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Abstract Platelets are equipped with RNA processing ma-
chineries, such as pre-mRNA splicing, pre-miRNA process-
ing, and mRNA translation. Since platelets are devoid of a
nucleus, most RNA transcripts in platelets are derived from
megakaryocytes during thrombocytogenesis. However, plate-
lets can also ingest RNA molecules during circulation and/or
interaction with other cell types. Since platelets were first de-
scribed by Bizzozero in 1881, their well-established role in
hemostasis and thrombosis has been intensively studied.
However, in the past decades, the list of biological processes
in which platelets play an important role keeps expanding. In
this review, we discuss how platelet RNA biomarker signa-
tures can be altered in the presence of cancer.
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1 Platelets and cancer in brief

Platelets are implicated in tumor biology and metastasis
(Fig. 1) [1, 2], and tumor cells can, directly and indirectly,
impose changes on platelet RNA and protein content [3-5].
As a result, these tumor-educated platelets (TEPs) have an
altered function and can in various ways promote tumor
cell survival and metastasis, as well as other hallmarks of
cancer [6]. Tumor cells interact with platelets indirectly via
different signaling molecules or directly via different re-
ceptors, mainly the platelet activation receptor P-selectin
[7-10]. Upon activation, platelets can release several
growth and pro-angiogenic factors like ANGPT1, PDGF,
BFGF, EGF, HGF, 1GF1, TGFf3, VEGF-A, and VEGF-C
[11, 12]. Platelets can release these factors at a metastatic
niche, thereby providing a pro-tumoral growth microenvi-
ronment [1].

Calverley et al. showed that NAD-dependent
deacetylase sirtuin-2 (SIRT2) is differentially spliced in
platelets of metastatic lung cancer patients. This gene plays
a role in epigenetic silencing, concluding that platelets
could induce growth and progression of tumors by releas-
ing epigenetic silencers [5]. Further, platelets alter cancer
cells to evade the detection by the immune system, by
transferring MHC class I proteins to the tumor cells,
resulting in protection against natural killer cells [13].
Platelets can also mechanically protect cancer cells from
destruction via NK cells by forming a cell-fibrin—platelet
aggregate surrounding circulating tumor cells (CTC) or
arrested tumor cells. This physical shield avoids cell-
mediated immune detection and supports cancer cell sur-
vival [14—17]. Such protective properties of platelets are
important for cancer metastasis by promoting cancer cell
survival in the circulation [18, 19].
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Fig. 1 Schematic representation of tumor-mediated education of platelets
and the megakaryocyte leading to metastasis. (a) Megakaryocytes in the
bone marrow and lungs sort specific RNA and proteins into platelet
precursors. (b) Circulating platelets contain a variety of RNA transcripts
and proteins. During their 7-10-day lifespan, platelets interact with
immune cells, cancer cells, and stromal cells. These direct interactions as
well as distant cell signaling, for instance, via vesicle-mediated

2 Liquid biopsies and cancer detection

Liquid biopsies have been introduced as a potential game
changer in cancer management, with blood tests emerging as
a minimally invasive, safe, and sensitive alternative or com-
plementary approach for tissue biopsies [20-22]. Blood rep-
resents a rich source of information through which solid can-
cers (and their subtypes) can be detected, identified and clas-
sified, and matched to a specific therapy [23—30]. Targeted
risk-based screening based on a person’s individual risk of
cancer is envisioned to be the anti-cancer strategy of the fu-
ture. Current clinical oncology practice relies on the removal
of tumor tissue through biopsies for analysis of tumor-linked
genetic alterations. Although the use of tumor tissue biopsies
is the current gold standard for cancer diagnosis and represents
an essential tool in cancer management, it has become appar-
ent that the information acquired from a single biopsy pro-
vides a spatially and temporally limited snapshot of a
(metastatic) tumor and often fails to reflect the heterogeneity
of the disease [22, 31, 32]. Moreover, tumor biopsies are in-
vasive which poses a limitation for repeated sampling (needed
for monitoring treatment response and resistance to targeted
therapies). Liquid biopsies could provide a potential revolu-
tion in cancer diagnostics as a minimally invasive method for
detecting and monitoring diseases, complementary to current
tissue biopsy approaches. Liquid biopsies can therefore pro-
vide an accurate and comprehensive spatiotemporal snapshot
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communication in whole blood, changes the content of the platelet and
platelet function. (¢) This process leads to the development of tumor-
educated platelets. Next, tumor-educated platelets can influence the process
of metastasis formation by stimulating or blocking immune cells, endothe-
lial cells, stromal cells, and cancer cells, either by direct cell-to-cell contact
or by releasing extracellular queues. (d) Finally, metastasis could affect the
sorting of specific RNA and proteins of megakaryocytes into platelets

of the tumor and its microenvironment on multiple levels, and
enable (1) early detection (screening), (2) prognosis for the
individual patient: stage and spread, (3) identification of new
targets for personalized treatment, (4) pre-treatment classifica-
tion for personalized therapy/prediction of response to thera-
Py, (5) early therapy response monitoring, “real-time” assess-
ment of treatment effectiveness, and (6) follow-up and early
detection of recurrence of the disease and its metastases.
Currently, blood-based biopsy measurements focus on evalu-
ation of biomarker biosources, including circulating tumor
DNA (ctDNA), circulating tumor cells (CTCs), extracellular
vesicles (EVs; exosomes, microvesicles, microparticles,
oncosomes), and tumor-educated platelets (TEPs) [3, 4,
33-38].

3 Tumor-educated platelets

Platelets have long been considered as a potential diagnostic
tool in cancer. Several studies have shown that a simple plate-
let count already harbors potential clinical relevant informa-
tion [39—44]. Besides platelet counts, the size of platelets [44,
45] and platelet protein markers, such as P-selectin, are used
for blood-based cancer diagnostics and prognostics [44,
46-51]. Platelets can interact with cancer cells in various ways
leading to platelet hyper-reactivity [52, 53]. Furthermore,
there may be an increase in young reticulated platelets in
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cancer patients [54]. The ratio of these young platelets in the
total platelet population can change again after cancer treat-
ment [43, 48, 55]. These observations indicate that platelets
can respond reactively during tumor progression and
treatment.

Tumor-associated biomolecules are transferred to platelets
resulting in their “education” [3, 4, 56]. External stimuli, such
as activation of platelet surface receptors and
lipopolysaccharide-mediated platelet activation, induce spe-
cific splicing of pre-messenger RNAs (mRNAs) in circulating
TEPs [57]. TEPs may also undergo queue-specific splice
events in response to signals released by cancer cells and the
tumor microenvironment such as by stromal and immune cells
[1]. The combination of specific splice events in response to
external signals and the capacity of platelets to directly ingest
(spliced) circulating mRNA can provide TEPs with a highly
dynamic mRNA repertoire, with potential applicability to can-
cer diagnostics. A highly sensitive method for isolation and
analysis of TEP RNA was developed to detect cancer. It was
shown that platelet mRNA profiles can be used to distinguish
between healthy donors and cancer patients [3—5]. Given the
many roles platelets play in cancer, they could harvest infor-
mation about the disease status of given patients.

Platelets are capable of taking up protein and nucleo-
tides during their lifespan. Nilsson et al. described the up-
take of extracellular vesicles (EVs) by circulating platelets
[3]. Via this mechanism, platelets can sequester EVs from
cancer cells harboring tumor-specific RNA. EGFRVIII, a
deletion mutant of the epidermal growth factor receptor
(EGFR), is such a specific tumor RNA which is considered
to be present in 30% of glioblastoma tumors. Traces of this
very malignant tumor of the central nervous system could
be detected by RT-PCR of platelets from these patients.
The EGFRVIII RNA transcript was detected with a sensi-
tivity of 80% (four out of five EGFRvIII-positive tumors
were detected), and a specificity of 96% (25 out of 26
EGFRvllI-negative tumors were scored as negative). In
addition, microarray analysis discovered an RNA signature
that could distinguish between glioblastoma patients
(n = 8) and healthy controls (n = 12) [3]. A total of 17
out of the top 30 differentially expressed genes were also
found in the mRNA sequencing data from TEPs of GBM
patients, with four of the most significantly differentially
expressed, WFDC1, FKBPS5, IL1R2, and TPCNI. In 2015,
the uptake of tumor-derived RNA in platelets was con-
firmed in NSCLC patients. Translocated EML4-ALK tran-
scripts and KRAS and EGFR transcripts harboring tumor-
specific point mutations were detected by RT-PCR and
deep amplicon sequencing [4, 33]. Although shallow se-
quencing of platelets did not reveal the specific mutations,
the RNA profiles allowed for the development of surrogate
gene panels to determine the molecular status of the tumor
tissue in situ.

4 TEP RNA signatures

Microarray mRNA platelet profiles of seven healthy donors
and five treatment-naive metastatic lung cancer patients were
compared by Calverley et al. [5]. Unsupervised hierarchical
clustering revealed 200 altered RNAs, of which all but 3 were
decreased in platelets of lung cancer patients. They also
showed that NAD-dependent deacetylase sirtuin-2 (SIRT2)
is differentially spliced in platelets of metastatic lung cancer
patients compared to healthy individuals. SIRT2 is a human
homolog to yeast Sir2 protein that regulates epigenetic gene
silencing and suppresses rDNA recombination and is a cellu-
lar stress response. In yeast, it regulates the acetylation status
of several tumor suppressors including p53 and FoxO1; how-
ever, in humans its exact function is not yet known.

A recent study demonstrated that mRNA sequencing of
tumor-educated platelets distinguishes cancer patients from
healthy individuals with 96% accuracy (Fig. 2) [4]. Blood
contains 200-500 million platelets per milliliter, making plate-
lets highly available for diagnostic use. Whole blood can be
stored up to 48 h at room temperature prior to platelet isolation
while maintaining high-quality RNA and the dominant cancer
RNA signatures. Platelet isolation was performed with a two-
step centrifugation protocol, and platelet purity was confirmed
by manual cell counting using crystal violet staining on a light
microscope showing one to five nucleated cells per 10 million
platelets. Nucleated cells are considered to contain approxi-
mately 10,000x more RNA than a single platelet. However,
nucleated cell counts of one to five nucleated cells per 10
million platelets indicate that the RNA profiles that were ob-
served in the platelet fraction are likely not attributable to the
presence of nucleated cell contamination. Furthermore, in
silico analysis showed a high correlation between TEP RNA
profiles with previously described platelet RNA profiles,
which were derived from platelet isolations using a CD45
depletion step to further diminish possible leukocyte contam-
ination, and no correlation with nucleated blood cells (Fig. 3).
In addition, based on DAVID Gene Ontology analysis, the
detected RN As are strongly enriched for transcripts associated
with blood platelets. Among the 5003 RNAs, known platelet
markers were identified, such as B2M, PPBP, TMSB4X, and
PF4 in high levels [4].

RNA sequencing was performed on 283 blood platelet
samples, isolated from healthy individuals (n = 55) and pa-
tients with cancer (n = 228, cancer types: glioblastoma, non-
small cell lung cancer, colorectal cancer, pancreatic cancer,
breast cancer, and liver and bile duct carcinoma) [4]. A total
of 1453 out of 5003 mRNAs were increased and 793 out of
5003 mRNAs were decreased in TEPs as compared to platelet
samples of healthy donors while presenting a strong correla-
tion between these platelet mRNA profiles. Unsupervised hi-
erarchical clustering based on the differentially detected plate-
let mRNAs distinguished two sample groups with minor
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Fig. 2 ThromboSeq workflow. (a) TEP mRNA sequencing workflow;
blood draw is performed on patients, and from a single 6-ml EDTA-
coated tube, platelets are isolated. RNA extraction is done according to
manufacturer’s protocol using the mirVana RNA isolation kit (Life
Technologies). Next, mRNA is amplified using SMARTer Ultra low in-
put RNA kit (Clontech). Samples are prepared for sequencing on the

A B C

Platelet expression

0 1.5

Hiseq 2500 Illumina platform using the Truseq Nano DNA Sample
Prep Kit (Illumina). After each step, quality control was performed by
critical inspection of Bioanalyzer profiles (Agilent). (b) Heatmap of
unsupervised clustering of platelet mRNA profiles of healthy donors
(red, n = 55) and patients with cancer (gray, n = 228)
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Fig.3 Correlation plots of TEP RNA signatures with other (a) nucleated
blood cells. Correlation plots between platelets sequenced by Best et al.
compared with platelet RNA expression levels from different studies and
compared with RNA expression from different blood cells. (a) Platelets
from Bray et al. [82]. (b) Poly A selected RNAs from platelets from
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overlap. Using the different mRNA profiles of cancer patients
and healthy donors, it was possible to develop a predictive
algorithm with high accuracy in separating healthy individuals
from cancer patients. The RNA profiles allowed for support
vector machine (SVM) classification, enabling the ability to
correctly classify whether the patient has cancer or not (accu-
racy: 96%), which tumor type is present (accuracy 71%), and
which molecular mutational subtype the tumor has (accuracy
85-95%). Interestingly, all 39 patients with early-stage, non-
metastasized cancer were correctly identified as cancer pa-
tients [4]. These promising data show that the TEP cancer
classification platform deserves thorough follow-up evalua-
tion experiments, profiling of additional prospectively collect-
ed patient cohorts, cancer (molecular) subtypes, and other
(inflammatory) diseases, and further training and development
ofthe cumulative SVM algorithms. This patient cohort includ-
ed six (heterogenic) tumor types, i.e., non-small cell lung car-
cinoma (n = 60), colorectal cancer (n = 41), glioblastoma
(n = 39), pancreatic cancer (n = 35), hepatobiliary cancer
(n = 14), and breast cancer (n = 39).

Although it was not possible to measure significant differ-
ences between localized and metastasized tumors, it is not
excluded that a larger sample set of localized and metastasized
samples from the same cancer type will have the power to do
so. Since the TEP profiles closely resemble the different tumor
types as determined by their organ of origin, regardless of
systemic dissemination, it was possible to develop a
multiclass algorithm predicting the primary tumor location
and separate tumors based upon their mutational status [4].
Different primary tumors showed different RNA profiles,
making it possible to determine malignant lesions as a primary
tumor or as a metastasis, for instance on chest imaging.
Resemblance in platelet RNA profiles from different primary
tumors is partly explained by similar driver mutations. KRAS
for instance is a driver mutation in many cancer types. This
mutation and others leave a specific signature in platelets mak-
ing it possible to select patients for different targeted therapies.
Furthermore, when sequenced deep enough, the specific driv-
er mutations can be found in platelets.

This thromboSeq technique shows the potential of platelets
as liquid biopsy biosource. Besides mRNA, platelets also con-
tain non-coding and small RNAs. Analysis of differentially
expressed non-coding RNAs revealed 20 genes of which 16
were upregulated in TEPs (Table 1). These 20 non-coding
RNAs showed a tumor-specific profile. Interestingly, one of
the downregulated RNAs is Metastasis Associated Lung
Adenocarcinoma Transcript 1 (MALAT1) [4]. This non-
coding RNA is retained in the nucleus where it acts as a tran-
scriptional regulator of numerous genes, including some
genes involved in cancer metastasis. Its upregulation in mul-
tiple cancerous tissues has been associated with the prolifera-
tion and metastasis of tumor cells [58—60]. Growth arrest-
specific transcript 5 (GASS), another downregulated non-

coding RNA, is involved in cellular proliferation, and its
downregulation has been shown to be pro-cancerous in sever-
al tumor types [61, 62]. Both SNHGS (small nucleolar RNA
host gene) and SNHGS appear to play a role in gastric cancer
by regulating migration and proliferation [63-65].
Lymphocytic leukemia 1 and 2 (DLEU1 and DLEU2) are
frequently deleted in several hematological cancers, and can-
cer susceptibility candidate 15 (CASCI15) has a role in the
formation of neuroblastoma [66—68]. Given the function that
these non-coding RNAs seem to have in cancer, it is interest-
ing to further investigate non-coding RNA expression in
platelets from cancer patients.

Of the non-coding RNAs, microRNAs are of special inter-
est. Ple et al. described in 2012, 532 different micro-RNAs in
platelets [69]. Increasing work suggests an important role for
platelet microRNAs in platelet biogenesis and function
[70-73]. In cardiovascular disease, nine differentially
expressed microRNAs were found comparing patients with
myocardial infarction with healthy controls [74]. This shows
the potential of microRNAs in platelets as a diagnostic tool.
Although microRNAs play an important role in cancer, their
expression is mostly studied in tissue and exosomes.
MicroRNA expression in TEPs needs further research to de-
termine their diagnostic power.

DAVID and CAGE gene ontology algorithms were applied
to the diagnostic RNA panels of tumor-educated platelets.
This revealed a downregulation of RNAs involved in RNA
metabolism and RNA splicing. Interestingly, there was a cor-
relation to platelet activation, platelet and vesicle transport,
cytoskeleton activation, and ATP signaling. These programs
potentially reveal a hyperactive state of tumor-educated plate-
lets matching the hyper-reactivity found in a functional anal-
ysis of platelets from certain cancer patients. This hyperactiv-
ity seems to be different in cancer patients compared to pa-
tients with non-cancerous inflammatory diseases. Microarray
studies performed on platelets from different non-cancerous
inflammatory diseases identified 22 differentially expressed
genes [75-78]. Expression levels of these genes in TEPs ap-
peared to be randomly expressed compared to platelets of
healthy donors, suggesting that platelet RNA in patients with
non-cancerous disease is different from patients with cancer
[4]. More studies comparing TEPs with platelets from patients
with non-cancerous inflammatory disease and healthy indi-
viduals could give us more insight into the function of plate-
lets in different diseases including cancer. To gain more in-
sight, the collection has been initiated of relevant patient sam-
ples from multiple non-cancerous clinical conditions, such as
multiple sclerosis, inflammatory bowel disease, chronic ob-
structive pulmonary disease, cardiovascular disease, pancrea-
titis, and premalignant lesions (e.g., pancreatic intra-epithelial
neoplasms). These cohorts may improve the strength of
thromboSeq in the clinical practice by not only comparing
healthy from cancer but separating patients with similar
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S clinical trials before it can be used in a clinical setting. These
E < I R studies should focus on cancer detection, treatment response
5 % 2 2 8 S prediction, prognostics, or monitoring of disease load. Several
% % 2 % g [g studies regarding early detection of cancer have currently im-
= - : : : o - plemented platelet RNA ana.1y§1s in theur protocgls, e.g..,.the
Qé = £ o 2 = = PLATO-VTE study (CllnlcalTrlals.g.OV 1dent1fle.r:
§ % g § g g é NCT02739867) is focused on early detectlop of cancer in
- %D § % S S S patients with an unprovokefi symptoma'ltlc pulmor'lary
2| 5 2 3 2 2 2 embolism and/or distal or proximal deep vein thrombf>51s of
E E & & & & & the leg. These patients have a 5 to 10% chance of getting the
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diagnosis of cancer within 1 year after the event. In the VTE-
PLATO study, platelet RNA will be analyzed to determine if
cancer can be detected earlier, when cure rates are higher.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
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Creative Commons license, and indicate if changes were made.
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