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Simple Summary: Tumor-educated platelets (TEPs) are emerging as promising liquid biopsy tools
for cancer detection and prognosis. Traditionally recognized for clotting, platelets also interact with
tumors by absorbing key signals that can reveal the cancer type or stage. By analyzing platelet RNA
or protein changes, researchers can potentially detect malignancies early, sometimes with greater
accuracy than existing blood tests, and monitor how a tumor progresses or responds to treatment.
Thus, TEP-based liquid biopsy offers a non-invasive way to diagnose or track cancer, reducing the
reliance on invasive tissue biopsies. Although the initial findings are promising, further research
must address standardization, ensure specificity for cancer (rather than other inflammatory
conditions), and validate these approaches in larger patient groups. If these hurdles are overcome,
TEP analyses could help clinicians tailor treatments and possibly detect relapses earlier, representing
an exciting step forward in personalized cancer management.

Abstract: Tumor-educated platelets (TEPs) are emerging as powerful minimally invasive liquid
biopsy modalities for cancer diagnosis and prognosis. Through crosstalk with tumor cells, platelets
sequester tumor-derived molecules and exhibit altered RNA splicing, protein content, and activation
status, all of which reflect tumor biology. Numerous studies have reported that TEP-based assays can
distinguish cancer patients from controls, with sensitivities and specificities often exceeding 80%.
Furthermore, platelet RNA signatures can identify cancer types and stages, and elevated platelet
counts (thrombocytosis) and specific platelet RNA/protein biomarkers are correlated with adverse
prognoses in multiple malignancies, including ovarian and lung cancers. Recent large-scale
investigations have validated these findings, reinforcing that TEPs are promising diagnostic and
prognostic indicators. Despite this potential, some challenges remain. Ensuring sufficient platelet
purity, standardizing sample processing, and accounting for non-cancerous conditions that influence
platelet profiles remain critical hurdles. Moreover, tumor heterogeneity and dynamic platelet
“education” can complicate assay interpretation. Ongoing efforts are focused on refining biomarker
panels, improving computational models for classification, and integrating TEP data with other
liquid biopsy analytes (e.g., circulating tumor DNA) for enhanced accuracy. Overall, TEP-based
liquid biopsy could transform clinical decision-making by enabling the earlier detection of
malignancies and more precise prognostic assessments. With further validation in large prospective
trials, TEP assays may soon provide a routine and cost-effective approach for guiding individualized
cancer care.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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1. Introduction

Liquid biopsy has emerged as a powerful and minimally invasive approach for cancer diagnosis
and monitoring, offering an attractive complement or alternative to traditional tissue biopsies [1]. In
this approach, various tumor-derived components, such as circulating tumor DNA, circulating tumor
cells, extracellular vesicles, circulating RNAs, and more recently, tumor-educated platelets (TEPs),
have been analyzed to detect or characterize cancers [2]. TEPs are blood platelets whose RNA and
protein profiles as well as their functional states are altered through interactions with tumor cells and
the tumor microenvironment [3]. Traditionally recognized for their roles in hemostasis and
thrombosis, platelets are anucleate, short-lived (7-10 days) cell fragments shed from mature
megakaryocytes and represent the second most abundant cell type in blood. Beyond clotting, they
actively participate in inflammation, tissue repair, and tumor progression [4].

Through direct crosstalk with tumor cells, platelets can take up tumor-associated molecules and
undergo modifications in RNA splicing and protein secretion, effectively transforming them into
reservoirs of tumor information [5]. Early studies have revealed that alterations in platelet counts and
content in cancer patients offer valuable diagnostic clues [6]. Best et al. demonstrated that the mRNA
profiles of platelets could distinguish patients with cancer from healthy individuals with high
accuracy, sparking intense research on TEP-based diagnostics [7]. Historical observations such as
thrombocytosis noted in patients with cancer since 1964 have been reinforced by clinical evidence
linking elevated platelet counts to poor prognosis [8]. Preclinical studies further underscore the
multifaceted role of platelets: by binding to tumor cells, they form microaggregates that shield tumor
cells from immune attack, while the release of soluble factors like transforming growth factor-f3
(TGFB) and platelet factor 4 (PF4) enhances tumor cell invasion and metastasis [9]. In response, tumor
cells secrete cytokines such as interleukin-6 (IL-6) and chemokine ligand 5 (CCL5) to stimulate
platelet production or activation, perpetuating a cycle that promotes angiogenesis, metastasis, and
proliferation [10].

This dynamic intercellular communication facilitates tumor progression and positions TEPs as
promising targets for diagnostic and therapeutic applications. Despite the encouraging potential of
TEP-based liquid biopsy, challenges persist, particularly regarding precise targeting and monitoring
of platelets in clinical settings [11]. In this review, we comprehensively summarized the biological
alterations in platelets induced by tumor interactions and their emerging roles in cancer diagnosis
and prognosis. Here, we discuss recent advances in platelet RNA and protein profiling, evaluate the
diagnostic performance of TEPs, and explore their potential as dynamic biomarkers for treatment
monitoring. Furthermore, we address the current technical and clinical challenges, outlining future
directions for integrating TEP-based liquid biopsy into routine oncology practice.

2. Literature Search and Selection Methodology

We searched PubMed, Web of Science, Scopus, and Google Scholar for publications published
from January 2015 to December 2024. We used keywords including “tumor-educated platelets,”
“platelet RNA cancer,” “platelet proteomics tumor,” “liquid biopsy platelets,” “platelet RNA
diagnostics,” and “platelet prognostic cancer,”.

We included clinical and laboratory research articles, systematic reviews, and meta-analyses on
the diagnostic and prognostic applications of platelets/TEPs in cancer. Studies focusing solely on
basic platelet biology, small case reports, non-English publications, and conference abstracts without
complete data were excluded. For each study, we recorded key details such as cancer type, platelet-
derived biomarkers (RNA, protein, count, etc.), study size, diagnostic accuracy metrics (sensitivity,
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specificity, area under the curve [AUC]), and prognostic endpoints (e.g., survival correlations). The
evidence was then thematically synthesized by discussing mechanistic insights, diagnostic
applications by biomarker type, prognostic applications, and comparative analyses across studies.

3. Tumor-Driven Platelet Education and Modulation

Platelets are anucleated cell fragments derived from megakaryocytes in the bone marrow that
circulate for approximately 7-10 days. Under normal conditions, they play fundamental roles in
coagulation, wound healing, and immune responses [11]. However, in patients with cancer, platelets
undergo both quantitative and qualitative changes as they interact with tumor cells and the tumor
microenvironment. These changes transform platelets into what is termed “tumor-educated
platelets” (TEPs). Several interconnected mechanisms underlie this phenomenon, including
sequestration of tumor-derived biomolecules, modulation of platelet RNA content, and alterations in
thrombopoiesis at the megakaryocyte level. In addition, tumor cells can directly induce platelet
activation and increase platelet count (thrombocytosis), further affecting cancer progression and
patient outcomes [7]. Platelets are not simply passive cell fragments; rather, they engage in active
crosstalk with tumor cells. As illustrated in Figure 1, tumors release soluble factors, extracellular
vesicles, and cytokines that directly influence platelet function and RNA content, while activated
platelets in turn support tumor progression.
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Figure 1. Tumor-derived exosomes and cytokines drive platelet number and function alterations. Tumor-
derived interleukin-6 (IL-6) stimulates the liver to secrete thrombopoietin (TPO), which drives megakaryocyte
maturation in the bone marrow, leading to elevated platelet production (right lower panel). Concurrently, tumor
cell-derived exosomes and soluble factors are released into circulation, where they influence platelets to take up
and splice RNA, as well as incorporate proteins (right upper panel). These changes modify platelet function and
can promote cancer progression and metastasis. Thus, the dual role of the IL-6-TPO axis and tumor cell-derived
components augments both platelet numbers and platelet activation, further enhancing immunomodulatory and

pro-thrombotic processes within the tumor microenvironment. Created with BioRender.com.

3.1. Sequestration of Tumor-Derived Biomolecules

One mechanism of tumor-driven platelet education is the direct uptake of circulating tumor-
derived factors. As tumor cells proliferate, they release various biomolecules, such as proteins,
DNA/RNA fragments, and extracellular vesicles (microparticles and exosomes), into the
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bloodstream. Platelets avidly absorb and store these molecules, effectively acting as “sponges” that
collect the molecular signatures of the tumor [12]. For example, mutant EGFRvIII mRNA from
glioblastoma has been detected in platelet RNA following exposure to tumor cells [13]. By
sequestering and storing these factors, platelets carry key oncogenic messages that reflect the
molecular state of the tumor [11].

3.2. Modulation of Platelet RNA Content

Unlike most other cell types, platelets contain no nucleus yet harbor a residual pool of mRNAs
and the cellular machinery for splicing pre-mRNAs into mature transcripts. Tumor-secreted signals,
including thrombin, chemokines, and growth factors, can bind to platelet surface receptors and
influence platelet RNA processing [14]. This can result in the selective loading or splicing of particular
RNAs, generating tumor-specific “RNA fingerprints.” Platelets from patients with cancer commonly
display distinct RNA profiles and altered splicing events compared to those from healthy controls
[15]. Platelets also can synthesize certain proteins from these spliced RNAs, and tumor-derived
stimuli may lead to the de novo production of oncogenic or pro-angiogenic factors within platelets,
thereby enhancing tumor progression [11].

3.3. Megakaryocyte Education and Thrombopoiesis Alteration

Tumor-driven changes in platelet function may originate even before platelets enter the
circulation. Inflammatory cytokines, such as interleukin-6 (IL-6), are often elevated in cancer and can
drive excess thrombopoietin (TPO) production in the liver. Thereafter, TPO binds to its receptor, c-
Mpl, on megakaryocytes in the bone marrow, causing increased megakaryocyte proliferation and
platelet production, a phenomenon known as reactive thrombocytosis. A high platelet count
(thrombocytosis) is frequently observed in multiple cancers (e.g., ovarian cancer), and this
paraneoplastic effect is associated with a worse prognosis [16]. Moreover, tumors can induce
qualitative shifts in megakaryocytes, leading to newly formed platelets “pre-loaded” with specific
RNAs or proteins. Mouse models have shown altered platelet protein profiles in tumor-bearing hosts,
implying that systemic factors secreted by tumors can reshape platelet formation at the source [17].

3.4. Increased Platelet Levels (Thrombocytosis)

Clinical studies have reinforced the idea that thrombocytosis can lead to malignancy. In one
cohort of patients who presented with elevated platelet counts, nearly one-third of those later
diagnosed with lung or colorectal cancer exhibited thrombocytosis as the only initial sign of
malignancy within a 2-year window [18]. Thrombocytosis is prevalent in ovarian, lung, and gastric
cancers, and is correlated with hematogenous metastasis and recurrence. In advanced-stage ovarian
cancer, the incidence of thrombocytosis can reach as high as 65% [19]. This suggests that
thrombocytosis may serve not only as a predictor of certain cancers but also as an indicator of tumor
progression.

In ovarian cancer, tumor-induced thrombocytosis is largely driven by the release of IL-6 into the
bloodstream by malignant cells. IL-6 increases hepatic TPO production, which, in turn, accelerates
megakaryocyte maturation and platelet release. Murine models of ovarian cancer and colitis-
associated colorectal cancer have shown that genetic ablation of IL-6 in tumor cells or inhibition of
IL-6 with antibodies significantly reduces paraneoplastic thrombocytosis and enhances the
sensitivity of tumor cells to paclitaxel [20]. Interestingly, in breast cancer, the association between
thrombocytosis and reduced survival is particularly strong in inflammatory tumor subtypes,
indicating that the interplay between tumor cell-derived cytokines, immune cells, and
megakaryocytes can differ by tumor type. Additionally, other factors secreted by tumor and stromal
cells, such as granulocyte-macrophage colony-stimulating factor (GM-CSF), CCL5, and platelet
factor 4 (PF4), have been implicated in platelet production [21]. Blocking these factors suppresses
megakaryocyte proliferation and platelet production in mouse models of breast cancer [20].
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3.5. Tumor Cells Activate Platelets

In addition to simply elevating platelet counts, tumor cells also induce functional changes in
platelets. Platelets from patients with metastatic ovarian, pancreatic, and breast cancers exhibit a
heightened aggregation response to agonists, such as adenosine diphosphate (ADP), adrenaline, and
collagen, compared to platelets from healthy donors [22]. Tumor cells secrete potent stimulatory
molecules, such as ADP [26] and immunoglobulin G (IgG), and release functional proteins and RNAs
that reprogram platelet proteomic and transcriptomic profiles. Recent studies demonstrate that
platelets in circulation actively internalize tumor-derived proteins (e.g., platelet-derived growth
factor [PDGF], transforming growth factor-{3 [TGFf3], and matrix metalloproteinase 1 [MMP1]) as well
as tumor-associated mRNAs (e.g., EGFRVIII in glioma, PCA3 in prostate cancer) [23].

This tumor-mediated reprogramming is reflected in platelet morphology. Electron cryotomography
has revealed disintegrated platelet microtubules and increased mitochondrial numbers [35], although the
precise mechanisms underlying these structural changes remain unclear. Notably, such alterations often
correlate with hyperactive platelets in vivo, as indicated by elevated platelet activation markers (e.g.,
soluble CD40 ligand and soluble P-selectin) in patient blood samples [24].

3.6. Molecular Pathways of Platelet—Tumor Interactions

Tumor cell-induced platelet activation is increasingly being recognized as distinct from classical
hemostatic activation. For instance, platelet surface receptors containing immunoreceptor tyrosine-
based activation motifs (ITAMs)—such as glycoprotein VI (GPVI), C-type lectin-like receptor 2
(CLEC2), and FcyRIla—play an outsized role in platelet activation in response to tumor-secreted
molecules [25]. Tumor cells that express the surface ligand podoplanin bind CLEC2 on platelets,
triggering ITAM phosphorylation, recruitment of spleen tyrosine kinase (Syk), and downstream
signaling through protein kinase C and integrin allb3. This cascade culminates in platelet granule
release, aiding tumor progression and metastasis, and can also precipitate thrombotic events that
increase mortality in patients with cancer [23].

High-mobility group box 1 protein (HMGB1) released by tumor cells similarly activates platelets
via Toll-like receptor 4 (TLR4)-mediated pathways. In addition, tumor-secreted procoagulant factors
(e.g., thrombin and tissue factor-bearing extracellular vesicles) can further enhance platelet activation
[25]. Super-resolution imaging studies have shown that, in the presence of tumor cells, platelet
membrane proteins, including P-selectin and several SNARE components, undergo nanoscale
reorganization that is not observed under normal physiological stimulation (e.g., ADP and
thromboxane A2). These findings suggest that tumor-driven platelet activation proceeds via unique
mechanisms that are distinct from those of classical hemostasis [23]. These interactions involve
unique signaling cascades distinct from classical hemostasis. Figure 2 depicts the molecular pathways,
including CLEC2-podoplanin and ITAM-Syk signaling, which culminate in platelet granule release
and reinforcement of the metastatic process.
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Figure 2. Direct platelet-tumor cell receptor engagement and indirect growth factor signaling mediate platelet
activation and tumor progression. Tumor cells express platelet-derived growth factor receptor (PDGFR) and
podoplanin, as well as produce soluble growth factors (e.g., EGF, PDGF, TGEf) and the carbohydrate-binding
protein galectin-3. Platelet glycoprotein VI (GPVI) can be clustered by galectin-3, initiating intracellular signaling
via the Fc receptor (FcR) y-chain and its immunoreceptor tyrosine-based activation motif (ITAM). This activates
downstream kinases (e.g., Fyn/Lyn, Syk, PI3K), leading to phosphorylation of adaptor proteins (LAT, SLP-76)
and enzymes (PLCy2) that culminate in platelet activation, spreading, and release of additional growth factors.
Meanwhile, the platelet CLEC-2 receptor recognizes podoplanin through its hemilTAM motif, also triggering
signaling cascades involving Src and Syk. Tumor-derived PDGF ligands bind PDGEFR on the tumor cell surface,
activating Akt and promoting processes such as epithelial-mesenchymal transition (EMT), migration, invasion,
and proliferation. Thus, both platelets and tumor cells engage in reciprocal crosstalk, enhancing tumor

progression. Created with BioRender.com.

Multiple interconnected mechanisms underlie how tumors reprogram platelets. As shown in
Table 1, each mechanism —from direct biomolecule uptake to altered thrombopoiesis—can impart
substantial, quantifiable changes in platelet composition and behavior, ultimately facilitating tumor
progression.
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Mechanism

Representative Evidence/Studies

Major Consequences for Platelet

Function

References

1. Sequestration of
tumor-derived

biomolecules

- Glioblastoma Example: Platelets can
internalize mutant EGFRvIII mRNA
in approximately 40-60% of patients
with EGFRvIII-positive tumors,

reflecting tumor molecular status.

- Colorectal Cancer: Platelet RNA
content shows a 2-3-fold increase in
tumor-specific transcripts (e.g., PCA3)

compared to healthy controls.

- Tumor-secreted EVs (exosomes)
containing integrins and oncogenic
miRNAs can be absorbed by platelets,
creating a “mirror” of the tumor’s

genetic material.

- Platelets become reservoirs of
tumor-specific signals, enabling
liquid biopsy approaches (e.g.,
detection of oncogenic mutations in

platelets).

- Potential amplification of pro-
tumor pathways if sequestered
molecules (e.g., growth factors) are

released at metastatic sites.

[34]

2. Modulation of platelet
RNA content

- RNA Splicing Events: Tumor-
derived signals (e.g., thrombin, TGF-
{3, IL-6) induce alternative splicing in
200-300 platelet transcripts, leading
to distinct cancer-associated RNA

“fingerprints.”

- ITGA2B & PCA3: Reports indicate
2-5-fold elevated levels of these
RNAs in platelets from lung and

prostate cancer patients, respectively.

- Some studies showed that platelets
can de novo synthesize proteins (e.g.,
VEGEF variants) from tumor-

influenced transcripts.

- Emergence of unique “tumor-
educated” RNA signatures that can
distinguish cancer from non-cancer
with high accuracy (~80-90% in

some studies).

- Platelet-driven local release of
oncogenic or pro-angiogenic
factors, promoting tumor cell

proliferation and vascularization.

(7]

3. Megakaryocyte
education and
thrombopoiesis

alteration

- Cytokine-Driven: Elevated IL-6 (~2—
3x normal) in cancer patients
stimulates hepatic TPO production,
boosting megakaryocyte

proliferation.

- Reactive Thrombocytosis: In ovarian
cancer, up to 65% of advanced cases
present with high platelet counts
(>400x10"9/L).

- Increased platelet production
leads to higher circulating platelet
counts, which can promote
metastatic spread through “platelet

shielding” of tumor cells.

- Newly formed platelets may be
“pre-loaded” with cancer-related
transcripts, amplifying tumor-

specific signals in circulation.

[89,90]
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- Mouse models: Blocking IL-6
reduces paraneoplastic
thrombocytosis by ~50%, correlating

with slower tumor growth.

4. Increased platelet - Clinical Observations: A prospective | - Heightened platelet count is [52,91]
levels (thrombocytosis) cohort showed ~31% of patients with | consistently linked to poor

elevated platelets were later prognosis in multiple tumor types

diagnosed with lung or colorectal (lung, ovarian, gastric, etc.).

cancer, making thrombocytosis a

potential early warning sign. - Elevated platelets enhance the risk
of hematogenous metastasis and

- Ovarian Cancer: ~50-65% incidence | recurrent disease.

of thrombocytosis, correlating with

advanced stage and worse prognosis.

5. Tumor cell-induced - In Vitro Aggregation: Tumor- - Hyperresponsive platelets form [35]
platelet activation derived ADP, IgG, or podoplanin can | microthrombi around tumor cells,
cause 20-30% higher platelet aiding immune evasion and
aggregation than in healthy controls. extravasation.
- Morphological Changes: Electron - Elevated levels of activation
cryotomography reveals disrupted markers (soluble P-selectin,
microtubules and increased sCD40L) correlate with metastatic
mitochondrial mass in up to ~65% of potential.

platelets from patients with

metastatic cancer.

6. Molecular pathways - CLEC2-Podoplanin Axis: - Unique, tumor-specific pathways [25,92]
of platelet-tumor Podoplanin-expressing tumors (e.g., shift platelet activation from
interactions certain squamous cell carcinomas) normal hemostasis to pro-

bind CLEC2 on platelets, activating metastatic activity.

ITAM-Syk signaling, which can

increase thrombotic risk by 2-3x. - Enhanced opportunity for
therapeutic intervention: blocking

- TLR4-HMGB1: Tumor cells release CLEC2-podoplanin or TLR4—

HMGBLI that triggers a TLR4- HMGBI can reduce tumor-related
mediated cascade, elevating platelet thrombosis and metastasis in
granule release. preclinical models.

Abbreviations: ADP, adenosine diphosphate; CLEC2, C-type lectin-like receptor 2; EGFRVIII,
epidermal growth factor receptor variant II; EV, extracellular vesicle; HMGBI, high-mobility group
box 1; IgG, immunoglobulin G; IL-6, interleukin-6; ITAM, immunoreceptor tyrosine-based activation
motif; ITGA2B, integrin alpha IIb; mRNA, messenger RNA; MPV, mean platelet volume; PCA3,
prostate cancer antigen 3; sCD40L, soluble CD40 ligand; Syk, spleen tyrosine kinase; TGF-f3,
transforming growth factor-3; TLR4, Toll-like receptor 4; TPO, thrombopoietin.

3.7. Clinical Implications

Through sequestration of tumor signals, reprogramming of RNA content, and altered
thrombopoiesis, cancer imprints its molecular and functional signatures on platelets. TEPs may carry
mutant tumor RNA, exhibit unique mRNA splicing profiles, contain increased levels of oncogenic
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proteins, and display altered morphology and hyperactivation [26]. These changes not only foster
tumor progression —by promoting angiogenesis, immune evasion, and metastatic spread —but also
provide a minimally invasive window into tumor biology [23].

Numerous studies have explored the potential of TEPs as liquid biopsy tools. RNA sequencing,
protein profiling, and functional assays of platelets have revealed cancer-specific signatures that
correlate with tumor type and stage [27]. Identifying the precise molecular mechanisms by which
tumors re-educate platelets is essential for two reasons: (1) identifying new therapeutic targets that
could curb tumor-promoting platelet functions without compromising normal hemostasis and (2)
refining liquid biopsy approaches that leverage TEPs as biomarkers for early cancer detection,
treatment monitoring, and prognostic assessment [27].

In summary, platelets are not merely bystanders of malignancy. They are dynamic participants
in which tumor cells actively recruit, modify, shaping the metastatic landscape. A deeper
understanding of platelet-tumor crosstalk holds promise for novel diagnostic tools and interventions
aimed at improving clinical outcomes in cancer patients.

4. Diagnostic Applications of Tumor-Educated Platelets

One of the most explored uses of TEPs is for cancer diagnostics, which involves detecting the
presence of cancer or even determining its characteristics through a blood sample. Several types of
platelet alterations have been studied as diagnostic biomarkers, including platelet count and size,
platelet-derived RNA profiles (both coding and noncoding RNAs), and platelet protein content [28].

4.1. Platelet Count and Volume as Diagnostic Clues

Basic platelet indices such as platelet count and mean platelet volume (MPV) are routinely
measured in clinical blood tests. Changes in these parameters have long been observed in patients
with cancer. Many malignancies are associated with an elevated platelet count (thrombocytosis),
which is hypothesized to result from tumor-driven inflammation and thrombopoietic factors. For
example, approximately 31% of patients with epithelial ovarian cancer present with thrombocytosis,
a condition correlated with advanced disease and poor outcomes [29]. Likewise, platelet volume
(MPV) may shift in the presence of cancer, although findings have been inconsistent; some studies
report MPV increases in early-stage cancer and decreases in late-stage cancer, while others find an
overall lower MPV in cancer patients compared to healthy individuals [30]. One study observed that
patients with early-stage lung cancer had a higher MPV, whereas those with advanced lung cancer
had a lower MPV, suggesting that MPV may reflect disease stage [30]. In contrast, another study
found that patients with lung cancer generally had a lower MPV than cancer-free controls [29]. This
discrepancy could be due to differences in cancer types, stages, or concurrent conditions affecting
platelets, highlighting the fact that platelet count and size alone are not sufficiently specific for reliable
cancer diagnosis. Many non-cancerous conditions, such as infection, inflammation, and autoimmune
diseases, can also alter platelet count and volume [30]. Therefore, although abnormal platelet counts
or volumes in a patient might raise suspicion and have some utility as part of a broader diagnostic
workup, they are generally insufficient as standalone diagnostic tests. The greater utility may be
associated with a better prognosis. In the context of TEP diagnostics, the platelet count and MPV are
considered supportive markers or part of multiparametric models rather than definitive cancer
indicators on their own [18].

4.2. Platelet RNA Signatures for Cancer Detection

The RNA repertoire of platelets is a rich source of potential diagnostic biomarkers. Platelets
contain thousands of mRNA transcripts and diverse non-coding RNAs such as microRNAs, long
non-coding RNAs, and circular RNAs. Importantly, these RNA profiles are significantly altered in
the presence of cancer. The concept of using platelet RNA profiles for cancer detection was
dramatically advanced in a landmark study in 2015 (the ThromboSeq study). In that study, RNA
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sequencing of platelets from cancer patients and healthy individuals allowed the classification of
samples with 96% accuracy in distinguishing cancer from non-cancer and even enabled the
identification of the tumor type with approximately 71% accuracy across six different cancer types
[11]. Moreover, platelet RNA profiles revealed specific oncogenic mutations present in the tumor
(e.g., EGFR or KRAS mutations) by detecting their RNA signals in platelets [11]. This high diagnostic
potential shows that platelets are a promising liquid biopsy target, on par with or, in some ways,
superior to circulating tumor DNA . Subsequent studies reinforced and refined these findings.

4.2.1. Specific nRNA Biomarkers

Individual platelet mRNA markers associated with cancer have been reported previously. For
example, platelet levels of ITGA2B mRNA were found to be significantly higher in patients with non-
small cell lung cancer (NSCLC) than in controls, helping to differentiate early-stage (Stage I) lung
cancer from benign lung nodules [28]. In colorectal cancer, platelets contain elevated TIMP1 mRNA,
which not only serves as a biomarker but can also be functionally transferred to tumor cells to
promote growth. Similarly, TPM3 mRNA levels were higher in the platelets of patients with breast
cancer and could be shuttled via platelet-derived particles to breast cancer cells, enhancing their
migration [28]. These examples illustrate that tumors impart distinct mRNA profiles to platelets and
that the detection of such mRNAs can signal the presence of a tumor. Practically, assays such as RT-
PCR can be developed for panels of these mRNAs. In lung cancer patients, one study identified a 3-
gene platelet mRNA set (MAX, MTURN, and HLA-B) that was significantly upregulated; this 3-gene
signature achieved an AUC of 0.825 for distinguishing patients from controls, proving to be
particularly effective in female patients [28].

4.2.2. Whole Transcriptome Signatures and Machine Learning

Instead of using single markers, many studies have used high-throughput sequencing of platelet
RNA combined with machine learning algorithms to classify samples. Best et al.’s 2015 study is one
such approach, and subsequent work further showed that in an independent cohort, platelet RNA
profiles detected early-stage NSCLC with approximately 81% accuracy and late-stage NSCLC with
approximately 88% accuracy, remaining robust across different ages, smoking statuses, and
inflammatory conditions [11]. Another study on endometrial cancer compared platelet RNA-seq to
circulating tumor DNA analyses and found that a platelet-based classifier (with Al assistance) had a
higher accuracy and AUC for detecting endometrial cancer than the ctDNA-based approach [31].
These findings suggest that TEP RNA profiles outperform traditional liquid biopsy analytes in certain
settings. Researchers have also explored advanced feature selection. For instance, one study applied
a particle swarm optimization (PSO) algorithm to identify optimal RNA splicing isoform differences
in platelets, which improved the detection of early NSCLC [11]. Deep learning models are being
tested as well; recent reports on ovarian cancer in 2022 used neural network models (“TEPOC” and
“DeepCox”) on platelet gene expression to predict ovarian cancer and patient survival, highlighting
that relatively small gene panels (around 100 genes) can be sufficient for good performance [32].

4.2.3. Pan-Cancer vs. Cancer-Specific Models

An important question is whether a single “pan-cancer” platelet RNA signature can detect any
cancer or whether assays must be tailored to each cancer type. The 2015 ThromboSeq study suggested
pan-cancer potential [7]; however, later research had some limitations. For instance, when a pan-
cancer platelet RNA model trained on common tumors was applied to an external cohort of patients
with renal cell carcinoma, it yielded an accuracy of only approximately 49% (with an AUC of
approximately 0.615) in detecting that cancer [33]. This indicates that, while many cancers induce
overlapping platelet RNA changes, there are unique aspects by cancer type; a model built on one set
of cancers may not be directly generalized to others. Thus, current efforts are aimed at incorporating
more data from diverse tumor types to improve the generalizability of platelet RNA diagnostic
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models. A 2022 study made significant progress by analyzing platelet RNA from a large cohort of
patients with multiple cancers [34]. They reported that a TEP RNA panel could detect the presence
of cancer in approximately 66% of 1,096 patients with cancer (across stages I-IV), with an impressive
specificity of 99% in asymptomatic individuals (and approximately 78% in symptomatic controls).
Even among early-stage (I-III) tumors, approximately half were correctly detected using the platelet
RNA test [34]. These results from a large multicenter study provide strong evidence that platelet RNA
signatures are a viable approach for cancer detection, especially given the high specificity which is
critical for a screening tool. However, the sensitivity (detecting two-thirds of all cancers and only half
of early cancers) suggests that further improvements or a multi-modal combination may be needed
to capture a greater fraction of early malignancies.

4.2.4. Non-Coding RNAs

Beyond mRNAs, platelet non-coding RNAs have also shown diagnostic relevance. Platelet
microRNAs (miRNAs) are abundant and remarkably stable. In some cases, changes in platelet
miRNA profiles are tumor-specific. For example, in nasopharyngeal carcinoma (NPC), two platelet
miRNAs (miR-34c-3p and miR-18a-5p) were significantly elevated compared to those in healthy
individuals, and a combined miRNA panel achieved an AUC of 0.954 for diagnosing NPC [35].
Interestingly, these miRNAs were not elevated in the plasma of the same patients, suggesting that
the tumor “educates” platelets in a way not detectable by conventional circulating miRNA analysis.
This highlights the unique information captured by the platelets. Other studies have identified
platelet long non-coding RNAs (IncRNAs) that can serve as biomarkers; one study found that four
IncRNAs (LNCAROD, SNHG20, LINC00534, and TSPOAP-AS1) were upregulated in platelets of
patients with colorectal cancer, with a logistic model using these achieving an AUC of approximately
0.78 for CRC detection [36]. Circular RNAs (circRNAs) in platelets represent another emerging class;
for instance, circNRIP1 has been reported as a potential diagnostic marker for NSCLC and is present
at higher levels in patient platelets. Exploration of non-coding RNAs expands the TEP biomarker
landscape and may provide additional layers of diagnostic accuracy or cancer-type specificity. In
addition to global transcriptome profiling, numerous studies have pinpointed individual platelet
RNA molecules that correlate strongly with cancer presence. Table 2 highlights some of the most
frequently reported platelet-derived RNAs, along with their diagnos-tic accuracies and hypothesized
biological roles.

Table 2. Common Platelet RNA Biomarkers for Cancer Detection.

RNA Name Cancer Type(s) Diagnostic Accuracy / | Mechanistic or Biological Role References
Observed Fold
Change
ITGA2B Non-small cell lung Elevated ~2-5x in Encodes a platelet membrane [76,93]
(Integrin allb) cancer (NSCLC) platelets from NSCLC | glycoprotein important for
mRNA vs. healthy controls; aggregation;
AUC ~0.80-0.85 in increased expression may
some studies reflect platelet hyper-reactivity
in tumors
PCA3 mRNA Prostate cancer Upregulated 3—4-fold Known prostate cancer— [7,94]
in platelets from associated non-coding RNA;
metastatic cases;
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high specificity (285%) | possibly involved in androgen
when combined with receptor signaling and disease
other markers progression
TIMP1 mRNA Colorectal cancer AUC ~0.78-0.85 for Tissue inhibitor of [40,95]
(CRC) detecting CRC; metalloproteinases;
often 2-3-fold higher elevated TIMP1 in platelets
in platelets of may reflect increased tumor
advanced CRC invasion and remodeling
patients activity
miR-34c-3p & Nasopharyngeal Combined panel AUC | Tumor suppressor (miR-34c) [36,96]
miR-18a-5p carcinoma (NPC) ~0.95; and oncogenic (miR-18a)
pathways;
significant elevation in
patient platelets, not reflect complex tumor—platelet
always mirrored in interactions unique to NPC
plasma miRNA
LINCO00534, Colorectal, gastric, and | Each shows 2—4-fold Long non-coding RNAs [97,98]
TSPOAP-ASI, other GI malignancies higher expression in implicated in regulating cell
SNHG20 tumor-educated cycle and metastatic processes;
platelets;
higher levels correlate with
combined panel AUC more aggressive GI tumors
~0.78-0.82
circNRIP1 Non-small cell lung Elevated circNRIP1 in Circular RNA modulating [37,99]
cancer (NSCLC) platelets correlated multiple signaling pathways
with ~75% sensitivity; (e.g., PI3K/AKT);
potential synergy with | may promote epithelial-
other circRNAs in mesenchymal transition in lung
multi-marker panels tumors

Abbreviations: AUC, area under the curve; AKT, protein kinase B; CRC, colorectal cancer; circNRIP1,
circular RNA NRIP1; GI, gastrointestinal; ITGA2B, integrin allb; LINC00534, long intergenic non-
coding RNA 00534; mRNA, messenger RNA; miR-18a-5p, microRNA-18a-5p; miR-34c-3p,
microRNA-34c-3p; NPC, nasopharyngeal carcinoma; NSCLC, non-small cell lung cancer; PCA3,

prostate cancer antigen 3; PI3K, phosphoinositide 3-kinase; SNHG20, small nucleolar RNA host gene
20; TSPOAP-AS1, TSPOAP antisense RNA 1.

In summary, platelet RN A-based diagnostics have demonstrated moderate-to-high accuracy in

numerous studies. A systematic review and meta-analysis focusing on lung cancer, which pooled

data from 10 studies (involving 7,858 patients and 6,632 controls), found an overall sensitivity of 80%

and a specificity of 69% for platelet-based tests in diagnosing lung cancer, with a summary ROC

curve AUC of approximately 0.85, indicating good overall accuracy [37]. This meta-analysis

underscores that across different settings, TEP assays tend to perform within a useful range, albeit

not perfectly. It also highlighted that the differences in study design (cancer stage distribution, types

of RNAs measured, and technical platforms) contributed to heterogeneity in the results. Nonetheless,
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a consistent finding is that cancer patients have distinct platelet RNA profiles that can be harnessed
for detection. As techniques are refined and standardized, TEP RNA diagnostics could become part
of clinical practice, particularly for early detection or for patients who cannot undergo tissue biopsy.
The advantages of platelet RNA tests include the relative abundance of platelets (yielding sufficient
material), the stability of many platelet RNAs, and the routine and safe nature of blood draws.
However, challenges, such as ensuring high-purity platelet preparations (to avoid leukocyte RNA
contamination) and the availability of sequencing technology in clinical laboratories, remain
unresolved.

Numerous clinical studies have evaluated the utility of TEP-based biomarkers for detecting
various malignancies, often stratifying patients by disease stage and comparing against diverse
control groups. Table 3 summarizes selected investigations, highlighting cancer types, biomarker

approaches, performance metrics, and key findings.

Table 3. Overview of Diagnostic Studies Using Tumor-Educated Platelets.

Study Cancer Stage of Type of Biomarker/ | CohortSize | Performance | Key
(Year) Type(s) Disease Controls Approach Metrics Findings
Bestetal. | Multi- Stages I-1V Health | RNA-seqof | 228 patients | Sensitivity Platelet
(2015) [7] | cancer (mixed) y individuals | platelet + 55 healthy | ~96%, RNA
(lung, (n=55) mRNA Specificity profiles
breast, (ThromboSe ~90% accurately
colon, etc.) q) distinguishe
d cancer vs.
non-cancer
and
identified
tumor types
with ~71%
accuracy.
In’t Veld | Multi- Stages I-IV Asymptomat | RNA-seqof | 1,096 Overall Large
etal. cancer (mixed) ic controls, platelet patients + Sensitivity multicenter
(2022) (pan- symptomatic | mRNA asymptomat | ~66%, study
[34] cancer controls (expanded ic+ Specificity showing
approach) ThromboSeq | symptomati | ~99% robust
) c specificity;
(in sensitivity
asymptomati higher in
9) late-stage
disease than
early-stage.
Sabrkhan | Lung and Early-stage Healthy Platelet 131 patients | AUC ~0.85- Identified
y etal. pancreatic | (I-1I) and donors proteomics +50 healthy | 0.90 >80 proteins
(2018) various (n=50) (LC- with
[100] stages MS/MS) significant
dysregulatio
n; protein
levels
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normalized
after tumor

resection in

most early-
stage
patients.
Lietal. Non-small | Stage I-III Benign Targeted 210 NSCLC | Sensitivity A 3-gene
(2023) cell lung (predominant | pulmonary mRNA +250 80%, signature
[76,86] cancer ly early/mid) | nodules panel + controls Specificity (MAX,
(NSCLC) (n=150), machine total 73%, AUC MTURN,
healthy learning 0.85 HLA-B) was
(n=100) highly
upregulated
in NSCLC
platelets;
strong
accuracy for
early-stage
lung cancer
detection.
Liuetal. | Endometri | Stages I-III Benign Combined 90 TEP AUC TEP RNA
(2022) al cancer endometrial | TEP RNA endometrial | ~0.88 vs. performed
[101] lesions profiling + cancer + 80 ctDNA AUC | better than
(n=80) ctDNA benign ~0.75 ctDNA
alone for

cancer
detection; a
combined
signature
further
improved
sensitivity in
early-stage

disease.

Abbreviations: AUC, area under the curve; ctDNA, circulating tumor DNA; LC-MS/MS, liquid
chromatography-tandem mass spectrometry; mRNA, messenger RNA; NSCLC, non-small cell lung

cancer; RNA-seq, RNA sequencing; TEP, tumor-educated platelets.

4.3. Platelet-Derived Protein Markers for Cancer

Platelets carry a wide array of proteins, within their granules or on their surface, which are

released upon activation triggered by tumor interactions. These bioactive proteins include growth

factors, such as vascular endothelial growth factor (VEGF) and PDGF; chemokines, such as platelet

factor 4 (PF4 or CXCL4), angiogenic regulators such as thrombospondin-1 (TSP-1), and various

proteases. Tumors can induce quantitative changes in these proteins, making the study of the platelet

proteome a valuable complement to RNA-based analyses of TEPs [38].

Studies have shown that the platelet proteome is significantly altered in patients with cancer.

For example, Sabrkhany et al. identified 85 proteins that differed markedly in the platelets of patients

with early-stage lung and pancreatic cancers compared to those of healthy controls. Notably, after
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surgical tumor removal, the levels of 81 of these proteins returned to normal, suggesting a direct
causal link between tumor presence and the observed changes in platelet protein composition [29].

Among the proteins of interest, platelet VEGF and PDGF levels are often elevated in early-stage
lung cancers. In patients with colorectal cancer, elevated concentrations of VEGF, PF4, and PDGF
distinguish patients from controls with high diagnostic power (AUC =0.893, p <0.001). These factors,
which play critical roles in tumor angiogenesis and growth, likely reflect the sequestration of tumor-
derived or tumor-induced molecules by platelets [29,39].

Changes in TSP-1 levels have also been observed. In mouse models, platelet TSP-1 levels increase
with tumor growth and decrease after tumor resection, whereas human studies have similarly
reported changes in TSP-1 along with other factors, such as PF4 and CTAP-III, particularly in
advanced cancers. For instance, in late-stage lung cancer, the levels of PF4, CTAP-III, and TSP-1 are
lower than those in controls, in contrast to the increases observed in early-stage cases. In pancreatic
cancer, specifically tumors in the head of the pancreas, only VEGF was significantly elevated,
suggesting that the most effective marker panel may depend on the tumor type and stage [29].

PF4, a chemokine stored in platelet alpha granules and released upon activation, has been noted
to increase early during tumor development in animal studies; however, in some advanced cases, its
levels may drop, possibly due to consumption or platelet exhaustion. Moreover, combining multiple
platelet protein measurements, such as platelet count, platelet volume, and specific protein levels,
can improve diagnostic accuracy. One study identified a panel of platelet proteins that distinguished
benign from malignant ovarian tumors with high sensitivity and specificity [29].

Although platelet protein biomarkers have been less extensively studied than platelet RNA,
their potential is growing. Protein assays such as ELISA are routinely used in clinical laboratories,
which can simplify the translation of these findings into diagnostic tests. However, specificity
remains a challenge, as changes in platelet protein profiles can also result from systemic
inflammation, cardiovascular diseases, and factors such as IL-6-mediate stimulation of
megakaryocytes that elevate platelet VEGF. Therefore, careful validation of appropriate control
groups, including patients with inflammatory but non-cancerous conditions, is essential [38].

Despite being largely in the research phase with no standardized panel yet accepted for clinical
diagnosis, the consistent observation that platelet proteins are remarkably altered in cancer continues
to drive the discovery of active biomarkers. These insights may eventually lead to the development
of robust diagnostic tools that exploit the unique properties of the platelet proteome for cancer
detection [29,38].

4.4. Diagnostic Performance and Comparative Analysis

Considering the above evidence, TEPs have demonstrated notable diagnostic performance
across various studies and cancer types. Several key findings have emerged from the literature.

Multicancer platelet RNA-seq (ThromboSeq) studies have reported approximately 95%
sensitivity and over 90% specificity overall in initial studies, with approximately 71% accuracy for
identifying cancer types. In the context of lung cancer, platelet RNA panels achieved 80-88% accuracy
in non-small cell lung cancer, with higher accuracy noted in late-stage cases, and a meta-analysis
showed 80% pooled sensitivity and 69% specificity [15]. In a large pan-cancer study conducted in
2022, approximately 66% sensitivity for all cancers (and 50% for early-stage cancers) was observed,
with 99% specificity in an asymptomatic population [11].

Specific miRNA and IncRNA markers have also been evaluated, with an NPC miRNA panel
achieving an AUC of approximately 0.95 and a colorectal cancer platelet IncRNA panel reaching an
AUC of approximately 0.78. In addition, platelet protein panels, such as the triad of VEGF, PF4, and
PDGEF for colorectal cancer, demonstrated an AUC of approximately 0.89 [40], and various protein
changes were able to correctly classify early lung and pancreatic cancers while normalizing post-
surgery [41].

Collectively, these studies indicate that TEP-based tests can achieve AUCs in the 0.8-0.95 range
[11], which is comparable with many other liquid biopsy approaches and even some tissue
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biomarkers [42]. However, the reported performance varies across studies. Early proof-of-concept
studies sometimes showed very high accuracy (often above 90%) [11], whereas broader or more
recent studies reported moderate accuracy (70-85%) [15]. This discrepancy may reflect an overfitting
or optimistic bias in the initial smaller studies, whereas larger cohorts and meta-analyses provide a
more realistic picture. The variability in findings necessitates a closer look at the consistent and
conflicting results, which will be addressed in a later section on the comparative analysis of the
studies [11,43].

Another important consideration is how TEPs compare with other liquid biopsy components
such as circulating tumor DNA (ctDNA), circulating tumor cells (CTCs), and classical serum protein
markers. TEPs offer practical advantages; for example, platelets are extremely abundant, making tests
sensitive even for early tumors [44], and platelet RNA is stable because it is protected within the
platelets, whereas ctDNA is prone to degradation [45]. Moreover, platelet isolation is a fast process
that does not require ultra-specialized equipment. In contrast, ctDNA provides direct genetic
information (such as specific mutations), and CTCs allow for cytological analysis, capabilities that
platelet profiling does not directly offer. Instead of serving as a competitor, TEP analysis could be
complementary. Several authors have proposed combined approaches that integrate platelet RNA
profiles with ctDNA mutations or protein tumor markers to build a multidimensional diagnostic test,
potentially yielding a higher sensitivity than any single approach [46].

In conclusion, the diagnostic value of TEPs is supported by a growing body of evidence, with
the latest research solidifying the notion that platelets carry tumor signals that can be harnessed for
cancer detection.

5. Prognostic and Monitoring Applications of TEPs

Beyond diagnosis, an important aspect of cancer care is prognosis: understanding how a disease
is likely to progress and how a patient might respond to therapy. Platelets have been studied as
prognostic biomarkers in cancer for decades, initially through simple measures, such as platelet
count. More recently, using the concept of TEPs, platelet molecular profiles have been investigated
for their ability to predict outcomes such as survival, recurrence, or treatment response [47].

5.1. Platelet Count and Indices as Prognostic Markers

Although the platelet count and MPV have limitations in early diagnosis, they show more
consistent trends in prognosis. Thrombocytosis or a high platelet count is a well-established adverse
prognostic factor in several cancers. For instance, patients with ovarian cancer and elevated platelet
counts often present with more advanced disease and worse overall survival, and the platelet count
has been proposed as an independent prognostic factor [48]. A meta-analysis by Li et al. (2018)
involving various advanced cancers found that an elevated platelet-to-lymphocyte ratio (PLR) was
associated with decreased overall survival and progression-free survival, whereas, in non-small cell
lung cancer, a high PLR has been correlated with poorer prognosis [49].

Similarly, changes in MPV, which can reflect the platelet activation status, have prognostic
implications. Some studies have linked higher MPV with worse outcomes in certain cancers, although
the data are mixed. A recent analysis reported that among patients with non-small cell lung cancer
treated with immune checkpoint inhibitors, those who experienced an increase in MPV after one
cycle of treatment had significantly different outcomes than those who did not. Specifically, an
increase in MPV after the first dose of pembrolizumab was associated with longer overall survival
and a higher occurrence of immune-related side effects, suggesting that MPV may serve as an early
indicator of a patient’s response to immunotherapy [50]. Other studies have indicated that MPV may
help stratify early versus late disease, although conflicting results have been reported [51].

In general, persistently high or rising platelet counts during the course of the disease often
indicate disease progression or recurrence. Platelets may increase in response to tumor growth via
IL-6 and thrombopoietin feedback loops; therefore, monitoring platelet trends could provide clues
about tumor trajectory. In some cancers, such as colorectal and pancreatic cancers, thrombocytosis
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resolves after successful surgery and may increase if the cancer recurs, making platelets a potential
surrogate marker of tumor burden [52].

It is important to note that platelet count and volume are indirect and nonspecific markers. Their
prognostic power is moderate and they are usually considered alongside other factors. They may be
most effective when combined with more specific platelet biomarkers, such as RNA or proteins, or
when integrated with other clinical variables in prognostic models [53].

5.2. Platelet RNA Signatures and Gene Expression for Prognosis

Just as platelet RNA profiles can detect the presence of cancer, they may also contain information
about the aggressiveness of a tumor or its likely outcomes. Recent studies have used platelet gene
expression for the risk stratification of patients.

Ovarian Cancer Prognostic Signatures: Two notable studies in 2022 examined platelet mRNA
profiles in patients with ovarian cancer and identified gene expression patterns that correlated with
patient survival [54]. In one approach, a model termed tumor-educated platelet ovarian cancer
(TEPOC) was developed, and a deep learning model known as DeepCox was employed. These
models were used in the order of 100 platelet-derived genes to predict the outcomes. Both studies
reported that platelet gene-based models could significantly stratify patients with ovarian cancer
according to survival risk and serve as effective prognostic biomarkers. An advantage was that these
models used relatively small gene sets, making them more clinically tractable than earlier attempts
that required over 1000 genes. The results were promising; patients in the validation cohorts could
be separated into high-risk and low-risk groups with significant differences in survival based on their
platelet RNA profiles. However, the authors caution that additional data from larger independent
populations are required to validate these prognostic signatures [55].

Platelet RNA Changes with Treatment: Another aspect of prognostication is monitoring how
platelet RNA patterns change during therapy, which might predict treatment response. Preliminary
evidence suggests that certain platelet RNAs can serve as early markers of treatment efficacy. For
example, if a therapy is effectively attacking a tumor, the “education” signals to platelets might
diminish (leading to a decrease in tumor-associated RNAs), whereas if a tumor is resistant, those
signals might persist or even intensify [40]. Although a concrete example has not yet been established,
ongoing trials are likely to explore this dynamic response. An indirect example is the observed change
in the MPV during immunotherapy, which implies that platelets respond dynamically in the
treatment context [56].

General Prognostic Relevance of Platelet Gene Expression: A recurring theme is that worse
outcomes often correlate with more pronounced platelet activation or “education” by the tumor.
Platelets that support tumors —by shielding circulating tumor cells or aiding angiogenesis —would
logically worsen prognosis. Thus, if a patient’s platelets exhibit very high levels of pro-tumor signals,
the patient might have a more aggressive disease course [15]. For example, an increase in certain
platelet-derived pro-angiogenic factors, such as VEGF, TSP-1, and PDGF, might correlate with higher
metastatic potential and shorter survival [57]. Thrombocytosis is associated with poor survival, and
there is evidence that platelet RNA signatures can refine prognostic stratification even within the
same platelet count. In ovarian cancer, one study found that even after accounting for platelet count,
the gene expression profile of platelets provided independent prognostic information. This suggests
that qualitative platelet features, such as RNA and protein content, can provide prognostic insights
beyond quantitative measures, such as count and volume [58].

In summary, the prognostic value of TEPs is an emerging research area. Traditional platelet
metrics, including platelet count, platelet-to-lymphocyte ratio, and MPV, are already known to be
significant prognostic indicators of many cancers. Building on this, platelet molecular profiling is
poised to enhance prognostication by capturing how actively a tumor engages platelets. Early data
on ovarian cancer were among the first to demonstrate this in a solid, data-driven manner, and
similar approaches can be extended to other cancers. Recent studies have emphasized that platelets
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are readily available for both detection and prognostication, reflecting a growing consensus in the
field.

5.3. Platelets in Disease Monitoring and Therapeutic Decision-Making

Platelets offer a practical means of monitoring disease status over time, as blood tests can be
repeated frequently to enable the real-time tracking of tumor dynamics.

Early Detection of Recurrence: In theory, if a patient is in remission after treatment, their platelet
profile should revert to a normal, non-educated state. If the tumor begins to recur, subtle changes in
platelet RNA or protein content may be detectable even before clinical or radiographic evidence of
relapse. Some case studies have noted that platelet counts can increase months before imaging-
detected relapses, such as in colorectal cancer. However, larger trials are needed to validate whether
platelet-based assays can consistently predict relapse earlier than conventional methods [59].

Therapy Selection: Platelet profiles may guide therapeutic choices. For instance, if platelet RNA
indicates the presence of certain mutations or pathways, such as MET or HER? status, it could help
in selecting targeted therapies for that patient [60]. While this represents more of a diagnostic use
case, it directly affects prognosis by tailoring treatment strategies. Additionally, if a platelet signature
suggests that a tumor is highly angiogenesis-driven (for example, with high VEGF levels), clinicians
might opt for anti-angiogenic therapy, whereas, if platelet markers indicate an inflammatory tumor
microenvironment, immunotherapy might be considered [61]. Although these possibilities are
speculative, they become reasonable as more data are accumulated.

Predicting and Monitoring Treatment Response: Some researchers have proposed that dynamic
changes in TEPs could serve as biomarkers of treatment efficacy. For example, following chemotherapy
or targeted therapy, a shift in the platelet RNA signature toward a “healthy” profile might predict a
good response, whereas the persistence of a “cancer” signature could signal treatment resistance [62].
A concrete example is the observed change in the MPV during immunotherapy, which has been linked
to outcomes [63]. Another study demonstrated that certain platelet protein levels normalized after
curative surgery, and failure of such normalization could indicate residual disease [60].

Overall, the integration of TEPs into prognostic and monitoring algorithms is still in
development but holds promise for personalized patient management. If platelet biomarkers can
reliably identify high-risk patients or detect early relapse, interventions can be timely to improve
patient survival. Moreover, as an accessible “real-time biopsy,” platelets could reduce the need for
repeated tissue biopsies to assess tumor evolution [64].

6. Consistency of Findings and Comparative Analysis of Studies

Despite variations in individual studies, the overall body of research has consistently
demonstrated that platelets from cancer patients exhibit significant differences from those from
healthy individuals in terms of RNA profiles, protein content, and counts. Elevated platelet counts,
which have been robustly linked to poor prognoses in cancers such as lung, ovarian, renal, and
colorectal cancers, often normalize after tumor resection, reinforcing the causal relationship between
tumor presence and altered platelet profiles [65]. Moreover, the technical feasibility of isolating
platelets and performing analyses such as RNA sequencing (using standardized protocols such as
ThromboSeq) has been successfully demonstrated across multiple laboratories, further supporting
the reproducibility of TEP diagnostics [65,66].

At the same time, methodological differences contributed to variability in the results. Studies
have used a range of endpoints, ranging from specific nRNA targets to global RNA profiles or from
miRNAs to proteins, and the choice of control groups (healthy donors versus patients with benign
conditions) can significantly impact specificity. Additionally, the degree of platelet alteration appears
to depend on the cancer stage and tumor type; for instance, late-stage cancers tend to induce more
pronounced changes than early-stage cancers. Confounding factors, including comorbid conditions,
infections, and medications, as well as differences in sample handling and technical protocols, further
contribute to the inconsistencies among studies [67,68].
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Nevertheless, large-scale clinical studies and meta-analyses, such as a 2023 lung cancer analysis
including nearly 14,000 patients, have validated the diagnostic and prognostic utility of TEPs,
supporting the notion that the aggregate pattern of multiple biomarkers is a robust indicator of tumor
presence [69]. However, certain discrepancies, such as the reported MPV paradox, can be attributed
to heterogeneity in study designs and patient populations, stratified by cancer type and stage,
generally revealing clear, consistent patterns [66]. Overall, accumulating evidence strongly supports
the use of TEPs as reliable indicators for cancer detection and prognosis, while ongoing efforts to
standardize protocols and control confounding factors are essential to translate these findings into
clinical practice.

7. Limitations and Challenges in TEP Research

Although the potential of TEPs is evident, several challenges and limitations must be overcome
before platelet-based liquid biopsies are fully integrated into clinical practice. These range from
technical hurdles in sample processing to fundamental questions regarding specificity and
standardization. Despite promising findings, numerous technical and clinical hurdles must be
overcome to integrate TEP-based liquid biopsies into rou-tine oncology practice. Table 4 outlines key
limitations and discusses potential solutions.

Table 4. Current Limitations and Challenges in TEP Research.

Type of Description / Examples Potential Solutions References
Challenge
Pre-analytical - Platelet contamination by - Standardized platelet [70,102-104]

leukocytes or RBCs can isolation protocols (e.g.,

confound RNA/protein assays | dual-spin centrifugation,

gentle pipetting)
- Sample handling (e.g.,
multiple freeze/thaw cycles) - Use of automated devices

alters platelet activation status | to minimize contamination
and activation

Analytical - Limited RNA content per - Development of targeted [72—
Sensitivity platelet requires deep multiplex assays focusing 74,105,106]
sequencing or highly sensitive | on robust biomarker panels

qPCR
- Rigorous training sets and

- Variability in RNA extraction | QC standards for RNA

efficiency across labs isolation
Data Analysis & | - Complex machine learning - Large, multi-institutional [73,74]
Algorithmic models may be “black boxes” | datasets to improve

for clinicians generalizability

- Overfitting risk when - Explainable Al approaches

training on small cohorts or simplified gene panels for

clinical interpretation
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- Need for consensus on
validated biomarkers and
standardized protocols

- Collaboration between
academic, regulatory, and
industry stakeholders for
test standardization

20 of 34
Specificity to - Platelets respond to - Include control groups [29,75,76]
Cancer inflammation, infections, and with inflammatory or
other non-cancer conditions autoimmune diseases
- Elevated platelet counts can | - Combine TEP data with
be non-cancerous (e.g., other biomarkers (ctDNA,
reactive thrombocytosis) imaging) for multi-modal
specificity
Inter-cancer - Not all tumors “educate” - Large-scale “pan-cancer” [11,28,53,75]
Heterogeneity platelets to the same extent studies to capture diverse
tumor profiles
- Certain cancers (e.g., less
vascularized, behind blood- - Cancer-type-specific
brain barrier) may release panels if broad-based
fewer signals into circulation signatures prove insufficient
Dynamic - Single time-point sampling - Serial sampling at multiple | [77,94]
Changes & may not capture transient time points
Timing tumor—platelet interactions
- Standardized timing of
- Recent chemotherapy or blood draw in relation to
surgery can alter platelet states | treatment (e.g., pre- vs. post-
chemotherapy)
Regulatory & - No FDA-approved TEP test - Large prospective clinical | [78]
Clinical to date trials with consistent SOPs
Translation

Abbreviations: Al, artificial intelligence; ctDNA, circulating tumor DNA; FDA, Food and Drug
Administration; qPCR, quantitative polymerase chain reaction; RBCs, red blood cells; SOP, standard

operating procedure; TEP, tumor-educated platelets.

7.1. Technical and Methodological Challenges

7.1.1. Platelet Isolation and Purity

Obtaining platelet-rich plasma free of contamination by other blood cells is a critical step because

even a small number of leukocytes can release nucleic acids that confound platelet RNA analyses.

One centrifugation-based protocol yields approximately 1-5 white blood cells per million platelets

[70]. However, not all studies have achieved this level of rigor. Standardized isolation methods,

perhaps even automated devices, are needed so that any clinic or laboratory can prepare samples

with consistent purity [71]. Additionally, preventing platelet activation during blood drawing using

proper anticoagulants and gentle handling is crucial, as activation can cause platelets to transiently

release or take up RNAs and proteins, thereby skewing the results [60,70].
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7.1.2. Low Input and Analytical Sensitivity

Because platelets are anucleated, they contain much less RNA than whole cells. Although
platelets are abundant, the total RNA yield per microliter of blood remains low. Therefore, the
detection of subtle changes, especially in early cancer, may require deep sequencing or highly
sensitive PCR techniques [72]. The cost and complexity of such deep profiling can be high, and low-
input RNA sequencing of platelet samples is not routinely performed in clinical laboratories [72].
Developing targeted assays that focus on a defined panel of key platelet RNAs or proteins could
alleviate this challenge; however, these panels still need to be defined and validated [73,74].

7.1.3. Data Processing and Algorithms

Interpreting platelet-omics data often involves advanced computational algorithms, such as
machine learning classifiers, which must be both robust and interpretable for clinical use. One
challenge is that a model trained on one cohort may not directly apply to another, highlighting the
need for algorithms that can adapt to or be trained on large and diverse datasets to capture the
generalizable features of TEP profiles [73]. Moreover, regulatory approval of Al-driven diagnostics
requires consistency and clarity in decision-making, which can be difficult if the algorithms function
as black boxes. Researchers are actively addressing these issues by simplifying models, for example,
by reducing the number of genes from approximately 1000 to approximately 100, and by combining
multiple cohorts for training [74].

7.1.4. Reproducibility and Standardization

This field requires agreed-upon standard operating procedures and reference materials. A
standardized set of reference platelet samples, perhaps pooled from donors, could be used to
calibrate assays across laboratories so that the results of each study are comparable rather than siloed.
Recent meta-analyses and systematic reviews are helping shape best practices, and guidelines from
organizations such as the International Society of Thrombosis and Hemostasis or relevant oncology
consortia are expected to be established to ensure that platelet-based liquid biopsy assays for
reproducibility [29,74].

7.2. Biological and Clinical Challenges

7.2.1. Specificity to Cancer

Platelets respond to many stimuli besides tumors. Infections, inflammatory diseases, tissue
injury, and intense exercise can alter platelet behavior. This raises concerns about false positives, that
is, non-cancer conditions being misinterpreted as cancer owing to platelet changes. For example,
chronic infections can cause elevated platelet counts and inflammatory RNA signatures in platelets
[29,75]. To mitigate this, a TEP-based test may need to be combined with other clinical information
or biomarkers to ensure specificity (e.g., checking C-reactive protein levels for inflammation
alongside the TEP test to contextualize the results). To date, a large study conducted in 2022 showed
very high specificity in asymptomatic controls, which is encouraging; however, careful validation in
populations with benign diseases is required [29,76].

7.2.2. Heterogeneity Among Cancers

Not all tumors educate their platelets to the same degree. Some cancer types might shed a lot of
material into the blood (for example, lung or colon cancers that are highly vascularized), whereas
others, such as certain brain tumors, may not because of barriers, such as the blood-brain barrier,
even though some brain tumor signals, such as EGFRVIII, reach platelets in glioma patients [65,75].
Additionally, individual patient differences in tumor biology, such as varying levels of platelet
activation induced by the tumor, indicate that a one-size-fits-all platelet biomarker panel may
overlook a subset of cancers. Addressing this issue requires either the use of very broad panels or
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personalized baseline comparisons if a precancer platelet profile is available, which is not typically
the case in practice [11,53].

7.2.3. Dynamic Changes and Timing

Platelet education is a dynamic process, and the “snapshot” provided by a single blood draw
may be influenced by transient factors. For example, a patient with cancer who has undergone
surgery or an invasive diagnostic procedure may exhibit platelet changes due to that event rather
than due to the tumor itself [23,77]. Timing sample collection, perhaps by collecting multiple samples
over time, might provide a more stable readout of tumor-related changes by averaging out transient
noise. This represents a logistical consideration for implementing TEP tests [77].

7.2.4. Unknown Mechanisms

However, some aspects of how tumors alter platelets remain unclear. Although many factors
are known to be involved, the reasons why certain platelet proteins increase in early-stage cancer and
decrease in late-stage cancer are not yet fully understood. Without a clear understanding of the
underlying mechanisms, selecting appropriate biomarkers may be as challenging as searching for a
needle in a haystack. This uncertainty also implies that interventions aimed at blocking platelet
education, which could theoretically serve as a therapeutic strategy, are not yet feasible. More basic
research is needed to map the tumor-platelet communication pathways in detail. This knowledge
will ultimately help determine which platelet biomarkers are most directly linked to tumor presence
versus secondary effects [23,77].

7.3. Validation and Clinical Trial Challenges

7.3.1. Need for Large-Scale Validation

Many TEP biomarkers are still in the discovery and early validation stages. Therefore, large
prospective trials are needed for clinical testing. For example, a prospective screening trial in a high-
risk population (such as heavy smokers with lung cancer) using a platelet RNA test is needed to
accurately measure its performance in terms of sensitivity, specificity, and predictive value in a real
screening scenario. Although such trials are expensive and time-consuming, they are essential.
Similarly, for prognostic use, trials embedding platelet biomarker analysis in treatment protocols can
determine whether using that information improves patient management; for instance, whether
adjusting therapy based on a platelet marker leads to better outcomes [11,78].

7.3.2. Regulatory Approval and Standardization

TEP-based tests have not received regulatory approval for routine use. To achieve this, a specific
test, such as a kit measuring a set of five platelet RNAs, needs to be finalized, manufactured under
strict quality controls, and validated in clinical laboratories to demonstrate reproducibility. However,
the process can take several years to complete. The field may eventually converge to a few key assays,
perhaps varying by cancer type, to move through this pipeline. For instance, a platelet RNA test for
the early detection of lung cancer could become a candidate if further validated, or a platelet protein
panel for colon cancer might emerge as another option. Although various academic groups are
currently exploring different assays, eventual consensus and partnerships with industry are required
to bring a test to market. There is growing interest from industry, as platelets are increasingly
recognized as a "holy grail" of cancer biomarkers due to their accessibility and the richness of
information they contain [78].

7.3.3. Integration with Existing Workflows

Even if a TEP test proves effective, practical questions remain regarding how it will fit into
patient care. Will it complement or replace imaging techniques such as CT? Can oncologists trust
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platelet test results enough to decide whether to perform a biopsy? These considerations indicate that
clinical guidelines and physicians’ awareness must be matched with this research. Early adoption
may occur in scenarios in which current methods fall short. For example, in cases of cancer of
unknown primary origin, a platelet RNA signature might help to pinpoint the tissue of origin when
metastases are present but no obvious primary tumor is found, given that platelets can carry tissue-
specific RNAs. Another scenario could involve patients who are unfit for invasive biopsy, in whom
a platelet test might provide valuable diagnostic clues non-invasively [11]. Demonstrating clear
clinical utility in such situations is the key to driving adoption [79].

8. Future Directions and Potential Solutions

The challenges outlined above are being actively addressed in ongoing research. There are
several noteworthy future research directions and solutions. Significant strides are being made to
address the current challenges of TEP-based diagnostics, with numerous clinical trials and techno-
logical innovations underway. Table 5 outlines some of these ongoing efforts and emerging directions.

Table 5. Potential Future Directions and Ongoing Clinical Efforts in TEP Research.

Direction / Trial Focus/ Study Biomarker(s) Primary Status / References
Name Rationale Population/ | Under Endpoints Expected
Design Investigation Completion
Multi-modal Integrating TEP | Prospective Platelet RNA Diagnostic Ongoing; [42,80]
Liquid Biopsy RNA signatures | cohort panels, ctDNA accuracy (AUC, | projected
Trials with ctDNA studies mutation load, sensitivity, results
and circulating | combining tumor-specific specificity), within next
proteins for blood-based | proteins (VEGF, | early detection 1-2 years
comprehensive assays; e.g., CEA, etc.) of recurrence
tumor profiling | advanced
lung or
ovarian
cancer
cohorts
Automated Development of | Pilot Concentration Turnaround Prototypes [82,83]
Platelet Isolation | point-of-care feasibility and purity of time for test in testing;
Devices technologies to studies in platelet isolates, | results, commercial
standardize large reproducibility | reproducibility | rollouts
platelet hospitals; of TEP across multiple | anticipated
separation and testing 100- | RNA/protein clinics
reduce 200 blood measurements
contamination samples
from cancer
& non-
cancer
patients
Serial Sampling Evaluating Phase II Platelet Early detection | Trials [107,108]
for Treatment dynamic trials in RNA/protein of relapse vs. expected to
Monitoring changes in TEPs | lung, breast, | panels (e.g., imaging alone,
over multiple and GI TIMP1, VEGF, improved
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time points to cancers, IL-6 mRNA), patient complete in
detect early collecting morphological stratification for | 1-3 years
therapeutic pre-, mid-, changes (MPV) | personalized
response or and post- therapy
relapse therapy
platelet
samples
Combination of Improving Single-arm Platelet Objective Early-phase | [61,109]
TEP with patient selection | or activation response rate, clinical
Immunotherapy | for immune randomized | markers (sP- correlation with | studies;
Biomarkers checkpoint trials selectin, platelet expansions
inhibitors (ICIs) | combining sCD40L), markers and planned
by integrating PD-1/PD-L1 | immune tumor burden,
platelet inhibitors checkpoint immune-related
activation with TEP- protein adverse events
signatures based transcripts in
monitoring platelets
in NSCLC or
ucC

Abbreviations: CEA, carcinoembryonic antigen; ctDNA, circulating tumor DNA; GI, gastrointestinal;
ICIs, immune checkpoint inhibitors; IL-6, interleukin-6; mRNA, messenger RNA; MPV, mean platelet
volume; PD-1/PD-L1, programmed cell death-1/programmed death-ligand 1; TEP, tumor-educated
platelets; UC, urothelial carcinoma; VEGF, vascular endothelial growth factor.

8.1. Multi-Modal Liquid Biopsy Approaches

As suggested in recent reviews, combining platelet biomarkers with other liquid biopsy markers
may yield optimal results. Future cancer diagnostic tests may simultaneously analyze TEP RNA,
circulating tumor DNA mutations, and circulating proteins to provide a more comprehensive picture.
Machine learning can integrate these diverse data types into final diagnostic outputs. This multi-
modal approach can compensate for the limitations of any single analyte; for example, if a tumor
does not shed much DNA4, it might still educate platelets, or vice versa. One study indicated that
integrating platelet data improved circulating tumor DNA alone for endometrial cancer detection
[80,81].

8.2. Refinement of Biomarker Panels

Ongoing large-scale sequencing of platelets from diverse patient cohorts will help identify the
most robust and universal biomarkers. In recent years, researchers have expected to converge on a
set of biomarkers, whether RNAs or proteins, that consistently perform well. These markers can be
incorporated into targeted tests that are faster and more cost-effective than whole-transcriptome
sequencing. For instance, if a handful of miRNAs or mRNAs repeatedly proved to be top-performing
across studies, a multiplex PCR or NanoString assay could be developed to measure them [82].

8.3. Automation and Clinical Laboratory Development

Automation is key to the routine clinical use of TEPs. The development of dedicated devices is
expected to isolate platelets at the point of care and perhaps even perform on-chip analyses of specific
platelet biomarkers. Analogous to automated complete blood count machines that measure platelet
counts, future devices may measure platelet RNA markers and output a “cancer risk score.” Early
prototypes and workflows for such automation are likely to be explored in research settings [82,83].
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8.4. Standardizing Pre-Analytical Variables

Efforts to standardize the collection and processing of blood samples for platelet analysis are
essential for enhancing consistency. For example, a consensus may emerge that fasting morning
blood draws using citrate tubes and analysis within two hours is optimal. Establishing standardized
pre-analytical variables will help codify trial protocols, which will eventually be incorporated into
routine laboratory manuals [84].

8.5. Understanding Mechanisms

Research continues into the biogenesis of TEP signals. Studies have investigated how tumors
induce specific splicing events in platelets and how tumor-derived extracellular vesicles selectively
package certain RNAs that end up in platelets. Unraveling these processes could identify druggable
targets to interrupt tumor-platelet crosstalk and reveal whether certain platelet changes are causative
of worse outcomes or merely correlate with tumor presence. If proven to be causative, interventions
such as antiplatelet drugs (e.g., low-dose aspirin) may reduce metastasis. Future trials should
combine platelet-targeting strategies with standard cancer treatments to assess improvements in
patient outcomes [23,85].

8.6. Clinical Trials and Real-World Evidence

More clinical trials that explicitly incorporate TEP analyses are expected. For example, a trial
could test whether platelet RNA testing during follow-up visits can detect recurrence earlier than
conventional imaging. Another trial may stratify patients for treatment based on platelet biomarkers.
Additionally, as some tests become available for research use, real-world data will accumulate, such
as if academic medical centers begin offering experimental platelet tests to patients with undiagnosed
cancer. This real-world evidence provides further validation and may uncover new clinical
applications [86,87].

8.7. Interdisciplinary Collaboration

The field of TEPs is at the intersection of oncology, hematology, and bioinformatics.
Collaborative networks and cross-institutional consortia are essential for accelerating progress.
Sharing data among multiple centers will enable the construction of large datasets necessary to refine
algorithms that generalize well, ultimately advancing both science and clinical translation [88].

The path forward for TEPs involves both improving scientific understanding and translating it
into practical diagnostic tools. The progress made in the past 5-6 years, from an intriguing idea to
large validation studies, demonstrates significant potential. If these challenges are met, TEP-based
tests could become a standard component of the liquid biopsy toolkit, offering clinicians a new
noninvasive window into the status of cancer through a simple blood sample. Researchers have even
referred to platelets as a possible “holy grail” in cancer blood biomarker research, realizing that
promise will depend on the outcomes of ongoing research and development efforts [82].

9. Conclusion

TEPs represent a frontier in cancer diagnostics and prognostics, embodying the concept that
“blood can tell the story of a tumor.” In this expanded review, we outlined how platelets, far from
passive bystanders, actively communicate with cancer cells and, in the process, acquire tumor-
specific information. The scientific rationale for TEPs has been well established by mechanistic
studies demonstrating the transfer of tumor molecules into platelets and the alteration of platelet
behavior by tumor-secreting factors. Building on this, a growing body of evidence has shown that
analyzing platelet counts and RNA and protein profiles can aid in early cancer detection, diagnosis,
disease monitoring, and prognostication.

We discuss how multiple independent investigations have achieved promising diagnostic
accuracy using TEPs across cancer types, with recent large-cohort studies confirming that the signal
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is real and not limited to small experimental settings. TEP-based assays have achieved sensitivity and
specificity that approach clinical utility, and in some contexts (such as early-stage cancer or minimal
residual disease detection), they may offer advantages over traditional biomarkers. Platelets have
long been linked to worse outcomes when elevated. However, platelet-derived molecular signatures
now offer a more nuanced stratification of patients, as seen in recent ovarian cancer studies and other
emerging data.

However, this review also underscores the importance of critical evaluation and refinement of
TEP approaches. We highlight that not all studies were in complete agreement; differences in
methodology and patient cohorts have led to variability in the reported markers and accuracies. A
comparison of the findings, we can see suggests that the overarching concept holds; however,
standardization and validation are required to reconcile discrepancies and ensure reliability.
Challenges such as ensuring specificity (as platelets also respond to non-cancer conditions) and
solving technical issues (such as isolating platelets purely and affordably sequencing their contents)
remain to be fully addressed.

The path forward involves multidisciplinary efforts, including larger clinical trials to validate
TEP biomarkers, improvements in bioinformatics to create robust predictive models, and
collaborative standard settings so that results are reproducible across different laboratories and
hospitals. Current trends show movement in this direction, with meta-analyses, cross-validation
studies, and accelerated technological development. The integration of TEP analysis with other liquid
biopsy methods and imaging could eventually lead to the development of composite diagnostic
algorithms that could significantly improve early cancer detection rates and patient stratification.

In conclusion, TEPs offer a compelling and scientifically grounded avenue for effective cancer
management. They exemplify the concept of a “biosensor” circulating in our blood —platelets capture
tumor signals and thus can be read out to reveal the presence and stage of cancer. As research
continues to address current limitations, TEPs are poised to transition from a predominantly research
topic to clinical reality, potentially improving outcomes by enabling earlier diagnosis, personalized
prognostic assessments, and better monitoring of treatment responses. The coming years will be
critical in determining how this innovative liquid biopsy approach can be harnessed in routine
oncology practice; however, the evidence amassed thus far provides a strong foundation and
optimism that TEPs will become a valuable component of precision cancer medicine.
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