet miRNAs into tumor cells, thus regulating gene expression in tumor cells and tumor
progression. The red represents miRNA-mRNA pairs that produce promoting functions and the blue represents miRNA-mRNA pairs that produce inhibitory
functions. Abbreviations: THBS-1, anti-angiogenic protein thrombospondin-1; KRIT1, krev interaction trapped protein 1; PTEN, phosphatase and tensin homolog
deleted on chromosome ten; TGF-β, transforming growth factor β; SIRT1, sirtuin 1; FGFR1, fibroblast growth factor receptor 1; Mef2c, myocyte enhancer factor 2C;
STAT3, signal transducer and activator of transcription 3; ACLY, proto-oncogene ATP citrate lyase; VEGFR-A, vascular endothelial growth factor receptor A; ZEB1,
zinc finger E-box binding homeobox 1; CCR1, chemokine (C-C motif) receptor 1.

by hyperglycemia intervention, resulting in subsequent platelet
activation in patients with diabetes. Moreover, low level of miR-
223 and miR-146a in patients plasma with diabetes increases
the risk of ischemic stroke (147). Platelet-derived miR-103b
is significantly downregulated and also suggested as a novel
biomarker for the early diagnosis of T2DM (148). Additionally,
decreased miR-30c level induced by hyperglycemia promotes
thrombus formation in T2DM by increasing the expression of
plasminogen activator inhibitor-1 (PAI-1) (149).

The change of platelet-derived miRNAs contributed to
diabetes-associated vascular lesion. Endothelial dysfunction in
patients with T2DM is well recognized, resulting in the vascular
system susceptible to thrombotic and atherosclerotic effects
(150). Recent plasma miRNA analysis confirmed that the
downregulation of miR-126 in a group of diabetic patients are
partially responsible for vascular damage in diabetic patients
(151, 152). Elevated plasma miR-21 in diabetic patients was

found to decrease the production of reactive oxygen species
and inflammatory cytokines in vascular endothelial cells and
reduce the area of atherosclerotic plaque by targeting the
degradation of ADAM10 mRNA (153). Additionally, miR-223-
3p improves the injury of cardiac microvascular endothelial
cells from diabetic mice by targeting the expression of NLRP3
(154). Let-7, an abundant miRNA in PMVs, is decreased in
human and mice carotid plaques with diabetes, and promotes
the inflammatory phenotypes of SMCs including proliferation,
migration, monocyte adhesion, and NF-κB activation (155).

Targeting platelet-derived miRNAs appears to confer some
protective effects in diabetes. For example, aerobic training
improves platelet function in type 2 diabetic patients via
increasing miRNA-130a and decreasing the target gene GPIIb
(156). Long-term moderate-intensity aerobic training increased
miRNA-223 expression, leading to decreased expression of P2Y12
receptor and platelet activity, which may be one of internal
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mechanisms for reducing the occurrence of atherothrombotic
events in T2DM patients (157, 158). Additionally, inhibiting
platelet activation by aspirin reduced levels of circulating miR-
126 (159), which may protect endothelial from inflammation.

Platelet-Derived MicroRNAs and Cancer
Cancer is the leading cause of death following CVDs and
shows close associations with CVDs. Tumors are often
accompanied by overactive platelets and hypercoagulable state,
as well as endothelial proliferation and angiogenesis in the
tumor microenvironment, overlapping some pathogenesis with
many cardiovascular diseases (160, 161). Long-term platelet
inhibition in cardiovascular disease is considered to regulate
tumor fate by alleviating chronic inflammation and endothelial
angiogenesis (162, 163). Additionally, tumor therapy often
leads to cardiovascular disease, which is well-known as cardio-
oncology (164). Therefore, platelet function and its derived
miRNAs may be the common markers for diagnosis and common
targets for treatment about these two diseases.

In fact, platelets are active participants in all steps of
tumorigenesis, including tumor growth, angiogenesis, and
metastasis. On the one hand, PMVs transfer platelet miRNAs
to vascular endothelial cells and are associated with enhanced
tumor metastasis and cancer progression. On the other hand, due
to the high permeability of the vascular system of solid tumors,
PMVs can penetrate the blood vessels and enter the tumor
microenvironment to directly transfer platelet miRNAs into
tumor cells, thus regulating gene expression in tumor cells and
tumor progression (165, 166). Subcutaneously implanted tumors
with platelet miRNA knockout in mice aggravated sarcomatoid
growth and progress, verified the tumor-promoting effects of
platelet miRNAs (167).

In different cancer cells, PMVs derived miRNAs target
different oncogenes and tumor suppressor genes. It has been
reported that miR-223 enhances breast cancer invasion by
inhibiting the expression of myocyte enhancer factor 2C (Mef2c)
and increases the progression of gastric cancer by specifically
targeting RhoB (168, 169). It has also been reported that miR-
223 directly targets the 3′-UTR of the tumor suppressor EPB41L3,
which is the most upregulated gene in recurrent tumors (170).
Increased miR-223 was observed in platelets and PMVs from
NSCLC patients and effectively delivered to human lung cancer
cell A549 via PMVs (103), thus facilitating the invasion of A549.
Physiological delivery of platelets miR-223 and miR-126 altered
the phenotypes of breast cancer cells, including cell cycle arrest,
migration inhibition, and increased responsiveness to cisplatin
(171). MiR-126 can inhibit the progression of some cancers
(including ovarian cancer, cervical cancer, prostate cancer, and
NSCLC) via negative control of numerous validated targets such
as VEGF-A, ZEB1, ADAM9, and CCR1 (172–175). In some
instances, however, miR-126 supports cancer progression via
inhibiting STAT3-mediated tumor apoptosis (176, 177). MiR-24
in PMVs inhibits the growth of ectopic tumors of lung and colon
cancer by targeting mitochondrial protein mt-Nd2. Blocking
miR-24 in tumor cells accelerates their growth in vivo and
eliminates the inhibitory effect of PMVs on tumor growth (104).
In ovarian cancer cells, miR-939 delivered by PMVs induces

mesenchymal transformation of epithelial cells and cancer
progression by inhibiting the expression of e-calponin expression
(178). In small-cell lung cancer (SCLC), overexpression of miR-
24-3p blocked the autophagy process by targeting autophagy-
associated gene 4A (ATG4A), finally enhancing the sensitiveness
of SCLC cells to combined chemotherapy (etoposide and
cisplatin) (179). In breast cancer, miR-22 inhibited the growth
and metastasis by downregulating the expression of the proto-
oncogene ATP citrate lyase (ACLY) (180). In solid tumors, PMVs
interact with tumor cells by directly transferring platelet-derived
miRNAs and inhibit the growth of ectopic tumors in colon and
lung cancers by downregulating TC genes and inducing tumor
cell apoptosis (104).

Platelet miRNAs also transfer to vascular endothelial cells and
regulate tumor development and drug resistance by enhancing
or inhibiting angiogenesis. When PMVs were co-cultured with
HUVECs on extracellular matrix gels, PMVs-derived let-7a was
adopted to endothelial cells and induced robust capillary like
structure formation by promoting the release of pro-angiogenic
regulators and reducing the expression of anti-angiogenic
protein thrombospondin-1 (THBS-1) (96). In another in vitro
experiment, THBS-1 expression was inhibited by transfection
with elevated platelet miR-27b, which was subsequently enhanced
the pro-angiogenic activities of platelet (181). Exosomal miR-
21 in the tumor microenvironment had been widely known
as a strong proangiogenic factor via targeting krev interaction
trapped protein 1 (KRIT1) and PTEN (182, 183), finally leading
to tumor progression. However, miR-223 is identified as an
antiangiogenic miRNA by targeting β1 integrin (184), thereby
promoting resistance to cetuximab in head and neck squamous
cell carcinoma (185). Moreover, miR-142 was found to directly
target and inhibit transforming growth factor β (TGF-β), leading
to decreased growth and metastasis of hepatocellular carcinoma
by antagonizing angiogenesis (186). MiR-22 also acts as a potent
angiogenesis inhibitor that inhibits the angiogenic activities
of endothelial cells and consequently NSCLC growth through
targeting SIRT1 and FGFR1 (187).

Platelet Inhibitors and Platelet-Derived
MicroRNAs
Antiplatelet drugs are considered as the cornerstone for the
prevention and treatment of atherothrombotic diseases, and have
saved numerous lives since inception. However, a considerable
number of patients receiving standard antiplatelet medication
still exhibit high levels of platelet activation, increasing their
risk of progression and recurrence of cardiovascular events
(188, 189). Several possible mechanisms were proposed to
explain the phenomenon, such as genetic polymorphisms,
drug–drug interactions, or high on-treatment platelet reactivity
(HTPR) (190, 191). However, identifying patients who has
inadequate response to state-of-the-art antiplatelet treatment
remains a challenge. Thus, real-time monitoring of platelet
activity seems to be more accessible and important for
patients with atherothrombotic diseases and can ideally guide
personalized antiplatelet treatment. Current platelet function
tests are measured ex vivo and susceptible to interference by many
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confounding factors, bringing obvious limitations for guiding
treatment decisions. As mentioned above, platelet activation
leads to the production of PMVs carrying abundant miRNAs,
which in turn change platelet function and affect protein
expression in other cells upon internalization. Antiplatelet drugs
including COX inhibitors and P2Y12 receptor inhibitors were
found to significantly change the expression of platelet-derived
miRNAs (36, 192, 193). Circulating platelet miRNAs are relatively
stable and convenient for detection in vivo, making them
potential and reliable markers for monitoring platelet activity and
antiplatelet response.

Willeit et al. firstly examined the responsiveness of platelet-
derived miRNAs to platelet inhibition. They introduced that
plasma levels of platelet miRNAs, including miR-126, miR-
150, miR-191, and miR-223, are significantly reduced by aspirin
and prasugrel treatment (91). Another recent study found that
the levels of plasma miR-223 and miR-197 from platelets are
significantly downregulated in subjects treated with clopidogrel
or ticagrelor when compared with health controls (194). Acute
coronary syndrome patients treated with clopidogrel alone
resulted in 2-fold reduction in miR-223, 1.8-fold reduction in
miR-130, and 4.1-fold reduction in miR-126 (195). Apparently,
inconsistent miRNA alterations in different researches may be
attributed to the kind of antiplatelet reagents, which results in
varied degree of platelet inhibition. A recent study reported that
plasma platelet miRNAs (such as miR-126, miR-150, and miR-
223) were significantly reduced in ACS patients who completed
the replacing treatment from clopidogrel to another more potent
antiplatelet agent ticagrelor, in proportion to the degree of platelet
inhibition (196). Additionally, monotherapy with potent P2Y12R
inhibition prasugrel in T2DM reduced the levels of miR-24,
miR-191, miR-197, and miR-223 when compared with aspirin
treatment (197). Therefore, consensus on which miRNA is the
best biomarker for the response to antiplatelet therapy has not yet
been reached. Circulating miR-223 and miR-126 are expected to
be the options since they reached similar conclusion in multiple
studies (198–201).

Plasma level of platelet-derived miRNAs can also be used
as a marker of antiplatelet insensitivity or resistance, also
named high on-treatment platelet reactivity (HTPR). Kok et al.
proposed that miR-19b-1-5p is a suitable marker of platelets
insensitive to aspirin (202). MiR-365-3p is found to be positively
correlated with HTPR in coronary artery disease patients (203).
Additionally, platelets in ACS patients with HTPR exhibit
upregulation of miR-204-5p after dual antiplatelet therapy (204).
Lower expression of miR-126, miR-130, and miR-223 is also
been observed in the ACS patients with high platelet reactivity
(HPR) to clopidogrel than those with low platelet reactivity
(LPR) (195). A more recent study also reported that increased
expression of miR-24-3p, miR-142-3p, and miR-411-3p was
positively correlated with clopidogrel resistance (CR) in CAD
patients (205). Similarly, miR-29, miR-34, miR-126, miR-142, and
miR-223 are also reported to be novel biomarkers for P2Y12
inhibitor resistance prediction (206). Although the mechanisms
of antiplatelet resistance are complex, the relationship between
plasma miRNAs and platelet resistance may be explained by
their regulation on platelet surface proteins. Liu et al. found

that miR-34b-3p overexpression inhibited the expression of
thromboxane A synthase 1 (TBXAS1), leading to the enhanced
antiplatelet efficiency of aspirin (207). The downregulated miR-
107 and miR-223 in the HPR group are negatively correlated
with P2Y12 expression, indicating that platelet miR-107 and
miR-223 possibly mediated CR by inhibiting P2Y12 expression
(208, 209). A more recent study also found that platelet miR-
15b promoted platelet insensitivity in patients undergoing PCI
because it suppressed Bcl-2 protein expression and enhanced
platelet apoptosis (210).

In general, on the one hand, platelet-derived miRNAs are
significantly altered by antiplatelet drugs and become potential
indicators of platelet activity level. On the other hand, changes
in platelet miRNA levels may in turn affect their response
to antiplatelet drugs by altering the expression of platelet-
activated receptors.

Clinical Significances of Platelet-Derived
MicroRNAs in Cardiovascular and
Neoplastic Diseases
As mentioned above, platelets are excessively activated in
various vascular diseases, diabetes and tumors, and secrete many
cell-specific miRNAs through PMVs. These miRNAs remain
stable in peripheral blood, allowing a convenient detection,
bringing them potential perspectives of early clinical diagnosis for
platelet-related diseases (Table 5). Additionally, platelet miRNAs
control and regulate the biological functions of themselves and
other neighboring cells, participating in the occurrence and
development of cardiovascular diseases and tumors, becoming
novel potential targets for treatment.

Platelet-Derived MicroRNAs as Potential Markers of
Cardiovascular Diseases
Considering the high mortality and morbidity of cardiovascular
diseases and the lack of timely diagnosis, the discovery of
novel predictive biomarkers is necessary. However, current
diagnostic techniques based on electrocardiogram and troponin,
are severely limited because they may be non-specifically
altered in certain diseases, such as myocarditis and secondary
myocardial damage. Platelet hyperactivation is another
important clinical feature during acute thrombotic events
(211), yet no corresponding test accurately reflects its states.
Platelet-derived miRNAs have been reported to be biomarkers
for platelet activation and are expected to be diagnostic and/or
prognostic biomarkers for cardiovascular disease.

MiR-1, one of platelet-rich miRNAs, was found to increase
rapidly and peak within 2 h after the onset of cardiac infraction
and positively correlated with serum creatine kinase MB (CK-
MB) levels (212). Another study showed that both increased miR-
1 and miR-29b were associated with the decreased parameters of
cardiac function (such as LVEDV and LVEF) in patients suffered
AMI, indicating their potential predictive roles for adverse
ventricular remodeling (213). MiR-126 and miR-223 were the
most frequently investigated platelet miRNAs and it is well
established that they are significantly reduced in CVD patients,
making them an indication for the presence of cardiovascular
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TABLE 5 | Changes of platelet miRNAs in cardiovascular disease and cancer.

Changed microRNAs Disease References

miR-340↑, miR615-5p↑, miR-545:9.1↑, miR-451↑, miR-454↑, miR-624↑, miR-624↑, miR-12801↓ Premature coronary artery disease (117)

miR-150↑, miR-223↑, miR-21↓, miR-126↓ STEMI patients (215)

miR-142-3p↑, miR-107↑, miR-338-3p↑, miR-223-3p↑, miR-21-5p↑, miR-130b-3p↑, miR-301a-3p↑, miR-221-3p↑ ACS patients (219)

miR186-5p↓, miR185-5p↓, miR20a-5p↓, miR942↓, miR127-3p↑, miR221-3p↑, miR483-5p↑, miR146a-5p↑ Acute coronary syndrome (249)

miR-150↑ Heart failure with atrial fibrillation (250)

miR-144↑, miR-146a↓, miR-223↓ Diabetes mellitus type 2 patients
with ischemic stroke

(221)
(147)

miR-223↑ NSCLC patients (103)

miR-34c-3p↑, miR-18a-5p↑ Nasopharyngeal carcinoma
patients

(226)

diseases (131, 214). Five candidate platelet miRNAs, including
miR-1, miR-21, miR-126, miR-199, and miR-233, were compared
in patients with ST segment elevation myocardial infarction
(STEMI) and healthy volunteers. Among them, only miR-126
exhibited correlation with plasma cTnI and was expected to be
a potential novel biomarker for STEMI (215). Moreover, miR-
126 also is proved as a strong and independent predictor of
long-term all-cause mortality among patients with T2DM (216)
and patients with venous thromboembolism (217). In a large
patient cohort with CAD, Serum miR-223 as well as miR-197
levels were found to be predictors for cardiovascular death (218).
Additionally, the predictive accuracy for one-year comprehensive
ischemic endpoint was significantly increased when miR-223 and
miR-126/miR-223 ratios were served as predictors and added into
the model calculating the ischemic risk (124). However, another
study assessed potential biomarkers of ACS based on the miRNA
profiles of platelets and found that eight platelet miRNAs were
markedly elevated in ACS patients and associated with platelet
reactivity and functionality. Among them, miR-142-3p is the only
potential biomarker confirmed to accurately predict the risk of
ACS (219).

Circulating platelet miRNAs may also be sensitive and specific
biomarkers for ischemic stroke. In T2DM patients with ischemic
stroke, the miR-144 level in platelets increased significantly (220).
However, the expression of platelet miR-223 was significantly
reduced in these subjects when compared with T2DM patients
in without thromboembolic complications (221). Similarly, Duan
et al. found that the expressions of platelet miR-223 and miR-
146a was obviously lower in diabetic and ischemic stroke patients
than in healthy donors (147). Additionally, the expression
level of these two miRNAs was correlated with blood platelet
activation rates.

Platelet-Derived MicroRNAs as Potential Markers of
Cancer
Currently, the diagnosis of cancer mainly depends on
clinical manifestations, radiological and biochemical tests
and pathological analysis. Although biopsies are the current
gold standard for cancer diagnosis, the information obtained
from individual biopsies provides a limited snapshot of tumors
in space and time, and is not suitable for repeated sampling.
Therefore, the liquid biopsy is considered a promising tool for

early detection and subsequent monitoring of cancer (222, 223).
Platelets are an important component of blood, and their ability
to store and release numerous miRNAs to the environment,
which enables them to reflect different disease states, early
diagnose tumors, predict prognosis, monitor response to
treatment, and detect disease recurrence and metastasis (224).

Platelet miRNAs were significantly altered in tumor patients
compared with healthy donors (225). For example, platelet
derived miR-223 was specifically overexpressed in NSCLC
patients than healthy subjects (103). Additionally, tumor-
educated platelet was reported to express higher levels of
receiving miR-34c-3p and miR-18a-5p from nasopharyngeal
carcinoma (NPC) cells, making them potential makers for NPC
diagnosis (226). The positive rates for NPC diagnosis based
on platelet miR-34c-3p and miR-18a-5p were 93.8 and 87.5%,
respectively, significantly higher than these based on Epstein-
Barr virus DNA (66.7%) (226). Moreover, a large prospective trial
by Best et al. in 2015 showed that the RNA profile of tumor-
affected platelets was different from that of healthy individuals,
and identified the location of the primary tumor with 96%
accuracy and 71% accuracy (227). Therefore, platelets and their
derived miRNAs may be a potential source for the development
of oncology blood biomarkers.

Platelet miRNAs can also be used to evaluate efficacy and
patient outcomes. miR-21, miR-25, miR-19b, and miR-146a and
in patients with NSCLC may be potential indicators to predict
response to platinum-based treatments (228). Gasperi et al.
reported that ω6/ω3-PUFA supplementation enhanced platelet
antitumor activities by promoting PMVs derived miRNA (miR-
223 and miR-126) delivery into breast cancer. These two miRNAs
inhibited the cancer proliferation and metastasis and increased
the sensitivity to cisplatin once internalized by breast cancer cells
in a dose-dependent manner (171). Additionally, cardiovascular
damage caused by tumor treatment contributes to the increasing
mortality of cancer (229). Platelet-derived miRNAs may also
become potential markers in the field of cardio-oncology. The
levels of miR-223-3p decreased in radiation-induced heart in a
time-dependent manner and exhibits potential protection against
radiation-induced cardiac toxicity (126).

However, we still face many difficulties in trying to apply
platelet miRNAs to the clinic. The primary problem is how
to solve the potential infection of plasma miRNA background
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on platelet miRNA. To avoid this problem, limiting miRNA
measurements to PMVs has been recommended, but this would
imply a greater workload and a more complex workflow. Future
studies will need to explore convenient, economical and accurate
detection methods.

Treatment Prospect
Alterations in tissue-specific or cell-specific miRNA expression
and their regulation of pathogenic genes under different disease
conditions provide a theoretical basis for the use of miRNA
technologies to treat diseases. In the past few years, chemically
modified oligonucleotides called antagomirs have been developed
to silence specific endogenous miRNAs in vivo and in vitro.
Intravenous systemic administration of antagomirs has been
widely demonstrated to effectively and specifically recognize
and inhibit the activity of target miRNAs in a sequence
complementary binding manner in many cells. Several miRNA-
targeted therapies have entered the stage of clinical development.
For example, a mimetic tumor suppressor miR-34 has reached
phase I clinical trials for the treatment of cancer. Additionally,
a biological bead targeting miR-122 has entered the phase II
trials for the treatment of hepatitis. However, drug delivery
issues remain a barrier to their therapeutic use, particularly for
targeting miRNAs in cardiovascular disease states. The properties
of platelet endocytosis and transport of circulating RNAs have
given us new solutions. Vesicle storage coupled with the relatively
long half-life of miRNAs could allow miRNAs to persist in
circulation for a long time, thus effectively silencing targets in
various organ systems.

CONCLUSION

Overall, platelets are involved in several normal physiological
processes such as hemostasis, inflammation, vascular repair, and

generation, and play a role in diseases such as atherosclerosis,
diabetes and cancer. Several studies have determined that
activated platelets release miRNA-rich PMVs to regulate other
cellular functions. With the intensive study of platelet-derived
miRNAs, we realize that platelet miRNAs have the potential
to be excellent diagnostic tools covering multiple pathological
mechanisms simultaneously. Studies have shown that platelet
miRNAs can directly or indirectly reflect platelet activity, thus
indicating the emergence of pathological states at an early stage
or assessing efficacy after treatment. We can also exploit the
organ specificity of some miRNAs within platelets to enhance
the effect of existing drugs or to find new therapeutic targets.
In conclusion, studying platelet-derived miRNAs can be of great
benefit to patients by helping to modify the use of existing
drugs and finding new drug targets, as well as for assessing
treatment efficacy and patient prognosis. Although there are
still questions to be answered, platelet-associated miRNAs are
promising biomarker candidates.
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