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Abstract: Platelets are highly abundant cell fragments of the peripheral blood that originate from
megakaryocytes. Beside their well-known role in wound healing and hemostasis, they are emerging
mediators of the immune response and implicated in a variety of pathophysiological conditions
including cancer. Despite their anucleate nature, they harbor a diverse set of RNAs, which are subject
to an active sorting mechanism from megakaryocytes into proplatelets and affect platelet biogenesis
and function. However, sorting mechanisms are poorly understood, but RNA-binding proteins (RBPs)
have been suggested to play a crucial role. Moreover, RBPs may regulate RNA translation and decay
following platelet activation. In concert with other regulators, including microRNAs, long non-coding
and circular RNAs, RBPs control multiple steps of the platelet life cycle. In this review, we will
highlight the different RNA species within platelets and their impact on megakaryopoiesis, platelet
biogenesis and platelet function. Additionally, we will focus on the currently known concepts of
post-transcriptional control mechanisms important for RNA fate within platelets with a special
emphasis on RBPs.
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1. Introduction

Blood platelets—the major players in hemostasis—are small anucleate cell fragments with
a characteristic discoid shape and a diameter of 1 to 3 µm that originate from megakaryocytes
(MKs). Platelets are the second most abundant “cell” type in the peripheral blood and constitutive
renewal ensures a normal platelet count in the blood, despite their relatively short life span of
7–10 days [1,2]. Platelets are also interesting from a clinical point of view. Platelet counts, which range
from 150,000 to 350,000/µL of whole blood in healthy subjects, can drastically increase and decrease
in pathophysiological conditions, resulting in thrombocytosis or thrombocytopenia, respectively [3].
Thus, it is not surprising that a wide range of human pathologies are associated with abnormal platelet
counts and/or functions like inflammatory diseases [4], rheumatoid arthritis [5], diabetes [6], pulmonary
hypertension [7], Alzheimer’s disease [8], cardiovascular disease [9], and cancer [10,11].

The unique life cycle of platelets starts with proplatelet biogenesis from MKs in response to
certain stimuli. MKs develop from hematopoietic stem cells (HSCs) present in the bone marrow,
yolk sac, fetal liver, and spleen [12]. As a prerequisite, MKs initially have to grow and multiply their
genetic information via endomitosis. These processes are highly dependent on thrombopoietin (TPO),
a cytokine that promotes the growth and development of MKs from their precursors and that associates
with its MK-specific receptor, i.e., cluster of differentiation 110 (CD110), encoded by the cellular
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myeloproliferative leukemia virus (c-MPL) oncogene [13–15]. Both c-Mpl−/− and Tpo−/− mice are
thrombocytopenic and have reduced numbers of MKs in the bone marrow [16–18]. However, although
platelet and MK numbers were significantly reduced, the remaining MKs and platelets were structurally
normal and platelets were functional as they were still able to form clots and responded to agonists [19].
This suggests that other regulatory factors exist [20]. Furthermore, endomitosis, a process during
which MKs accumulate DNA content ranging from 2N to 128N in their big polylobulated nucleus,
also contributes to platelet formation and the degree of MK ploidy was shown to influence platelet
quantity and quality [21,22]. Mechanistically, endomitosis is a process by which MKs become polyploid
through repeated rounds of DNA replication without cell division, which requires both coordination
and restriction of cell cycle components [23–25]. Importantly, endomitosis is triggered by TPO and is
necessary for MKs to proceed with their final maturation and subsequent proplatelet formation [22].
Another purpose of endomitosis is to produce large amounts of proteins and lipids necessary for the MK
demarcation membrane system (DMS) that serves as a membrane reservoir for proplatelet formation.
The origin of the DMS likely involves invaginations of the MK plasma membrane, de novo membrane
synthesis, as well as contributions from the Golgi-derived membranes and close endoplasmic reticulum
(ER) contacts [26]. In the final step of platelet biogenesis, terminally differentiated MKs remodel their
cytoplasm to form long protrusions, so-called proplatelets, which extend into bone marrow sinusoids
and are the progenitors of mature platelets [27]. However, terminal platelet formation might not end
in the bone marrow sinusoids, but likely continues in the circulation and was shown to be substantial
in the lung [28,29]. Of note, in an attempt to delineate the final steps of proplatelet maturation and
platelet release, a large (2–10 µm) intermediate discoid stage in platelet production, the preplatelet,
was identified [30]. Preplatelets are anucleate discs that have a thick cortical microtubule coil and
are able to convert back into barbell-shaped proplatelets. Final platelet release is achieved through
continued bidirectional polymerization of microtubules at each end of the proplatelet followed by
a fission event. This multi-step biogenesis yields approximately 100 billion platelets each day in an
adult human, but these rates can increase by a factor of 10 or more when the demand increases [31].
Interestingly, in recent years ex vivo protocols have been developed to generate functional platelets
from megakaryocytes, which are differentiated from progenitor/stem cells. These models are generally
based on bioreactors with biocompatible porous barriers that support MK function and platelet release
is supported by media flow obtained by electronic pumps. These tissue models are especially important
because platelet transfusions are common, but supply does not always match demand [32,33]. However,
if cultured platelets are to become a considerable clinical alternative, they must match the quality
and functionality of donor-derived platelets. Therefore, a better understanding of the mechanisms
responsible for MK maturation, platelet generation and release is necessary [34].

Mature platelets were first discovered by Bizzozero in the late 19th century and have since
been ascribed a primarily hemostatic role. While circulating in an inactive state in the blood stream,
platelets become activated upon exposure to subendothelial collagen to support thrombus formation,
highlighting their outstanding role as first responders in wound healing and hemostasis [35]. Normally,
intact endothelium expresses and releases factors that prevent platelets from activation and aggregation
and block fibrin clot formation. After endothelial injury, subendothelial collagen gets exposed to
the blood and initiates activation and adhesion of platelets via von Willebrand factor. Expression
of tissue factor (TF) finally activates a sequence of events to establish a stable clot that seals the
injury site and prevents excessive blood loss [36]. In the last centuries, it has become evident that
platelets are not only implicated in hemostasis and thrombosis, but also act as key players in infectious
and sterile inflammatory responses as well as cancer [11,37]. Many of the non-hemostatic functions
of platelets result from the storage and release of bioactive molecules. These molecules, be they
platelet proteins, lipids, growth factors, or cytokines, are mainly found in alpha (α) and dense (δ)
granules [38]. The biogenesis of these granules begins in the MK, but maturation continues in circulating
platelets [39,40]. Initially, it was hypothesized that granule packaging and release is a random process,
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however, recent studies suggested that platelets contain heterogeneous populations of granules that
differentially release their content upon different physiological stimuli [41,42].

Besides their protein content, platelets contain different nucleic acids including small and long
non-coding RNAs and protein-coding messenger RNAs (mRNAs). First thought to be incapable
of regulated gene expression, researchers started to shed light on the translational machinery and
its regulation in platelets in the absence of a nucleus. Subsequent studies revealed that platelets
possess a functional spliceosome, allowing for rapid adaptations to changing environmental cues and
a change of phenotype [43]. In recent years, in-depth transcriptional analyses of platelets have been
performed suggesting that as many as 3000–6000 mRNAs are contained in platelets [44–46]. However,
the most intriguing question is: How and where do platelets get their content from? While the precise
mechanisms are still largely unknown, it is becoming evident that the inheritance of proteins and
mRNAs from the megakaryocytes is not a random but highly regulated process.

This review will highlight the different classes of RNA species enriched in platelets, will focus
on the role of non-coding RNAs in platelet biogenesis and function and will feature the role of
post-transcriptional control mechanisms with a special emphasis on the role of RNA-binding proteins.

2. Composition and Sources of RNA Species in Platelets

A dynamic transcriptome is a prerequisite for platelet function, enabling rapid responses to
external stimuli. However, RNA abundance in platelets is ~1000 times less than in leukocytes, leading
to challenges when it comes to transcriptome analysis of platelets, as high purity samples are crucial.
Despite these challenges, independent studies have found a diverse set of nucleic acids within platelets
such as different classes of RNAs [43,47–50] as well as mitochondrial DNA (mtDNA) [45]. Interestingly,
it has been observed that the content of total RNA decreases over time and young, reticulated
platelets show 20–40 times higher RNA levels compared to older ones, which indicates either decay
and/or release of RNA during the lifespan of platelets [51]. The bulk of platelet RNA is derived from
megakaryocytes, probably involving active transport mechanisms for sorting into platelets. In addition,
other cellular sources might exist as well given the intimate interaction of platelets with other cell-types
in the circulation or within tissue microenvironments. Figure 1 summarizes the plethora of RNA
molecules in platelets including their source and additionally highlights the importance of intercellular
communication via granule release and microvesicle shedding.
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which are inherited from megakaryocytes. Additionally, communications with surrounding cells might
also influence RNA expression landscape. Transport of RNA from megakaryocytes to platelets is not
well understood, however, is suggested to be—at least in part—mediated by RNA-binding proteins
(RBPs). Pre-mRNA and pre-miRNA are processed by a functional spliceosome and by the presence
of the cytoplasmic miRNA processing into translate mRNA and mature miRNA, respectively, which
can be signal-dependent. Platelets may also host infectious virus particles and mediate dissemination
of viruses in infected individuals. By secreting RNA and protein contents by platelet granules or
microvesicles, platelets may regulate signaling pathways in various interacting cells, including tumor
or endothelial cells.

2.1. RNA Molecules in Platelets

2.1.1. Messenger RNAs (mRNAs)

Among the different types of RNA, mRNAs are the best investigated class in platelets. They present
typical features of eukaryotic mRNAs like a 7-methylguanosine (m7G) 5′ cap followed by a
5′-untranslated region (UTR) as well as a 3′-UTR and poly(A)-tail at their 3′-end. The m7G cap
and poly(A) tail promote mRNA translation and stability, while the UTRs expose sequences for
RNA-binding proteins (RBPs) and regulatory sites for microRNA (miRNA)-mediated translational and
degradation control [45,52–54]. Getting a complete picture of the (dynamic) nature and composition of
the platelets transcriptome is of great interest and next generation sequencing (NGS) has proven to
be one of the preferred techniques for such studies [55,56]. Bulk platelet analyses demonstrated that
platelets harbor a diverse set of mRNAs and showed an enrichment of genes functionally linked to
coagulation, platelet degranulation, cytoskeletal dynamics, receptor binding, secretion, and G-protein
signaling, all being a prerequisite for a plethora of signaling pathways. Along these lines, it is worth
mentioning that platelets were shown to contain also pre-mRNAs as well as small nuclear RNAs
(snRNAs), which are functionally linked to gene expression and involved in pre-mRNA splicing.
In fact, Denis et al. could show that platelets contain a complete set of snRNAs as well as other
essential splicing factors and are capable of signal-dependent splicing. Here, in response to integrin
engagement and surface receptor activation, platelets precisely excised introns from interleukin (IL)-1β
pre-mRNA, thereby generating a mature mRNA transcript that was translated into protein [43].
Until then, it has been thought that splicing events only occur within nuclear boundaries, which has
been challenged by these findings. However, since the initial discovery of a functional spliceosome
in platelets, several other studies confirmed the existence and functional importance of splicing
for platelet activation. For example, splicing upon platelet stimulation has also been shown for
platelet factor XI (FXI) pre-mRNA and significantly higher amounts of pre-mRNA were found in
resting compared to thrombin-activated platelets [57]. Moreover, activation of platelets by fibrinogen
and thrombin induced splicing of tissue factor (TF) pre-mRNA leading to an increased TF protein
expression, procoagulant activity, and accelerated formation of clots. Mechanistically, it was revealed
that TF pre-mRNA splicing was dependent on Cdc2-like kinase (Clk)1-mediated Splicing Factor 2 (SF2)
phosphorylation [58]. Furthermore, lipopolysaccharide (LPS) was shown to induce splicing, translation,
and secretion of mature IL-1β through TLR4 [59]. Similarly, LPS stimulation of platelets initiated
splicing of cyclooxygenase-2 (COX-2) pre-mRNA and ultimately production of the corresponding
protein. However, this effect was extremely variable and it appeared that LPS stimulated platelets
either produced very little or non-active COX-2 protein [60]. Of note, signal-dependent splicing,
but also mRNA degradation and translation might explain controversial findings regarding correlation
between mRNA and protein expression in platelets with some studies suggesting a weak correlation of
the platelet transcriptome and proteome [61], while others report a rather strong correlation, opening
up the question on regulatory mechanisms of mRNA metabolism in platelets under physiological and
pathological conditions [62].
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Another intriguing aspect of the platelet transcriptome is the fact that the RNA content of platelets is
significantly influenced by interactions with surrounding cells including cancer cells. For example, Best
et al. recently discovered that tumor cells are able to educate platelets and induce an RNA expression
signature within platelets that could be used for non-invasive cancer diagnostics [63–66]. Moreover,
a standardized protocol was established to enable isolation and analysis of spliced platelet mRNA,
which allowed detection of cancer with high accuracy [63]. This method has the potential to become
clinically relevant, as platelet isolation is a rather simple standard procedure, already established in
hematology laboratories. Importantly, small amounts of only 100–500 pg of total platelet RNA were
sufficient for diagnostics and allowed separation of cancer patients from healthy individuals with 96%
accuracy using mRNA sequencing [64]. Additionally, platelet RNA signatures helped to distinguish
patients with Kirsten Rat Sarcoma Viral Oncogene Homolog (KRAS), Epidermal Growth Factor
Receptor (EGFR) and Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha (PIK3CA)
mutant and wild-type tumors, as well as patients with Human Epidermal Growth Factor Receptor 2
(HER2)-amplified versus HER2-negative breast cancer and Mesenchymal Epithelial Transition tyrosine
kinase (MET) overexpressing versus MET non-overexpressing lung cancers [64]. Although these studies
seem promising, there are still some obstacles to be overcome such as the distinction between primary
and metastatic tumors and the evaluation of cancer progression. One should also be aware of the
fact that non-cancerous systemic factors like inflammation and cardiovascular events could influence
platelet RNA profiles as well [67]. However, using platelet-based mRNA expression signatures in
various diseases including cancer could open up new diagnostic avenues.

Taken together, RNA expression profiling of platelets increased our understanding of the quantity
and quality of their RNA content. However, future studies are needed to shed new light onto the
functional roles of these mRNAs and their encoded proteins or whether these mRNAs are simply the
result of an inflammatory and/or pro-oncogenic environment.

2.1.2. MicroRNAs (miRNAs)

Another class of RNAs present in platelets is microRNAs (miRNAs). These 21–24 nucleotide
(nt) spanning microRNAs (miRNAs) are known key regulators of eukaryotic gene expression [68].
Alteration of miRNA expression signatures has been observed in cancer and might predict prognosis
and aid in diagnosis [69]. Additionally, miRNAs are important regulators of MK differentiation from
hematopoietic progenitor cells [70]. Microarray and RNA-Sequencing (RNA-Seq) analysis identified
up to 532 different miRNAs in human platelets [71]. Interestingly, post-transcriptional modifications
like adenylation and uridylation that are known for their regulatory impact on miRNA stability and
decay, also seem to play a role in miRNA biology in platelets [72]. The relevance of miRNAs in platelets
has been recognized more and more in recent years and was particularly fueled by the discovery
of a functional miRNA processing machinery in platelets [49]. In general, miRNA biogenesis starts
with the transcription of primary miRNAs (pri-miRNAs), which are subsequently processed into
precursor miRNAs (pre-miRNAs). A prerequisite for these initial steps is the micro-processor complex,
consisting of nuclear RNase III Drosha and the DiGeorge syndrome critical region 8 (DGCR8), which
is localized in the nucleus of cells [73]. Following nuclear export, the cytoplasmic RNase III enzyme
Dicer and Trans-Activation Responsive RNA-Binding Protein 2 (TARBP2) cooperatively cleave the
stem of pre-miRNA substrates yielding mature miRNAs [74–77]. Landry et al. were the first to
describe the cytoplasmic pre-miRNA processing machinery in human platelets, including Dicer and
Argonaute 2 (Ago2) proteins [49]. In contrast, the nuclear microprocessor components Drosha and
DGCR8 could not be detected, consistent with the anucleate nature of platelets. Using RNase activity
assays, it was demonstrated that platelet Dicer was functional and able to convert pre-let-7a-3 into
mature miRNA. Additionally, platelet miRNAs were able to mediate RNA silencing as exemplified by
the regulation of the purinergic receptor P2Y12, which is involved in platelet aggregation, through
an Ago2/miR-223 effector complex contained in platelets [49]. Moreover, functional Ago2/miR-223
effector complexes were packaged into microparticles and released by platelets upon thrombin
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stimulation and subsequently internalized by endothelial cells, where they regulated F-Box and
WD Repeat Domain Containing 7 (FBXW7) and Ephrin A1 (EFNA1) mRNA and protein levels [78].
Additionally, platelet-secreted miR-223 was shown to promote endothelial cell apoptosis induced by
advanced glycation end products via targeting the Insulin-like Growth Factor 1 Receptor (IGF1R) [79].
Moreover, RNA-Seq analysis of platelet miRNAs in patients with myocardial infarction revealed
nine differentially expressed platelet miRNAs compared to healthy controls, which were released
upon platelet aggregation and taken up by endothelial cells via a vesicle-dependent mechanism [80].
Importantly, microvesicle-mediated miRNA transfer to endothelial cells altered endothelial cell behavior
and did not only influence endothelial cell survival but also inhibited tube formation as it has been
shown for platelet-derived miRNA let-7a, which targeted Thrombospondin-1 (THBS-1) 3′-UTR and
inhibited THBS-1 release from endothelial cells [81]. Next to endothelial cells, cancer cells also are
recipients of platelet miRNAs. For example, miR-223 expression was found to be significantly increased
in platelets and platelet-derived microvesicles from non-small cell lung cancer (NSCLC) patients as well
as from mice intravenously injected with Lewis lung carcinoma cells. Of note, platelet microvesicles
effectively delivered miR-223 to lung cancer cells and promoted cancer cell invasion by reducing
Erythrocyte Membrane Protein Band 4.1-like 3 (EPB41L3) levels [82]. These examples highlight the
broad range of cell-platelet communication via miRNAs, not only in the context of cancer. In fact, the
majority of circulating miRNAs derived from platelets and altered signatures of circulating miRNAs
were identified in patients with type 2 diabetes mellitus and with future myocardial infarction [83–85].
Antiplatelet therapy using aspirin and prasugrel significantly decreased the level of platelet miRNAs
suggesting that plasma miRNA expression could be used as surrogate markers of platelet activation
and efficacy of antiplatelet therapy [83]. Interestingly, the potential of miRNAs as biomarkers of platelet
activity in antiplatelet therapy monitoring has been recently reviewed elsewhere [86].

In summary, platelets inherit a functional miRNA pathway from their mother cells which enables
a complex crosstalk and post-transcriptional gene expression control based on the regulatory nature of
miRNAs [49]. Thus, platelet-secreted miRNAs are important modulators of signaling pathways in
target cells and could serve as disease biomarkers, or as activation and therapy response markers.

2.1.3. Long Non-Coding RNAs (lncRNAs)

Long non-coding RNAs (lncRNAs), of which some were identified in platelets [52], constitute
yet an additional group of regulatory non-protein-coding RNAs. LncRNAs can be subdivided into
sense-, antisense-, intronic-, bidirectional-, and long intergenic ncRNAs and are characterized by a
minimum length of >200 nt [87–89]. Importantly, lncRNAs have been shown to play important roles
in several human diseases, especially in cancer [90–93]. In NSCLC, the expression of lncRNAs was
analyzed in platelets in order to identify novel biomarkers of lung cancer. A selection of five lncRNAs
was identified and further measurements revealed a differential expression of two lncRNAs, namely,
Membrane-Associated Guanylate Kinase Inverted 2-Antisense RNA 3 (MAGI2-AS3) and Zinc Finger
NFX1-Type Containing 1 Antisense RNA 1 (ZFAS1), in platelets of NSCLC patients compared to
healthy subjects [94]. Both lncRNAs have been assigned tumor suppressive functions in human breast
cancer [95–97], whereas ZFAS1 seems to be a potent oncogenic lncRNA in other tumor types [98].
In platelets and plasma of NSCLC patients, MAGI2-AS3 and ZFAS1 were downregulated and their
expression significantly correlated with tumor stage. In addition, MAGI2-AS3 expression significantly
correlated with lymph-node and distant metastasis and the authors suggested that both platelet-derived
lncRNAs could be used as potential diagnostic biomarkers in NSCLC [94]. However, the molecular
function of these and other lncRNAs in platelets is currently not well understood and it is tempting to
speculate about a potential transfer of lncRNAs from platelets to diverse other cell-types to modulate
expression programs and phenotypes.
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2.1.4. Circular RNAs (circRNAs)

Circular RNAs (circRNAs) belong to a group of highly stable non-coding RNA-species with largely
unknown functional relevance in platelets. In general, circRNAs can act as sponges to sequester miRNA
or RBPs. Moreover, they serve as scaffolds to mediate complex formation between specific enzymes
and substrates and recruit proteins to specific locations (reviewed in [99]). CircRNA biogenesis
involves the action of the spliceosome which connects the 5′ and downstream 3′ ends of exons
within the same transcript resulting in a circular conformation which comes along with increased
stability [100]. Interestingly, circRNAs were found to be abundant and highly enriched in human
platelets as demonstrated by an analysis of publicly available RNA-Seq datasets of human platelets [50].
Here, the authors analyzed three total RNA-Seq datasets using a back-splice exon junction discovery
pipeline and identified 33,829 distinct structures consistent with circRNAs. This number is about
15 times higher as reported for other cells and 24,632 (~73%) of the structures were also present in at
least one other Encyclopedia of DNA Elements (ENCODE) RNA-Seq datasets previously mined [101].
In order to identify genes significantly enriched for circRNAs in platelets, the authors analyzed 8041
circRNA producing genes and identified 3162 significantly enriched. For the vast majority of enriched
genes, the contribution of circRNA exons to total transcription was >60% in nucleated tissues but >80%
in platelets, and for 15 genes it was 100% in all three samples. Thus, for some genes, only RNA-Seq
reads derived from circRNA-producing exons could be detected within platelet samples. Importantly,
circRNAs were also enriched in other anucleate cells, but not in cultured megakaryocytes and the
authors suggested that this was mainly due to a higher degradation rate of linear RNAs compared to
circRNAs in mature platelets leading to the strong enrichment of the latter over time. Intriguingly,
extensive mRNA degradation could explain some conflicting results concerning the correlation
between the platelet transcriptome and proteome [50]. Nevertheless, the biological relevance of platelet
circRNAs, if any, remains unclear: do they modulate platelet functions or are they simply byproducts of
megakaryocyte transcription and platelet mRNA degradation? Compelling evidence against a rather
random role of circRNAs in platelets comes from the finding that they are differentially sorted into
platelet-derived microvesicles via a specific, yet unknown mechanism [102]. The selective release of
circRNAs might represent a novel way of transferring information as vesicles from platelets to recipient
cells, e.g., endothelial cells thereby inducing inflammatory responses. Moreover, the same study could
show that platelet circRNAs associated with protein complexes of distinct sizes, so called circRNPs,
as demonstrated for six highly abundant circRNAs, including a platelet-specific circRNA, namely,
Plt-circR4 [102]. However, the circRNA-specific binding partners and the functional significance of
these interactions remain to be clarified.

In summary, circRNAs are highly enriched in platelets, they associate with proteins and can
be released from platelets. However, not much is known about their regulatory roles in or outside
platelets. In addition, their clinical implications remain unclear and it would be interesting to know if
the abundance and/or composition of platelet circRNAs varies depending on the age and health status
of individual subjects.

2.1.5. Viral RNAs

A fascinating aspect of platelets is the appearance of viral RNA in platelets and their ability
to aid in viral replication and the spread of virus in infected individuals [103,104]. Although both
DNA- and RNA-containing viruses associate with platelets, only RNA viruses are able to replicate,
as platelets are incapable of DNA transcription due to their anucleate nature. A study on platelets
isolated from human immunodeficiency virus (HIV)-infected patients on antiretroviral drug therapy
(ART) revealed the occurrence of cytosolic HIV RNA and intact viral particles [105]. Noteworthy,
replication competent viruses were only observed within closed vacuoles and not on the platelet surface.
During the course of platelet elimination by tissue macrophages, HIV was transmitted from platelets
to macrophages via phagocytosis. This process was prohibited by blocking platelet–macrophage
interactions with the platelet-specific anti-integrin αIIb/β3 antibody abciximab, underpinning the fact
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that viral spread is supported by intercellular interactions. Most interestingly, a low CD4+ T cell count
was predictive for the presence of HIV-containing platelets in patients receiving ART, which correlated
with immunological failure in these individuals [105]. In contrast, a recent study found no correlation
of HIV+ platelets with CD4+ T-cell count but with viral load and number of HIV+ platelets were
significantly reduced after ART. This study additionally confirmed the ability of platelets to promote
HIV viral spread, which was dependent on platelet activation and subsequent platelet-CD4+ T-cell
complex formation [106]. Importantly, platelet-virus interactions are not unique to HIV, but many
other viruses were shown to infect platelets. Platelets have been shown to be permissive to Dengue
virus entry, further enabling translation of viral RNA, replication of the viral genome, and assembly
of infectious virus. This study was further able to identify heparan sulfate proteoglycan (HSP) and
dendritic cell-specific intercellular adhesion molecule-3-grabbing nonintegrin (DC-SIGN) as the major
receptors for virus-platelet interactions [107]. Other viruses that have been shown to interact with
platelets, mostly via surface integrins, and are able to enter these include different adenoviruses,
influenza virus and encephalomyocarditis virus (reviewed in [103,104]).

Starting in December 2019, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infections became a global problem with unforeseen consequences. Some Corona Virus Disease 2019
(COVID-19) patients show hypercoagulation and thrombosis, which contributes to organ failure and
worsened outcomes [108]. These clinical observations led to the hypothesis that platelets may play
a role in COVID-19 progression. Protein or RNA expression of the main receptor for SARS-CoV-2
binding, angiotensin-converting enzyme 2 (ACE2), was not detected in platelets. Nevertheless, mRNA
from the SARS-CoV-2 N1 gene was found in platelets of some COVID-19 patients suggesting an
ACE2-independent entry of the virus into platelets [109,110]. In addition, platelets might be attracted by
the loss of endothelial integrity caused by the SARS-CoV-2 entry into endothelial cells, which ultimately
results in platelet activation and degranulation thereby leading to a cytokine storm. Thus, platelets
might not only facilitate the dissemination of SARS-CoV-2 in infected individuals but might also
contribute to hazardous thromboinflammation by the release of pro-inflammatory cytokines. Moreover,
megakaryocytes from the lungs might be susceptible to SARS-CoV-2, thereby generating SARS-CoV-2
RNA-containing platelets with an altered transcriptome. RNA-Seq analysis of platelets isolated from
severely ill COVID-19 patients compared to healthy donors displayed significant differences in RNA
expression patterns associated with changes in platelet activation and aggregation [110]. Whether
platelets constitute a target for COVID-19 therapy to alleviate the course of disease in severe cases will
be an interesting topic for future research.

2.2. Sources of Platelet RNA

As described above, platelets contain a diverse collection of coding and non-coding as well as linear
and circular RNAs, posing the question of the origins of these transcripts and the underlying molecular
mechanisms, if any, that are responsible for the sorting of these RNAs into platelets. Intuitively,
MKs seem to be the prime source of platelet RNAs and, indeed, MKs transcribe a wide set of mRNAs,
which they pass on to their progeny in a highly regulated manner [111,112]. As proven by transcriptome
analysis, platelets contain thousands of MK-derived mRNAs [45,113–117]. Careful analysis of RNA
expression data on Matrix Metalloproteinase (MMP) and Tissue Inhibitor of Metalloproteinase (TIMP)
mRNAs uncovered different proportions of expression profiles in platelets compared to their abundancy
in MKs [118]. Excluding mRNA degradation or instability, Cecchetti et al. hypothesized that MKs
differentially sort mRNAs into platelets. This hypothesis is supported by the observation that MKs
expressed 10 out of 24 MMPs and three out of four TIMPs, yet several of these mRNAs were missing
or barely detectable in platelets, including transcripts encoding MMPs 2, 9, 14, and 17 and TIMP-3.
Moreover, the abundance of a transcript in MKs did not uniformly predict its expression level in
platelets. For example, TIMP-1 mRNA is expressed at high levels in both MKs and platelets while
TIMP-3 mRNA is abundantly expressed in MKs only, suggesting a regulated transfer of individual
mRNAs [118]. However, the exact sorting mechanisms remain elusive, but it was suggested that



Int. J. Mol. Sci. 2020, 21, 7614 9 of 25

MKs, similar to neurons, leverage RBPs that bind to certain nascent transcripts in the nucleus thereby
forming a complex that translocates to the cytoplasm. Upon association with a kinesin motor, this
complex is transported through the proplatelet by microtubules, and is ultimately delivered to the
nascent platelet [119]. In fact, Cecchetti et al. could detect the mRNAs of a selected group of RBPs,
which were previously shown to be involved in RNA localization, both in MKs and platelets [118].
However, the expression and localization of the corresponding proteins await further investigation.

In addition to MKs, platelets may also acquire RNA species by either direct or indirect interaction
with surrounding cells in the circulation or in tissue microenvironments. In glioblastoma patients,
platelets sequestered tumor-specific EGFR variant III (EGFRvIII) mRNA, which was also detected
in corresponding plasma samples [94]. In platelets from NSCLC patients, Echinoderm Microtubule
Associated Protein Like 4-Anaplastic Lymphoma Kinase (EML4-ALK) rearrangements were detected
on transcript level. The transfer of this RNA was likely mediated via exosome shedding of cancer cells,
thus confirming cross talk between platelets and tumor cells. Most interestingly, serial monitoring of
EML4-ALK rearrangements in platelets showed a loss of detectable EML4-ALK rearrangements after
clinical responds to crizotinib treatment [120].

Another intriguing, although likely indirect form of transfer of genetic information from cells
to platelets might be emperipolesis, a process, where intact cells are present within the cytoplasm of
another cell. Histological examination of bone marrow routinely identifies MKs, which have engulfed
neutrophils or other hematopoietic cells. Hence, emperipolesis is a physiological process that can be
increased in pathological conditions, e.g., in gray platelet syndrome or essential thrombocythemia [121,
122]. Recent studies have shown that emperipolesis of intact neutrophils in MKs is mediated in part
through the β2-integrin/ Intercellular Adhesion Molecule 1 (ICAM-1)/ezrin pathway. Neutrophil
membranes merged with the DMS and thereby transferred membrane material to daughter platelets,
which accelerated platelet production [123]. Intriguingly, some circulating platelets thus represent
hybrids carrying both MK and neutrophil components. However, the mechanisms and functions of
this conserved cellular phenomenon are largely unknown and whether emperipolesis is relevant for
the transfer of RNA into platelets should be investigated in the future.

3. Role of Non-Coding RNAs in Megakaryopoiesis, Platelet Biogenesis and Function

Megakaryopoiesis, megakaryocyte maturation, as well as platelet formation, were shown to be
highly complex processes that are regulated on multiple levels including epigenetic, transcriptional
as well as post-transcriptional gene expression control mechanisms. Indeed, several miRNAs, which
fine-tune gene expression at the post-transcriptional level, were shown to affect MK differentiation and
platelet formation. For example, an inhibitory role for miR-155 during megakaryopoiesis was described,
which is in line with the observed downregulation of this miRNA during the differentiation of CD34+

hematopoietic stem cells along the megakaryocyte lineage [124]. In contrast, miR-150 was shown to
support normal megakaryocyte differentiation by targeting the transcription factor MYB [125,126].
Additionally, miR-130 targets the MAF BZIP Transcription Factor B (MAFB), which increases with
terminal MK differentiation and induces activation of the Integrin Alpha 2b (ITGA2B) gene [127].
Very recently, miR-22 has been shown to promote megakaryocyte differentiation through repression of
its target Growth Factor Independent 1 Transcriptional Repressor (GFI1) [128]. Ex vivo, megakaryocyte
differentiation from hematopoietic stem/progenitor cells (HSPCs) and generation of platelets was also
shown to be regulated by miRNAs. Specifically, miR-125b and miR-660 increased the percentage
of megakaryocytes with high ploidy and upregulated platelet biogenesis compared to controls. In
contrast, overexpression of the miR-23a/27a/24-2 cluster in HSPCs reduced colony formation associated
with diminished megakaryocyte maturation and platelet production [129]. The importance of miRNAs
in the regulation of development and function of MKs and platelets also becomes apparent upon
MK-specific deletion of the ribonuclease Dicer1 that is required for miRNA biogenesis. Knockdown
of Dicer1 in an in vivo mouse model led to reduced levels of miRNAs in platelets and hence to an
altered platelet mRNA expression profile. The resulting phenotype was characterized by enhanced
platelet reactivity and hemostatic function, presumably due to the upregulation of the fibrinogen
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receptor subunits integrin αIIb and β3 on the platelet surface in the absence of a proper miRNA
machinery [130]. Furthermore, a global approach to identify miRNAs and their respective targets in
platelets detected Protein Kinase CAMP-Dependent Type II Regulatory Subunit Beta (PRKAR2B) as a
miR-200b target, which functionally controlled platelet activation and altered levels of PRKAR2B led to
impaired platelet reactivity [131]. Moreover, hyperreactive platelets were found to have elevated levels
of Vesicle-Associated Membrane Protein 8 (VAMP8), a critical protein for granule release, which is a
target of miR-96. Overexpression of miR-96 restored normal VAMP8 protein levels and thus confirmed
the miR-96-VAMP8 interaction [132]. Importantly, alterations of miRNA expression patterns have been
linked to malignancies related to the megakaryocytic lineage, including essential thrombocythemia
(ET) [133]. In detail, it was shown that the expression of miR-9 and miR-490 significantly increased in
platelets of ET patients, while others, including miR-409 and miR-126, were downregulated. MiRNA
expression was correlated with platelet aggregation and expression of platelet surface receptors
including CD63 and P-Selectin, suggesting that miRNA may play a role in ET, platelet maturation and
function [133]. However, controversy exists as to what extent platelet-specific miRNAs are important
for platelet biology itself. Some of the skepticism comes from genetic knockout studies in mice in which
loss of miR-223, a highly abundant well-studied miRNA in human platelets [134], was dispensable
for platelet production, both in terms of number and size as well as platelet functionality including
overall life-span and surface expression of platelet adhesion receptors important for platelet activation
like the adenosine diphosphate (ADP) receptor P2Y12 [135]. However, the lack of an overt phenotype
might be due compensatory mechanisms as well as redundant targeting and functional rescue by other
miRNAs. Moreover, lack of regulation of well-known miR-223 target transcripts might be explained
by the lack of binding sites in the 3′-UTR of murine as compared to human genes as evidenced in the
case of P2Y12 [136].

Next to miRNAs, lncRNAs have also been implicated in the control of megakaryopoiesis. In general,
lncRNAs can regulate several cellular processes including differentiation applying a broad range
of epigenetic, transcriptional as well as post-transcriptional mechanisms [90,137]. For example, the
expression of the human RNA Binding Motif Protein 15 (RBM15) was shown be positively regulated
by its antisense lncRNA, AS-RBM15, during megakaryopoiesis [138]. Importantly, the RNA-binding
protein RBM15 is known for its role in promoting terminal megakaryocyte differentiation through
its impact on the alternative splicing of key transcription factors [139]. Intriguingly, RBM15 protein
synthesis underlies a complex regulatory mechanism itself involving AS-RBM15 and the transcription
factor RUNX1 [138]. Specifically, AS-RBM15, which is transcribed in the opposite direction within
exon 1 of RBM15, was shown to enhance 5′cap-dependent protein translation of RBM15. This might
be achieved via putative complementary binding of exon 1 of AS-RBM15 deep within the 5′-UTR of
RBM15 and its incorporation into the RBM15 mRNA-containing polysomes. Both AS-RBM15 and
RBM15 transcriptions were activated by the transcription factor RUNX1 and repressed by the leukemic
fusion protein RUNX1-ETO, suggesting that AS-RBM15 is not only important for megakaryocyte
differentiation, but might also be implicated in leukemogenesis [138]. Additional, although indirect,
evidence that indicated a functional role of lncRNAs in MKs is provided by a transcriptome analysis,
which identified 1109 polyadenylated lncRNAs expressed in erythroblasts, megakaryocytes, and
megakaryocyte-erythroid precursors of mice, and 594 lncRNAs expressed in human erythroblasts [140].
Importantly, it was recently shown that megakaryocyte-enriched protein-coding genes, but not erythroid
ones, are “primed” in HSPCs, and that these genes are occupied by a group of seven transcription
factors (TFs) that facilitate low-level expression in HSPCs [141]. Lineage-specific alterations in TF
occupancy subsequently led to an activation of these genes during megakaryopoiesis and repression
during erythropoiesis. Intriguingly, similar observations could be made for lncRNAs and the model
that some megakaryocyte-enriched genes are specifically primed in HSPCs could be extended to
lncRNA loci, emphasizing common regulatory mechanisms with coding genes [140]. However, the
relevance of these lncRNAs for MK differentiation and function besides their regulation remains
unclear and requires further investigation. In contrast, more direct evidence for the relevance of



Int. J. Mol. Sci. 2020, 21, 7614 11 of 25

lncRNAs for MK and platelet function was recently presented in the context of type 2 diabetes. Here,
platelet hyperaggregation and hypercoagulation are often observed in patients with type 2 diabetes
(T2D) leading to an increased thrombogenic risk [142]. However, T2D patients frequently fail to
respond to commonly used ADP receptor blocker such as clopidogrel and Cangrelor that are used as
antiplatelet therapy thus leaving residual platelet reactivity [143]. Moreover, high activity of the ADP
receptor P2Y12 is found in T2D patients, exposing such patients to a prothrombotic condition [144,145].
In this context, the non-coding Metallothionein 1 Pseudogene 3 (MT1P3) was found to be significantly
upregulated in MKs from type 2 diabetes patients compared to healthy controls and, most importantly,
had an impact on platelet activation and expression of the P2Y12 by sponging miR-126. Of note,
depletion of MT1P3 by small interfering RNA (siRNA) reduced the expression of the ADP receptor,
thereby inhibiting platelet activation and aggregation in a murine diabetes model [146].

In summary, small and long non-coding RNAs are crucial regulators of megakaryocyte and platelet
biology, and changes in ncRNA expression are associated with alterations in megakaryopoiesis, platelet
biogenesis and platelet function. However, our current understanding of the underlying molecular
mechanisms is still very limited and much more research, especially on the role of lncRNAs, is needed.

4. Post-Transcriptional Gene Expression Control by RBPs and Its Role in Platelet Biogenesis
and Function

4.1. General Aspects of Translational Control Mechanisms
Post-transcriptional control mechanisms are crucial for platelets to dynamically alter their proteome,

phenotype and function (summarized in Figure 2). Newly formed, anucleate platelets seem to have
a higher biosynthetic potential than older ones, indicating post-transcriptional regulatory circuits
acting during the life cycle of platelets [147]. Post-transcriptional gene expression control is mainly
achieved through miRNAs via binding to the 3′-UTR of their target transcript thereby regulating RNA
degradation and protein translation as mentioned above. In addition to miRNAs, a second major
class of post-transcriptional regulators consists of RBPs. RBPs recognize specific sequence or structure
elements often present in the UTRs of their target RNAs. Interestingly, platelets were found to have,
on average, much longer 3′-UTR compared to nucleated cells (1047 nt versus 492 nt, respectively),
indicating an elongated binding region for miRNAs and RBPs thereby allowing potentially more
complex regulation of translational and RNA stability [44].

Intriguingly, the key regulators of eukaryotic protein synthesis, i.e., eukaryotic translation
initiation factor (eIF) 4E and eIF2α, are highly abundant in platelets [148]. Furthermore, key ribosomal
components, including ribosomal protein S6 as well as 18S and 28S ribosomal RNAs (rRNAs),
are present in platelets [112,115]. However, translation in resting platelets is generally prohibited or
reduced via binding of eIF4E to the inhibitory protein 4E-binding protein 1 (4E-BP1), which prevents
the assembly of the eIF4F initiation complex. Activation of the mechanistic target of rapamycin
(mTOR) signaling pathway leads to phosphorylation of 4E-BP1 and to its dissociation from eIF4E,
thereby enabling formation of the initiation complex and subsequent translation in platelets [114,149].
Of note, pharmacological inhibition of mTOR via rapamycin has controversial effects on platelet activity.
While collagen-induced platelet aggregation was significantly reduced [150], platelet adhesion to
endothelial cells was facilitated by rapamycin through the remodeling of the endothelial membrane [151].
Furthermore, a study that investigated the long-term effects of mTOR inhibitors in patients that received
kidney transplants observed altered platelet functions. The side effects included reduced granule
secretion and impaired platelet aggregation, because of biphasic time-dependent alterations in calcium
homeostasis and function in platelets [152]. These findings can be, at least partially, explained by the
observation that inhibition of mTOR activity using rapamycin reduced translational events of certain,
but not all transcripts indicating specificity of mTOR signaling-dependent protein synthesis [153].
Importantly, these examples underscore the relevance of translational control in platelets. This is
further supported by the observation that some proteins are constitutively translated in platelets,
whereas the translation of others is regulated in a signal-dependent manner as it has been shown for
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BCL3 transcription coactivator (Bcl-3) and IL-1β [114,115,149,154]. Mechanistically, platelet integrins
have been proposed to transmit outside-in signaling cascades thereby modulating signal-dependent
translation in platelets. For example, while quiescent platelets harbor mRNA for the precursor IL-1β
cytokine (pre-IL-1β) at the site of polysomes, its translation is induced upon β3 integrin signaling [115].
Moreover, integrin signaling can lead to a redistribution of eIF4E to mRNA-rich areas in aggregated
platelets thereby initiating protein translation upon platelet activation [114]. Similarly, translation of
Bcl-3 mRNA is constitutively repressed in resting platelets. However, upon thrombin receptor-mediated
activation of platelets, Bcl-3 protein is rapidly synthesized within minutes and the translation may
be modulated via engagement of integrin αIIbβ3 [155]. Rapamycin was shown to abrogate Bcl-3
translation indicating a regulatory role of mTOR in signal-dependent protein translation in platelets.
Importantly, signal-dependent translation in platelets is not exclusively regulated via integrins. Early
studies investigated the impact of highly polyunsaturated fatty acids of the n-3 family on the platelet
antioxidant status and observed elevated enzyme activity of glutathione-dependent peroxidase (GPx),
which counteracts oxidative stress. The enhanced enzyme activity could be explained by increased
protein translation, since concomitant treatment with the protein synthesis inhibitor cycloheximide
abolished the additional enzyme activity [156].
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Figure 2. Posttranscriptional gene expression control in platelets. Receptor-mediated signaling may
lead to splicing and translational events that are silenced in resting platelets. Lipopolysaccharide (LPS)
binding to toll-like receptor 4 (TLR4) and integrin signaling induces the proteolytic processing of pre-IL-1β
to mature interleukin (IL)-1β, resulting in pro-inflammatory signaling. Integrin- and thrombin receptor
mediated platelet activation induces reorganization of the translation initiation complex and translation
of certain mRNAs, including serpin family E member 1 (SERPINE1) and BCL3 transcription coactivator
(Bcl-3), partially in an mechanistic target of rapamycin (mTOR)-dependent manner. Posttranscriptional
gene expression control is also guided by miRNA-binding to the 3′-untranslated region (UTR) of target
genes regulating RNA degradation or translation. An additional layer of posttranscriptional gene
expression control is represented by RBPs responsible for megakaryocyte MK maturation, platelet
biogenesis, platelet responsiveness and platelet interaction with immune cells as well as RNA transport
from MKs to proplatelets. Lastly, posttranscriptional regulation is mediated by L1 reverse transcriptase
activity, which induces formation of RNA–DNA hybrids, thereby regulating global protein synthesis.
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4.2. Role of RNA Binding Proteins (RBPs) in MKs and Platelets

Besides these examples of general mechanisms that contribute to translational control in platelets,
also more specific regulations of individual mRNA by certain RBPs have been identified. Of note,
more than 1500 human proteins have been annotated as RBPs based on experimental evidence and the
presence of canonical RNA-binding domains (RBDs) [157]. RBPs typically use RBDs, such as the RNA
recognition motif (RRM), hnRNP K homology domain (KH) or DEAD box helicase (DDX) domain,
in order to bind to their target RNA and subsequently form ribonucleoprotein (RNP) complexes.
However, additional RBPs have been identified lacking these characteristic RBDs [158]. Importantly,
RBPs are crucial post-transcriptional regulators that are able to execute a plethora of control mechanisms,
including regulation of RNA translation, splicing, transport, decay and editing [157]. Hence, RBPs
could potentially contribute to multiple aspects of MK differentiation, platelet formation as well
as platelet function. In line with this, a recent study revealed that the RBP ATAXIN2 (ATXN2)
modulates the MK transcriptome and proteome and affects expression of platelet surface proteins [159].
ATXN2 has been implicated in regulating global mRNA stability and translation and directly binds
to over 4000 transcripts as evaluated by photoactivatable-ribonucleoside-enhanced crosslinking and
immunoprecipitation (PAR-CLIP) [160,161]. In human megakaryoblasts, ATXN2 was shown to
associate with the poly(A)-binding protein (PABP) and the RNA helicase DDX6, and knockdown of
ATXN2 in MEG-01 cells yielded 454 differentially expressed RNAs and 20 differentially expressed
proteins [159]. However, the authors of this study did not identify direct RNA targets of ATXN2 in
megakaryoblasts. Intriguingly, Atxn2 knockout mice exhibited a decrease in type IV megakaryoid
cells, and αIIbβ3 integrin-mediated platelet aggregation was impaired upon stimulation with phorbol
myristate acetate (PMA) or with Aggretin A. This could be due to deregulated total expression of
ITGB3 and aberrant surface receptor expression of CD31 in conjunction with C6orf25, Coagulation
Factor II Thrombin Receptor (F2R) and VAV1 dysregulation in Atxn2 knockout mice [159]. In addition
to ATXN2, other RBPs have been implicated in megakaryopoiesis and MK maturation. As mentioned
earlier, RBM15 was shown to play a role in megakaryocytic differentiation of hematopoietic stem cells
acting in concert with protein arginine methyltransferase 1 (PRMT1) which methylates RBM15 and
thereby regulates its stability via the E3 ubiquitin ligase CNOT4 [139,162]. RBM15 was shown to bind
to intronic sequences and interact with the Splicing Factor 3b Subunit 1 (SF3B1) thereby regulating
alternative splicing of genes that are important for megakaryopoiesis such as GATA1, RUNX1,
T-Cell Acute Lymphocytic Leukemia 1 (TAL1) and c-MPL [139]. Another RBP that may influence
megakaryocyte differentiation is Insulin-like Growth Factor 2 mRNA-binding protein 1 (IGF2BP1).
IGF2BP1 has been found to target the ETS Variant Transcription Factor 6 (ETV6)/RUNX1 fusion
transcript and potentially regulates its stability in acute lymphatic leukemia (ALL) [163]. However,
it is currently unknown, if IGF2BP1 modulates RUNX1 expression in HSCs or megakaryocytes.
However, it could be shown that another member of the IGF2BP family regulates the human fetal–adult
megakaryocyte transition [164]. In detail, the oncofetal IGF2BP3 is expressed significantly higher
in neonatal hematopoietic cells, including neonatal megakaryocytes, but is completely absent in
its adult counterparts. High expression of IGF2BP3 restricted megakaryocyte morphogenesis and
polyploidy by inhibiting the positive transcription elongation factor b (P-TEFb) kinase complex by
binding and stabilization of the 7SK snRNA. Consequently, high IGF2BP3 expression in neonatal
megakaryocytes affected platelet function leading to hyporesponsiveness in full-term and premature
neonates, which could lead to thrombocytopenia and bleeding commonly observed in premature
neonates [164]. Another example of an oncofetal RBP with a role in regulating MK and platelet
function is LIN28B, which is highly expressed in fetal, but not in adult megakaryocytes. High LIN28B
expression in fetal megakaryocytes negatively regulated surface P-Selectin expression in fetal platelets,
which influenced their interaction with neutrophils in vitro and in vivo [165]. Hence, differential RBP
expression in developing MKs as well as old and young platelets may play a crucial role in regulating
platelet function. In addition, post-transcriptional regulation by RBPs might also be vital in regulating
platelet production and release from MKs, which includes cytoskeletal rearrangements. Myosin heavy
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chain 9 (MYH9) is a major non-muscle myosin expressed in MKs and platelets, associates with the
actin cytoskeleton and enables morphogenesis. Mutations in or knockout of MYH9 is linked to a
group of platelet disorders leading to macro-thrombocytopenia, prolonged bleeding and clot retraction
deficiency [166]. In erythropoiesis, MYH9 is crucial for erythroid cell enucleation. This process was
shown to depend on the activity of heterogeneous nuclear ribonucleoprotein K (hnRNP K), an RBP that
inhibits translation of MYH9 mRNA [167]. It would be interesting to evaluate the effects of hnRNP K on
MYH9-dependent megakaryocyte maturation and platelet biogenesis, which has not been investigated
so far.

In addition to regulating stability and translation of mRNAs, RBPs can also be involved in the
localization and transport of their target RNAs from megakaryocytes to platelets, which is suggested
to occur in a controlled rather than random manner as mentioned above [118]. While the exact sorting
mechanisms remain elusive, MKs and platelets were shown to contain mRNAs encoding for RBPs that
were previously implicated in mRNA transport processes including Cancer Susceptibility Candidate
Gene 3 (CASC3), Staufen Double-Stranded RNA Binding Protein 1 and 2 (STAU1 and STAU2) as well
as EIF4A3 [118,168]. Hence, these RBPs might be expressed in MKs and platelets and may play a role
in the regulated transport of coding and non-coding transcripts into platelets [169].

Consequently, RBPs have also been detected within platelets themselves where they modulate
transcript stability and translation efficiency. Among the identified RBPs are T-cell internal antigen-1
(TIA-I), TIA-I-related protein (TIA-R), and ELAV like RNA binding protein 1 (ELAVL1, HuR) [112].
TIA-1 has been implicated in alternative splicing regulation of various pre-mRNAs and was shown to
suppress translation [170]. Upon platelet activation by thrombin, TIA-I dissociates from the Serpin
Family E Member 1 (SERPINE1) mRNA, thereby lifting repressive effects and allowing translation and
de novo synthesis of Serpine1 protein, also known as Plasminogen Activator Inhibitor 1 (PAI-1). Similar
effects were found for Ago2, where dissociation of Ago2 protein upon thrombin stimulation of platelets
was found for SERPINE1 mRNA whereas Ago2/miRNA complexes or associations of Ago2 with
other mRNAs known to be translated upon platelet activation, including Prostaglandin-Endoperoxide
Synthase 1 (PTGS1) and ITGB3 mRNAs, were not affected. On the other hand, association of SERPINE1
mRNA with the RBP HuR did not change upon platelet activation, which might indicate that HuR acts
as a stabilizing factor rather than a translational regulator under these conditions [171]. Overall, these
findings implicate some degree of specificity for the regulation of individual platelet mRNAs during
platelet stimulation, which is likely distinct following platelet activation by other known platelet
activating factors besides thrombin.

Finally, yet importantly, it is worth mentioning that not only miRNAs and RBPs could regulate
protein synthesis in MKs and platelets, but also other post-transcriptional regulators might exist.
Indeed, Schwertz et al. demonstrated that translational events in platelets could be controlled by
endogenous long interspersed nuclear element-1 (LINE-1) reverse transcriptase activity (eRT) [172].
Intriguingly, inhibition of eRT in vitro in isolated platelets from healthy individuals or in people with
HIV treated with RT inhibitors enhanced global protein synthesis. Moreover, platelet activation was
induced promoting a pro-thrombotic functional response, which was likely mediated by the generation
of RNA-DNA hybrids. These results present a novel, previously unrecognized translational regulatory
mechanism, which could have clinical implications for HIV patients that are at an increased risk of
thrombosis, which might be related to RT inhibitor-based antiretroviral therapies [173].

In summary, post-transcriptional regulatory pathways are crucial for rapid adaptations to changing
environmental properties upon platelet activation. RBPs expressed in megakaryocytes and platelets
are critical for megakaryocyte differentiation, maturation, and platelet genesis. Moreover, RBPs might
be important transport factors mediating the sorting of RNAs from megakaryocytes into platelets and
thereby influence signaling pathways in circulating platelets. However, several of the underlying
mechanistic details are not well understood so far, which warrants further in-depth investigations in
the future.
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5. Conclusions

Platelets contain a plethora of RNAs that are inherited from megakaryocytes or taken up from
interacting cells or microorganisms. The functions of these transcripts, whether they are crucial for
platelet function per se independent of their role in megakaryocytes and the mechanisms that control
their sorting and uptake as well as their constitutive or signal-dependent translation and decay, are just
beginning to be resolved. Studying the contribution of RBPs to these processes will allow us to gain
a deeper understanding of the complex networks underlying megakaryopoiesis, platelet biogenesis
and function.
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Abbreviations

ACE2 angiotensin I converting enzyme 2
ADP adenosine diphosphate
Ago2 argonaute RISC catalytic component 2
ALL acute lymphoblastic leukemia
ART antiretroviral drug therapy
AS-RBM15 RBM15 antisense RNA 1
ATXN2 ataxin 2
Bcl-3 BCL3 transcription coactivator
CASC3 Cancer Susceptibility Candidate Gene 3
circRNA circular RNA
circRNP circRNA-protein complex
c-MPL cellular myeloproliferative leukemia virus
CNOT4 CCR4-NOT transcription complex subunit 4
COVID-19 corona virus induced disease 19
COX-2 cyclooxygenase 2
DDX6 DEAD-box helicase 6
DGCR8 DiGeorge syndrome critical region 8
DMS demarcation membrane system
EPB41L3 Erythrocyte Membrane Protein Band 4.1-like 3
EFNA1 Ephrin A1
EGFR Epidermal Growth Factor Receptor
eIF eukaryotic translation initiation factor
EML4-ALK Echinoderm Microtubule Associated Protein Like 4-Anaplastic Lymphoma Kinase
ER endoplasmic reticulum
eRT endogenous reverse transcriptase
ETO RUNX1 partner transcriptional co-repressor 1
FBXW7 F-Box and WD Repeat Domain Containing 7
FXI coagulation factor XI
GATA1 GATA binding protein 1
GFI1 Growth Factor Independent 1 Transcriptional Repressor
GPx glutathione-dependent peroxidase



Int. J. Mol. Sci. 2020, 21, 7614 16 of 25

HER2 Human Epidermal Growth Factor Receptor 2
HIV human immunodeficiency virus
hnRNP K heterogeneous nuclear ribonucleoprotein K
HSC hematopoietic stem cell
HuR/ELAVL1 ELAV like RNA binding protein 1
ICAM intercellular adhesion molecule
IGF1R Insulin-like Growth Factor 1 Receptor
IGF2BP1 Insulin-like growth factor 2 mRNA binding protein 1
IGF2BP3 Insulin-like growth factor 3 mRNA binding protein 3
IL-1β interleukin 1β
ITGA2B Integrin Alpha 2b
ITGB3 integrin subunit beta 3
KRAS Kirsten Rat Sarcoma Viral Oncogene Homolog
LIN28B lin-28 homolog B
LINE-1 long interspersed nuclear element-1
lncRNA long non-coding RNA
LPS lipopolysaccharide
m7G 7-methylguanosine
MAFB MAF bZIP transcription factor B
MAGI2-AS3 MAGI2 antisense RNA 3
MET Mesenchymal Epithelial Transition tyrosine kinase
miRNA micro RNA
MK megakaryocyte
MMP matrix metallopeptidase
MPL MPL proto-oncogene, thrombopoietin receptor
mRNA messenger RNA
MT1P3 metallothionein 1 pseudogene 3
mtDNA mitochondrial DNA
mTOR mechanistic target of rapamycin kinase
MV microvesicle
MYH9 myosin heavy chain 9
NGS next generation sequencing
NSCLC non-small-cell lung carcinoma
nt nucleotide
P2Y12 purinergic receptor P2Y12
PABP polyA binding protein
PAR-CLIP photoactivatable-ribonucleoside-enhanced crosslinking and immunoprecipitation
PIK3CA Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha
PMA peroneal muscular atrophy
PRKAR2B protein kinase cAMP-dependent type II regulatory subunit beta
PRMT1 protein arginine methyltransferase 1
P-TEFb positive transcription elongation factor b
PTGS1 prostaglandin-endoperoxide synthase 1
RBD RNA-binding domains
RBM15 RNA Binding Motif Protein 15
RBP RNA binding protein
RNA-Seq RNA sequencing
RRM RNA recognition motif
rRNA ribosomal RNA
RUNX1 RUNX family transcription factor 1
SARS-CoV-2 severe acute respiratory syndrome coronavirus 2
SERPINE1 serpin family E member 1
SF3B1 splicing factor 3b subunit 1
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siRNA small interfering RNA
snRNA small nuclear RNA
STAU1/2 Staufen Double-Stranded RNA Binding Protein 1 and 2
T2D type 2 diabetes
TAL1 TAL bHLH transcription factor 1
TARBP2 Trans-Activation Responsive RNA-Binding Protein 2
TF tissue factor
THBS-1 thrombospondin 1
TIA-I TIA1 cytotoxic granule associated RNA binding protein
TIMP TIMP metallopeptidase inhibitor
TLR4 Toll like receptor 4
TPO thrombopoietin
UTR untranslated region
VAMP8 vesicle associated membrane protein 8
ZFAS1 ZNFX1 antisense RNA 1
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