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Neuroblastoma is the most frequently occurring extracranial childhood tumor, accounting for 

15% of pediatric cancer-related deaths. While five-year survival rates have improved overall, 

a discrepancy exists between the less harmful low-risk variants and the high-risk 

neuroblastoma groups. Cure rate improvements in high-risk neuroblastoma patients are 
disappointingly low despite intensive multimodal therapies, with more than half of cases 

leading to disease progression and a fatal outcome. Pediatric oncologists still face a major 

challenge in treating neuroblastoma, and there is an urgent need for early detection of 
therapy non-response and to understand why some patients respond to therapy while others 

do not.  

Monitoring a tumor's response can be aided by a thorough analysis of transcriptomic changes 
that occur during treatment. Yet, obtaining multiple samples of the tumor tissue is impractical 

because it is invasive and requires prior sedation of the patient. Additionally, tissue biopsies 
often involve a needle biopsy, which only captures a small portion of the primary tumor. 

Therefore, temporal and spatial tumor heterogeneity is not adequately captured with tissue 

biopsies. Alternatively, liquid biopsies have emerged as a promising approach for monitoring 

treatment responses. Liquid biopsies contain various biomarkers, such as cell-free DNA, 
extracellular RNA (e.g., microRNA, messenger RNA, long non-coding RNA and circular RNA), 

proteins, extracellular vesicles and tumor-educated platelets. In this thesis, my goal was to 
assess the potential of using circulating extracellular RNA found in serum and plasma as a 
means of monitoring treatment responses. Due to the difficulty in obtaining patient samples 
and differentiating between tumor and host responses in human samples, my research 

concentrated on improving xenograft models to investigate a tumor's reaction to treatment 
using liquid biopsies. To be more precise, by injecting a human tumor into mice, it is possible 

to distinguish between the tumor and host response to treatment since they originate from 

two different species, namely humans and mice, respectively. 

The study conducted by Van Goethem et al. illustrated that serum microRNAs obtained from 
orthotopically engrafted neuroblastoma xenograft models can indicate the level of tumor 

burden as well as the pharmacodynamic response to idasanutlin therapy (paper in 
addendum). To assess the potential of the total extracellular RNA as a biomarker in xenograft 
models, a computational pipeline was optimized to distinguish between murine (host) and 

human (tumoral) reads. The pipeline was then applied to various plasma fractions and 
platelets, revealing that the tumoral signal in blood-based liquid biopsies is not mainly present 
in platelets. Instead, the platelets have a high content of host-derived extracellular RNA. To 

reduce the background host signal, I put forward platelet-depleted plasma for monitoring the 

treatment response of a tumor (paper 1). During my initial endeavor to assess the 

extracellular RNA response to idasanutlin treatment, I was unable to observe any tumoral 
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responses due to the low amount of tumoral extracellular RNA present in the bloodstream. 

However, I was able to identify a definite correlation between the size of the tumor at the 

time of sacrifice and the level of tumoral extracellular RNA present in the bloodstream. 

Moreover, while searching for additional factors that could influence the extracellular RNA 
load in circulation, I discovered significant variations among the models that were injected 

with different cell lines. Additionally, the injection site also played a potential role in the 

quantity of tumoral extracellular RNA in circulation (manuscript under review). 

Relying solely on extracellular RNA as a biomarker for predicting and monitoring treatment 

responses may not be the most effective approach. The field of extracellular RNA is less 

explored than cell-free DNA because extracellular RNA is more susceptible to degradation and 
therefore sensitive to pre-analytical factors. However, extracellular RNA has the advantage of 

being more dynamic, allowing for real-time monitoring of treatment responses and the 
identification of highly expressed genes, even when the tumor has low levels of DNA shedding 

into circulation. To analyze both cell-free DNA and extracellular RNA in limited volumes of 

murine plasma, it is highly desirable to co-purify both types of nucleic acids from the same 

sample. In paper 2, I compared the performance of different extracellular RNA/cell-free DNA 
co-purification kits and demonstrated that the combined quantification can result in 

increased analytical sensitivity.  

In conclusion, the findings from this thesis have opened new avenues for further assessment 
of the transcriptomic and genomic responses in biofluids obtained from xenograft models 
after therapy. These findings could have a crucial role in assessing the effectiveness of 

treatments for neuroblastoma patients.
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Neuroblastoom is de meest voorkomende vorm van kanker buiten de hersenen bij kinderen, 

verantwoordelijk voor 15% van de sterfgevallen door kinderkanker. Hoewel de 

vijfjaarsoverleving in de loop der tijd is verbeterd, bestaat er een discrepantie tussen de 

minder schadelijke laag-risico varianten en de hoog-risico neuroblastoom groepen. Ondanks 
intensieve therapieën is het genezingspercentage van hoog-risico neuroblastoom patiënten 

teleurstellend laag en leidt meer dan de helft van de gevallen tot ziekteprogressie en een 

fatale afloop. Kinderoncologen staan voor een grote uitdaging bij de behandeling van 
neuroblastoom, en het is belangrijk om zo vroeg mogelijk te detecteren wanneer een patient 

niet reageert op therapie en om te begrijpen waarom sommige patiënten op therapie 

reageren en andere niet. 

Een grondige analyse van het tumorweefsel tijdens de behandeling kan waardevol zijn voor 

het opvolgen van de respons van een tumor. Het verkrijgen van meerdere biopten van 
tumorweefsel doorheen de tijd is echter niet evident. Het is een invasieve procedure, waarbij 

voorafgaande sedatie van de patiënt vereist is. Daarenboven wordt slechts een kleine fractie 

van de tumor gecollecteerd, waardoor de tumor heterogeniteit niet weerspiegeld wordt bij 

analyse van één enkel (naald)biopt. Als alternatief zijn vloeibare biopsieën veelbelovend 
gebleken voor het opvolgen van behandelingsresponsen. Vloeibare biopsieën bevatten 

namelijk biomerkers, waaronder celvrij DNA, extracellulair RNA (zoals microRNA, messenger 
RNA, long non-coding RNA en circulair RNA), eiwitten, extracellulaire vesikels en 
bloedplaatjes. Mijn doel was om het potentieel van extracellulair RNA in serum en plasma te 
evalueren om het antwoord op therapie op te volgen. Aangezien het moeilijk is om voldoende 

plasmastalen te verkrijgen van patiënten met een zeldzame ziekte als neuroblastoom, en het 
uitdagend is een onderscheid te maken tussen het antwoord van de tumor en dat van het 

gezond weefsel (gastheer) op behandelingen, heb ik me voornamelijk geconcentreerd op het 

optimaliseren van een preklinisch model. Door menselijke tumoren in muizen te injecteren 
(xenograft modellen), kan een onderscheid worden gemaakt tussen de tumor- en 
gastheerreactie op behandeling omdat ze afkomstig zijn van twee verschillende organismen. 

We toonden aan dat microRNAs in het serum van muizen die orthotoop werden 
geïmplanteerd met neuroblastoom cellen de tumoromvang kunnen reflecteren, evenals de 
farmacodynamische respons op idasanutlin therapie (paper in addendum). Om het 

potentieel van extracellulair RNA als biomerker in muismodellen te beoordelen, werd een 
computationele pijplijn geoptimaliseerd om onderscheid te maken tussen exRNA afkomstig 
van de gastheer (muis) en de tumor (mens). De pijplijn werd vervolgens toegepast op 

verschillende plasmafracties en bloedplaatjes van xenograft modellen, waarbij werd 

aangetoond dat het tumorsignaal niet hoofdzakelijk aanwezig is in bloedplaatjes. De 

bloedplaatjes bezitten daarentegen een hoog gehalte aan extracellulair RNA afkomstig van 
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de gastheer. Om het achtergrondsignaal van de gastheer te verminderen, stel ik plasma 

zonder bloedplaatjes voor om het antwoord van de tumor op therapieën op te volgen (paper 

1). Tijdens mijn eerste poging om de extracellulaire RNA-respons op idasanutlin therapie te 

beoordelen, kon ik geen tumorreacties waarnemen vanwege de lage hoeveelheid tumor-
extracellulair RNA in de bloedbaan. Wel kon ik een duidelijke correlatie aantonen tussen de 

grootte van de tumor op het moment van opoffering en de hoeveelheid extracellulair tumor-

RNA in de bloedbaan. Bovendien ontdekte ik bij het zoeken naar aanvullende factoren die de 
extracellulaire tumor-RNA hoeveelheden in circulatie konden beïnvloeden, significante 

variaties tussen de modellen die met verschillende cellijnen werden geïnjecteerd. Ook 

speelde de injectieplaats een potentiële rol in de hoeveelheid extracellulair tumor-RNA in 
circulatie (manuscript under review). 

Uitsluitend vertrouwen op extracellulair RNA als biomerker voor het voorspellen en 
monitoren van behandelingsresponsen is wellicht niet het meest doeltreffend. Het veld van 

extracellulair RNA is minder onderzocht dan celvrij DNA omdat extracellulair RNA gevoeliger 

is voor afbraak en daarom ook meer onderhevig is aan pre-analytische factoren. Extracellulair 

RNA heeft echter het voordeel dat het meer dynamisch is, waardoor nauwe opvolging van 
behandelingsresponsen en de identificatie van sterk tot expressie gebrachte genen mogelijk 

is, zelfs wanneer de tumor weinig DNA in het bloed afscheidt. Om zowel celvrij DNA als 
extracellulair RNA te analyseren in beperkte volumes muizenplasma, is het wenselijk om 
beide soorten nucleïnezuren uit hetzelfde staal te co-purificeren. In paper 2 vergeleek ik 
verschillende celvrij DNA/RNA co-purificatiekits en toonde ik aan dat de analytische 

sensitiviteit hoger kan zijn bij een gecombineerde analyse.  

Concluderend hebben de bevindingen uit deze thesis nieuwe wegen geopend voor verdere 

beoordeling van de antwoorden op therapie in vloeibare biopten, verkregen uit 

muismodellen. Deze bevindingen kunnen een cruciale rol spelen bij het beoordelen van de 
effectiviteit van behandelingen voor neuroblastoompatiënten.
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“Extracellular RNA in liquid biopsies: entering a new era for cancer treatment monitoring?” 

This is the million-dollar question I tried to answer during my PhD trajectory. In this thesis 

introduction, I will first guide you through the concept of liquid biopsies and give an overview 

of which useful markers they contain to improve cancer detection and treatment follow-up. 
Then, I will introduce you to the childhood cancer neuroblastoma, which has been the main 

disease focus of my research. Curing patients with neuroblastoma is one of the current 

challenges for pediatric oncologists. Despite treatment with intensive multimodal therapies 
in some patients, disease progression is often observed, leading to fatal outcomes. I will 

explain how liquid biopsies potentially aid in improving the outcomes of these children by 

monitoring the responses to treatment more carefully.  

1. Liquid biopsies: minimal invasion to unlock the mysteries of the human body 

The human body contains an estimated 37 trillion (37 x 1012) cells (1). These cells both actively 

and passively release their content into the extracellular environment (2). In this way, 

molecules from the parental cells, either cancerous or non-cancerous, end up in biofluids, 
such as blood, cerebrospinal fluid, urine, sweat, tears and saliva (3). The ability to detect these 

analytes in fluids, has opened unprecedented opportunities for accessing tumor-derived 
molecules without the need to perform an invasive tissue biopsy. Moreover, the lower 
invasiveness of the sampling procedure of liquids enables serial collection to follow-up on 

treatment responses. Liquid biopsies may also provide a more comprehensive picture of the 

genomic make-up of the entire cancer as they are not restricted to a specific local tumor 
sampling site, which may not be representative (4). Taken together, these advantages predict 

an important role for liquid biopsies in the emerging era of precision oncology, thereby 

tailoring treatments to the specific requirements of individuals based on the molecular 
characteristics of their tumor (5–7). Detecting biomarkers, enabling estimation of prognosis, 
prediction of sensitivity or resistance to a specific therapy, and guiding the selection of 

treatment through the characterization of genetic aberrations involved in tumor progression, 
poses a major challenge to implement precision oncology into the clinic (8).  

1.1. Blood-based biofluids: storage of biomarkers  

Liquid biopsies refer to any collectable liquid in the human body, such as urine, saliva, sweat, 

tears, seminal plasma and many more. My thesis focuses on blood-based biofluids, such as 
plasma or serum, being the most studied liquid biopsies. They contain a repertoire of 
promising cancer biomarkers (Figure 1). These markers include proteins, circulating tumor 

cells (CTCs), cell-free DNA (cfDNA), extracellular RNA (exRNA), and extracellular vesicles (EVs) 

(9). Recently, also tumor-educated platelets (TEPs) have emerged as a promising biomarker. 
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The different types of biomarkers and their (potential) applications in precision oncology will 

be discussed in more detail in this section.  

Figure 1 Overview of potential cancer biomarkers in the blood stream. cfDNA: cell-free DNA; CTC: circulating 
tumor cell; exRNA: extracellular RNA; EV: extracellular vesicle; TEP: tumor educated platelet. Figure created with 
Adobe Illustrator 2022.  

1.1.1. Proteins 

The first serum biomarker, currently still used in clinical practice, was approved in 1985 by 

the U.S. Food and Drug Administration (FDA), being carcino-embryonic antigen (CEA) (10,11). 
CEA is the most used marker in the clinical diagnosis of colorectal cancer, despite being non-
specific (12). For instance, CEA has also shown to be elevated in other malignancies but also 

in benign conditions (i.e., cirrhosis, ulcerative colitis), and even smoking can increase the 
levels to almost the double (13). Another example is cancer antigen 125, a serum-based 

biomarker for the detection of early-stage ovarian tumors. Together with human epididymis 
protein 4, it belongs to the best two available protein biomarkers for ovarian cancer (14). 
However, their sensitivity and specificity has shown to be insufficient, especially to detect 

early-stage disease, even when combining multiple protein markers (14–16). Prostate-specific 

antigen (PSA) is commonly used to detect prostate cancer, and is showing high sensitivity in 
symptomatic patients, but it has low specificity in the screening setting (17). Most diagnostic 

tests are immunoassay kits, requiring low volumes of serum depending on the specific kit, i.e. 

approximately 50 µL (18).  

Clearly, serum or plasma protein biomarkers are insufficiently sensitive or specific, although 

they are widely used in clinical practice. The combined analysis of multiple proteins, 

characterized by high-throughput mass spectrometry, can slightly improve sensitivity and 
specificity; however, combining different types of biomarkers might be better suited for 

cancer diagnosis and follow-up (11,19). 
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1.1.2. Circulating tumor cells 

Circulating tumor cells (CTCs) are cancer cells that have detached from a primary tumor and 

entered the bloodstream. In this way, CTCs serve as precursors for metastatic disease. Once 

the cancer has metastasized, the tumor cells detected in the blood stream also reflect cell 
populations in metastatic sites. In 2004, the FDA approved the first and only method for CTC 

enumeration used to predict cancer patient outcome, the CellSearch system, requiring 7.5 mL 

of blood (20,21). It has been cleared by the FDA for clinical use in breast, colorectal and 
prostate cancer patients (20). If cells are detected by this method, a worse cancer prognosis 

is expected, and it is generally considered that increased CTC counts are correlated with a 

higher likelihood of metastasis and cancer aggressiveness (20,22). The number of CTCs in a 
patient’s blood is extremely small (<10 cells/mL of blood): one CTC is thought to be 

surrounded by approximately one million white blood cells and one billion red blood cells per 
milliliter of peripheral blood (22–24). This poses a great challenge to specifically isolate CTCs 

from the blood cells. Due to the rarity of CTCs in the blood, other techniques are being 

evaluated to analyze CTCs in larger volumes of blood (25).  

1.1.3. Cell-free DNA 

cfDNA is shed in circulation mainly passively by apoptosis or necrosis, but also by active 
secretion of EVs. However, some controversies exist about the EVs carrying cfDNA in their 

lumen, or the cfDNA being attached to the surface of EVs (26). The total plasma cfDNA 

concentration in healthy individuals is on average 30 ng/mL, which increases to a mean 
concentration of 180 ng/mL in cancer patients (8). In high-risk neuroblastoma (HR-NB) 

patients, the plasma at diagnosis contains on average 1034 ng cfDNA per mL (ranging from 

26 to 13,533 ng/mL) (27). As DNA is enzymatically cleaved during apoptosis, the cfDNA 
fragments are still wrapped around single nucleosomes, resulting in a length of 120 to 220 bp 
or multiples thereof (oligonucleosomes), with a maximum peak at 167 bp (length of cfDNA 

wrapped around a single nucleosome plus a short stretch of approximately 20 bp, the linker 
DNA) (28). The mono- or oligonucleosome structure protects the cfDNA from cleavage by 
DNase I. The half-time of cfDNA in the blood circulation ranges from 16 minutes to 2.5 hours 

(8). Circulating tumor DNA (ctDNA) represents only a fraction of the circulating cell-free DNA, 
depending on the tumor type, tumor burden, size and vascularity of the tumor, cancer stage, 
cellular turnover and response to therapy leading to a difference in ctDNA levels from 0.01 to 

90% (8). In HR-NB patients, a high mean ctDNA fraction of 60% was observed (ranging 
between 3% and 99%) (27). 

cfDNA is widely being investigated in the cancer field. Multiple diagnostic tests have reached 
the market, such as the FoundationOne Liquid CDx and the Cobas EGFR Mutation Test v2. The 
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FoundationOne Liquid CDx identifies patients with non-small cell lung cancer (NSCLC) of 

whom the tumors have epidermal growth factor receptor (EGFR) exon 19 deletions or exon 

21 (L858R) substitution mutations and are suitable for treatment with a tyrosine kinase 

inhibitor approved by FDA for that indication (i.e. erlotinib, osimertinib and gefitinib) (29). 
This test requires 2 blood tubes, each filled with 8.5 mL of blood. Mutation analysis is later 

performed on the cfDNA extracted from the plasma. The Cobas EGFR Mutation Test v2 is a 

quantitative polymerase chain reaction (qPCR) test for the detection of defined mutations of 
the EGFR gene. This test was initially approved for use on formalin-fixed paraffin-embedded 

(FFPE) tissue specimens. Subsequently, the test received approval for identifying exon 19 

deletions or exon 21 (L858R) substitution mutations on plasma samples as well. This was the 
first liquid biopsy test approved by the FDA in 2016 as companion diagnostic test to identify 

NSCLC patients eligible for specific targeted treatments (i.e. osimertinib, gefitinib and 
erlotinib) and requires 2 mL of plasma as input (30). However, this test only achieves a 

sensitivity of 58.4% and a specificity of 80.4%, indicating that ctDNA biomarkers could also 

benefit from a combined analysis with other types of biomarkers. For instance, Krug et al. 

showed that combining exosomal RNA (exoRNA) and ctDNA increased the sensitivity for EGFR 
mutation detection in plasma (29,31).  

In addition to measuring cfDNA levels and identifying somatic mutations and copy number 
changes, cfDNA can also be used for epigenomic profiling, such as the examination of cfDNA 
fragmentation patterns and cfDNA methylation. Exploring the fragmentation patterns of 
cfDNA is an actively pursued domain within biomarker research. For instance, by examining 

the sizes of these fragments, it becomes possible to differentiate between cfDNA derived 
from tumors and that from normal tissues (32). More specifically, fragments originating from 

tumors typically exhibit a smaller size distribution compared to the larger size distribution 

seen in healthy background fragments (32).  Moreover, the end signature of fragments could 
also hint at the presence of cancer, as the preferred sites of cleavage might differ (32). 
Furthermore, the fragmentation profiles of cfDNA offer insights into gene expression. To be 

precise, cfDNA originating from active promoters, which are less shielded by nucleosomes, 
exhibit more randomized cleavage patterns compared to instances where promoters are 
inactive (33). Through an analysis of the variety in fragment lengths within the promoter 

region, it becomes feasible to identify highly expressed genes, consequently characterizing 
the source tissue with potential applications in diagnosis, prognosis, and therapy (33). In 
contrast to DNA fragmentation patterns, DNA methylation is a well-

established epigenetic marker that regulates gene expression. During DNA methylation, a 

methyl group is added to the fifth carbon of cytosine (5-methylcytosine, 5mC) (34). In somatic 

cells, 5mC is primarily restricted to CpG dinucleotides, and about 60%–80% of CpGs are 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/methylation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/epigenetics
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methylated (34). In promoter regions, there is a higher concentration of CpG dinucleotides 

(CpG islands) when compared to other parts of the genome (35). These CpG islands are 

predominantly unmethylated across cell types, playing a role in regulating transcription (35). 

However, in the context of cancer cells, there is a widespread reduction in methylation levels 
across the genome, along with a specific increase in methylation within CpG islands (36). This 

phenomenon leads to instability in the genome and disruptions in transcriptional processes. 

These changes in DNA methylation patterns tend to occur early in the development of tumors, 
which makes them a promising potential biomarker for the early detection of cancer (37). 

1.1.4. Extracellular RNA  

ExRNA consists of small RNAs (e.g., microRNA (miRNA)), messenger RNA (mRNA), long non-
coding RNA (lncRNA), circular RNA (circRNA) and exogenous RNA, such as bacterial RNA. 

Compared to cfDNA, exRNA is more dynamic, which makes it more suitable for tracking 

changes in tumor activity over time. More specifically, the genes themselves will undergo less 

dynamic alteration over time compared to the dynamic changes seen in gene transcription. 
Additionally, exRNA serves not only to study abundance differences of relevant target genes, 

but also to detect mutations in cancer genes, to identify fusion transcripts and alternative 
splicing events specific to the tumor (38–41). In this thesis, I mainly focused on mRNA, which 
is more unstable than cfDNA, and has only an estimated half-time of about 15 seconds in 

plasma if not protected via ribonucleoprotein complexes, lipoprotein complexes, or EVs 

(8,42). Accurate mRNA quantification is a major challenge, as it is highly dependent on pre-
analytical variables, such as the blood tube, the centrifugation protocol, and the RNA 

extraction kit (43). Also, the concentration is generally very low, and the RNA fragmented. A 

small part of the thesis focuses on miRNAs, small non-coding RNAs with an average of 22 
nucleotides in length. These are released by cells with RNA-binding proteins or packaged 
inside EVs, which protects them against RNase activity, likely being more stable than naked 

mRNA (8,44). RNA extraction kits are marketed for plasma or serum input volumes starting 
from 200 µL. However, companies are starting to focus on optimizing kits that can be applied 
to higher input volumes, up to 4000 µL, to increase the analytical sensitivity.  

The study of exRNAs is underexplored as compared to cfDNA. However, large-scale studies 
have been set up with the aim to evaluate the potential of exRNA to detect and follow-up 
cancerous and non-cancerous diseases. Larson et al. performed a transcriptome-wide 

characterization of plasma exRNA in cancer, i.e. stage III breast (n=46), lung (n=30) and non-
cancer (n=89) participants from the Circulating Cell-free Genome Atlas (NCT02889978, a 

clinical study from Grail) (41). Starting from 8 mL of plasma per patient, they identified tissue- 
and cancer-specific genes, recurrently detected in individuals with cancer. Moreover, the 
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levels of these genes correlate with tumor shedding rate and RNA expression in the matched 

tissue. Hence, exRNAs provide the opportunity to detect cancer in patients with low levels of 

circulating tumor DNA, by the detection of genes with a high expression in the tumor tissue 

(41). Some diagnostic companion tests on liquids are marketed. For instance, the Progensa 
PCA3 test is a urine-based assay, being the first lncRNA approved by the FDA for the use as 

biomarker in prostate cancer (45). This test is an aid for the decision-making process regarding 

the necessity of a tissue biopsy. In addition, the ExoDx Prostate IntelliScore EPI is a urine test 
for quantitative assessment of three prostate cancer specific, exosome-derived RNA 

biomarkers (ERG, PCA3 and SPDEF) by qPCR (46). This test is intended to assess the risk for 

high grade prostate cancer in men of 50 years or older, presenting for initial biopsy with a PSA 
level of 2-10 ng/mL. Furthermore, the biomarker potential of exRNA has also been confirmed 

in other diseases, such as liver disease, neurodegeneration, and obstetrics (47–50).  

1.1.5. Extracellular vesicles 

Apart from freely floating nucleic acids (cfDNA and exRNA) in circulation, cfDNA and exRNA 
are also being encapsulated in EVs, protecting them from the harsh environmental conditions 

(51). In addition to nucleic acids, EVs also contain a cargo of proteins, lipids, and metabolites 
within their lipid bilayer (51). EVs can be categorized as exosomes, ectosomes and apoptotic 
bodies, depending on the mode of biogenesis and release (51). Exosomes originate from 

endosomes, while ectosomes and apoptotic bodies arise from membrane blebbing of intact 

and apoptotic cells, respectively (51). EVs are nanometer-sized particles, released into the 
extracellular space by virtually all eukaryotic cell types (52). EVs are a fingerprint of their 

parental cell, making them appealing for cancer biomarker studies (52). For instance, Krug et 

al. showed improved detection sensitivity of EGFR mutations in NSCLC patients by a combined 
exosomal RNA and ctDNA analysis from a median volume of 3 mL plasma (31). The diagnostic 
prostate cancer test, ExoDx Prostate IntelliScore EPI, described in the previous section, is 

based on the assessment of exosome-derived RNA.  

EV subtypes are very heterogeneous with varying sizes from 40 to over 500 nm, making it 
challenging to separate them from other extracellular blood-based particles, such as platelets 

and lipoprotein particles, for EV-based clinical applications (52). In 2012, the issue of platelet 
removal was recognized by Lacroix et al, by making use of the protocol that was published by 
the International Society on Thrombosis and Haemostasis (ISTH), i.e., two subsequent 

centrifugations of 15 min at 2500 g with isolation of the upper phase after each centrifugation 
step (53). This is the most commonly applied protocol to prepare plasma for the EV research 

and was adopted by the American Heart Association as the methodological guidelines to 
study EVs (53). Platelet concentrations in plasma prepared by the ISTH protocol are below the 
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limit of detection if measured by routine hematology analyzers, while they are still detectable 

by flow cytometry measurements (53). To effectively remove platelets without affecting the 

concentration of plasma EVs, a fast, cost-effective, and reproducible filtration step should be 

introduced (53). Lipoproteins in particular are frequently co-isolated with EVs, leading to 
confounding results. Separation of both is even harder than the separation of platelets and 

EVs. To purify EVs, relying solely on density differences is not sufficient, and therefore, a 

combination of different approaches is suggested, such as liquid chromatography and 
immunoprecipitation (54).   

1.1.6. Tumor-educated platelets 

Platelets, originating from megakaryocytes as anucleate cells, assist in thrombosis and 
hemostasis, conduct immune surveillance and communication, aid vessel remodeling and 

have a role in inflammation (55). Apart from these functions, an interaction between platelets 

and cancer has been described back in 1868, when Trousseau noted that spontaneous 

coagulation is common in patients with cancer (55). Further research on the interaction 
mechanisms led to new insights: platelets aid in the invasion of tumor cells into the local 

vasculature, where they protect CTCs from shear stress and from the host’s immune response 
(55). Once the metastatic cell finds its micrometastatic niche, platelets aid in extravasation 
(55). Furthermore, they assist in building the tumor stroma and neoangiogenesis (55). During 

this process of interacting with tumor cells, platelets become educated, and their RNA cargo 

is altered, giving rise to the term TEPs, which is a relatively new concept in the liquid biopsy 
field (55). Three main processes are responsible for the education of these platelets: 

sequestration of biomolecules, tumor-specific splice events and megakaryocyte alteration. By 

sequestration of biomolecules (process 1), platelets continuously exchange circulating nucleic 
acids and proteins with the tumor and its microenvironment via vesicle-mediated transport. 
Hence, platelets harbor these tumor-specific elements, such as KRAS, EGFR and PIK3CA 

variants. Despite being anucleate, platelets harbor many types of RNA, such as precursor 
messenger RNA, mRNA, ribosomal RNA, small nuclear RNA, small nucleolar RNA, transfer 
RNA, miRNA, lncRNAs, circRNA, antisense RNA, and mitochondrial DNA, as well as a 

spliceosome and a ribosome. Specific splice events occur in reaction to stimuli such as platelet 
activation (process 2). Platelets can also be modified externally, by releasing cytokines or EVs 
upon tumor-bone marrow communication, thereby altering the megakaryocyte’s 

transcriptional profile. Furthermore, it has been shown that younger platelets are more 
common than older platelets in cancer patients, bearing a more pro-active, inflammatory, 

RNA-rich state (process 3) (55).  
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Hence, the RNA content and RNA splicing patterns of the TEPs are claimed to be cancer-

specific, therefore serving as cancer biomarkers. For instance, Jonas et al. showed that EML4-
ALK fusion transcripts in NSCLC could be identified through reverse transcription-quantitative 

polymerase chain reaction (RT-qPCR) in circulating blood platelets (sensitivity of 65%) and 
they have shown to reveal crizotinib resistance two months prior to radiographic disease 

progression in one patient (56). Apart from RT-qPCR-based approaches, Best et al. optimized 

an mRNA sequencing-based approach for the analysis of TEPs, called thromboSeq (57,58). 
With this approach, they were able to distinguish 228 patients with localized and 

metastasized tumors from 55 healthy individuals with 96% accuracy. Also, MET or HER2 

positive, and mutant KRAS, EGFR or PIK3CA tumors were accurately distinguished using 
surrogate TEP mRNA profiles (57). Furthermore, they showed the potential of performing 

TEP-based discrimination of early- and late-stage NSCLC from healthy individuals and patients 
with various non-cancerous inflammatory conditions, as well as the potential to identify three 

subtypes of breast cancer (57,59). Also, sarcoma patients have been successfully 

distinguished from healthy controls by Heinhuis et al., and TEPs have proven their value in 

multiple other cancer entities, such as glioblastoma, prostate cancer, colorectal cancer, 
pancreatic cancer, hepatobiliary cancer and nasopharyngeal carcinoma (55,60).  

Very recently, Liefaard et al. raised some important caveats when applying the wet lab and 
dry lab (thromboSeq) protocol of Best et al. More precisely, they investigated platelet mRNA 
from 266 women with stage I-IV breast cancer and 212 female controls from 6 hospitals. First, 
a classifier was trained according to the tromboSeq protocol on 71% of the multicenter study 

population. In addition, an alternative classifier was trained using elastic net regression. The 
performance of both classifiers was assessed using the remaining 29% of the population. 

Then, the classifier performance was validated on a single-center sample cohort. Initial 

performance of the classifiers was adequate; however, post hoc analyses revealed the 
hospital of origin as a confounder. Batch effects could be attributed to the time allowed 
between blood withdrawal and platelet isolation, as blood can be stored up to 48 hours 

before platelet isolation according to the protocol of Best et al. Platelet activation has shown 
to increase with longer time to processing and with higher temperatures. Additionally, the 
blood tube volumes may influence the TEP profiles, as tube volumes of 4, 6 or 10 mL are 

allowed to be used in the protocol. Batch effects were also seen within the same hospital, as 
validation on the single-center sample cohort was unsuccessful. Similar to other biomarkers 
(e.g. exRNA, EVs and CTCs), the TEP profiles are considered very prone to pre-analytical 

variables, but also the use of medication or co-morbidities can influence the TEP signal. For 

instance, chemotherapy suppresses the bone marrow inducing thrombocytopenia, so an 

effect on the platelet gene expression profile is very probable. Liefaard et al. propose a 
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thorough revision of the protocol before reconsidering TEP RNA based classifiers in the future. 

Furthermore, detailed reporting of co-morbidities is crucial for the analysis of TEP signatures 

(61).  

1.2. The bigger picture in oncology: multi-analyte analysis 

Even though some protein, cfDNA and CTC biomarkers have been FDA approved, they often 
suffer from a limited sensitivity and specificity. Detection and follow-up of cancer will benefit 

from the exploration of additional blood-based biomarkers. Integrating the knowledge of the 

different fields, such as proteomics, transcriptomics and (epi)genomics, for a combined 
screening of multiple analytes in a patient’s sample will be important to overcome the 

limitations of each of the biomarkers separately (41). Multi-analyte data can improve early 
cancer detection, minimal residual disease monitoring and treatment response surveillance 

(62). For instance, a joint analysis of ctDNA and CTCs has shown to improve outcome 

prediction and mechanism identification of therapy resistance in metastatic breast cancers 

(62,63). Putcha et al. demonstrated that combining tumor- and immune-derived signals from 
cfDNA, epigenetic and protein biomarkers could detect early-stage colorectal cancer with 

high sensitivity and specificity (62,64). Krug et al. show that an increased sensitivity to detect 
EGFR mutations by the combined analysis of cfDNA and exosomal RNA is obtained (31). Cohen 
et al. show how combining mutations in ctDNA with protein markers can result in a screening 

test with improved sensitivity for the earlier detection of pancreatic cancer (65). Furthermore, 

they developed a multi-analyte test, CancerSeek, simultaneously evaluating the presence of 
mutations and eight cancer-associated protein biomarkers in the blood (66,67). Multiplex PCR 

analysis of ctDNA enables the detection of mutations at 2001 genomic positions across 16 

genes, whereas levels of the protein biomarkers are assessed using immunoassays (66,67). 

2. Neuroblastoma 

Neuroblastoma (NB) is an extracranial solid tumor, accounting for up to 15% of pediatric 
oncology deaths (68). It occurs almost exclusively in early childhood, with a median age at 

diagnosis of 17-18 months and approximately 40% of the patients younger than 1 year at 
diagnosis. Less than 5% of the patients are older than 10 years at diagnosis (68). Remarkably, 
the clinical behavior ranges from an asymptomatic benign, but sometimes metastatic 

malignancy showing spontaneous regression to very aggressive proliferative tumors that may 
be widely disseminated and often have a fatal outcome (69).  

2.1. The origin of neuroblastoma 

NB tumors are derived from neural crest cells (NCCs), a unique population of cells that arise 

from the dorsal part of the neural tube during embryonic development. As these cells detach 
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from the neural tube, they undergo an epithelial-to-mesenchymal transformation (EMT) and 

extensive migration along well-defined pathways (70). Four groups of NCCs are defined, 

based on their specific regional contributions to structures of the embryo: cranial, vagal, trunk 

and (lumbo)sacral NCCs (70). NB tumors arise due to an impaired differentiation of the trunk 
neural crest cells. Trunk neural crest cells follow either a ventral (sympathoadrenal, SA) 

pathway, or a dorsolateral pathway (Figure 2). Neural crest cells following the stream 

ventrally to the somites, develop into the dorsal root ganglia and the chain ganglia of the 
sympathetic division of the autonomic nervous system. The neurons that develop in the chain 

ganglia become the peripheral (postganglionic) neurons of the sympathetic autonomic 

nervous system. Other NCCs, following the SA pathway, form the neurosecretory chromaffin 
cells of the adrenal medulla. Apart from forming neurons, NCCs are also capable of forming 

glia of the peripheral ganglia, non-neural cells supporting and protecting neurons, including 
Schwann cells and satellite cells. The dorsolateral pathway (between the ectoderm and 

somites) in its turn results in the formation of melanocytes (70–72). Neuroblastoma is 

identified as a disease of the ventral, SA lineage, originating from the so-called SA progenitor 

cells (73). Consequently, neuroblastoma tumors can arise anywhere in the sympathetic 
nervous system. Approximately 35% of primary neuroblastoma tumors occur in the adrenal 

medulla. Other common sites include the extra-adrenal retroperitoneum (30%), the neck 
(5%), posterior mediastinum (20%) and pelvis (5%) (69,73,74).  

Figure 2. Migration pathways of the trunk neural crest cells. Neural crest cells migrate towards their destined 
location via a dorsolateral pathway (indicated with a blue arrow) and a ventral pathway (indicated with red 
arrows). The dorsolateral pathway forms the melanocytes of the skin of the trunk and limbs after invading the 
surface of the ectoderm. Following the ventral pathway, neurons are formed in the dorsal root ganglia and 
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sympathetic ganglia, as well as chromaffin cells in the adrenal medulla, non-neuronal Schwann cells and satellite 
cells as protectors for the neurons. Figure created with Adobe Illustrator 2022. 

2.2. From neural crest cells over sympathoadrenal progenitors to committed human cells 

As the processes involved in the development of the sympathetic nervous system are very 

complex, a defective differentiation of NCCs due to genomic and epigenetic impairments is 

not uncommon (75). Impaired development, differentiation, and migration of NCCs drive 
oncogenesis of multiple pediatric malignancies, such as NB, peripheral primitive 

neuroectodermal tumors, malignant peripheral nerve sheath tumors, craniofacial 
osteosarcoma, as well as adult malignancies such as melanoma (75). As already mentioned, 

NCCs give rise to specific progenitors diverging into several lineages, and the SA lineage is 

linked to NB development. The SA lineage will be discussed in more detail in this section 

(Figure 3).  

Upon closure of the neural tube, a series of transcription factors activate the EMT machinery 

and the delamination and formation of NCCs, equipped with migratory properties. The dorsal 
aorta, expressing bone morphogenetic proteins (BMPs) and therefore producing chemo-

attractants SDF1 and NRG1, is key in coordinating NCC migration and guides NCCs through 

the SA cell lineage, giving rise to sympathetic ganglia and the adrenal medulla. After 
delamination from the neural plate, NCCs undergo a first split, with a part of the cells ending 
up in the nervous sensory lineage and another part differentiating to bipotent autonomic-

mesenchymal progenitors, co-expressing PHOX2B and PRRX1. Subsequently the bipotent 
progenitors undergo a secondary split, separating the mesenchymal lineage (PRRX1 

expression) from the SA lineage (PHOX2B expression). Reprogramming between both 

lineages can occur by NOTCH signaling. The cells entering the SA lineage are called SA 
progenitors. Other important factors involved in the initial differentiation process to SA 

progenitors include ASCL1, PHOX2A, HAND2, MYCN, SOX10, GATA2 and GATA3. SA 

progenitors differentiate to Schwann cell precursors (SCPs) and sympathetic neural 
progenitor cells (SNPCs). SNPCs differentiate further to extra-adrenal sympathetic neurons 

(Figure 3, early path), ganglia and suprarenal sympathetic ganglia (SRG). The SCPs show a high 

differentiation potential and are at the root of the adrenal medulla differentiation hierarchy, 
next to differentiating to Schwann cells, melanocytes and parasympathetic ganglia. SCPs 

migrate along the nerve tracks toward the adrenal medulla and differentiate to chromaffin 

cells and intra-adrenal neuroblasts (forming intrarenal sympathetic neurons, Figure 3, late 
path) via a transient population of bridge cells and connecting progenitor cells (CPCs). Of note, 

the intra-adrenal early neuroblasts are capable of transitioning to early chromaffin cells, and 

vice versa, with formation of chromaffin cells being the predominant direction. The discovery  
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Figure 3. From neural crest cells to committed human cells. Upon closure of the neural tube, the cells from the 
neural plate delaminate and get migratory properties, resulting in neural crest cells (NCCs). These cells undergo 
a first split, forming sensory glia and neurons, and bipotent autonomic mesenchymal progenitors. The latter cells 
undergo a second split, in which part of the cells enter the mesenchymal lineage, and another part enter the SA 
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lineage as SA progenitors. The SA progenitors on its turn differentiate to sympathetic neurons via sympathetic 
neural progenitor cells (early phase). Furthermore, SA progenitors form Schwann cell precursors. The Schwann 
cell precursors differentiate not only to Schwann cells, but also melanocytes and parasympathetic ganglia. 
Furthermore, they form connecting progenitor cells (CPCs), diverging into chromaffin and neuroblast 
populations (late path). Of note, intra-adrenal neuroblasts can undergo a transition into local chromaffin cells 
and vice versa. CPCs: connecting progenitor cells, SA: sympathoadrenal, SCPs: Schwann cell precursors, SNPCs: 
sympathetic neural progenitor cells, SRG: suprarenal sympathetic ganglion. Figure created with Adobe Illustrator 
2022, based on (75). 

of two different differentiation pathways (early and late path forming extra-adrenal and intra-

adrenal neuroblasts, respectively), and the SCPs being a common progenitor of chromaffin 

cells and intra-adrenal neuroblasts, and the ability of transition between chromaffin cells and 
neuroblasts, reveals a remarkable complexity of human adrenal medulla development. The 

prolonged time of cell transitions observed in the human adrenal medulla development 

increases the risk for each cell type to acquire genetic alterations, promoting NB formation at 

different levels. Particularly susceptible to genomic and epigenetic alterations are the neural 

crest-derived cells with a high transcriptional activity, whereby chromatin is open. These cells 
include bipotent progenitors and SCPs, bridge cells, CPCs, immature neuroblasts, and 
chromaffin cells with low degrees of differentiation or with an enhanced proliferative state 

(cycling cells) that they maintain following malignant transformation (75). 

As SA differentiation occurs within the adrenal medulla, it contains a mix of undifferentiated 

progenitor and differentiated cells. SCPs are located inside nests of neuroblasts with small 

groups of chromaffin cells clustered around. Most adrenal HR-NB tumors emerge from 
noradrenergic chromaffin cells, and in general, tumors are correlated with an 
undifferentiated cell state, explaining the heterogeneous nature of NB tumors, as the 

undifferentiated population of cells is highly diverse (69,75). Of note, the proportion of 
differentiated cells is higher in MYCN-nonamplified high-risk and low-risk tumors. This 

suggests that low-risk tumors arise at a later timepoint during development or that a higher 

degree of dedifferentiation is occurring in MYCN-amplified HR-NB tumors (75).  

2.3. Disease staging of neuroblastoma tumors 

One of the hallmarks of NB is heterogeneity. Because of the tumoral heterogeneity discussed 

in the previous paragraph, patients’ outcomes are also very heterogeneous. To assign the 

optimal treatment regimen, patients are first staged, categorized to a histology grading 
system and subsequently assigned to a risk classification group. Many different NB staging 

systems and risk classifiers have been incorporated worldwide. In 1986, the International 

Neuroblastoma Staging System (INSS) was described, based on tumor location with respect 
to midline structures, lymph node status, and extent of upfront surgical resection. Based on 

this, localized tumors are assigned to INSS stage 1, 2A, 2B or 3. Metastatic patients are 

subdivided to stage 4 or 4S, depending on the pattern of metastasis. Stage 4S patients include 
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children under the age of 12 months, with specific metastatic disease pattern including only 

liver, skin and bone marrow, while stage 4 patients include all metastatic patients, except for 

these belonging to stage 4S (76,77). Later, in 2005, a staging system independent of surgical 

resection extent was described, the International Neuroblastoma Risk Group (INRG) staging 
system (INRGSS, Table 1). This system allows for pretreatment staging rather than 

postsurgical staging, enabling the uniform staging of patients with localized disease who do 

not require surgical resection including those with perinatally diagnosed disease. Previously 
these patients could not be properly assigned an INSS stage as surgical resection was required 

to define stage 1 or 2 disease. In INRGSS, locoregional tumors are defined as L1 (image-

defined risk factor (IDRF) absent) or L2 (IDRF present). Furthermore, INRGSS stage M defines 
metastatic disease, except in children less than 18 months old with metastases restricted to 

skin, liver, and/or limited marrow involvement (stage MS, metastatic special) (76,77). 

Table 1. International Neuroblastoma Risk Group Staging System (INRGSS). Taken from (77). 

INRG stage description 

L1 localized tumor with no image-defined risk factors 

L2 localized tumor with one or more image-defined risk factors 

M distant metastatic disease 

MS metastatic disease in children under 18 months with metastases limited to 
skin, liver, and/or bone marrow (<10% involvement) 

2.4. Tumor histology grading system 

The first tumor histology grading system was developed by Shimada et al. in 1984. Tumors 

were classified to define groups with either favorable or unfavorable prognosis, by histologic 
features, including the degree of stroma presence, grade of differentiation, mitosis-

karyorrhexis index (MKI), presence of nodules, and age (77). In 1999, this grading system was 

updated, giving rise to the International Neuroblastoma Pathology Classification (INPC, Table 

2).  

Table 2. International Neuroblastoma Pathology Classification (INPC). MKI: mitosis-karyorrhexis index. Taken 
from (77). 

favorable histology unfavorable histology 

ganglioneuroma mature  
(stroma-dominant) 

ganglioneuroblastoma, nodular 
(composite; stroma-rich/stroma-

dominant and stroma-poor) 

ganglioneuroma maturing  
(stroma-dominant) 

neuroblastoma (stroma-poor)—all else 
not in favorable histology category 
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ganglioneuroblastoma, intermixed  
(stroma-rich)  

neuroblastoma (stroma-poor), differentiating or 
poorly differentiated with low/intermediate MKI 

in patients <1.5 years at diagnosis 
 

neuroblastoma (stroma-poor), differentiating 
with low MKI in patients 1.5–5 years at 

diagnosis 
 

2.5. Risk stratification at the basis of an optimal treatment plan 

After disease staging and tumor histology grading, a patient is stratified to an appropriate risk 

group. Through the INRG classification system, as this has been accepted internationally for 
pre-treatment risk classification, efforts have been made to uniformly define risk groups 

across collaborative groups. The INRG risk classification system considers the INRG stage, age 

at diagnosis, tumor histology, tumor cell ploidy, MYCN status (amplified and non-amplified) 
and 11q aberration (Table 3) (76,77). In this way, patient outcomes can be compared easily 

worldwide between clinical trials. This risk system is based on the biomarker and outcome 
data for over 24,000 patients stored in the INRG Data Commons (78).  

Table 3. The INRG risk classification system. GN: ganglioneuroma, GNB: ganglioneuroblastoma, NA: non-
amplified, Amp: amplified. Taken from (77). 

INRG 
stage 

age 
(months) 

histologic 
category 

grade of tumor 
differentiation MYCN 11q 

aberration ploidy pretreatment 
risk group 

L1/L2  
GN maturing; 

GNB 
intermixed 

    A very low 

L1  

Any, except GN 
maturing or 

GNB 
intermixed 

 

NA   B very low 

Amp   K high 

L2 

< 18 

Any, except GN 
maturing or 

GNB 
intermixed 

 NA 

No  D Low 

yes  G 
intermediate 

³ 18 GNB nodular; 
neuroblastoma 

differentiating NA 
No  E low 

yes  
H 

intermediate 
poorly 

differentiated or 
undifferentiated 

NA   

 Amp   N High 

M 
< 18   NA  Hyperploid F low 

< 12   NA  Diploid I 
intermediate 
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12 to < 
18   NA  diploid J 

intermediate 

< 18   Amp   O high 

³ 18      P high 

MS < 18  
NA 

No  C very low 

Yes  Q high 

Amp   R high 

2.6. The future of patient stratification 

Although the INRG Classification System provides a platform for uniformly defining risk, the 

more recently discovered genomic and molecular biomarkers, including gene expression 

signatures, mutational profiles, and telomere maintenance mechanisms, were not available 
during the development of this risk algorithm in 2005 (77,79,80). Furthermore, chromosomal 

aberrations, the most recurrent genomic alterations found in neuroblastoma, and copy 
number changes are being studied more into detail. For instance, whole-chromosome 
imbalances are associated with a more favorable prognosis and usually occur in younger 

patients (<1 year old), whereas segmental chromosomal gains or losses are associated with 
poor outcomes and patients harboring these alterations are usually older (81). Common 
segmental chromosomal alterations include deletions of 1p, 3p, 11q, 4p, 9p and 14q and gains 

of 1q, 2p and 17q (81). So far, only 11q loss is considered in the INRG risk classification system, 
however, other segmental chromosomal aberrations have also shown to be associated with 
poor outcomes, even in the absence of MYCN amplification (81,82).  

It is anticipated that incorporating these robust prognostic markers in the next-generation 
INRG Classification System will lead to refined treatment stratification and improved patient 

outcomes (80). However, applying a revised risk classification system could hamper the 

comparison of results between research groups and between retrospective and prospective 
data. Optimizing treatment of individual patients requires close collaboration between the 

international neuroblastoma community and data scientists to ensure that harmonized 

criteria are used to define risk and guide therapy (80).   

2.7. Treating neuroblastoma: from “wait and see” to intensive multimodal therapy 

Therapy will be tailored according to the patient’s risk group, i.e. very low, low, intermediate 

or high risk. International standardization of risk stratification is pursued by establishing the 

INRG classification system. In addition, different initiatives emerged to bring countries 
together to set-up large clinical trials and use the trial outcomes to create standardized 

treatment protocols. For instance, many European countries were brought together by the 

establishment of the International Society of Paediatric Oncology Europe Neuroblastoma 
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Group (SIOPEN) in 1998 (83). Another initiative is the Children’s Oncology Group (COG), 

uniting cancer centers across North America, Australia, New Zealand, and Europe. Germany, 

Switzerland, and Austria were brought together by the Society of Paediatric Oncology and 

Haematology (GPOH). As we are following the SIOPEN treatment guidelines in Belgium, 
further discussion will be focused on this treatment protocol.  

Non-high-risk neuroblastoma patients represent nearly half of newly diagnosed cases and 

have an excellent event-free and overall survival with current therapies. Patients at low risk 
are either kept under observation or undergo a surgical resection if appropriate. For 

intermediate-risk patients, treatment consists of multiple courses of chemotherapy, 

potentially combined with surgical resection and in rare cases radiotherapy. For these groups, 
the focus over the last decades was to safely reduce treatment intensity, while maintaining 

the favorable patient outcome. This was achieved by the establishment of several consortium 
groups performing clinical research trials. One example is the Low and Intermediate Risk 

Neuroblastoma European Study (LINES) from SIOPEN (83,84).  

Next to the LINES trial for low- and intermediate-risk neuroblastoma patients, SIOPEN also 

has multiple trials either completed or still running, including HR-NB patients. Treating HR-NB 
patients is complex and involves different phases: (1) initial induction chemotherapy, (2) 

surgery to remove the primary tumor (3), consolidation with high-dose chemotherapy 
followed by autologous stem cell rescue (ASCR), (4) radiotherapy to the site of the primary 
tumor and (5) maintenance therapy with anti-GD2 immunotherapy and retinoic acid (Figure 
4) (83). The SIOPEN consortium is proposing Rapid COJEC (rCOJEC) in their standard practice 

for induction chemotherapy (85). rCOJEC is a high-dose rapid schedule of eight cycles, 
alternating vincristine (O) and carboplatin (J) (course A), vincristine and cisplatin (C) (course 

B), and vincristine, etoposide (E) and cyclophosphamide (C) (course C) in the sequence 

ABCBABCB. The interval between courses is 10 days. The Memorial Sloan Kettering Cancer 
Center (MSKCC) has been using the modified N7 (MSKCC-N5) regimen. This regimen 
comprised high-dose cyclophosphamide, doxorubicin with vincristine alternating with high-

dose cisplatin, etoposide for a total of five courses. In the HR-NBL-1.5/SIOPEN study, the 
rCOJEC induction regimen was compared to the MSKCC modified N7 (MSKCC-N5) induction 
regimen and there was no significant difference in outcome observed between both 

regimens, however the rCOJEC regimen results in less acute toxicity, making it the preferred 
induction regimen of SIOPEN (86). After the end of induction, ideally after peripheral stem 
cell harvest, a surgery might be performed to achieve complete excision of the tumor. 

Additionally, two TVD (topotecan, vincristine, doxorubicine) courses have proven to improve 

the response rate when no complete or partial metastatic response is observed after rCOJEC, 

however this addition does not significantly impact the survival rate and thus is no longer 
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proposed as part of the standard SIOPEN regimen. Patients with a complete or partial 

response proceed to the consolidation phase (87). After comparing two high-dose 

chemotherapy (HDC) regimens, busalfan/melphalan (Bu-Mel) and 

carboplatin/etoposide/melphalan (CEM) in the HR-NBL1 trial, the SIOPEN standard of care 
during consolidation phase (high dose chemotherapy, HDC) is set to Bu-Mel, followed by 

autologous stem cell rescue. Bu-Mel improved event-free survival and caused fewer adverse 

events than did CEM (88). Furthermore, all patients receive radiotherapy (21 Gy) to the 
primary tumor site after the consolidation phase. To conclude, the maintenance phase within 

SIOPEN starts with one cycle of 13-cis-retinoic acid (13-cis-RA) and is then followed by 5 cycles 

of 35 days of dinutuximab beta (anti-GD2 antibody) and 13-cis-RA treatment (89).  

Figure 4. SIOPEN HR-NBL1 (NCT01704716) treatment scheme for HR-NB patients. This figure only includes the 
selected treatment arms, based on the results of the HR-NBL1 clinical trial. In a first induction phase, the patient 
is treated in eight cycles (sequence ABCBABCB), consisting of three different courses: vincristine and carboplatin 
(course A), vincristine and cisplatin (course B), and vincristine, etoposide and cyclophosphamide (course C). Each 
course takes 10 days to complete. When a patient shows complete or partial response, he proceeds to the 
consolidation phase with high dose chemotherapy (HDC, Bu-Mel) and ASCR. After the induction phase, ideally 
after peripheral stem cell harvest, a surgery might be performed to remove primary tumor tissue. Furthermore, 
after the consolidation phase, all patients will receive radiotherapy and proceed to the maintenance phase 
starting with one cycle of 13-cis-RA, followed by 5 cycles of 35 days of dinutuximab beta and 13-cis-RA treatment. 
ASCR: autologous stem cell rescue, Bu-Mel: busalfan/melphalan, CR: complete remission, PR: partial remission, 
rCOJEC: rapid cisplatin/vincristine/carboplatin/etoposide/cyclophosphamide, RA: retinoic acid, RT: 
radiotherapy. Figure created with Adobe Illustrator 2022, based on (90).  

The treatment of HR-NB patients represents one of the remaining challenges for pediatric 

oncologists. Despite intensive multimodal therapy, disease progression is observed during 
therapy in more than half of HR-NB patients, leading to fatal outcome (91). The currently 
running SIOPEN High Risk Neuroblastoma Study 2 (HR-2) aims to improve the outcome for 

patients with newly diagnosed HR-NB. In this study, two different induction chemotherapy 
regimens are compared: rCOJEC and the GPOH regimen. The GPOH regimen consists of three 

N5 (cisplatin, etoposide, and vindesine) and three N6 cycles (vincristine, dacarbacine, 

ifosfamide, and doxorubicine) (92). Furthermore, they investigate the impact of giving more 
intensive consolidation, more specifically, two courses of high dose chemotherapy (Thiotepa 

followed by Bu-Mel) with each course supported by ASCR, as compared to the standard single 
course of Bu-Mel. To conclude, they evaluate the benefit of a radiotherapy boost (total of 36 

Gy instead of standard 21 Gy dose delivered to the site of the primary tumor) to the 
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macroscopic residual disease before radiotherapy (ClinicalTrials.gov identifier: 

NCT04221035).  

2.8. Targeted treatments are being integrated in the frontline setting 

During the last few years, different omics approaches such as copy number studies, 

transcriptomic analyses and genome-wide association studies have uncovered genes 
associated with neuroblastoma susceptibility, aggressiveness, and progression. The 

identification of such genes opens up the possibility of developing novel targeted therapies 

or reconsidering already existing drugs by the repositioning of approved drugs (91). Several 
efforts are ongoing to integrate targeted therapies into the intensive induction regimens, 

such as the targeted radiopharmaceutical iodine-131 meta-iodobenzylguanidine (131I-MIBG), 
anaplastic lymphoma kinase (ALK) inhibitors and chemo-immunotherapy including anti-GD2 

monoclonal antibodies. These targeted strategies have shown activity in patients with 

relapsed or refractory disease and are therefore now being studied in the frontline setting. 

For instance, in an ongoing clinical trial (ClinicalTrials.gov identifier: NCT03126916), patients 
with a confirmed ALK aberration (mutation/amplification) are treated with ALK inhibitors 

through all phases of treatment. Also, combining anti-GD2 antibodies with chemotherapy is 
being integrated in the induction phase, as this treatment shows high effectivity in relapse or 
refractory patients (93).  

2.9. Novel potential targeted treatments for neuroblastoma 

For patients presenting with relapse or recurrent HR-NB, several treatment options are being 
evaluated and the SIOPEN consortium has proposed a pragmatic strategy on how to prioritize 
treatment options available to relapsed HR-NB patients (94). Assignment to clinical trials is 
often based on the presence or absence of molecular targets for drugging. The proposition is 

pragmatic in the sense that it is mainly based on the options available to patients via clinical 
trials. Other options based on genomic alterations are also being proposed (95). The genetic 
targets can be divided in five main groups, as discussed below.  

2.9.1. Mutations 

2.9.1.1. ALK mutation 

The ALK gene, which encodes a tyrosine kinase receptor, is mutated in approximately 10% of 
all diagnostic neuroblastoma cases and in 15% of HR-NB cases (96,97). It is the most common 

somatically mutated gene in NB, with a higher prevalence of mutations in relapse patients 
(96). 85% of ALK mutations in neuroblastoma occur at three amino acids: R1275 (43%-49%), 

F1174 (30%-35%) and F1245 (12%). The F1174L mutation is thought to be associated with a 

more aggressive disease phenotype and resistance to early-generation ALK inhibitors, such as 
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crizotinib (97). Moreover, co-existence with MYCN amplification augments tumor 

aggressiveness in mouse models as witnessed by a decreased latency to tumor generation 

and the development of large, bulky tumors as compared to MYCN amplified tumors without 

ALK F1174L mutation (98). Second and third generation ALK inhibitors are being evaluated in 
clinical trials either in monotherapy or in combination with cyclophosphamide/topotecan 

(e.g. lorlatinib, ClinicalTrials.gov Identifier: NCT03107988, (93)). Lorlatinib in combination 

with topotecan and cyclophosphamide is well tolerated, and early data suggest encouraging 
anti-tumor activity, supporting the current integration of lorlatinib into frontline HR-NB 

therapy for patients with ALK-driven neuroblastoma (99,100).  

2.9.1.2. FGFR1 mutation 

Fibroblast growth factor receptor 1 (FGFR1) mutations, more specifically N546K hotspot 

mutations, have been observed in NB (primary and relapsed tumors), as well as in Ewing 
sarcoma and brain tumors (101). FGFR1 is crucial for the expression of genes involved in 

embryonic stem cell migration and neural crest cell formation (102). By consequence, FGFR1 

can act as a cancer-driver gene in NB and mutations might activate embryonic signaling, 

promoting disease progression and recurrence. FGFR1 is a tyrosine kinase receptor that, once 
activated, leads to subsequent activation of downstream cellular signaling pathways such as 

RAS/MAPK and PI3K/AKT/mTOR (103). Driver mutations in FGFR1, altering FGFR1 auto-
phosphorylation, resulting in an increase of kinase activity, are a potential target for treating 
neuroblastoma, for instance by small-molecule tyrosine kinase inhibitors (TKIs) (101).  

2.9.1.3. RAS/MAPK pathway mutation 

The RAS/MAPK pathway genes have shown to be altered in pre-treated neuroblastoma 
samples, and these alterations were strongly correlated to poor outcomes (104,105). 

Interestingly, an mRNA signature for increased RAS-MAPK pathway activity, consisting of 6 

genes (i.e. ETV4, ETV5, DUSP6, MAFF, ETV1, and DUSP4), has recently been defined (106). At 
relapse, an enrichment of RAS-MAPK pathway mutations has been observed by several 
research groups (106,107). Some examples of mutated genes are ALK, NF1, PTPN11, FGFR1, 

NRAS, KRAS, HRAS, and BRAF (105). Despite the multiple targets for treatment contained in 
this pathway, inhibition is challenging due to the development of resistance, complex 
feedback-loop regulation, and a large number of interactions with other signaling pathways 

that can affect the functioning of the RAS-MAPK pathway (105). Inhibition of other pathways, 
such as PI3K/AKT/mTOR, or processes like the cell cycle, will be vital to achieving effective 

treatments for NB and avoiding the development of resistance (105). 
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2.9.1.4. ATRX mutation 

ATRX mutations are associated with a telomerase-independent telomere maintenance 

mechanism known as alternative lengthening of telomeres (ALT), which is thought to be 

suppressed by wild-type ATRX in ALT-negative tumors (96). ALT occurs in approximately 25% 
of HR-NB. Relapse or progression in patients with ALT neuroblastoma during or after front-

line therapy is frequent and almost uniformly fatal. Targeting telomere maintenance with ATR 

inhibitors is being investigated, however, approximately 50% of ALT neuroblastoma lack any 
known genomic alteration (93,108).   

2.9.2. Genomic translocations 

2.9.2.1. TERT rearrangement 

In addition to the telomerase-independent mechanism of ALT through ATRX mutations, ALT 

can also occur by an increased telomerase activity through TERT rearrangements. TERT 

rearrangements have been identified in a subset of HR-NB tumors. Targeting telomerase 

activity represents a novel therapeutic approach, but no clinical candidates are currently 
available (95). Imetelstat, inhibiting telomerase enzymatic activity, was evaluated in clinical 

trials, but showed unacceptable toxicity (95). Nucleoside analogue 6-thio-2’-deoxyguanosine 
(6-thio-dG), is not yet tested in clinical trials, but shows preclinical utility against 
neuroblastoma. 6-thio-dG is incorporated in de novo-synthesized telomeres, which are 

modified and not functional anymore (95).  

2.9.3. Copy number alterations 

2.9.3.1. MYCN amplification 

MYCN is a driver oncogene in NB, confirmed by the fact that overexpression of N-MYC in 
neural crest progenitor cells of transgenic mice and zebrafish is sufficient to induce NB 

development. MYCN amplification occurs in 20% of cases overall and up to 50% of HR-NB 
cases, and is associated with advanced, aggressive tumors and frequent disease relapse (96). 
Given its correlation with rapid tumor progression, poor prognosis and the limited expression 

in normal cells and tissue, suggesting high tolerability for a MYCN-specific approach, MYCN 
could represent an ideal therapeutic target. Nevertheless, MYCN amplification is challenging 
to inhibit directly. To that end, new strategies have been proposed in the hope of overcoming 

the failure of the precedent attempt to make MYCN a fully available target for HR-NB (109). 
For instance, bromodomain and extra-terminal domain inhibitors repress MYCN 

transcription, while aurora kinase A inhibitors and phosphatidylinositol 3-kinase/mammalian 
target of rapamycin (PI3K/mTOR) inhibitors destabilize the MYCN protein (93,109).  
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2.9.3.2. ALK amplification  

Apart from ALK mutations, amplification of the ALK gene is also reported, but only in 1–2% of 

NB cases. This amplification is leading to increased protein expression and constitutive kinase 

activity. ALK is almost exclusively co-amplified with MYCN, as both genes are in close 
proximity, conferring a poor prognosis (96). 

2.9.3.3. MDM2 amplification 

Whereas being mutated in almost 50% of human cancers, the TP53 tumor suppressor gene is 

wild type in the vast majority of neuroblastoma tumors. However, upstream p53 pathway 

inactivation through MDM2 amplification and suppression of CDKN2A (p14ARF abnormalities) 

have been reported particularly at relapse (110). These abnormalities converge into the 
central CDKN2A/MDM2/TP53 axis with increased activity of MDM2, the principal TP53 

inhibitor, and subsequent impairment of normal TP53 functioning (111). TP53 is a critical 
protein for the regulation of apoptosis, cell cycle arrest and DNA damage repair processes in 
response to DNA damage and cellular stress (109,112). MDM2 amplification leads to TP53 

inhibition by transcription repression or protein ubiquination and degradation, therefore 

contributing to tumor formation (109,112). MDM2 also exerts TP53-independent oncogenic 
functions, as MDM2 stabilizes mRNA of vascular endothelial growth factor (VEGF), causing 

increased translation of VEGF, stimulating growth of neuroblastoma (109,112). Interestingly, 
MDM2 may interact with MYCN in a similar manner to TP53 in neuroblastoma, resulting in 
MYCN mRNA stabilization and translation increase (109). Clearly, MDM2 is a potential target 
for anticancer therapy in neuroblastoma.  

Idasanutlin is a small-molecule MDM2 inhibitor, preventing the binding of p53 to MDM2. The 
crystal structure of a peptide derived from p53 and its mode of binding to MDM2 have 

revealed a deep hydrophobic pocket on the surface of MDM2 (113). The binding between the 

two proteins is mainly attributed to three critical amino acid residues of p53 (Phe19, Trp23, 
and Leu26) that project hydrophobic sidechains deep into the cavity of MDM2 (114). These 
structural characteristics of the p53-MDM2 complex suggest that small-molecule inhibitors 

capable of blocking the interaction between the two proteins may be identified. Several 
compounds have been reported to inhibit the binding of p53 and MDM2, including a series of 
4,5-dihydroimidazolines, such as nutlin-3a (114). Further optimization efforts to enhance 

their pharmacological properties for clinical development resulted in the development of 
idasanutlin, which is currently being evaluated in clinical trials (e.g. ClinicalTrials.gov Identifier 

for a neuroblastoma-specific trial: NCT04029688 (114)). 
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2.9.3.4. CDK4/6 amplification 

The cyclin-dependent kinase 4 and 6 (CDK4 and CDK6) cooperate with cyclin D family 

members to activate the E2F transcription factor through the phosphorylation of RB. E2F 

transcriptional activity results in the stimulation of cell proliferation by promoting progression 
through the G1–S cell-cycle checkpoint (115). The CDK4/6 inhibitor ribociclib completed 

phase 1 single agent testing and demonstrated stable disease as a frequent outcome in 

neuroblastoma patients (95). It has also been evaluated in combination with topotecan and 
temozolomide or everolimus in the AcSé-ESMART trial (ClinicalTrials.gov Identifier: 

NCT02813135) and was found to be well tolerated. A follow-up study of the ribociclib-

everolimus combination has been initiated (95,116).   

2.9.4. Overexpression 

2.9.4.1. BCL-2 

In healthy individuals, pro-apoptotic members of the BCL-2 family proteins, such as BAX and 

PUMA, are in balance with anti-apoptotic members, such as BCL-2 and MCL1 (117). In most 
neuroblastoma tumors, the prosurvival protein (BCL-2) shows enhanced expression, and 

MCL1 has been suggested to mimic the BCL-2 function and circumvent the effects of BCL-2 
inhibition (111,118). Venetoclax is a specific BCL-2 inhibitor, which is being tested in 
combinatorial clinical trials (e.g. with idasanutlin, ClinicalTrials.gov Identifier: NCT04029688).   

2.9.5. Pathway activation 

2.9.5.1. PI3K/Akt/mTOR pathway 

The PI3K/Akt/mTOR pathway is constitutively active in neuroblastoma tumors and 
deregulates cell metabolism via increased expression of multiple growth factor receptors 
(119). Moreover, this pathway drives oncogenic stabilization of MYCN protein, so inhibition 

of mTOR functions is a potential strategy for therapeutic targeting of MYCN-amplified 
neuroblastoma tumors (119).  

The pathway can be targeted by different strategies, i.e. PI3K inhibition, Akt inhibition and 

mTOR inhibition (120). Inhibition of mTOR complex 1 (mTORC1) represents the strategy with 
the most clinical expertise (120). Temsirolimus, a derivative of rapamycin, is a potent and 
selective inhibitor of mTORC1. The drug was well-tolerated in early phase clinical trials, 

however, phase II studies demonstrated limited activity of temsirolimus as monotherapy 
(119,120). Furthermore, resistance to temsirolimus through increased AKT phosphorylation 

has also been described (120). This prompted to combine temsirolimus with other agents, 
such as chemotherapeutics, ALK inhibitors and MDM2 inhibitors (119,120).  
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2.9.6. Combinatorial targeting of pathways to prevent resistance to targeted treatments 

Targeted therapeutics are very promising to treat relapse or refractory patients. Moreover, 

they are being studied in the frontline setting to eradicate the treatment resistant subclones 

containing specific molecular targets. However, therapeutic resistance is also a concern 
within molecularly targeted approaches, which could be overcome by identifying well-

matched drug combinations (121). Also, by combining targeted treatments, treatment 

efficacy can increase significantly (96,111).  

For instance, a strong synergistic activity is observed when combining the MDM2 inhibitor 

idasanutlin with the BCL-2 inhibitor venetoclax, irrespective of the basal BCL-2 and MCL1 

expression levels (111). Idasanutlin can even overcome the resistance to venetoclax in 
preclinical models, as idasanutlin treatment induces BAX-mediated apoptosis in venetoclax-

resistant neuroblastoma cells in the presence of venetoclax (117). This combination is being 
tested in a clinical trial (ClinicalTrials.gov Identifier: NCT04029688). 

A link has been observed between p53 function and mTOR expression in neuroblastoma. The 

tumors maintain two opposing pathways of active p53 that mediates growth arrest and 

apoptosis, and aberrant mTOR signaling that mediates growth and proliferation (119). In 
response to stress, p53 transcribes a group of negative regulators of the PI3K/Akt/mTOR 

pathway, suppressing mTOR signaling and initiating cell-cycle arrest, DNA repair, senescence, 
or apoptosis (119). In this way, p53 activation via MDM2 inhibition would sensitize 
neuroblastoma tumors to mTORC1 inhibitors (119). In addition, some studies have 
highlighted that ALK mutations lead to overactivation of the PI3K/Akt/mTOR pathway, which 

is why combining ALK inhibitors with mTORC1 inhibitors is also being tested (119,120).    

Resistance to ALK inhibitors has been evidenced in pre-clinical studies with ALK-driven NB cell 

lines and mouse models, by complex relationships between mutation-induced changes in the 

structure of the ALK tyrosine kinase domain and the differential binding profiles of ALK 
inhibitors (96). It is anticipated that the long-term use of ALK inhibitors will require 
combinatorial targeting of pathways downstream of ALK, functionally related bypass 

mechanisms (e.g. AXL) and concomitant oncogenic pathways (e.g. MDM2), which has shown 
to increase efficacy of ALK inhibition and overcome de novo resistance (96).  

2.10. Liquid biopsy biomarkers for neuroblastoma diagnosis and follow-up 

The detection of the targets discussed in previous sections can be used in risk stratification of 

the patient (e.g., MYCN amplification). Moreover, early detection of druggable targets can 

eradicate therapy resistant subclones by a combination of targeted treatments (e.g., 

detection of ALK mutations that can be targeted by ALK inhibitors). Subclonal populations 
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containing the targets which are driving resistance and relapse are often not captured by 

tissue biopsies. First of all, only a small part of the tumor is being analyzed at diagnosis, with 

the chance of missing important targets due to tumor heterogeneity. Furthermore, the 

molecular profile of the NB tumors can change over time due to selective pressure upon 
therapy or competition among multiple subclonal populations, resulting in a chemoresistant 

phenotype. Repetitive tissue sampling is not feasible due to its invasiveness and hampers the 

longitudinal monitoring of the tumor (8,93,122,123). Current neuroblastoma surveillance 
strategies rely on cross-sectional anatomic imaging, 123I-MIBG scans and measurement of 

urinary catecholamine levels. However, these techniques expose young children to radiation 

and sedation procedures, without the ability to capture chemoresistant subclones (124,125). 
Liquid biopsies have emerged as a novel, minimally invasive opportunity of detecting and 

monitoring specific targets in body fluids instead of tumor tissue (8). cfDNA and exRNA 
biomarkers in liquid biopsies are being evaluated to diagnose and follow-up neuroblastoma 

tumors.  

2.10.1. cfDNA 

Several studies have indicated the presence of ctDNA in the plasma from neuroblastoma 
patients. ctDNA has not only proven useful for the detection of specific targets: also the total 
cfDNA levels, and therefore ctDNA levels, have value for neuroblastoma surveillance. The 

cfDNA levels are found to be higher in HR neuroblastoma patients as compared to healthy 

controls (122). Interestingly, the ctDNA fraction of cfDNA can be predictive of the response to 
treatment, as an increase has been observed at the time of disease progression, while a 

decrease has been observed in responsive patients (27). In relation to this, also higher 

concentrations of cfDNA were obtained from patients with metastatic versus localized 
disease (i.e. 2,528 versus 175 ng/mL) (126). Some authors also hypothesize that more 
aggressive cells release more ctDNA (27). The analysis of ctDNA can be performed in a PCR-

based approach, requiring prior characterization of the biomarkers of interest, or by a 
sequencing-based approach where targets are not always specified upfront.  

2.10.1.1. PCR-based approach 

The majority of research groups have focused on developing assays and analyzing ctDNA 
through PCR-based approaches, such as digital PCR (dPCR). This requires prior 
characterization of the biomarkers, such as copy number alterations (CNA, e.g. MYCN 

amplification) and single nucleotide variants (SNV, e.g. ALK activating mutations). For 
instance, Combaret et al. have developed a dPCR-based assay for the detection of ALK 

mutations F1174L and R1275Q in serum or plasma (127). Lodrini et al. optimized a dPCR assay 
for the MYCN and ALK copy number status in plasma, accurately discriminating between 
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MYCN and ALK amplification, gain and normal diploid status (128). Peitz et al. optimized dPCR 

assays that reliably quantify MYCN and ALK copy numbers and accurately estimate ALK 

F1174L and ALK R1275Q mutant allele fractions (MAF) in cfDNA (129).  

2.10.1.2. Sequencing-based approach 

Apart from the PCR-based approaches, massive parallel sequencing was also successfully 

applied to cfDNA samples from neuroblastoma patients. For instance, whole exome 

sequencing (WES) of primary neuroblastoma tissue and matching cfDNA at diagnosis has 
identified an overlap of only 41% for SNVs, whereas an overlap of 93% was observed for CNAs 

(27,102). Shallow whole genome sequencing on cfDNA has also proven to be a valid 

alternative of tissue sampling for copy number profiling (130). Bosse et al. used the 
FoundationACT assay, a previous version of the FoundationOne Liquid CDx test to profile 

ctDNA of neuroblastoma patients (125). The Foundation Medicine platform is an NGS-based 
technology for sensitive detection of variants even at allele frequencies <1% of the total 

cfDNA, which is more sensitive than WES (125). The FoundationOne Liquid CDx test, however, 

is focused on cancer driver genes that are more frequently aberrant in adult cancers rather 

than pediatric cancers. Cimmino et al. developed a targeted NGS gene panel for cfDNA 
sequencing that is tailored to the genetic landscape of neuroblastoma (102).  

2.10.1.3. Lessons learned from ctDNA in neuroblastoma patients 

By comparing the detection rate of specific CNAs and SNVs in ctDNA and in primary tumor 
tissue, spatial and tumoral heterogeneity has proven to be better captured by ctDNA analysis 
as compared to primary tissue DNA profiling. The detection of SNVs such as ALK p.F1174L and 

ALK p.R1275Q is highly different between ctDNA and primary tissue, with in general a higher 
detection rate (higher MAF) of SNVs in the ctDNA (27,122,125). Even in some cases, the SNV 

is only detected in the ctDNA. This can be explained by the heterogeneous distribution of 

SNVs in tumor tissue or a differential shedding of ctDNA from different cells (27). Of note, the 
heterogeneous distribution of CNAs such as MYCN amplification in tumor tissue is less 
prominent, as the detection rate is often comparable between ctDNA and primary tissue 

(27,122,125). 

Comparison of SNVs present at diagnosis and relapse identifies pathways involved in 
neuroblastoma progression, such as MAPK pathways and protein kinase A signaling pathways. 

Moreover, SNVs evolving from diagnostic subclonal to a relapse clonal level preferentially 
affect pathways of neurogenesis (27). Moreover, the ctDNA MAFs have shown to reflect 

disease burden and treatment with ALK inhibitors (e.g. lorlatinib) showed reduction or 

increase in ALK mutations according to the response to treatment (27,131). 
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2.10.2. exRNA 

While cfDNA as a blood-based biosource is widely being investigated in neuroblastoma, data 

on exRNA biomarker potential in neuroblastoma is scarce. Nevertheless, it was recently 

shown that exRNAs are present in a wide diversity of (blood-based) liquid biopsies and can 
act as promising precision oncology biomarkers (41). Upon treatment, the transcription of 

genes can be altered, while the DNA remains more stable. As exRNA is more dynamic than 

cfDNA, it is better suited to monitor tumor genetics dynamics. Also, it is not only used to 
identify CNAs or SNVs in genes of interest, but also allows the identification of tumor-specific 

fusion transcripts and alternative splice events and provides insights into relative expression 

levels of dedicated genes (38–41).  

2.10.2.1. PCR-based approach 

So far, most of the plasma or serum exRNA studies have focused on miRNAs. Zeka et al. have 
identified 9 miRNAs in serum that are correlated to tumor volume in murine xenografts and 
disease burden in neuroblastoma patients (132). Murray et al. revealed serum miRNAs that 

are specific for MYCN-amplified neurobastoma (133). Ramraj et al. identified serum-

circulating miRNAs that can predict the switch from favorable to HR-NB in mouse models 
(134). These miRNAs have all been identified based on RT-qPCR measurements.  

mRNA detection based on RT-qPCR has also proven its utility to predict outcome in HR-NB, 
however these studies have been performed on peripheral blood. More specifically, high 
levels of TH and PHOX2B mRNA in peripheral blood at diagnosis identifies children with 
relapsed or refractory neuroblastoma at greatest risk of progression or death, who may 

benefit from novel treatment approaches (135,136).  

2.10.2.2. Transcriptome wide approach 

So far, to the best of my knowledge, no transcriptome wide studies have been performed on 

the plasma or serum of neuroblastoma patients. However, the dynamic nature of the 
transcriptome could enable a real-time monitoring of the tumor response to treatment. This 
is of great value in the search of biomarkers follow-up a patient’s response or resistance to 

therapy. However, except for focusing on specific tumor aberrations such as mutations or 
fusion transcripts, it is challenging to distinguish the host response from the tumor response 
to treatments. Xenografts injected with human tumor cells are excellent models to tackle this 

issue. The human exRNA in these xenografts is by definition originating from the tumor, while 
the remaining exRNA is derived from the host (such as mice or rats). My research mainly 

focused on the optimization of these models to analyze transcriptomic responses of the 

tumor to treatment. 
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Neuroblastoma patients are assigned to risk classification groups, based on their clinical and 

genomic features, such as INRG stage, age at diagnosis, tumor histology, MYCN status, tumor 

cell ploidy and 11q aberrations. Patient treatments can vary from watch-and-wait strategy to 

being treated with intensive multimodal therapies, depending on the risk group they are 
assigned to. Clearly, correct risk stratification at diagnosis is important to administer the 

optimal therapy. Furthermore, follow-up of tumor responses to therapy is crucial to timely 

detect non-response and relapses, as neuroblastoma tumors are typically very 
heterogeneous and undergo subclonal changes under therapeutic pressure. Tumor tissue 

biopsies, the current gold standard for diagnosis, do not capture tumor heterogeneity well 

and do not allow for follow-up by longitudinal sampling, making liquid biopsies promising in 
the emerging era of precision oncology. cfDNA has already proven its value in neuroblastoma 

to detect copy number alterations and mutations. Very often, especially in the case of 
mutations, the detection rate is higher in cfDNA as compared to primary tissue, showing the 

ability of liquid biopsies to capture tumor heterogeneity. The field of exRNA is still in its 

infancy and relatively underexplored, although it is better suited to monitor tumor genetics 

dynamics due to its more dynamic nature than cfDNA. More specifically, treatments can alter 
the transcription of genes. By conducting longitudinal sampling of liquids and utilizing a whole 

transcriptomic approach, we can examine the impact of a therapy on cancer cells in greater 
detail. This enables us to monitor patients' responses or non-responses to treatments, 
facilitating swift transitions to alternative therapies when appropriate options are available. 
As it is challenging to distinguish host from tumoral responses in liquid biopsy samples from 

patients, my research aim was to optimize studies with xenograft models, i.e. mice injected 
with human tumor cells, to aid in the search for tumoral exRNA treatment response 

biomarkers. In addition, I wanted to evaluate the added value of a combined cfDNA/exRNA 

analysis. The aims were pursued by breaking them down into smaller, achievable milestones.  

1. Determine the blood fraction with the most prominent tumor signal. Identifying the 
subcompartment where tumor-derived exRNAs primarily exist in plasma is crucial for 

studying tumoral exRNA. This knowledge helps minimizing undesirable background 
signals and enhances the detection sensitivity of tumoral exRNA. 

2. Examine how tumor size, engrafted cell line, engraftment site, and tumor vascularity 

impact the release of tumoral exRNA into the bloodstream. A higher level of tumor-
derived exRNA in circulation enhances the ability to detect treatment responses with 
increased sensitivity. 

3. Conduct an evaluation of exRNA/cfDNA co-purification kits. The integration of these 

kits in the analysis can significantly enhance sensitivity, for instance in detecting 

targetable mutations. 
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Right before my PhD started, our research group demonstrated the pharmacodynamic 

biomarker potential of serum miRNAs upon idasanutlin treatment of mouse models 

xenografted with human neuroblastoma cells (cf. paper in addendum, (137)). This key finding 

was the trigger for the start of my research project (Figure 5). I wanted to explore the 
potential of plasma mRNA to monitor treatment responses by total RNA sequencing. As 

access to neuroblastoma patients’ plasma is restricted, and as it is challenging to distinguish 

tumoral from host responses in a human context, I decided to explore tumoral responses in 
a xenograft context first. Growing a human tumor in a mouse model enables the distinction 

of tumoral (human) from host (murine) responses, by computational deconvolution of human 

and murine mRNA. First, a host-xenograft deconvolution pipeline applicable to highly 
fragmented exRNA in liquids was established. Then I applied this pipeline to determine which 

blood fraction contains the highest tumor-derived signal for future evaluation of tumor-
derived treatment responses (paper 1, (138)). Then, I treated neuroblastoma xenografts with 

idasanutlin to evaluate transcriptomic responses. Unfortunately, the abundance of exRNA in 

plasma was too low to draw biologically meaningful conclusions. However, this experiment 

resulted in important clues as to what tumor factors might interfere with the measurement 
of the circulating tumor transcriptome and follow-up experiments looking at tumor sizes, 

engrafted neuroblastoma cell lines and their vascularity and implantation strategy (orthotopic 
vs. subcutaneous) were performed (manuscript under review). Furthermore, to explore the 
added value of a combined analysis of cfDNA and cfRNA for treatment response monitoring 
in the future, I have compared the performance of different cfRNA/cfDNA co-extraction kits 

resulting in guidelines for their use (paper 2, (139)).  

 

Figure 5. Overview of my PhD trajectory.   
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1. Whole transcriptome profiling of liquid biopsies from tumour xenografted mouse 
models enables specific monitoring of tumour-derived extracellular RNA (paper 1) 

Vanessa Vermeirssen*, Jill Deleu*, Annelien Morlion, Celine Everaert, Jilke De Wilde, Jasper 

Anckaert, Kaat Durinck, Justine Nuytens, Muhammad Rishfi, Franki Speleman, Hanne Van 
Droogenbroeck, Kimberly Verniers, Maria F. Baietti, Maarten Albersen, Eleonora Leucci, 

Edward Post, Myron G. Best, Tom Van Maerken, Bram De Wilde, Jo Vandesompele, and 

Anneleen Decock. (*shared first) 

 

Contribution of JD: In a joint effort, JD secured the plasma samples used in this paper, either 

obtained via collaborators, or by preparing the plasma by herself. RNA purifications and 
library preparations were jointly performed by JD, JN and KV. JD took part in the data analysis 

from the discovery cohort starting from the transcript count tables and performed the GSEA 
analyses. JD set-up and performed RT-qPCR validation studies and performed the complete 
analysis of the validation cohort. JD performed the literature search and took part in writing 

the original draft and generating the figures and graphical abstract.  

For this publication, the CrediT contribution system was used to describe the contributions in 

the manuscript: 

conceptualization AD, BDW, JD, JV, TVM, 
VV 

data curation AD, JD, VV 

methodology AD, JD, JDW, VV writing – original draft AD, JD, VV 

software AM, CE, JA, VV writing- review & editing AD, AM, BDW, CE, 
EL, FS, JD, JDW, JV, 
MFB, TVM, VV 

validation JD, VV visualization AD, JD, VV 

formal analysis JD, VV, EP, MGB supervision JV 

investigation JD, JDW, JN, KV, VV project administration  AD, BDW, JD, JV 

resources AD, EL, FS, HVD, JD, 
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ABSTRACT

While cell-free DNA (cfDNA) is widely being in-
vestigated, free circulating RNA (extracellular RNA,
exRNA) has the potential to improve cancer therapy
response monitoring and detection due to its dy-
namic nature. However, it remains unclear in which
blood subcompartment tumour-derived exRNAs pri-
marily reside. We developed a host-xenograft de-
convolution framework, exRNAxeno, with mapping
strategies to either a combined human-mouse ref-
erence genome or both species genomes in paral-
lel, applicable to exRNA sequencing data from liquid
biopsies of human xenograft mouse models. The tool
enables to distinguish (human) tumoural RNA from
(murine) host RNA, to specifically analyse tumour-

derived exRNA. We applied the combined pipeline to
total exRNA sequencing data from 95 blood-derived
liquid biopsy samples from 30 mice, xenografted
with 11 different tumours. Tumoural exRNA concen-
trations are not determined by plasma platelet lev-
els, while host exRNA concentrations increase with
platelet content. Furthermore, a large variability in
exRNA abundance and transcript content across in-
dividual mice is observed. The tumoural gene de-
tectability in plasma is largely correlated with the
RNA expression levels in the tumour tissue or cell
line. These findings unravel new aspects of tumour-
derived exRNA biology in xenograft models and open
new avenues to further investigate the role of exRNA
in cancer.

*To whom correspondence should be addressed. Tel: +329 233 39 45; Fax: +329 332 65 49; Email: vanessa.vermeirssen@ugent.be
†The authors wish it to be known that, in their opinion, the !rst two authors should be regarded as Joint First Authors.
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INTRODUCTION

Tumour cells both actively and passively release their
content into the blood stream (1). This has opened un-
precedented opportunities for accessing tumour-derived
molecules without the need to perform an invasive biopsy
or surgery aiding in diagnosis and therapy response moni-
toring. To this end, only a small volume of blood is required.
These blood-based liquid biopsies are minimally invasive
and therefore more readily executable than tissue biopsies
in certain circumstances. They may also provide a more
comprehensive picture of the genomic make-up of the en-
tire cancer as liquid biopsies are not restricted to a speci!c
local tumour sampling site. A major advantage is the possi-
bility towards longitudinal sampling, which is in most cases
impossible for solid tumours, thus facilitating treatment re-
sponse monitoring in patients (2). Taken together, these ad-
vantages predict an important role for blood-based liquid
biopsies in the emerging era of precision oncology (3). Dif-
ferent types of biomolecules within liquid biopsies are be-
ing evaluated, including free circulating DNA and RNA.
While cell-free DNA (cfDNA) as a blood-based biosource
is widely being used and investigated, clinical applications
of extracellular RNA (exRNA) are scarce (3,4). Neverthe-
less, it was recently shown that exRNAs are present in a
wide diversity of (blood-based) liquid biopsies and can act
as promising precision oncology biomarkers (5–8).

A fundamental open question hampering the set-up of
large-scale liquid biopsy collections for tumour exRNA
analysis is that it remains unclear in which blood sub-
compartment tumour-derived exRNAs primarily reside.
Blood plasma is amongst the most studied liquid biopsies,
but recently also tumour-educated platelets (TEPs) have
emerged as a promising liquid biopsy. TEPs arise by ex-
posing blood platelets to tumour cells and to external sig-
nals in the tumour microenvironment, leading to the trans-
fer and storage of tumour-associated biomolecules and to
the induction of protein translation and speci!c RNA splic-
ing events in the platelets. Moreover, the RNA content and
RNA splicing patterns of these TEPs are claimed to be
cancer-speci!c, therefore serving as cancer biomarkers (9–

17). Consequently, differences in plasma preparation proce-
dures, resulting in different amounts of blood platelets being
present in samples, may in"uence the tumour signal that is
detected in plasma. It was previously shown that different
plasma fractions from cancer patients indeed show distinct
exRNA pro!les and that particular tumour-speci!c muta-
tions can only be detected in certain blood-fractions. How-
ever, in-depth transcriptome-wide studies speci!cally focus-
ing on tumour-derived exRNA in different cell-free blood
fractions are completely lacking (18,19).

Although tumour-speci!c structural aberrations, such as
fusion genes and single nucleotide or insertion/deletion mu-
tations can be detected in the exRNA of cancer patients,
charting the entire tumour-derived extracellular transcrip-
tome is impossible, as tumoural exRNA generally cannot be
distinguished from non-tumoural exRNA in the patient’s
blood (20–23). Therefore, to characterize a tumour’s ex-
tracellular transcriptome by massively parallel sequencing,
human xenograft models are excellent tools, as tumoural
and non-tumoural exRNAs originate from a different or-
ganism background, enabling to distinguish these exRNA
fractions using host-xenograft deconvolution algorithms on
RNA sequencing data. Such algorithms are based on map-
ping of the sequencing reads to a combined host-xenograft
reference genome or on parallel mapping to the host and
xenograft genomes separately followed by !ltering out mis-
aligned reads. So far, several computational pipelines mak-
ing use of these mapping strategies have been tested on tu-
mour tissue of human xenograft mouse models and have
been made available to the xenograft community. For ex-
ample, Khandelwal et al. describe bamcmp for deconvolv-
ing host and graft reads in primary tumours and metastases
from a melanoma mouse model, based on parallel mapping
followed by a !ltering approach based on the CIGAR string
to discard reads misaligned to the host genome (24). Callari
et al. use in silico combined human-mouse reference genome
mapping (ICRG) of patient-derived breast cancer xenograft
RNA sequencing data to accurately dissect the transcrip-
tome of human tumour cells and mouse stroma (25). Kluin
et al. report Xeno!lteR, which applies a parallel mapping
strategy in combination with !ltering based on the edit dis-
tance between a sequence read and a reference genome, and
was evaluated on patient-derived xenograft (PDX) samples
for which matched patient tumour samples were available
(26). While these different methods have been evaluated on
tumour-derived RNA, the performance of host-xenograft
deconvolution algorithms on blood-derived exRNA cur-
rently remains unknown. This type of RNA is very differ-
ent because of its extremely low concentration, highly frag-
mented nature and minority contribution of human tumour
RNA relative to host RNA.

In this study, we investigated whether tumour-derived
exRNA primarily resides in plasma fractions with higher
platelet content, by means of total RNA sequencing of dif-
ferent blood fractions from 11 xenograft models, consist-
ing of a human tumoural xenograft in a murine host; more
precisely, 8 patient-derived xenograft (PDX) models and
3 cell line-derived xenograft (CDX) models. These models
were analysed in two cohorts, a discovery cohort, which we
present in more detail, and a validation cohort, of which
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the data are added as Supplementary Data. The discovery
cohort consists of a breast cancer PDX model and a neu-
roblastoma SK-N-BE(2C) CDX model. The validation co-
hort includes seven PDX models (i.e. two endometrial can-
cers [EMC], three melanomas [MEL] and two penile can-
cers [PEN]) and three CDX models (i.e. one lung cancer
[A549] and two neuroblastoma cancers (IMR-32 and SK-
N-BE(2c)), the latter one being an expansion of the dis-
covery cohort). First, two computational pipelines to reli-
ably differentiate murine host and human tumour sequenc-
ing reads from plasma were optimized (exRNAxeno com-
bined and parallel pipelines), demonstrating that read map-
ping to a combined reference genome is the best strategy for
exRNA quanti!cation in xenograft models. Subsequently,
we analysed exRNA from platelets and three plasma frac-
tions with different levels of platelets, obtained by apply-
ing successive centrifugation steps on murine blood. We
show that murine platelets are not enriched for human
tumour-derived RNA and that the circulating tumour sig-
nal is highly variable across xenograft models and individ-
ual mice. Highly abundant tumour transcripts in circula-
tion correspond to high expression levels in tumour tissue,
suggesting that circulating exRNA can be used as tumour
biomarker in these models.

MATERIALS AND METHODS

Tumour tissue and liquid biopsy collection

The performance of the host-xenograft deconvolution algo-
rithms was evaluated on liquid biopsies from non-tumour
bearing control mice (TRACE PDX Platform, KU Leu-
ven, UZ Leuven, Belgium) and human donors (ethical
committee approval number EC/2017/1207, Ghent Uni-
versity Hospital, (27)). In vivo mice work was performed
at the TRACE PDX platform (KU Leuven, approved by
the local ethical committee for animal experimentation
(P164/2019)). Female immunode!cient nude mice (NMRI-
Foxn1nu strain, Taconic Biosciences, Rensselaer, NY, USA,
n = 8, of which !ve were used for the performance as-
sessment of the pipelines and three for measuring platelet
concentration) were subcutaneously injected with 30 !l of
Roswell Park Memorial Institute (RPMI) 1640 medium
(Thermo Fisher Scienti!c, Waltham, MA, USA), sus-
pended in 70 !l Matrigel matrix (Corning, Bedford, MA,
UK) at the age of 13 weeks. After 29–35 days, cardiac punc-
ture was performed under anaesthesia to collect blood (vol-
ume range between 400 and 1000 !l), followed by cer-
vical dislocation of the mice. The blood, collected in Mi-
crovette 500 K3EDTA tubes (Sarstedt, Newton, NC, USA),
was processed immediately to complete blood-derived liq-
uid biopsy preparation within 2 h after cardiac puncture.
From each animal, three plasma fractions with different
platelet content, i.e. single spun (SSP), double spun (DSP),
and triple spun plasma (TSP), and platelets were prepared
by means of three sequential centrifugation steps (details in
Supplementary Figure S1), resulting in approximately 70 !l
plasma per fraction. Throughout the manuscript, we make
use of the term ‘liquid biopsy’ to refer to both plasma and
platelets (3). Total RNA sequencing data from TSP samples
of human donors (n = 2, two replicates for each donor) were

obtained from Everaert et al. ((27); European Genome-
Phenome Archive [EGA] sample ID EGAN00002518840-
EGAN00002518843 in EGAS00001004428).

The discovery cohort consisted of two differ-
ent xenograft mouse models, i.e. the BRC0004
patient-derived xenograft (PDX) mouse model
(https://www.pdx!nder.org/data/pdx/TRACE/BRC0004)
and an SK-N-BE(2C) cell line-derived xenograft
(CDX) mouse model (TRACE PDX Platform;
https://gbiomed.kuleuven.be/english/research/50488876/
54502087/Trace/PDX-repository). To establish SK-N-
BE(2C) CDX mice, female NMRI-Foxn1nu mice (n =
5) were subcutaneously xenografted in the dorsal "ank
with 2 × 106 SK-N-BE(2C) cells, in 30 !l RPMI 1640
medium (Thermo Fisher Scienti!c, Waltham, MA, USA),
suspended in 70 !l Matrigel matrix (Corning, Bedford,
MA, UK) at the age of 13 weeks. When CDX mice
reached speci!c humane endpoints (i.e. a tumour volume
of 2000 mm3, a weight loss of >20% or clinical signs of
signi!cant pain, distress or suffering), cardiac puncture
was performed for liquid biopsy collection (as described
above; Supplementary Figure S1; blood volume range
between 250 and 1000 !l) followed by cervical disloca-
tion. The BRC0004 PDX model was established from a
tumour fragment freshly isolated from a triple-negative
nodular breast invasive ductal adenocarcinoma patient
by interscapular implantation in female NMRI-Foxn1nu

mice (n = 5). Tumours were propagated in at least three
generations of mice and characterized by histology before
being biobanked and used for this experiment. SNPs
!ngerprinting was used to con!rm the genealogy before
liquid biopsy collection. Liquid biopsies (SSP, DSP and
TSP) of saline treated BRC0004 PDX mice were collected 3
weeks after the start of saline administration according to
the protocol described in Supplementary Figure S2. From
this xenograft model, also tumour tissue biopsies were
collected and immediately stored in RNAlater (Thermo
Fisher Scienti!c, Waltham, MA, USA) to be pro!led using
total RNA sequencing. For the CDX model, publicly avail-
able poly-A RNA sequencing data of the SK-N-BE(2C)
cell line was used ((28); Gene Expression Omnibus [GEO]
sample ID GSM2371256 in GSE89413). The validation
cohort consisted of liquid biopsies from 20 additional PDX
or CDX mice (neuroblastoma, melanoma, endometrial,
penile and lung cancer xenograft models; details in Supple-
mentary material and methods). All patients from whom
tumour material was collected, provided informed consent
prior to study participation, approved by the Ethical
Committee UZ Leuven (S63799, S61605 and S66742).

The degree of haemolysis of all plasma samples was as-
sessed by measuring levels of haemoglobin by spectropho-
tometric analysis (OD414) using a NanoDrop 1000 Spec-
trophotometer (Thermo Fisher Scienti!c, Waltham, MA,
USA; Supplementary Tables S1 and 2). To con!rm a re-
duction in platelet concentration upon successive centrifu-
gation steps, platelet counts were measured in pooled SSP,
DSP and TSP fractions of three non-tumour bearing female
NMRI-Foxn1nu mice, using an XN-1000 Haematology An-
alyzer (Sysmex, Kobe, Japan; impedance method, Supple-
mental Table S3).
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RNA isolation, spike-in RNA addition and DNase treatment

Extracellular RNA from 60 !l plasma or platelet pel-
lets originating from 70 !l SSP, was isolated using the
miRNeasy Serum/Plasma Kit (Qiagen, Hilden, Germany),
according to the manufacturer’s manual. During RNA ex-
traction, 2 !l of a 10 000-fold dilution of Sequin spike-
in controls (Garvan Institute of Medical Research, Dar-
linghurst, NSW, Australia (29)) was added to the lysate.
Upon RNA puri!cation, 2 !l of a 25 000-fold dilution of
External RNA Control Consortium (ERCC) RNA Spike-in
Mix (Thermo Fisher Scienti!c, Waltham, MA, USA) was
added to 12 !l RNA eluate, followed by gDNA removal
(30). To this purpose, 1 !l HL-dsDNase (ArcticZymes
Technologies, Tromsø, Norway) and 1.4 !l Heat & Run 10X
Reaction Buffer (ArcticZymes Technologies, Tromsø, Nor-
way) were added to the eluates, and RNA samples were in-
cubated for 10 min at 37◦C, followed by 5 min at 55◦C.

RNA from tumour tissue was isolated using the
miRNeasy Micro Kit (Qiagen, Hilden, Germany) in com-
bination with the TissueLyser II system (Qiagen, Hilden,
Germany). Upon RNA puri!cation, 12 !l RNA eluate was
used for gDNA removal as described above. DNase-treated
RNA concentrations were measured by NanoDrop tech-
nology (Thermo Fisher Scienti!c, Waltham, MA, USA),
and samples were diluted to 1.25 ng/!l using nuclease-free
water (Saint Louis, MO, USA).

RT-qPCR validation

For the validation of 2 Sequin spikes (R2 65 and R2 66)
and 4 selected mouse platelet mRNAs (F5, Gng11,
Nrgn, Ppbp), assays were carefully designed using the
primer3plus tool (https://www.primer3plus.com with de-
fault settings, except amplicon size range of 60–100 nu-
cleotides). The performance of the primers was thoroughly
evaluated in silico. To determine the primer speci!city,
BiSearch (http://bisearch.enzim.hu with default settings, ex-
cept for mismatch string, i.e. 1233333333333333) and the
UCSC tool (https://genome.ucsc.edu/cgi-bin/hgPcr) were
used. Subsequently, the OligoEvaluator tool (http://www.
oligoevaluator.com/OligoCalcServlet) was used to check
for secondary structure formation and GC content. Primers
were ordered with Integrated DNA Technologies (IDT,
Leuven, Belgium), puri!ed by standard desalting. Primers
were resuspended in TE buffer at 100 !M (10 mM Tris-HCl
[pH 8.0], 0.1 mM EDTA) and stored at −20 ◦C. Primer ef-
!ciency and speci!city were tested on a dilution series of
mouse genomic DNA (Promega, G3091). To ensure that
there is no cross-species ampli!cation (i.e. murine primers
amplifying human cDNA), we also checked for the absence
of ampli!cation on Universal Human Reference RNA (Ag-
ilent technologies, 750500), reverse transcribed to cDNA.

About 8 !l of DNase treated plasma RNA was reverse
transcribed using the iScript Advanced cDNA Synthesis
Kit for RT-qPCR (Bio-Rad, 1725038), according to the
manufacturer’s manual. Subsequently, the cDNA was di-
luted 1:4, by adding 60 !l of nuclease free water to 20 !l
cDNA and RT-qPCR was performed in a 5 !l reaction in
duplicate in a 384-multiwell plate. Brie"y, 2.5 !l of SsoAd-
vanced SYBR Green Supermix (Bio-Rad), 0.25 !l of each
primer (5 !M) and 2 !l of diluted cDNA was added to each

well, followed by a thermocycling protocol consisting of a
preincubation step for 2 min at 95◦C, followed by 44 ampli-
!cation cycles (95◦C for 5 s, 60◦C for 30 s and 72◦C for 1 s),
ending with melt curve analysis during 1 s 0.11◦C increment
steps from 60 to 95◦C on a LightCycler 480 system (Roche).

The Cq values of the platelet genes were normalized by
diminishing the mean Cq of R2 65 and R2 66 spikes of each
sample by the Cq of each platelet gene of the respective sam-
ple.

Total RNA library preparation and sequencing

Total RNA libraries were prepared starting from 8 !l
DNase-treated RNA using the SMARTer Stranded Total
RNA-Seq Kit v2 - Pico Input Mammalian (Takara Bio, CA,
USA), according to the manufacturer’s manual with minor
modi!cations (27). Brie"y, prior to !rst strand cDNA syn-
thesis, RNA from liquid biopsies and tumour tissue was
fragmented for 2 min at 94◦C. During !nal library am-
pli!cation, 16 PCR cycles were performed on the liquid
biopsy samples, while on tumour samples, only 13 cycles
were performed. For the liquid biopsy samples, the !nal
clean-up was repeated, since an excessive number of prod-
ucts <200 bp in size was observed on Fragment Analyzer
data (data not shown, Agilent Technologies, Santa Clara,
CA, USA). Fragment sizes were determined using Frag-
ment Analyzer software for smear analysis in the 200 to
1000 bp range. Library quanti!cation was performed us-
ing the KAPA Library quanti!cation Kit (Kapa Biosys-
tems, Wilmington, MA, USA) and libraries were pooled
equimolarly. The !nal pool was quanti!ed using Qubit, and
1.2 pM (for the PDX-derived samples) or 1.3 pM (for the
CDX-derived samples) was loaded on a NextSeq 500 instru-
ment (NextSeq 500 HighOutput Kit V2, 150 cycles), with
3% PhiX. Raw sequencing data is available in the Euro-
pean Genome-Phenome archive (EGAS00001005740 and
EGAS00001006582).

Preprocessing of RNA sequencing data

Sequencing reads of liquid biopsy and tumour samples were
preprocessed by FastQC (v.0.11.8) for quality control and
trimmed by Cutadapt (v.1.18) for low quality bases at the 3’
end of each read (Q30), for three nucleotides from the 5’ end
of the second read (due to the template switching adapter)
and for the HT-TruSeq adapter sequences. Reads <35 bp
were !ltered out. Next, duplicated reads were removed with
Clumpify (BBMap v.38.26) within clumps based on 60 bp
trimmed reads and using default parameters, except for 20
passes. To compare the different samples at similar sequenc-
ing depth, we downsampled (Seqtk v.1.3) to the lowest num-
ber of reads present within an experiment, i.e. 2223796 for
the control and SK-N-BE(2C) CDX mice, and 4999120
for the BRC0004 PDX mice. To have suf!cient sequencing
depth remaining after downsampling, we removed one sam-
ple with very low sequencing depth, i.e. the TSP sample of
control mouse CM9 (with only 1472031 reads; Supplemen-
tary Table S1). Subsequently, reads were once more anal-
ysed by FastQC for quality control. QC analyses resulted
in the exclusion of all samples from control mouse CM11,
since these samples displayed short read sequences (<70 bp)
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and high levels of trimming (34.6–52.8%; Supplementary
Table S1) compared to the other control mouse samples.

exRNAxeno computational framework for combined and par-
allel mapping of RNA sequencing data

Reads were mapped using STAR (v.2.6.0) (speci!c pa-
rameter settings: –outSAMprimaryFlag AllBestScore –
outSAMattributes NH HI AS nM NM) to either a com-
bined reference genome of human and mouse (combined
mapping) or in parallel to both the human and mouse
genome (parallel mapping). The genome index for map-
ping was built using the Ensembl GRCh38.94 (human)
and GRCm38.94 (mouse) DNA primary assembly se-
quences, containing all chromosomes, the mitochondrial
genome and scaffolds, supplemented with ERCC and Se-
quin spike sequences and the full ribosomal DNA com-
plete repeating unit (U13369.1, BK000964.3). GTF !les
were downloaded from Ensembl and adapted in a simi-
lar way. In the combined reference genome of mouse and
human, mouse chromosomes were labelled with a pre-
!x ‘m’. For both the combined and parallel mapping,
uniquely mapped reads were selected based on the NH:i:1
tag (SAMtools v.1.8, Pysam). In the parallel mapping,
read pairs mapping to both human and mouse were as-
signed to the organism where mapping resulted in the
smallest edit distance (i.e. sum of NM tag and CIGAR
string soft-clipping from both read pairs in the SAM !le;
Pysam, Picard v.2.21.1). In both combined and parallel
mapping, BAM !les were further masked by intersectBed
for regions where control murine (n = 15) and human (n
= 4) liquid biopsies empirically showed misalignment to
the other reference genome (SAMtools v.1.8, BEDtools
v.2.27.1, BEDOPS v.2.4.32). Further quality control on the
!ltered BAM !les was done using MultiQC (v.1.7), SAM-
tools (v.1.8), RseQC (v.2.6.4) and BEDTools (v.2.27.1). Fi-
nally, read counts of name-sorted BAM !les were generated
by HTSeq-count (v.0.11.0) (speci!c parameter settings: -s
reverse –secondary-alignments = ignore –supplementary-
alignments = ignore) using appropriate GTF !les. Fur-
ther processing was done with R (v.4.0.3) making use of
tidyverse (v.1.3.1). The exRNAxeno combined and exR-
NAxeno parallel pipeline are available through GitHub
(https://github.com/CBIGR/exRNAxeno).

Determination of human and mouse RNA concentration in
liquid biopsies using RNA spike-in sequencing data

The mass of endogenous RNA present in 1 ml of plasma
was determined based on the known amount of Sequin
spike-in controls added during RNA isolation (as described
in (30)). First, the mass of all Sequin spike-in controls was
calculated, based on the length (in nucleotides) and molar
concentration (in attomol/!l) of each Sequin spike-in con-
trol (Supplementary Table S4). By multiplying the concen-
tration (in attomol/!l) with the volume of spikes added (2
!l) and the dilution factor (1/10 000), the mass amount (at-
tomol) of each Sequin spike-in control added to the sam-
ple was calculated. Second, to convert the amount (attomol)
to weight (g), the molecular weight of each Sequin spike-in
control was determined, by multiplying its length (nt) with

the average molecular weight of a single nucleotide (321.47
g/mol). Next, individual Sequin spike-in control weights
were summarized to obtain a total weight of 1.32E-12 g. For
the SSP/DSP/TSP samples (with an input volume of 60 !l
plasma), this resulted in 21.94 pg Sequin spike-in control
added per mL of plasma, while for the platelets (originating
from 70 !l SSP), this equaled to 18.81 pg Sequin spike-in
controls per platelet lysate. Finally, by multiplying the en-
dogenous RNA over Sequin spike in-control read count ra-
tio with the amount of Sequin spike-in control added per
fraction (pg/mL), the endogenous RNA concentration was
obtained (pg/mL).

Statistical analysis

To compare the combined and parallel pipelines, we applied
a non-parametric two-tailed Wilcoxon rank-sum test using
normal approximation on the fraction of misaligned reads.
For differential expression analysis between engrafted and
non-engrafted mice, RNA sequencing reads were !rst nor-
malized using the median sum of the Sequin spike-in read
counts. Unexpressed genes were excluded from the anal-
yses. Next, ANOVA comparisons were performed using
scipy statistics (v.1.1.0) and visualization was performed
using seaborn clustermap (v.0.9.0), both in Python. Data
were visualized in heatmaps using ward-clustering. P-values
were calculated using a Fisher’s exact test in R (multiple
testing correction not performed). To compare the nor-
malized exRNA concentrations and the percentage of tu-
moral exRNA in the different plasma fractions, the non-
parametric Friedman chi-square test for repeated measure-
ments was carried out, followed by the post-hoc Nemenyi
all-pairs test with Benjamini–Hochberg multiple hypothesis
correction. A two-sample Kolmogorov–Smirnov test inves-
tigated if there was a difference in the cumulative abundance
of genes detected in the plasma or not, based on their abun-
dance in the tumour tissue.

RESULTS

Read mapping on a combined reference genome is the pre-
ferred strategy for the analysis of extracellular RNA from
xenograft-derived liquid biopsies

Both combined and parallel mapping approaches are be-
ing used for the computational deconvolution of a hu-
man tumour xenograft transcriptome in mice. Due to the
high homology between human and mouse, these computa-
tional approaches result in a limited number of misaligned
reads, i.e. false positive RNA signals in either species. Here,
we developed and compared two computational pipelines
to accurately distinguish between tumour-derived (human
origin) and non-tumoural (mouse origin) exRNA in liq-
uid biopsies from human tumour xenograft mouse mod-
els: one using a combined mapping approach (exRNAxeno
combined) where reads are mapped to a combined refer-
ence genome of human and mouse, and one using a par-
allel mapping strategy (exRNAxeno parallel) where reads
are mapped to the human and murine genome separately
and subsequently assigned as being either human or murine
based on comparison of the edit distances (Figure 1, see
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Figure 1. Development and application of a deconvolution pipeline applicable to liquid biopsies from human tumour xenografts. First, both the exR-
NAxeno combined and parallel mapping analysis pipeline were applied to total RNA sequencing data from pure (non-xenograft) exRNA samples from
liquid biopsies (i.e. blood platelets, single spun [SSP], double spun [DSP] and triple spun plasma [TSP]) of mice without tumour xenograft, and from TSP
of human donors, in order to characterize and mask genomic regions containing misaligned reads. Subsequently, the optimized exRNAxeno combined
mapping pipeline was applied to total RNA sequencing data of exRNA from three different plasma fractions (SSP, DSP and TSP), and platelets from
two different xenograft mouse cohorts, a discovery and validation cohort, in order to characterize the human tumoural RNA signal in the murine blood;
EMC, endometrial cancer; MEL, melanoma; PEN, penile cancer.
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Figure 2. The exRNAxeno combined mapping pipeline results in signi!cantly lower fractions of misaligned reads from both murine and human triple
spun plasma. (A) Percentage of misaligned reads from murine plasma for both the exRNAxeno combined and parallel mapping pipeline (non-parametric
two-tailed Wilcoxon rank-sum test using normal approximation, P = 0.049 (*)). (B) Percentage of human reads misaligning to the mouse genome for both
the exRNAxeno combined and parallel mapping pipeline (non-parametric two-tailed Wilcoxon rank-sum test using normal approximation, P = 0.021
(*)). * refers to a signi!cance of P < 0.05.

Materials and Methods). The performance of both compu-
tational strategies was evaluated by charting the misaligned
reads in total RNA sequencing data sourced from pure
murine exRNA from blood platelets, single spun (SSP),
double spun (DSP) and triple spun plasma (TSP) of con-
trol mice, i.e. mice without tumour xenograft of human ori-
gin, and of pure human exRNA from TSP from healthy
human donors. Both the combined and parallel mapping
pipeline detected reads in murine plasma misaligned to the
human genome and reads in human plasma misaligned to
the murine genome. More precisely, in TSP, 0.5–0.7% and
1.1–1.9% of the murine plasma reads is misaligned to the
human genome in the combined mapping and parallel map-
ping strategy, respectively (Figure 2, non-parametric two-
tailed Wilcoxon rank-sum test using normal approxima-
tion, P = 0.049). Reversely, also mapping of the human
plasma reads to the murine genome leads to misaligned
reads (0.5–0.7% in the combined mapping and 3.1–4.5% in
the parallel mapping, non-parametric two-tailed Wilcoxon
rank-sum test using normal approximation, P = 0.021). At
the gene level, this corresponds to 93 and 314 unique hu-
man Ensembl gene IDs that are robustly detected (i.e. ≥
5 read counts) in the murine plasma samples by the com-
bined and parallel mapping pipeline, respectively. In the hu-
man plasma samples, we identi!ed 24 and 60 unique murine
Ensembl gene IDs, respectively. Most of these misaligned
genes correspond to repetitive or highly homologous se-
quences (https://github.com/CBIGR/exRNAxeno). To fur-
ther optimize the exRNAxeno framework, we used the mis-
aligned reads in both the human and murine control sam-
ples to mask the genome in the analysis of tumour bear-

ing mice samples, as these regions seem to be too homol-
ogous to differentiate even with stringent mapping condi-
tions. This resulted in 60 259 720 bp (0.6% of genome se-
quence) masked from the human genome part and 12 640
841 bp (0.2%) masked from the murine genome part in the
combined mapping strategy. In the parallel mapping strat-
egy, 229 383 813 bp (2.3%) of the human genome and 41
627 990 bp (0.7%) of the murine genome are masked. Re-
processing of the human and control murine samples with
the masking !lter active completely removed the misaligned
reads and cross-reference gene IDs (Supplementary Figure
S3). In conclusion, as the combined mapping strategy re-
sulted in signi!cantly lower fractions of misaligned reads
(Figure 2) and fewer false positive Ensembl gene IDs, and
required a smaller masked region, we put forward exR-
NAxeno combined as the preferred computational pipeline
for the analysis of exRNA from xenograft-derived liquid
biopsy samples.

The tumoural RNA concentration is not determined by the
platelet level in plasma

Next, the optimal computational pipeline, i.e. exRNAxeno
combined, was applied to total RNA sequencing data from
liquid biopsy exRNA from two human xenograft mouse
models, i.e. SSP, DSP, TSP and platelets from a breast can-
cer patient-derived (BRC0004, PDX) and neuroblastoma
cell line-derived (SK-N-BE(2C), CDX) xenograft mouse
model (Figure 1 and Supplementary Table S1). Before as-
sessing differences between the different blood fractions,
differential abundance analyses were performed between
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Figure 3. The tumoural exRNA concentration is relatively constant across the different liquid biopsies, in contrast to the host exRNA concentration.
(A) Tumour and host exRNA concentrations in each plasma fraction and in platelet pellets from the cell line-derived xenograft (CDX) mice (Friedman
chi-squared test = 12.6, df = 3, P = 0.006; post-hoc test Nemenyi, P = 0.017 (*) and P = 0.008 (**)). (B) Tumour and host exRNA concentrations in each
plasma fraction from the patient-derived xenograft (PDX) mice (Friedman chi-squared test = 8.4, df = 2, P = 0.015; post-hoc test Nemenyi, P = 0.012
(*)). DSP, double spun plasma; SSP, single spun plasma; TSP, triple spun plasma. * refers to a signi!cance of P < 0.05; ** refers to a signi!cance of P <
0.01.

tumour-bearing and non-tumour-bearing mice, hinting to-
wards differential exRNA abundance pro!les between en-
grafted and non-engrafted mice (Supplemental Figure S4).
Next, we investigated the human tumoural and murine host
signal in the different blood fractions of the xenografted
mice, by quantifying exRNA concentrations using synthetic
Sequin spike-in RNAs, added during exRNA puri!cation
(see Materials and Methods). RT-qPCR validation of Se-
quin spikes (R2 65 and R2 66) in the eluates showed that
exRNA puri!cation is reproducible among samples and
that Sequin spike-in RNA can be used for quanti!cation
of exRNA concentrations (Supplementary Figure S5, Pear-
son’s correlation coef!cient of 0.6531 and P < 0.05 be-
tween Cq values of R2 65 and R2 66). Successive centrifu-
gation steps resulted in lower plasma host RNA concen-
tration in both the CDX (Friedman chi-squared test ( =
12.6), df = 3, P = 0.006) and PDX experiment (Fried-
man chi-squared test ( = 8.4), df = 2, P = 0.015) (Figure
3). Gene set enrichment analyses (GSEA) on differentially
abundant host genes between SSP, DSP and TSP demon-
strated that this host RNA signal is dominated by platelet
speci!c transcripts (Supplementary Table S5), in line with
the fact that successive centrifugation resulted in a grad-
ual decrease in plasma platelet concentration. This grad-
ual decrease in platelet concentration was con!rmed by
platelet counts on pooled SSP, DSP and TSP from three
control mice (Supplementary Table S3) and by RT-qPCR
validation of platelet mRNA markers (F5, Gng11, Nrgn

and Ppbp; Supplementary Figure S6). We were also able
to detect tumoural exRNA in all plasma fractions and in
platelets from the xenografted mice, but amounts are highly
variable across individual animals (Figures 3, 4 and Supple-
mentary Figure S7). More precisely, 0.03–9.27% and 0.10–
9.43% of the exRNA is tumour-derived in the CDX and
PDX mice, respectively (Figure 4 and Supplementary Fig-
ure S7). Remarkably, while we observed a gradual decrease
in host RNA concentration with decreasing platelet con-
tent, tumoural RNA concentration levels are comparable
across the different liquid biopsy types in both experiments
(Figure 3). As a result, TSP samples contain the highest
fraction of tumour-derived exRNAs, due to the lower back-
ground of host exRNAs (Figure 4 and Supplementary Fig-
ure S7).These !ndings have been con!rmed in a valida-
tion cohort comprising of liquid biopsies from 20 addi-
tional CDX and PDX mice (neuroblastoma, melanoma, en-
dometrial, penile and lung cancer xenograft models) using
the same work"ow technology as used in the discovery co-
hort (Supplementary Materials and Methods, Supplemen-
tary Figure S8).

The circulating tumour transcriptome is highly variable
across xenografted mice

Although multiple RNA biotypes are detected in the liq-
uid biopsies, the majority of detected tumour-derived En-
sembl gene IDs is protein-coding, i.e. 94.4% in the CDX
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Figure 4. The tumoural exRNA percentage is inversely proportional to the platelet plasma level. Shown are the percentages of tumoural exRNA present
in the different liquid biopsies from the CDX (A; Friedman chi-squared test = 13.56, df = 3, P = 0.004; post-hoc test Nemenyi, P = 0.036 (*) and P =
0.017 (**)) and PDX (B; Friedman chi-squared test = 7.6, df = 2, P = 0.022; post-hoc test Nemenyi, P = 0.031 (*)) mice. DSP, double spun plasma; SSP,
single spun plasma; TSP, triple spun plasma. * refers to a signi!cance of P < 0.05; ** refers to a signi!cance of P < 0.01.

and 73.2% in the PDX mice samples (Supplementary Fig-
ure S9). When focusing on the protein-coding gene fraction,
the number of robustly detected host-derived genes in cir-
culation is on average 921 times (ranging from 3 to 5381
times, CDX mice samples) or 326 times (ranging from 15
to 2960 times, PDX mice samples) higher than the number
of tumour-derived genes (Figure 5). In general, TSP has the
highest number of human tumoural and lowest number of
murine host genes, while SSP and platelets show the oppo-
site pattern (Figures 5 and 6). This could also be con!rmed
in the xenograft models of the validation cohort (Supple-
mental Figure S10A–F). Although differences between liq-
uid biopsy types can be observed, differences across indi-
vidual mice are more pronounced (Figures 5 and 6). More
speci!cally we detected 2126 (M7), 244 (M10), 75 (M16), 32
(M14) or 3 (M12) human tumoural protein-coding genes in
total, across all liquid biopsy types in the CDX mice, and
612 (M6), 315 (M5), 270 (M3), 91 (M2) or 37 (M1) human
tumoural protein-coding genes in the PDX mice. Although
sample-speci!c gene sets largely determine the circulat-
ing tumour transcriptomes of the xenograft mice, common
gene sets both across different liquid biopsy types and––to a
lesser extent––across different mice can be observed (Figure
6, Supplementary Figures S10A–F and 11). The large dif-
ferences in the number of tumour-derived genes across indi-
vidual mice cannot be correlated to PDX and CDX tumour
volumes, since tumour volumes did not differ across indi-
vidual PDX (tumour volume range: 1104.1–1286.7 mm3)
and CDX (1962.8–2115.1 mm3) mice. Next, we investigated

the expression levels of tumoural protein-coding genes in
total RNA sequencing data of the PDX tumour tissue biop-
sies and publicly available polyA+ RNA sequencing data
of SK-N-BE(2C) cells and linked this to the detectability of
these genes in circulation. Given the high variability in the
number of tumour-derived genes among the xenografted
mice (Figure 6), these analyses were con!ned to the TSP
samples from a few mice with the highest number of protein-
coding genes detected, i.e. CDX mice M7 and M10, and
PDX mice M3, M5 and M6. As depicted in Figure 7, tu-
mour genes in circulation are signi!cantly higher expressed
in the tumour tissue (PDX) or cell line (CDX) than tumour
genes not detected in circulation (two-sample Kolmogorov–
Smirnov test, P < 2.2e-16).

DISCUSSION

To assess whether blood platelets from cancer patients are
preferentially loaded with tumoural RNA, we charted the
tumour-derived transcriptome in different types of liquid
biopsies from two human xenograft mouse models. Using
such models, the circulating human, tumoural transcrip-
tome can be differentiated from the murine, non-tumoural
extracellular RNAs using host-xenograft deconvolution al-
gorithms for RNA sequencing read analysis. Although var-
ious host-xenograft deconvolution pipelines have been de-
scribed, either based on a parallel mapping and !lter-
ing strategy or a combined mapping strategy (24–26,31–
33), they have not been extensively compared and under-
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Figure 7. The tumour-derived genes that are circulating in plasma are higher expressed in the originating CDX or PDX cancer cells than the tumour-
derived genes that are not circulating in plasma. (A) Cumulative abundance of genes only detected in the cell line (black) and genes detected in both the
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Log2(TPM+1) in tumour tissue represents the mean of the log2(TPM+1) tumour tissue values of mice M3, M5 and M6. A tumour gene is considered to
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lying bioinformatics pipelines are generally not publicly
available. More importantly, these pipelines have not been
applied to challenging blood-derived exRNA sequencing
data, which is vastly different because of low concentra-
tion and fragmented nature. In the !rst part of this study,
we developed and evaluated the performance of two de-
convolution pipelines, using a combined (exRNAxeno com-
bined) or parallel (exRNAxeno parallel) mapping strat-
egy, on total exRNA sequencing data of liquid biopsies
from non-tumour bearing control mice and healthy hu-
man donors. It should be noted that transcriptome pro-
!ling was performed using a total library preparation kit
that can handle very low input amounts of fragmented
RNA from different mammalian organisms and that the
performance of the applied RNA sequencing technology
has been previously validated (27). Here, exRNA from only
60 !l of plasma was used for sequencing library prepara-
tion. Both the exRNAxeno combined and exRNAxeno par-
allel pipeline demonstrated good performance and were fur-
ther !ne-tuned by masking genomic regions in which mis-
aligned reads were identi!ed in the control samples. By pro-
viding the computational pipelines through GitHub (https:
//github.com/CBIGR/exRNAxeno), we supply the research
community with important tools to further explore cir-
culating (tumour) transcriptomes in xenograft models. In
addition, all sequencing data have been submitted to the
European Genome-phenome Archive (EGA accession ID:
EGAS00001005740 and EGAS00001006582). Given that
the exRNAxeno combined mapping pipeline resulted in

lower fractions of misaligned reads, fewer false positive En-
sembl gene IDs and a smaller masked region, this method
is preferred for the analysis of liquid biopsies from human
xenograft mouse models.

Subsequently, our exRNAxeno combined pipeline was
applied to exRNA samples from two xenograft mouse mod-
els, i.e. exRNA from platelets and three plasma fractions
with decreasing platelet numbers (SSP, DSP and TSP) from
SK-N-BE(2C) CDX and BRC0004 PDX mice, enabling to
study the impact of plasma platelets levels on the circulating
tumoural exRNA concentration and gene content. Finally,
results were validated in 10 xenograft models, including
neuroblastoma, melanoma, endometrial, penile and lung
cancer xenograft models. Although the numbers of ani-
mals of the different xenograft models are limited, !ndings
were consistent across the different xenograft models. We
observed a gradual decrease in host RNA concentration
with decreasing platelet content, while the tumoural RNA
concentration remained relatively constant. This points out
that murine platelets do contain a signi!cant amount of
murine exRNA, but that the tumoural RNA does not pri-
marily reside in platelets. Of note, in contrast to the SK-
N-BE(2C) CDX model, host RNA concentration levels in
the BRC0004 PDX DSP and TSP samples do not differ
(Figures 3 and 4), which may be explained by the differ-
ent plasma preparation protocol that was used for these two
xenograft models. In the PDX model, a longer centrifuga-
tion time (15 min versus 10 min in the CDX model) and
higher g-force (2500 g versus 800 g in the CDX model) was
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used to prepare DSP, resulting in removal of most of the
platelets in the PDX DSP sample, and as such compara-
ble platelet levels between the PDX DSP and TSP samples
(as con!rmed by the GSEA and RT-qPCR results, Sup-
plementary Table S5 and Supplementary Figure S6). This
clearly demonstrates that the plasma preparation protocol
in exRNA-based tumour xenograft studies has substantial
impact on the amount of background host signal that is
detected, and thus also the tumoural exRNA proportion
(Figure 4 and Supplementary Figure S8). Since platelets
or platelet-rich plasma fractions are not enriched for tu-
mour genes (Figure 5) and platelet-deprived plasma frac-
tions display a greater tumour gene diversity (Figure 6 and
Supplementary Figure S10A–F), we put forward TSP sam-
ples as the preferred biomaterial for tumour extracellular
transcriptome pro!ling using massively parallel sequencing.
Moreover, the greater tumour gene diversity from platelet-
deprived fractions allows for enhanced detection of tumour
aberrations. However, although TSP holds a greater tumour
gene diversity, this does not preclude that the abundance
of speci!c tumour genes might be higher in other plasma
fractions. Future research should con!rm these !ndings in
bio"uids from cancer patients (e.g. by focusing on charac-
teristic genetic defects of the tumour, such as somatic muta-
tions), but we expect that platelet depletion is also preferred
when working with human plasma, in order to minimize the
background signal originating from non-tumoural platelet
RNA. We did not study possible enrichment of tumoural
RNA in other plasma fractions such as extracellular vesicles
(EVs) as this was practically impossible given the low start-
ing volume (i.e. 60 !l) of plasma. Ultrapure puri!cation of
EVs cannot be performed on such small volumes and an-
ticipating that EV RNA concentrations will be much lower
than total plasma RNA concentrations, we would probably
have reached the detection limit of total RNA sequencing
(27). Unfortunately, the low number of mice per model and
an insuf!cient sequencing depth did not allow us to analyse
differential splicing patterns of platelets between tumour-
bearing mice and non-tumour bearing mice, as reported for
so-called tumour-educated platelets (15,16,20).

Of note, the number of detected genes and RNA concen-
tration as reported here depend on many factors and should
thus primarily be used for comparisons in this study. Apart
from the plasma preparation protocol, also other factors
in"uence exRNA pro!les, such as the type of blood col-
lection tube and the volume of plasma used for exRNA
puri!cation. In mice, the maximum volume of blood that
can be collected by cardiac puncture is approximately 1 ml.
By focusing on a single plasma fraction in these models,
or by making use of xenograft models in larger animals
(with higher blood volumes), larger plasma volumes can
be obtained, which could result in higher yields of puri!ed
exRNA. Other factors that determine exRNA analysis are
the RNA puri!cation and sequencing library preparation
method, as well as the exRNA eluate fraction used as input
for library preparation (34). On top of that, also sequenc-
ing depth and speci!c analysis settings (e.g. the read count
cut-off for robust detection) impact results. Clearly, the im-
pact of these pre-analytical and analytical variables on tu-
mour exRNA pro!les should be further investigated, with
the aim to develop guidelines for tumour exRNA analysis,

enabling to compare results from different studies and to
implement the use of exRNA-based biomarkers in oncol-
ogy. Compared to the steps taken to standardize circulating
tumour DNA (ctDNA) analysis, the efforts made to setup
standard operating procedures for tumour exRNA analy-
sis are still rather limited (35). Nevertheless, exRNAs are
promising precision oncology biomarkers that expand the
horizons of tumour-derived nucleic acid analysis. For ex-
ample, it has been previously shown that combined DNA
and RNA analyses from plasma result in higher detection
rates of EGFR mutant lung cancer (21). This example also
underscores the need to further investigate the parallel anal-
ysis of tumour exRNA and other blood analytes (such as
ctDNA).

Apart from differences across the plasma fractions, indi-
vidual mice present with even larger differences. Genuine bi-
ological variation, rather than technical variation, likely un-
derlies these differences as our data is shown to be of good
quality. The quality of the sequencing reads and the prepro-
cessing steps was assured by FastQC and MultiQC anal-
yses; the relatively constant Sequin/ERCC spike-in RNA
ratio and the RT-qPCR spike-in RNA measurements (Sup-
plementary Figure S5) all demonstrate that experiments are
well executed (Supplementary Tables S1 and 2) (30). In
search of tumour features that may explain the observed
differences in the number of circulating tumour genes, we
assessed the PDX and CDX tumour volumes. Since tumour
volumes in PDX and CDX mice do not differ across individ-
ual mice, the number of circulating tumour genes is not as-
sociated with tumour volume. Also, our results do not point
towards preferential shedding of certain tumoural exRNA
in circulation, as highly abundant tumour genes in circu-
lation are generally highly expressed in the originating tu-
mour tissue or cell line.

In conclusion, we provide a novel computational frame-
work, exRNAxeno, for the analysis of exRNA in plasma
from tumour xenograft models, which enables to distin-
guish tumoural exRNAs from host background exRNA.
Using this work"ow, we characterized the entire extracel-
lular tumour transcriptome in different plasma fractions of
various human patient tumour-derived and cellular-derived
murine xenograft models. As such, we demonstrated that
the tumoural RNA concentration is not determined by
the blood platelet level in plasma, and that the circulating
tumour transcriptome is highly variable across individual
xenograft mice. In general, highly abundant tumour-derived
transcripts in plasma also display high expression levels in
the tumours. These !ndings open new avenues to further in-
vestigate the functional role of circulating exRNAs in can-
cer models and patients.

DATA AVAILABILITY

The datasets supporting the conclusions of this article
are available on the European Genome-Phenome Archive
(EGA). Total RNA sequencing data from TSP samples
of human donors (n = 2, two replicates for each donor)
were obtained from Everaert et al. (27); European Genome-
Phenome Archive (EGA) sample ID EGAN00002518840-
EGAN00002518843 in EGAS00001004428). Total RNA
sequencing data from the control mice, the BRC0004 PDX
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mouse model, the SK-N-BE(2C) CDX mouse model and
PDX/CDX validation cohort have been deposited in EGA
(EGAS00001005740 and EGAS00001006582). The exR-
NAxeno combined and parallel pipeline for processing of
RNA sequencing data are available in the GitHub reposi-
tory (https://github.com/CBIGR/exRNAxeno).

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Cancer Online.
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SUPPLEMENTAL MATERIAL AND METHODS  

For validation purposes, the exRNAxeno pipeline was applied to liquid biopsies from 20 
additional PDX or CDX mice. Below we describe the collection, processing and analysis of 

these samples.  

Liquid biopsy collection  

In vivo work for the neuroblastoma IMR-32 CDX model (Table 1) was previously described (1). 

Liquid biopsies were prepared from vehicle-treated animals (n = 7). When mice reached a 
maximal tumour volume of 2000 mm³ or specific humane endpoints (i.e. a weight gain or loss 

of more than 20% or clinical signs of significant pain, distress or suffering), mice were 

sacrificed by cardiac puncture for liquid biopsy collection (blood volume range between 0.8 
and 1 ml), followed by cervical dislocation. Liquid biopsies (SSP, DSP and TSP) were collected 

according to the protocol described in Supplemental Figure 1. The degree of haemolysis of 

TSP plasma samples was assessed by measuring levels of haemoglobin by spectrophotometric 
analysis (OD414) using a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, 

Waltham, MA, USA; Supplemental table 2). 

In vivo work for the neuroblastoma (SK-N-BE(2C) (n=3)), melanoma (MEL0002 (n=2), 
MEL0068 (n=1) and MEL0083 (n=1)), endometrial (EMC0052 (n=2) and EMC0078 (n=1)), 

penile (PEN0014 (n=1) and PEN0020 (n=1)) and lung (A549 (n=1)) cancer xenograft mice 

models was done at the TRACE PDX platform (KU Leuven, UZ Leuven, Belgium, approved by 
the local ethical committee for animal experimentation (P164/2019)). To establish the PDX 
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models (https://gbiomed.kuleuven.be/english/research/50488876/54502087/Trace/PDX-

repository; Table 1), tumour fragments freshly isolated from patients were implanted 

interscapular or in the flank of female immunodeficient nude mice (NMRI-Foxn1nu strain, 

Taconic Biosciences, Rensselaer, NY, USA or NSG, Charles River, Wilmington, MA, USA). 
Tumours were propagated in at least 3 generations of mice and characterized by histology 

and SNP fingerprinting to confirm genealogy before liquid biopsy collection. All patients of 

whom tumour material was collected, provided informed consent prior to study participation, 
approved by the Ethical Committee UZ Leuven (S63799, S61605 and S66742). To establish the 

SK-N-BE(2C) and A549 CDX models, female NMRI-Foxn1nu mice were subcutaneously 

xenografted in the dorsal flank with 2 x 106 cells, in 30 µl RPMI 1640 medium (Thermo Fisher 
Scientific, Waltham, MA, USA), suspended in 70 µl Matrigel matrix (Corning, Bedford, MA, UK) 

at the age of 13 weeks. When PDX or CDX mice reached at least 1000 mm³ or specific humane 
endpoints (i.e. a weight loss of more than 20% or clinical signs of significant pain, distress or 

suffering), mice were sacrificed by cardiac puncture for liquid biopsy collection (blood volume 

range between 0.5 and 1.1 ml) followed by cervical dislocation. Liquid biopsies (SSP, DSP and 

TSP) were collected according to the protocol described in Supplemental Figure 1. The degree 
of haemolysis of all plasma samples was assessed by measuring levels of haemoglobin by 

spectrophotometric analysis (OD414) using a NanoDrop 1000 Spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA, USA; Supplemental table 2).  

RNA isolation, spike-in RNA addition and DNase treatment 

Extracellular RNA from 60 µl plasma (70 µl plasma for IMR-32 CDX mice), was isolated using 

the miRNeasy Serum/Plasma Kit (Qiagen, Hilden, Germany), according to the manufacturer’s 
manual. During RNA extraction, 2 µl of a 100,000-fold dilution of Sequin spike-in controls 

(Garvan Institute of Medical Research, Darlinghurst, NSW, Australia (2)) was added to the 

lysate. Upon RNA purification, 2 µl of a 70,000-fold dilution of External RNA Control 
Consortium (ERCC) RNA Spike-in Mix (Thermo Fisher Scientific, Waltham, MA, USA) was 
added to 12 µl RNA eluate, followed by gDNA removal (3). To this purpose, 1 µl HL-dsDNase 

(ArcticZymes Technologies, Tromsø, Norway) and 1.4 µl Heat & Run 10X Reaction Buffer 
(ArcticZymes Technologies, Tromsø, Norway) were added to the eluates, and RNA samples 
were incubated for 10 min at 37 °C, followed by 5 min at 58 °C.  

Total RNA library preparation and sequencing 

Total RNA libraries were prepared starting from 8 µl DNase-treated RNA using the SMARTer 

Stranded Total RNA-Seq Kit v2 - Pico Input Mammalian (Takara Bio, CA, USA), according to the 

manufacturer’s manual with minor modifications (4). Briefly, prior to first strand cDNA 

synthesis, RNA from liquid biopsies was fragmented for 2 min at 94 °C. During final library 
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amplification, 16 PCR cycles were performed on the liquid biopsy samples. The final clean-up 

was repeated, since an excessive number of products < 200 bp in size was observed on 

Fragment Analyzer data (data not shown, Agilent Technologies, Santa Clara, CA, USA). 

Fragment sizes were determined using Fragment Analyzer software for smear analysis in the 
200 bp to 1000 bp range. Library quantification was performed using the KAPA Library 

quantification Kit (Kapa Biosystems, Wilmington, MA, USA) and libraries were pooled 

equimolarly. The final pool was quantified using Qubit, and 0.61 nM was loaded on a Novaseq 
instrument (Novaseq SP Kit v1.5, 200 cycles), with 2% PhiX. Raw sequencing data is available 

in the European Genome-Phenome archive (EGAS00001006582). 

Preprocessing of RNA sequencing data 

Sequencing reads of liquid biopsy and tumour samples were preprocessed by FastQC 

(v.0.11.8) for quality control and trimmed by Cutadapt (v.1.18) for low quality bases at the 3’ 
end of each read (Q30), for 3 nucleotides from the 5’ end of the second read (due to the 

template switching adapter) and for the HT-TruSeq adapter sequences. Reads shorter than 

35 bp were filtered out. Next, duplicated reads were removed with Clumpify (BBMap v.38.26) 

within clumps based on 60 bp trimmed reads and using default parameters, except for 20 
passes. Subsequently, reads were once more analysed by FastQC for quality control.  

exRNAxeno computational framework for combined mapping of RNA sequencing data  

Reads were mapped using STAR (v.2.6.0) (specific parameter settings: --outSAMprimaryFlag 
AllBestScore --outSAMattributes NH HI AS nM NM) to a combined reference genome of 
human and mouse (combined mapping). The genome index for mapping was built using the 

Ensembl GRCh38.94 (human) and GRCm38.94 (mouse) DNA primary assembly sequences, 
containing all chromosomes, the mitochondrial genome and scaffolds, supplemented with 

ERCC and Sequin spike sequences and the full ribosomal DNA complete repeating unit 

(U13369.1, BK000964.3). GTF files were downloaded from Ensembl and adapted in a similar 
way. In the combined reference genome of mouse and human, mouse chromosomes were 
labelled with a prefix ‘m’. Uniquely mapped reads were selected based on the NH:i:1 tag 

(SAMtools v.1.8, Pysam). BAM files were further masked by intersectBed for regions where 
control murine (n = 15) and human (n = 4) liquid biopsies empirically showed misalignment to 
the other reference genome (SAMtools v.1.8, BEDtools v.2.27.1, BEDOPS v.2.4.32). Further 

quality control on the filtered BAM files was done using MultiQC (v.1.7), SAMtools (v.1.8), 
RseQC (v.2.6.4) and BEDTools (v.2.27.1). Finally, read counts of name-sorted BAM files were 

generated by HTSeq-count (v.0.11.0) (specific parameter settings: -s reverse –secondary-

alignments=ignore –supplementary-alignments=ignore) using appropriate GTF files. Further 
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processing was done with R (v.4.0.3) making use of tidyverse (v.1.3.1). The exRNAxeno 

combined is available through GitHub (https://github.com/CBIGR/exRNAxeno). 
Table 1. Information on xenograft models.  
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SUPPLEMENTAL FIGURES  

Supplemental figure 1. Liquid biopsy preparation protocol for the non-tumour bearing control mice and SK-

N-BE(2C) CDX mice. From each animal, single spun (SSP, box 1), double spun (DSP, box 2), and triple spun (TSP, 

box 3) plasma, and a volume standardized platelet pellet originating from 70 µl SSP (box 4), were prepared by 

means of three sequential centrifugation steps. RBC: red blood cells. 

 
Supplemental figure 2. Liquid biopsy preparation protocol for the BRC0004 PDX mice. From each animal, single 

spun (SSP, box 1), double spun (DSP, box 2), and triple spun (TSP, box 3) plasma were prepared by means of 

three sequential centrifugation steps. RBC: red blood cells. 
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Supplemental figure 2. Liquid biopsy preparation protocol for the BRC0004 PDX mice. From each animal, single 
spun (SSP, box 1), double spun (DSP, box 2), and triple spun (TSP, box 3) plasma were prepared by means of three 
sequential centrifugation steps. RBC: red blood cells.
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Supplemental figure 1. Liquid biopsy preparation protocol for the non-tumour bearing control mice and SK-N-BE(2C) CDX mice. From 

each animal, single spun (SSP, box 1), double spun (DSP, box 2), and triple spun (TSP, box 3) plasma, and a volume standardized platelet pellet 

originating from 70 µl SSP (box 4), were prepared by means of three sequential centrifugation steps. RBC: red blood cells.
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Supplemental figure 3

healthy humans

control mice

Supplemental figure 3. In the human and non-tumour bearing control murine plasma samples, 
the masking step in the processing pipelines removes the initially identified genomic regions 
consisting of misaligned reads. Shown are the relative percentages of total reads derived from 
human and murine nuclear RNA (chrH and chrM), mitochrondial RNA (mitoH and mitoM), ribosomal 
RNA (riboH and riboM) and scaffold RNA (scafH and scafM) for both human (A) and non-tumour 
bearing control murine (B) plasma samples in the combined and parallel mapping, before and after 
empirical masking of misaligned reads. CM: control mouse; H: human; R: replicate; TSP: triple spun 
plasma.
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Supplemental figure 3. In the human and non-tumour bearing control murine plasma samples, the masking 

step in the processing pipelines removes the initially identified genomic regions consisting of misaligned 

reads. Shown are the relative percentages of total reads derived from human and murine nuclear RNA (chrH 

and chrM), mitochrondial RNA (mitoH and mitoM), ribosomal RNA (riboH and riboM) and scaffold RNA (scafH 

and scafM) for both human (A) and non-tumour bearing control murine (B) plasma samples in the combined and 

parallel mapping, before and after empirical masking of misaligned reads. CM: control mouse; H: human; R: 

replicate; TSP: triple spun plasma. 

Supplemental figure 4. Tumour-bearing mice contain differential exRNA abundance profiles as compared to 

non-tumour bearing mice. Number of differential abundant murine and human genes (ANOVA’s p-value 

threshold < 0.05) and heatmaps of unsupervised clustering of platelets, single-spun plasma (SSP), double-spun 

plasma (DSP) and triple-spun plasma (TSP) from the SK-N-BE(2C) CDX model (A) and BRC0004 PDX model (B). P-

values indicate statistical significance of column clustering.  

Supplemental figure 4
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Supplemental figure 4. Tumour-bearing mice contain differential exRNA abundance
profiles as compared to non-tumour bearing mice. Number of differential abundant murine
and human genes (ANOVA’s p-value threshold < 0.05) and heatmaps of unsupervised
clustering of platelets, single-spun plasma (SSP), double-spun plasma (DSP) and triple-spun
plasma (TSP) from the SK-N-BE(2C) CDX model (A) and BRC0004 PDX model (B). P-values
indicate statistical significance of column clustering.
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Supplemental figure 5. RT-qPCR analysis for Sequin spikes (R2_65 and R2_66), shows that exRNA purification 

is reproducible and Sequin spikes can be used for exRNA quantification. The presence of R2_65 and R2_66 

Sequin spike-ins in the extracted RNA of all liquid biopsies of the BRC0004 PDX model (M1, M2, M3, M5, M6) 

and SK-N-BE(2C) CDX model (M7, M10, M12, M14, M16), was confirmed by means of RT-qPCR analysis. DSP: 

double spun plasma; SSP: single spun plasma; TSP: triple spun plasma. 
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Supplemental figure 5

Supplemental figure 5. RT-qPCR analysis for Sequin spikes (R2_65 and R2_66), shows that 
exRNA purification is reproducible and Sequin spikes can be used for exRNA quantification. 
The presence of R2_65 and R2_66 Sequin spike-ins in the extracted RNA of all liquid biopsies of 
the BRC0004 PDX model (M1, M2, M3, M5, M6) and SK-N-BE(2C) CDX model (M7, M10, M12, 
M14, M16), was confirmed by means of RT-qPCR analysis. DSP: double spun plasma; SSP: single 
spun plasma; TSP: triple spun plasma
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Supplemental figure 6. RT-qPCR analysis for platelet markers confirms a gradual decrease in platelet 

concentration upon successive centrifugation steps. The ΔCq is obtained by diminishing the mean Cq of R2_65 

and R2_66 spikes of each sample by the Cq of each platelet gene of the respective sample. The ΔCq per platelet 

gene (F5, Gng11, Nrgn and Ppbp) in the different liquid biopsies from the SK-N-BE(2C) CDX model (A) and the 

BRC0004 PDX model (B) is shown. DSP: double spun plasma; PLT: platelets, SSP: single spun plasma; TSP: triple 

spun plasma. 
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Supplemental figure 6. RT-qPCR analysis for platelet markers confirms a gradual 
decrease in platelet concentration upon successive centrifugation steps. The ΔCq is 
obtained by diminishing the mean Cq of R2_65 and R2_66 spikes of each sample by the Cq 
of each platelet gene of the respective sample. The ΔCq per platelet gene (F5, Gng11, Nrgn 
and Ppbp) in the different liquid biopsies from the SK-N-BE(2C) CDX model (A) and the 
BRC0004 PDX model (B) is shown. DSP: double spun plasma; PLT: platelets, SSP: single 
spun plasma; TSP: triple spun plasma.
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Supplemental figure 7. The relative amount of tumoural exRNA (RPM) is inversely proportional to the platelet 

plasma level. Shown is the amount of exRNA (RPM, mapped reads per million) present in the different liquid 

biopsies from the CDX (A; Friedman chi-squared test = 13.56, df = 3, p = 0.003; post-hoc test Nemenyi, p = 0.044 

(*)) and PDX (B; Friedman chi-squared test = 7.6, df = 2, p = 0.022) mice. DSP: double spun plasma; SSP: single 

spun plasma; TSP: triple spun plasma. 
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Supplemental figure 7. The relative amount of tumoural exRNA (RPM) is inversely proportional to the 
platelet plasma level. Shown is the amount of exRNA (RPM, mapped reads per million) present in the diffe-
rent liquid biopsies from the CDX (A; Friedman chi-squared test = 13.56, df = 3, p = 0.003; post-hoc test 
Nemenyi, p = 0.044 (*)) and PDX (B; Friedman chi-squared test = 7.6, df = 2, p = 0.022) mice. DSP: double 
spun plasma; SSP: single spun plasma; TSP: triple spun plasma.
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Supplemental figure 8. The tumoural exRNA percentage is inversely proportional to the platelet plasma level 

for the validation cohort. Shown are the percentages of tumoural exRNA present in the different liquid biopsies 

from the validation cohort mice, depicted per tumour type (A549: lung cancer, EMC: endometrial cancer, IMR-

32: neuroblastoma, MEL: melanoma, PEN: penile cancer and SK-N-BE(2C): neuroblastoma). DSP: double spun 

plasma; SSP: single spun plasma; TSP: triple spun plasma. 

 

Supplemental figure 9. The majority of the tumour-derived exRNA is protein-coding. For the BRC0004 PDX- 

and SK-N-BE(2C) CDX-derived liquid biopsies, the percentages of identified human Ensembl IDs annotated as 

protein-coding, long non-coding RNA (lncRNA), pseudogene or other RNA biotypes are shown. 
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Supplemental figure 8. The tumoural exRNA percentage is inversely proportional to the 
platelet plasma level for the validation cohort. Shown are the percentages of tumoural 
exRNA present in the different liquid biopsies from the validation cohort mice, depicted per 
tumour type (A549: lung cancer, EMC: endometrial cancer, IMR-32: neuroblastoma, MEL: mela-
noma, PEN: penile cancer and SK-N-BE(2C): neuroblastoma). DSP: double spun plasma; SSP: 
single spun plasma; TSP: triple spun plasma.

other

pseudogene

lncRNA

protein-coding

0 25 50 75 100

% Ensembl gene IDs

BRC0004 PDX

SK-N-BE(2C) CDX

Supplemental figure 9

Supplemental figure 9. The majority of the tumour-derived exRNA is protein-coding. For the BRC0004 PDX- 
and SK-N-BE(2C) CDX-derived liquid biopsies, the percentages of identified human Ensembl IDs annotated as 
protein-coding, long non-coding RNA (lncRNA), pseudogene or other RNA biotypes are shown.
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Supplemental figure 10A to F. The circulating tumour gene abundance profile is highly variable across 

individual mice. Log2(TPM + 1) values of all circulating genes of the validation cohort. DSP: double spun plasma; 

SSP: single spun plasma; TSP: triple spun plasma.  
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Supplemental figure 10A to F. The circulating tumour 
gene abundance profile is highly variable across indivi-
dual mice. Log2(TPM + 1) values of all circulating genes of 
the validation cohort.  DSP: double spun plasma; SSP: single 
spun plasma; TSP: triple spun plasma. 
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051015Supplemental figure 10E

Supplemental figure 10A to F. The circulating tumour 
gene abundance profile is highly variable across indivi-
dual mice. Log2(TPM + 1) values of all circulating genes of 
the validation cohort.  DSP: double spun plasma; SSP: single 
spun plasma; TSP: triple spun plasma. 
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02468101214Supplemental figure 10F

Supplemental figure 10A to F. The circulating tumour 
gene abundance profile is highly variable across indivi-
dual mice. Log2(TPM + 1) values of all circulating genes of 
the validation cohort.  DSP: double spun plasma; SSP: single 
spun plasma; TSP: triple spun plasma. 
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Supplemental figure 10A to F. The circulating tumour 
gene abundance profile is highly variable across indivi-
dual mice. Log2(TPM + 1) values of all circulating genes of 
the validation cohort.  DSP: double spun plasma; SSP: single 
spun plasma; TSP: triple spun plasma. 
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Supplemental figure 10A to F. The circulating tumour 
gene abundance profile is highly variable across indivi-
dual mice. Log2(TPM + 1) values of all circulating genes of 
the validation cohort.  DSP: double spun plasma; SSP: single 
spun plasma; TSP: triple spun plasma. 
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Supplemental figure 10A to F. The circulating tumour 
gene abundance profile is highly variable across indivi-
dual mice. Log2(TPM + 1) values of all circulating genes of 
the validation cohort.  DSP: double spun plasma; SSP: single 
spun plasma; TSP: triple spun plasma. 
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Supplemental figure 11. The circulating tumour gene profiles demonstrate common and distinct gene sets 

across different mice and across different liquid biopsy types. Overlap of the number of tumour-derived 

protein-coding genes (i.e. genes with ≥ 5 counts) across the different CDX (A) or PDX (B) mice (using all liquid 

biopsy types of the discovery cohort), as well as across the different liquid biopsy types for all CDX (C) or PDX (D) 

mice. DSP: double spun plasma; SSP: single spun plasma; TSP: triple spun plasma.    
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Supplemental figure 11. The circulating tumour gene profiles demonstrate common and distinct 
gene sets across different mice and across different liquid biopsy types. Overlap of the number of 
tumour-derived protein-coding genes (i.e. genes with ≥ 5 counts) across the different CDX (A) or PDX (B) 
mice (using all liquid biopsy types of the discovery cohort), as well as across the different liquid biopsy 
types for all CDX (C) or PDX (D) mice. DSP: double spun plasma; SSP: single spun plasma; TSP: triple 
spun plasma.   
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SUPPLEMENTAL TABLES (cf. NAR Cancer online) 

 

Supplemental table 1. Overall, the SK-N-BE(2C) CDX and BRC0004 PDX sequencing data are of good quality. A. 

Quality control for the SK-N-BE(2C) CDX mice experiment. B. Quality control for the BRC0004 PDX mice 

experiment. For each RNA sample (RNA ID), the matching mouse ID, biomaterial ID and sample type is shown, 

as well as haemolysis levels measured by NanoDrop technology (absorbance of light at 414 nm) and RNA 

sequencing QC results. Sequencing depth: total read number; % trimmed: percentage total base pairs 

trimmed; % dups R1 or R2: percentage of downsampled R1 or R2 reads marked as duplicate; % GC R1 or R2: 

average GC content percentage of downsampled R1 or R2 reads; length R1 or R2: average sequence length (in 

bp) of downsampled R1 or R2 reads; % aligned to combined, human or mouse genome:percentage of 

downsampled reads aligned to the combined, human or mouse genome; exonic depth of combined, human or 

mouse genome: number of downsampled reads mapping to exons in the combined, human or mouse genome. 

The Sequin/ERCC ratio reflects RNA purification efficiency and should be relatively constant within a single 

experiment. DSP: double spun plasma; NA: not applicable; SSP: single spun plasma; TSP: triple spun plasma.  

Supplemental table 2. The sequencing data of the validation cohort are of good quality. For each RNA sample 

(RNA ID), the matching mouse ID, biomaterial ID and sample type is shown, as well as haemolysis levels 

measured by NanoDrop technology (absorbance of light at 414 nm) and RNA sequencing QC results. Sequencing 

depth: total read number; % trimmed: percentage of total base pairs trimmed; % dups R1 or R2: percentage of 

downsampled R1 or R2 reads marked as duplicate; % GC R1 or R2: average GC content percentage of 

downsampled R1 or R2 reads; length R1 or R2: average sequence length (in bp) of downsampled R1 or R2 

reads; % aligned to combined, human or mouse genome:percentage of downsampled reads aligned to the 

combined, human or mouse genome; exonic depth of combined, human or mouse genome: number of 

downsampled reads mapping to exons in the combined, human or mouse genome. The Sequin/ERCC ratio 

reflects RNA purification efficiency and should be relatively constant within a single experiment. DSP: double 

spun plasma; NA: not applicable; SSP: single spun plasma; TSP: triple spun plasma. 

Supplemental table 3. Platelet content decreases upon successive centrifugation steps. Shown are the platelet 

counts per µl of plasma in single-spun (SSP), double-spun (DSP) and triple-spun (TSP) plasma. 

Supplemental table 4. Endogenous RNA concentrations are calculated using Sequin spike-in controls. The 

concentration of Sequin spike-in controls added to each sample, is calculated based on the concentration (in 

attomol/µl) and length (in nucleotides) of each individual Sequin spike-in control. 

Supplemental table 5. Gene set enrichment analyses on differentially abundant host genes between SSP, DSP 

and TSP demonstrate that murine platelet genes are enriched in SSP. For each xenograft model, the normalized 

enrichment score (NES), nominal P-value (nom P-value < 0.05), and false discovery rate q-value (FDR q-value 

<0.05) is indicated. 
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Abstract 
Background: Blood plasma, one of the most studied liquid biopsies, contains various molecules that have biomarker 
potential for cancer detection, including cell-free DNA (cfDNA) and cell-free RNA (cfRNA). As the vast majority of cell-
free nucleic acids in circulation are non-cancerous, a laboratory workflow with a high detection sensitivity of tumor-
derived nucleic acids is a prerequisite for precision oncology. One way to meet this requirement is by the combined 
analysis of cfDNA and cfRNA from the same liquid biopsy sample. So far, no study has systematically compared the 
performance of cfDNA and cfRNA co-purification to increase sensitivity.

Results: First, we set up a framework using digital PCR (dPCR) technology to quantify cfDNA and cfRNA from human 
blood plasma in order to compare cfDNA/cfRNA co-purification kit performance. To that end, we optimized two 
dPCR duplex assays, designed to quantify both cfDNA and cfRNA with the same assays, by ensuring that primers and 
probes are located within a highly abundant exon. Next, we applied our optimized workflow to evaluate the co-
purification performance of two manual and two semi-automated methods over a range of plasma input volumes 
(0.06–4 mL). Some kits result in higher nucleic acid concentrations in the eluate, while consuming only half of the 
plasma volume. The combined nucleic acid quantification systematically results in higher nucleic acid concentrations 
as compared to a parallel quantification of cfDNA and cfRNA in the eluate.

Conclusions: We provide a framework to evaluate the performance of cfDNA/cfRNA co-purification kits and have 
tested two manual and two semi-automated co-purification kits in function of the available plasma input amount and 
the intended use of the nucleic acid eluate. We demonstrate that the combined quantification of cfDNA and cfRNA 
has a benefit compared to separate quantification. We foresee that the results of this study are instrumental for clinical 
applications to help increase mutation detection sensitivity, allowing improved disease detection and monitoring.

Keywords: Liquid biopsies, Co-purification, Cell-free RNA, Extracellular RNA, Cell-free DNA, Mutation detection, 
Digital PCR, Plasma, Cancer
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Background
For an increasing number of malignancies, the muta-
tion status of particular genes is crucial for diagnosis or 
treatment decision [1]. Assessing the mutation status of 
a tumor typically requires a tissue biopsy, which comes 
with discomfort and risk for the patient. Moreover, 
a tissue biopsy does not capture genetic heterogene-
ity well and is not compatible with longitudinal profil-
ing. For these reasons, liquid biopsies are heralded as a 
promising alternative for both the patient and clinician 
[2–4].

Blood plasma is one of the most studied liquid biop-
sies as tumor-derived molecules end up in circulation 
by either active or passive release from tumor cells [5]. 
However, also healthy cells release their content into the 
bloodstream and as such, only a small fraction of circu-
lating molecules is originating from the tumor. Moreover, 
for patients with small or slow-growing tumors, only a 
limited amount of nucleic acids may end up in the blood-
stream, leading to reduced analytical sensitivity [6]. Con-
sequently, a laboratory workflow for liquid biopsies that 
comes with high mutation detection sensitivity is a pre-
requisite for precision oncology. Several strategies exist 
to enhance the analytical sensitivity, ranging from higher 
blood plasma input volumes for extraction to advanced 
error-correcting molecular methods [7]. Recently, the 
combined analysis of cell-free DNA and RNA has been 
proposed as another means of increasing mutation 
detection sensitivity [8–11]. However, most studies have 
focused on RNA originating only from extracellular vesi-
cles (EVs), thereby ignoring a significant part of the cell-
free RNA (cfRNA) repertoire outside vesicles. Although 
EV concentration is thought to be increased in cancer 
patients’ plasma, purification practices are not standard-
ized among laboratories, are time consuming, and result 
in loss of material when trying to obtain highly pure and 
well-characterized EVs [12, 13]. To increase mutation 
detection sensitivity, it may be advantageous to co-purify 
cell-free DNA (cfDNA) and cfRNA from the same aliquot 
of neat plasma. Even if separate downstream analyses for 
DNA and RNA are desired, co-purification is advanta-
geous, because it is cost and time effective, and allows 
maximal use of valuable patient samples.

So far, no study has systematically compared the per-
formance of cfDNA and cfRNA co-purification tech-
nologies. "e purpose of the present study is to provide 
a framework to compare different purification meth-
ods using digital PCR (dPCR) technology. Using healthy 
donor plasma, we compared two manual and two semi-
automated co-purification methods and provide an eval-
uation in function of the available plasma input amount 
and the intended use of the nucleic acid eluate (Fig. 1).

Results
A framework for dPCR-based assessment of cfDNA/cfRNA 
co-puri"cation kit performance
To compare the plasma cfDNA/cfRNA co-purification 
performance of manual and semi-automated procedures, 
a dPCR-based method was introduced for accurate and 
precise determination of the cfDNA and cfRNA concen-
tration using two duplex assays targeting four human 
genes: CAVIN2 (HEX) / NRGN (FAM) and AIF1 (FAM) / 
B2M (HEX) (see Methods). Both duplex assays show pos-
itive partitions that are well separated from the negative 
partitions for cfDNA and cfRNA isolated from healthy 
human donor plasma. A representative example is shown 
in Fig.  2 for cfDNA/cfRNA co-purified from 0.6  mL of 
EDTA blood plasma from one donor using the miRNeasy 
Serum/Plasma Advanced Kit (MIRA0.6).

"e framework, as represented in Fig.  1, outlines the 
steps to compare different co-purification kits on the 
basis of dPCR quantification. To allow for reliable cfRNA 
quantification, all DNA should be removed from the sam-
ple. "erefore, DNase treatment efficacy was evaluated 
on the eluates from each kit (Additional file 1: Fig. S1).

In the following sections, we will first discuss the co-
purification performance of the evaluated kits, followed 
by ways to improve detection sensitivity for cfDNA 
and cfRNA quantification, and a demonstration of the 
added value of a combined cfDNA/cfRNA quantification 
instead of a parallel quantification of cfDNA and cfRNA.

Assessment of cfDNA/cfRNA co-puri"cation performance 
of four commercial kits
"e optimized workflow was used to assess the per-
formance of six different commercially available (co-)

Fig. 1 Experimental design to evaluate (co-)purification kits. Blood from healthy donors, collected in EDTA or citrate tubes, was processed into 
plasma using a 2-spin protocol. Different plasma volumes were used as input for the different kits: 1 mL and 4 mL for CCF; 2 mL and 4 mL for CAT; 
2 mL for MAPss and MAPds; 0.06 mL, 0.2 mL and 0.6 mL for MIRA; 0.06 mL, 0.2 mL and 1 mL for MAX; 0.06 mL and 0.2 mL for MIR. One half of the 
eluate was DNase treated and reverse transcribed for cfRNA quantification, while the second half remained untouched for cfDNA quantification. 
Quantification of nucleic acids was performed by digital PCR. *MAP and MAX eluates were concentrated using Vivacon columns and vacuum 
centrifugation, respectively. Underlined kits (CAT and MAP) are semi-automated procedure systems. CCF: QIAamp ccfDNA/RNA Kit, CAT : iCatcher 
Circulating cfDNA/cfRNA 4000 kit, MAP: MagNA Pure 24 Total NA Isolation Kit, MIRA: miRNeasy Serum/Plasma Advanced Kit, MAX: Maxwell ccfDNA 
LV Plasma Kit, MIR: miRNeasy Serum/Plasma Kit

(See figure on next page.)
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Fig. 1 (See legend on previous page.)



Results 

71 

  

Page 4 of 14Deleu et al. Human Genomics           (2022) 16:73 

purification kits: (1) MIRA, (2) QIAamp ccfDNA/RNA 
Kit (CCF), (3) iCatcher Circulating cfDNA/cfRNA 4000 
kit (CAT), (4) MagNA Pure 24 Total NA Isolation Kit 
with the cfNA ss 2000 and cfNA ds 2000 purification pro-
tocols (MAPss and MAPds, respectively), (5) Maxwell 
ccfDNA LV Plasma Kit (MAX) and (6) miRNeasy Serum/
Plasma Kit (MIR). !e performance of the four co-purifi-
cation kits (CAT, MIRA, MAP, CCF) was compared with 
kits developed to extract only cfDNA (MAX) or cfRNA 
(MIR). For each kit, a range of plasma input volumes 
were used to assess kit performance (Fig.  1, Additional 
file 2: Table S1).

!e cfDNA and cfRNA concentration (copies per 
µl eluate) was determined by dPCR (Fig.  3). In general, 
results show little variation between donors and blood 
collection tube types, as can be seen by the small error 
bars (showing the standard deviation of the geomet-
ric mean of all donors and blood collection tubes). As 
expected, we observe constant cfDNA concentrations as 
assessed by the four assays, while cfRNA concentrations 
are widely different among assays, reflecting the dynamic 
nature of cfRNA. Also, the concentration of extracted 
nucleic acids in the eluate increases proportionally with 
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Fig. 2 Representative two-color plots of two dPCR duplex assays for quantification of cfDNA (A, C) and cfRNA (B, D) shows a nice distribution of 
positive and negative partitions. Data from nucleic acids co-purified with MIRA0.6 from healthy donor plasma (blood collected in EDTA tubes). A, 
B Duplex assay for AIF1 (FAM, blue) and B2M (HEX, green). C, D Duplex assay for CAVIN2 (FAM, blue) and NRGN (HEX, green). Green and blue dots 
represent positive partitions of the two genes, respectively. Black dots represent negative partitions
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higher input volumes when using the same kit (Fig.  3, 
Additional file 3: Table S2).

Furthermore, we compared the co-purification perfor-
mance of the evaluated kits by measuring the cfDNA and 
cfRNA concentration and determining the cfDNA and 
cfRNA yield (concentration multiplied by the eluate vol-
ume) (Additional file 4: Table S3). All co-purification kits 
were capable of co-purifying cfDNA and cfRNA. While 
most of the co-purification kits resulted in reproducible 
eluate volumes (MIRA, CCF and MAP), eluate volumes 
after purification with CAT were ranging between 18 
and 27  µl. In Additional file  4:  Table  S3, concentration 
and yield for each kit and input volume are calculated, 
followed by rescaling to the maximum concentration or 
yield (CAT4 in all cases) to obtain relative values (per-
centages). For cfRNA, the highest concentrations and 
yields are obtained with CAT4, CAT2 and CCF4 kit. 
For cfDNA, the highest concentrations and yields are 
obtained with CAT4, CCF4 and MAPss2 kit. Additional 
kit characteristics and remarks are provided in Addi-
tional file 2: Table S1.

Assessing cfDNA size distribution using micro!uid 
electrophoresis
To ascertain that the measured DNA is cell-free in ori-
gin and not high-molecular cellular DNA, fragment size 
analysis using microfluid electrophoresis (TapeStation) 
was performed. cfDNA has a typical average fragment 
length of ~ 170  bp, whereas larger fragments (> 700  bp) 
originate from lysed cells and are defined as high molecu-
lar weight (HMW) DNA. For 30/46 samples with cfDNA 
concentration above the limit of detection for TapeSta-
tion (20 pg/µl), the cfDNA percentage is between 64 and 
94%, indicating overall good quality (pure) cfDNA and 
low fractions of HMW DNA (Additional file 5: Fig. S2). 
Furthermore, cfDNA concentrations as determined 
above LOD by TapeStation correlate well with cfDNA 
concentrations measured by dPCR (Fig. 4).

Increasing detection sensitivity by increasing cfDNA/cfRNA 
template volume in a digital PCR reaction
Blood plasma is characterized by low cfDNA and cfRNA 
concentration. To increase the detection sensitivity with 

dPCR, the template input volume in a 20 µl reaction can 
be increased. A more concentrated mix of primers and 
probes can be made and added to the reaction mix as a 
small volume, enabling the addition of a higher cfDNA/
cfRNA eluate volume. However, increasing the eluate 
input volume may cause inhibition of the dPCR reac-
tion, which may be assay dependent [14]. "erefore, the 
inhibitory effect of the eluate (cfDNA/cfRNA template 
molecules with possible carry-over products from sam-
ple matrix) in a dPCR reaction was evaluated for the 
four optimized dPCR assays with input volumes tak-
ing up 10–40% of the total reaction volume. "e assays 
used in this study did not show inhibition for cfDNA 
(Fig.  5A) nor cDNA (~ cfRNA) (Fig.  5B) when increas-
ing eluate input volumes. cfDNA and cfRNA used for 
this experiment was co-purified using the MIRA kit with 
0.6 mL plasma as input volume. As a proof-of-principle, 
these results show it is possible to confidently maximize 
input volume up to 40% of total reaction volume using 
these four assays (for MIRA eluates using the 2 × ddPCR 
Supermix for Probes and QX100 dPCR instrument). We 
recommend that users evaluate eluate input inhibition 
for their own assays and dPCR reaction conditions.

Combined quanti#cation of cfDNA and cfRNA
Until now, we have shown that it is perfectly possible 
to co-purify cfDNA and cfRNA with all tested co-puri-
fication kits by quantifying the nucleic acids separately. 
However, jointly analyzing both cfDNA and cfRNA at 
the same time would improve the analytical workflow 
further: there is no need to split the eluate and do sepa-
rate enzymatic reactions; instead, downstream analysis 
(e.g., dPCR quantification) can be done in one reaction, 
thereby saving materials, reagents and time. As a proof-
of-principle, cfDNA and cfRNA was co-purified from 
plasma from three healthy donors (MIRA kit with 0.6 
mL input volume) and quantified both separately and 
together. Somewhat unexpectedly, results clearly show 
that the jointly measured nucleic acid concentration is 
higher than the theoretical concentration defined as the 
sum of the separately measured cfDNA and cfRNA con-
centration (Fig. 6).

Fig. 3 Quantification of cfDNA (A) and cfRNA (B) extracted from healthy donor plasma with six (co-)purification kits using different input volumes. 
Per assay the mean concentration of the tube and donors was taken, error bars indicate standard errors. Black horizontal lines indicate geometric 
means of the four assays. MIR: miRNeasy Serum/Plasma kit, MIRA: miRNeasy Serum/Plasma Advanced kit, MAX: Maxwell ccfDNA plasma kit, CCF: 
QIAamp ccfDNA/RNA Kit, MAPss: MagNA Pure 24 Total NA Isolation Kit (Single Strand protocol), MAPds: MagNA Pure 24 Total NA Isolation Kit (Double 
Strand protocol), CAT : iCatcher Circulating cfDNA/cfRNA. Numbers after kit abbreviation indicate plasma input volumes in mL

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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Discussion
Robust and reproducible work"ow
We developed a robust and reproducible workflow to 
evaluate co-purification kit performance. First of all, 
DNase treatment was shown to be effective for all but 
one kit (MAP), despite additional purification (Vivacon 
columns) prior to DNase treatment to remove inhibitory 
reagents. Second, there is little variation between donors 
and collection tube types, with the exception of CAT 
and MAP, suggesting that co-purifications are less repro-
ducible with these kits. "ird, as expected, there is little 
variability between the cfDNA concentrations measured 

by the four assays. On the contrary, cfRNA concentra-
tions are highly different between assays, reflecting the 
wide dynamic range of cfRNA abundance levels. Fourth, 
increasing the input volume results in a proportion-
ally higher concentration. Fifth, quality of cfDNA was 
assessed to avoid measurement bias caused by cellular 
DNA. For 16/46 samples, cfDNA fractions could not reli-
ably be estimated, because concentrations were below 
the LOD of the TapeStation or showed flat profiles. "is 
includes all samples (n = 8) with 0.06  mL input volume, 
indicating that very little cfDNA is co-purified with such 
low input volume. However, concentrations could be 

Fig. 4 cfDNA concentration measured with microfluid electrophoresis (y-axis) and dPCR (x-axis) show a good correlation. Each dot represents the 
mean of the donors and blood tubes. Concentration dPCR was calculated by taking the mean of the four assays in the input volume used for dPCR. 
Concentrations from QuantaSoft software (copies/µl) were converted to pg/µl by multiplying by 3.2 pg. Sample means below LOD of TapeStation 
were excluded for calculating R2 (3/12)
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Fig. 5 Increasing the fraction of eluate in the dPCR reaction volume does not inhibit quantification. cfDNA (A) and cDNA (B) of healthy donor 
template was added at different percentages of the total reaction volume. For each condition the mean concentration of duplicates is shown
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Fig. 6 A combined quantification of nucleic acids results in higher concentrations than the quantification of cfDNA and cfRNA separately in 3 
healthy donor plasma samples. Bars show concentrations for cfDNA, cfRNA and jointly measured cfDNA and cfRNA. Horizontal black lines indicate 
the sum of separately measured cfDNA and cfRNA (theoretical combined concentration)
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measured with dPCR assays for both cfDNA and cfRNA, 
indicating the potential use of extremely low input vol-
umes for the kits tested (MIRA, MAX), e.g., for liquid 
biopsy analyses in small animal studies. !ese results 
should be interpreted with caution, as these low input 
volumes are below the recommended input volumes 
by the kit’s manufacturer and cfDNA quality cannot be 
ascertained.

Successful co-puri!cation for all tested kits
By means of our optimized framework, we compared 
the co-purification efficiency of two manual kits (CCF, 
MIRA) and two semi-automated kits (MAP, CAT) with 
different plasma input volumes. For all samples from 
all kits, a concentration of cfDNA and cfRNA could be 
measured using the two duplex assays, indicating that all 
kits successfully co-purified cfDNA and cfRNA. Inter-
estingly, in some cases, a higher eluate concentration for 
both cfDNA and cfRNA is obtained, by consuming less 
plasma (e.g., MIRA with 0.6 mL plasma input volume has 
at least the same eluate concentration for both cfDNA 
and cfRNA compared to CCF with 1  mL plasma input 
volume). !e different co-purification kits have different 
eluate volumes that can be adjusted depending on the 
kit. !is should be taken into account depending on the 
downstream analysis, e.g., highly concentrated eluates 
may be required. Of note, it is possible to further concen-
trate the eluate using for instance ultrafiltration columns 
or nucleic acid precipitation followed by resuspension in 
a smaller volume. For extractions with the MAPss work-
flow (2 mL plasma input volume), we encountered prob-
lems with the gDNA removal, as our DNase treatment 
was not compatible with the eluates from the MAP [15]. 
Extra purification of the eluates with ultrafiltration col-
umns improved the gDNA removal efficiency, but DNA 
remained present in the samples. !erefore, other gDNA 
removal protocols should be explored in case MAPss is 
used for cfRNA-only applications. !is example shows 
the importance to test DNase treatment efficiency to 
allow for correct quantification of cfRNA.

Increasing detection sensitivity by co-puri!cation
One of the clinically relevant characteristics of cfDNA 
and cfRNA co-purification is that it allows to increase 
the detection sensitivity. Detecting mutations in cancer 
patients’ plasma is routinely done using cfDNA, but due 
to low amounts in blood plasma, existing assays often 
face sensitivity issues. !e analytical sensitivity of muta-
tion detection can be increased by also analyzing cfRNA, 
at least for genes that are transcribed and for which the 
mRNA does not undergo non-sense mediated decay [16].

In this study, we have shown that the combined quan-
tification of cfDNA and cfRNA results in a higher sig-
nal than their separate quantification. Remarkably, the 
combined quantification results in a higher concentra-
tion compared to the sum of the separate cfDNA/cfRNA 
concentrations, e.g., the theoretically expected concen-
tration. !ere are two possible effects in the combined 
quantification that may in part explain the observed 
results: (1) no DNase treatment is done on the eluates, 
omitting any possible negative effects of DNase treat-
ment on cfRNA, and (2) cDNA synthesis may improve 
cfDNA quantification as well. Nevertheless, these results 
confirm that quantifying both cfDNA and cfRNA in one 
single tube leads to an increased sensitivity for the assays 
included in this study. It is important to note that the 
added value of combining cfDNA and cfRNA is gene-
dependent, meaning that sensitivity will only increase for 
genes that are sufficiently abundant in the biofluid under 
investigation.

Conclusions
In this study we provide a framework for dPCR-based 
quantification of cfDNA and cfRNA that can be used to 
evaluate the performance of cfDNA/cfRNA co-purifica-
tion kits. !is framework was applied to two manual and 
two semi-automated co-purification kits. Even more, we 
demonstrated the added value of the combined co-purifi-
cation of cfDNA and cfRNA, as combined quantification 
results in a higher signal compared to separate quantifi-
cation. !us, we provide strong evidence that it should 
be technically feasible to increase mutation detection 
sensitivity of specific gene targets by co-purification and 
quantification of cfDNA and cfRNA, which needs  to be 
validated in future studies.

Methods
First, we set up a framework using the dPCR technology 
to quantify cfDNA and cfRNA from human blood plasma 
in order to compare cfDNA/cfRNA co-purification 
kit performance. To that end, we optimized two dPCR 
duplex assays that are designed to quantify both cfDNA 
and cfRNA, by ensuring that primers and probes are 
located within a highly abundant exon. Next, we applied 
our optimized workflow to evaluate the co-purification 
performance of two manual and two semi-automated kits 
using different plasma input volumes (0.06–4 mL).

Donor material and liquid biopsy preparation
Sample collection was approved by the ethics commit-
tee of Ghent University Hospital (registration number 
B670201733701) and written informed consent was 
obtained from the healthy donors. Venous blood was 
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collected from healthy donors in 2 different blood collec-
tion tubes: BD Vacutainer Plastic K2EDTA tube (EDTA; 
Becton Dickinson and Company, 367525) and Vacuette 
Tube 9 mL 9NC Coagulation sodium citrate 3.2% (citrate; 
Greiner Bio-One, 455322). Immediately after blood draw, 
blood collection tubes were gently inverted five times and 
tubes were transported to the laboratory for immediate 
plasma preparation. Platelet-depleted plasma was pre-
pared within two hours after blood draw, by means of 
two sequential centrifugation steps (two times 2500g for 
15  min) on a Centrifuge 5804 (Eppendorf, 5804000013) 
with Rotor A-4-44 (Eppendorf, 5804709004) and appro-
priate adapters (Eppendorf, 5804753003). Plasma was 
snap frozen in liquid nitrogen and stored at −  80  °C 
immediately after preparation. Hemolysis was assessed 
by determining the absorbance at 414 nm, i.e., the levels 
of free heamoglobin, by spectral analysis using a Nan-
oDrop 1000 Spectrophotometer (#ermo Fisher Scien-
tific). Absorbances are ranging from 0.103 to 0.153.

Cell-free nucleic acid extractions
Nucleic acids were extracted with six different commer-
cially available (co-)purification kits by following the 
manufacturers’ manual: (1) miRNeasy Serum/Plasma 
Advanced Kit (MIRA; Qiagen, 217204), (2) QIAamp 
ccfDNA/RNA Kit (abbreviated to CCF; Qiagen, 55184), 
(3) the iCatcher Circulating cfDNA/cfRNA 4000 kit 
(CatchGene, AC30400) in combination with iCatcher 
12 Automated Nucleic Acid Purification System (CAT; 
CatchGene, IC1200) (4) MagNA Pure 24 Total NA Isola-
tion Kit with the cfNA ss 2000 and cfNA ds 2000 puri-
fication protocols (Roche, 07658036001) in combination 
with the MagNA Pure 24 instrument (MAP; Roche, 
07290519001), (5) Maxwell ccfDNA LV Plasma Kit (Pro-
mega, AS1480) in combination with the Maxwell RSC 
Instrument (MAX; Promega, AS4500), and (6) miRNe-
asy Serum/Plasma Kit (MIR; Qiagen, 217184) (Fig.  1). 
#e MIRA, CCF, MAP and CAT kits were included in 
the study to examine their capacity to co-purify cfDNA 
and cfRNA, while MAX and MIR kits served as a refer-
ence for cfDNA only and cfRNA only extractions, respec-
tively, as these kits are routinely used in our department 
for these applications. For each kit, different plasma 
input volumes, ranging between 0.06 and 4 mL, from two 
donors (three in case of CAT) were tested with the maxi-
mum recommended elution volume (Table  1). Eluates 
were stored at − 80 °C until further processing.

Eluates of each of the four cfDNA/cfRNA co-purifi-
cation kits (MIRA, CCF, MAP and CAT) were split in 
two equal parts, using one part for cfDNA quantifica-
tion and the other part for cfRNA quantification (Fig. 1). 
#e cfDNA part was immediately used for quantification 

with digital PCR without any further processing. For 
the cfRNA part, DNA was removed using HL-dsDNase 
(ArcticZymes, 70800-202) and Heat & Run 10× Reac-
tion Buffer (ArcticZymes, 66001). Briefly, 1 µl HL-dsD-
Nase and one tenth of the RNA input volume as reaction 
buffer were added, and incubated for 10  min at 37  °C, 
followed by 5  min inactivation at 55  °C. Subsequently, 
reverse transcription was performed using the iScript 
Advanced cDNA Synthesis Kit for RT-qPCR (Bio-Rad, 
1725038) to enable digital PCR-based quantification 
of the cDNA (~ cfRNA). #e full eluate of the MIR kit 
underwent DNA removal and cDNA synthesis using 
the same protocol, serving as a cfRNA only control. 
#e volume of the MAX eluate was reduced to 20 µl by 
means of vacuum centrifugation (Eppendorf, Concentra-
tor Plus, program V-AQ at 30  °C). As previous findings 
indicated incompatibilities of the MAP elution buffer for 
downstream DNase treatment [15], and to reduce elu-
tion volume, the MAP eluate was further purified and 
concentrated using Vivacon 500 2000 MWCO Hydro-
sart ultrafiltration columns (Sartorius,  VN01H91)  prior 
to DNA removal [15]. cDNA and cfDNA was stored at 
− 20 °C until further processing.

Digital PCR assay design
For unbiased quantification of both cfDNA and cfRNA, 
two digital PCR duplex assays were designed each target-
ing a single, well covered exon of two highly abundant 
genes in healthy donor plasma (based on RNA sequenc-
ing data from the Extracellular RNA Quality Control 
study [15]): CAVIN2 (HEX)/NRGN (FAM) and AIF1 
(FAM)/B2M (HEX). Designing a primer pair within a 
single exon allows the usage of the same assay for both 
cfDNA and cfRNA quantification (Table 2).

Table 1 Overview of plasma input volumes and eluate volumes 
for each kit and protocol

*Diluted to 4 mL with PBS according to instructions of the company 
(CatchGene), **after vacuum centrifugation, ***after puri"cation with Vivacon 
columns

Kit (puri!cation protocol) Plasma input 
volume (mL)

Eluate volume (µl)

MIRA 0.06, 0.2, 0.6 18

CCF 1, 4 18

MAX 0.06, 0.2, 1 20**

MIR 0.06, 0.2 12

MAPss (cfNA ss 2000) 2 24–32***

MAPds (cfNA ds 2000) 2 34–44***

CAT (cfDNA/cfRNA 4000) 2*, 4 17–27
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PCR primers were picked using the Primer3Plus tool 
(with default settings, except amplicon size range of 
60–100 nucleotides [17]). !e performance of the prim-
ers was thoroughly evaluated in silico. To determine the 
primer specificity, BiSearch e-PCR (with default set-
tings, except for mismatch string: 1233333333333333 
[18]) and the UCSC tool [19] were used. Subsequently, 
the OligoEvaluator tool [20] was used to check for sec-
ondary structure formation and GC content. Lastly, the 
SBT tool [21] was used to predict the melting tempera-
ture (Tm). !e hydrolysis probe sequence was picked 
manually in between forward and reverse primer, aim-
ing for a Tm of at least 3 °C higher than the primers’ Tm. 
Primers and probes were ordered with Integrated DNA 
Technologies (IDT, Leuven, Belgium). Probes were 
ordered as double-quenched hydrolysis probes with 
optional LNA nucleotides to enhance the Tm and puri-
fied by HPLC. Primers were purified by standard desalt-
ing. All oligonucleotides were resuspended in TE buffer 
(10 mM Tris–HCl (pH 8.0), 0.1 mM EDTA) to 100 µM 
(primers) and 10 µM (probes) and stored at − 20 °C. !e 
primer efficiency and specificity was also validated on a 
dilution series of Quantitative PCR Human Reference 
Total RNA (Agilent technologies, 750500), reverse tran-
scribed to cDNA.

Quanti!cation of cfDNA and cfRNA using dPCR
Digital PCR was performed using the QX100 Droplet 
Digital PCR system (Bio-Rad, California, USA), accord-
ing to the manufacturer’s protocol with minor modifica-
tions (250  nM primer and 100  nM probe reaction mix 
concentration). Each 20 µl dPCR reaction contains 10 µl 
2 × ddPCR Supermix for Probes (Bio-Rad, 1863010), 
2 µl of primer and probe mix (with a total of 4 primers 
and 2 probes per duplex assay) and 2—8  µl template. 

After pipetting 20 µl sample mix and 70 µl droplet gen-
eration oil (Bio-Rad, 1863005) in the cartridge (Bio-
Rad, 1864008), droplets were generated by means of 
the Bio-Rad QX100 Droplet Generator. Droplets were 
then transferred from the cartridge to a 96-well plate 
(Bio-Rad, 12001925) and a thermocycling program was 
performed on a C1000 Touch !ermal cycler (Bio-Rad): 
95 °C for 10 min, followed by 40 cycles of 15 s on 95 °C 
and 1  min at 56.9  °C (optimized annealing tempera-
ture for both duplexes by means of a gradient dPCR). 
Finally, reactions were heated to 98  °C for 10  min and 
then cooled down to 12 °C before transferring the plate 
to the QX100 Droplet Reader (Bio-Rad). Each plate also 
included a positive control (PC) and negative no tem-
plate control (NTC). QuantaSoft Analysis Pro Software 
Version 1.3.2.0 was used to calculate the number of cop-
ies per µl in the dPCR reaction by manual thresholding, 
followed by copies per µl eluate concentration determi-
nation (Additional file  6: Fig.  S3) to enable comparison 
among kits.

Combined quanti!cation of cfDNA and cfRNA
To determine the added value of the combined analysis 
of cfDNA and cfRNA, separate quantification of cfDNA 
and cfRNA was compared to combined quantification of 
both. As this is a proof-of-principle experiment, only one 
kit (MIRA0.06) was used to co-purify nucleic acids from 
plasma of three healthy donors (platelet-free plasma). 
Eluates were split into three equal parts to quantify 
cfDNA, cfRNA and cfDNA/cfRNA using the two dPCR 
duplex assays (Additional file  7: Fig.  S4). For cfDNA/
cfRNA combined quantification, only cDNA synthesis 
was performed on the eluate, as such containing both 
cfDNA and cDNA, while for cfRNA only quantification, 

Table 2 Primer and probe sequences of the dPCR assays (+N is LNA nucleotide)

*Genomic locations based on GRCh38

Target Assay component Sequence (5′ to 3′) Genomic location amplicon*

NRGN Forward primer GTT TCT GAT CTC CGT GTG T chr11:124747135–124747204
(length: 69 bp)Reverse primer CTT GGA CAT TCC TCT TTA TTGTT 

Probe (HEX) TGT GAC TGT GCT GGG TTG GA

CAVIN2 Forward primer GCA CAG TTT GTT AAT ATT GTC TTG chr2:191834469–191834542
(length: 73 bp)Reverse primer CCT GCC TTT AGT ATG AAC CA

Probe (FAM) ACT + CTAT + TT + GT + AA + GGT TAC TT

AIF1 Forward primer AGC GAG AGA AAA GGA AAA GCC chr6:31616837–31616908
(length: 71 bp)Reverse primer CCT TCA AAT CAG GGC AAC TCA 

Probe (FAM) CCC CCA  + GCC AAG AAAG + CTATC 

B2M Forward primer GTG GAG CAT TCA GAC TTG TCT chr15:44715560–44715658
(length: 98 bp)Reverse primer ACG GCA GGC ATA CTC ATC TT

Probe (HEX) ACA + CTG AAT TCA CCC CCA CTG A
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a DNase treatment was performed prior to cDNA syn-
thesis. For cfDNA quantification, the eluate remained 
untouched.
Abbreviations
CAT : iCatcher Circulating cfDNA/cfRNA 4000 kit; CCF: QIAamp ccfDNA/RNA Kit; 
cfDNA: Cell-free DNA; cfRNA: Cell-free RNA; dPCR: Digital PCR; EVs: Extracel-
lular vesicles; HMW: High molecular weight; MAPss: MagNA Pure 24 Total NA 
Isolation Kit with the cfNA ss 2000; MAPds: MagNA Pure 24 Total NA Isolation 
Kit with the cfNA ds 2000; MAX: Maxwell ccfDNA LV Plasma Kit; MIR: miRNeasy 
Serum/Plasma Kit; MIRA: miRNeasy Serum/Plasma Advanced kit.
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Additional !le 1: Figure S1. Efficiency of DNase treatment after cfDNA/
cfRNA (co-)purification. Efficiency was assessed with the NRGN assay only. 
Error bars indicate standard error. Quantifications for CAT2, MAPss2 and 
MAPds2 are based on one replicate.

Additional !le 2: Table S1. Additional kit characteristics and remarks

Additional !le 3: Table S2. Comparison of expected and measured 
cfDNA or cfRNA concentration ratio, based on plasma input volume, 
within a given nucleic acid extraction kit.

Additional !le 4: Table S3. Concentration (geometric mean of four 
assays) and yield (concentration multiplied by eluate volume) in the 
eluates from the kits with the different tested input volumes. Relative con-
centrations and yield were determined by rescaling to the highest value.

Additional !le 5: Figure S2. Overview of TapeStation results. Results from 
TapeStation of all cfDNA samples purified with one of the six (co-)purifica-
tion kits. There are 13/46 samples that have concentrations below LOD 
(20 pg/µl), and 2/46 samples without any peaks (flat profiles). For 1/46 
samples there was not enough material left for TapeStation.

Additional !le 6: Figure S3. Detailed description of laboratory workflow. 
Workflow used to determine co-purification performance of each kit and 
subsequent calculations to determine the concentrations in each eluate: 
(A) MIRA and CCF, (B) MIR, (C) CAT, (D) MAX, and (E) MAP.
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SUPPLEMENTAL FIGURES 
 

 
 

Supplemental Figure 1. Efficiency of DNase treatment after cfDNA/cfRNA (co-)purification. Efficiency was 

assessed with the NRGN assay only. Error bars indicate standard error. Quantifications for CAT2, MAPss2 and 

MAPds2 are based on one replicate. 
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Supplemental Figure 2. Overview of TapeStation results. Results from TapeStation of all cfDNA samples purified 

with one of the six (co-)purification kits. There are 13/46 samples that have concentrations below LOD (20 pg/µl), 

and 2/46 samples without any peaks (flat profiles). For 1/46 samples there was not enough material left for 

TapeStation. 
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Supplemental Figure 3. Detailed description of laboratory workflow. Workflow used to determine co-

purification performance of each kit and subsequent calculations to determine the concentrations in each 

eluate: (A) MIRA and CCF, (B) MIR, (C) CAT, (D) MAX, and (E) MAP. 

 

 

 

 E 

sample x sample x
D1 (citrate) 32 µl D1 (citrate) 34 µl
D2 (citrate) 32 µl D2 (citrate) 36 µl
D1 (EDTA) 30 µl D1 (EDTA) 42 µl
D2 (EDTA) 24 µl D2 (EDTA) 44 µl

cfDNA cfRNA
sample y sample y
D1 (citrate) ss 16 µl D1 (citrate) ss 16 µl
D2 (citrate) ss 16 µl D2 (citrate) ss 16 µl
D1 (EDTA) ss 15 µl D1 (EDTA) ss 15 µl
D2 (EDTA) ss 12 µl D2 (EDTA) ss 12 µl
D1 (citrate) ds 17 µl D1 (citrate) ds 17 µl
D2 (citrate) ds 18 µl D2 (citrate) ds 18 µl
D1 (EDTA) ds 21 µl D1 (EDTA) ds 21 µl
D2 (EDTA) ds 22 µl D2 (EDTA) ds 22 µl

cfDNA cfRNA
sample z sample z
D1 (citrate) ss 20 µl D1 (citrate) ss 18.6 µl
D2 (citrate) ss 20 µl D2 (citrate) ss 18.6 µl
D1 (EDTA) ss 20 µl D1 (EDTA) ss 17.5 µl
D2 (EDTA) ss 20 µl D2 (EDTA) ss 14.2 µl
D1 (citrate) ds 20 µl D1 (citrate) ds 19.7 µl
D2 (citrate) ds 20 µl D2 (citrate) ds 21.8 µl
D1 (EDTA) ds 21 µl D1 (EDTA) ds 25.1 µl
D2 (EDTA) ds 22 µl D2 (EDTA) ds 26.2 µl

MAPss MAPds
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Supplemental Figure 4. Experimental overview of a combined cfDNA/cfRNA quantification and a parallel 

quantification of cfDNA and cfRNA. 

SUPPLEMENTAL TABLES 
 
Supplemental Table 1. Additional kit characteristics and remarks. 

*including 40 min incubation of beads, **depending on centrifuge capacity, ***after vacuum centrifugation, ****after purification with 
Vivacon columns 

 

 

 

 

kit (protocol)
plasma input 

volumes tested 
(mL)

hands-on 
time (min)

time on 
instrument 

(min)

Number of 
samples 

total turn-around 
time (min)

eluate volumes (µl) manual/semi-
automated

remarks

MIRA 0.06, 0.2, 0.6 60 NA 12** 60 18 manual
CCF 1, 4 120 NA 12** 120 18 manual
MAX 0.06, 0.2, 1 45 70* 16 115 20*** semi-automated
MIR 0.06, 0.2 90 NA 12** 90 12 manual

MAP (ss and ds) 2 45 70 24 115 24-32 (ss) and 
34-44 (ds)****

semi-automated beads in some eluates, difficulties
generating droplets for dPCR 

CAT (cfDNA/cfRNA 4000) 2, 4 55 205 12 260 18-27 semi-automated varying eluate volumes
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Supplemental Table 2. Comparison of expected and measured cfDNA or cfRNA concentration ratio, based on 

plasma input volume, within a given nucleic acid extraction kit.  

 

Supplemental Table 3. Concentration (geometric mean of four assays) and yield (concentration multiplied by 

eluate volume) in the eluates from the kits with the different tested input volumes. Relative concentrations 

and yield were determined by rescaling to the highest value.  

*average of three extractions, **average of samples after purification with Vivacon columns, ***average of samples, after vacuum 
centrifugation 

 

0.2/0.06 0.6/0.2 0.6/0.06 4/1 1/0.06 1/0.2 4/2
3.3 3 10 4 16.7 5 2

MIRA 2.6 2.5 6.5 NA NA NA NA

CCF NA NA NA 4.7 NA NA NA

MAX 1.9 NA NA NA 6.5 3.5

CAT NA NA NA NA NA NA 1.5

MIR 3.1 NA NA NA NA NA NA

MIRA 4.7 3.5 16.6 NA NA NA NA

CCF NA NA NA 5.3 NA NA NA

CAT NA NA NA NA NA NA 2.6

plasma volumes (mL)
expected ratio
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fR

NA
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kit eluate 
(µl)

 (concentrated) eluate 
concentration (copies/µl)

 (concentrated) 
eluate yield (copies)

relative 
concentration

relative 
yield 

 (concentrated) eluate 
concentration (copies/µl)

 (concentrated) 
eluate yield (copies)

relative 
concentration

relative 
yield 

CAT4 20.7* 577.3 11950.3 100 100 152.2 3150.5 100 100
CAT2 21.7* 393.5 8539.1 68.2 71.5 59.3 1287 39 40.9
CCF1 18 72.3 1301.3 12.5 10.9 28.5 512.4 18.7 16.3
CCF4 18 384.2 6916.2 66.6 57.9 136.6 2458.1 89.7 78

MAPds2 39** 131.4 5122.7 22.8 42.9 43.8 1706.8 28.8 54.2
MAPss2 29.5** 26.8 790.3 4.6 6.6 72.7 2144.7 47.8 68.1

MIRA0.06 18 8.6 155.4 1.5 1.3 4.7 83.8 3.1 2.7
MIRA0.2 18 29.8 536.3 5.2 4.5 12.1 217.3 7.9 6.9
MIRA0.6 18 107.5 1935.6 18.6 16.2 31.2 561.5 20.5 17.8
MIR0.06 12 19.7 236.3 3.4 2 NA NA NA NA
MIR0.2 12 65.4 785 11.3 6.6 NA NA NA NA

MAX0.06 20*** NA NA NA NA 5.4 108.9 3.6 3.5
MAX0.2 20*** NA NA NA NA 10.7 214.3 7 6.8

MAX1 20*** NA NA NA NA 38.3 766.1 25.2 24.3

cfDNAcfRNA
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3. Exploration of neuroblastoma xenograft models for tumor extracellular RNA 
profiling in murine blood plasma (manuscript under review) 

 

Jill Deleu*, Hanne Van Droogenbroeck*, Jasper Anckaert, Anneleen Decock, Jilke De Wilde, 

Kaat Durinck, Liselot Mus, Justine Nuytens, Muhammad Rishfi, Kathleen Schoofs, Frank 
Speleman, Maaike Van Trimpont, Kimberly Verniers, Nurten Yigit, Jo Vandesompele, Bram De 

Wilde, and Tom Van Maerken. (*shared first) 

 

Contribution of JD: In a joint effort, JD set-up the experiments, secured plasma samples, 

performed the experiments, analyzed the data, conducted the literature search, and wrote 
the manuscript.  
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Abstract  

Background: Minimally invasive liquid biopsies are becoming increasingly important in the 

diagnosis and treatment follow-up of cancer patients, including children with neuroblastoma. 

Such biopsies contain various biomarker analytes, including extracellular RNA (exRNA) with 

the potential to reflect dynamic changes in the tumor. However, it is challenging to distinguish 

tumor-derived exRNA from normal RNA. To overcome this limitation, xenograft models serve 

as a practical tool. In a mouse engrafted with human tumor cells, human exRNA is by 

definition originating from the tumor, whereas murine exRNA is host-derived. To study 

treatment response by monitoring tumor-derived exRNA, xenograft models with a high 

release of tumor exRNA into the circulation are desirable.  

Methods: The aim of this study was to evaluate whether and to what extent the cell line, its 

engraftment site, or the tumor size influence the amount of tumoral exRNA detected in blood 

plasma. To that end, four different neuroblastoma cell lines were engrafted in nude mice, 

either subcutaneously in the flank or orthotopically in the adrenal gland. Tumor sizes were 

monitored by caliper measurements (subcutaneous grafts) or MRI scans (orthotopic grafts) 

and blood was collected via terminal cardiac puncture to evaluate the tumoral exRNA 

fraction.  

Results: We demonstrate that the tumoral exRNA levels are correlated with the size of the 

subcutaneous tumor grafts. These levels are also highly dependent on the engrafted cell line. 

Furthermore, orthotopic engraftment potentially results in superior levels of tumoral exRNA, 

likely because of higher vascularity of the tumor tissue. 

Conclusion: Factors as cell line, tumor size and injections site should carefully be considered 

when performing experiments to study circulating RNA biomarkers.  
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In vivo mice studies were performed in agreement with the local ethical committee approvals 

P164/2019 (Trace, KU Leuven), ECD 18-58 (UGent), ECD 18-74 (UGent), ECD 20-55 (UGent) 

and ECD 20-63 (UGent). Raw sequencing data is available in the European Genome-Phenome 

archive (EGAS00001007295). 

Keywords 

liquid biopsies, extracellular RNA, cell-free RNA, murine xenografts, neuroblastoma 

Key findings:  

- We demonstrate for the first time that tumor size, cell line, engraftment site, and 

tumor vascularity have a crucial influence on tumoral extracellular RNA levels in 

blood plasma from murine cellular xenograft models.  

What is known and what is new? 

- While cell-free DNA is widely being investigated as a liquid biopsy analyte in cancer 

including neuroblastoma, its application is primarily limited to patients with high-

stage disease. Due to its responsive nature and wide dynamic range, extracellular 

RNA has shown promise in the biomarker field for cancer diagnosis and treatment 

monitoring.  

- We set out to evaluate tumoral extracellular RNA levels in preclinical model systems 

by scrutinizing the factors that influence the release of tumoral extracellular RNA.  

What is the implication, and what should change now? 

- By careful optimization of the preclinical model system, extracellular RNA can be 

exploited to predict and follow-up a patient’s response to therapy.  
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Introduction 

Neuroblastoma is the most frequent extracranial childhood tumor, accounting for up to 15% 

of pediatric oncology deaths (1). It presents with a broad clinical behavior ranging from an 

asymptomatic benign malignancy with spontaneous regression to very aggressively 

proliferative tumors that are widely disseminated and often fatal (2). High-risk neuroblastoma 

(HR-NB) patients are treated with intensive multimodal therapies, consisting of induction 

chemotherapy, surgery to remove the primary tumor, consolidation with high-dose 

chemotherapy followed by autologous stem cell transplantation, radiotherapy to the site of 

the primary tumor and maintenance therapy consisting of anti-GD2 immunotherapy and 13-

cis-retinoic acid (3,4). Despite these intensive multimodal therapies, half of HR-NB patients 

still show relapsed or refractory disease, due to treatment-resistant minimal residual disease 

(MRD) (3). Additionally, small tissue biopsies may not represent the entire tumor, because of 

intratumor heterogeneity (5). Furthermore, such spatial heterogeneity may lead to acquired 

resistance to therapy (6). Performing sequential tissue biopsies to follow-up on therapeutic 

tumor responses is not feasible due to its invasiveness, the need for sedation, and tumors 

often not being accessible (7). Detecting (chemo)resistant MRD at the earliest possible stage 

is key to improving the outcome of HR-NB patients by initiating targeted treatments early on 

(8). Hence, liquid biopsies such as blood plasma, have emerged as a novel, minimally invasive 

opportunity of detecting and monitoring neuroblastoma in biofluids instead of tumor tissue 

(5). 

Several studies have indicated the presence of circulating tumor DNA (ctDNA) in the blood 

plasma of neuroblastoma patients. Targetable single nucleotide variants (SNVs, e.g. ALK 

mutations) and copy number alterations (CNAs, e.g. MYCN amplification and ALK 



Results 

98 

  
 5 

amplification) are detectable in ctDNA by digital PCR and (shallow) whole genome sequencing 

(7,9–15). Moreover, some SNVs are only detected in the ctDNA and not in the tissue biopsy, 

reflecting the spatial heterogeneity of neuroblastoma tumors. In contrast, CNAs are similar 

between ctDNA and primary tissue, suggesting that the spatial heterogeneity is minimal for 

CNAs (7,8,15). Furthermore, it has been demonstrated that the (tumor-derived) cell-free DNA 

(cfDNA) levels are higher in HR-NB patients compared to healthy controls, and in metastatic 

versus localized disease (8,14,16). Therefore, capturing CNAs and SNVs was only successful in 

a minority of low stage localized tumors (8,10,14,16). ExRNA may be able to overcome this 

challenge due to its wide dynamic range. In addition, while DNA is the static blueprint for 

cellular processes, RNA is produced on demand when specific processes are needed and is 

therefore – in principle - more suited to evaluate treatment responses. exRNA includes a 

variety of RNA types, e.g., microRNA, long non-coding RNA, messenger RNA, circular RNA, 

piwi-interacting RNA, and transfer RNA (fragments), all of which have been identified in 

various biofluids (17,18). To protect exRNA from degradation, they are encapsulated in 

extracellular vesicles or lipid nanoparticles, or they bind to proteins (19). Except for 

microRNAs, all types of RNA are present in our dataset (because of the specific library prep 

method), with the majority being messenger RNA (20). To explore the value of exRNA, we 

have developed neuroblastoma cell line derived xenograft models, i.e., mouse models 

engrafted with human tumor cells. In our previous work, we developed a computational 

pipeline to distinguish human (tumor) from murine (host) sequencing reads in fragmented 

and low abundant exRNA present in murine plasma (20). In addition, we put forward platelet-

depleted plasma to study therapeutic responses as host background exRNA levels increased 

with increasing platelet levels and showed that the detectability of tumor transcripts in 

plasma exRNA is associated with the abundance levels in the tissue of neuroblastoma and 
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breast cancer xenograft models (20). Here, we evaluate the influence of the engrafted cell 

line, the engraftment site, and the tumor size on the tumoral exRNA levels in murine blood 

plasma. To exclude biases caused by tumor heterogeneity, we opted to use cell line derived 

xenograft models, as patient-derived xenograft models have shown to be associated with a 

higher degree of tumor heterogeneity (21). 

We present the following article in accordance with the ARRIVE checklist. 

Methods 

Tumor tissue and plasma collection 

In vivo mice studies were performed in agreement with the local ethical committee approvals 

P164/2019 (Trace, KU Leuven), ECD 18-58 (UGent), ECD 18-74 (UGent), ECD 20-55 (UGent) 

and ECD 20-63 (UGent). Two mouse cohorts were investigated: a first cohort to evaluate the 

influence of tumor size and the engrafted cell line on the exRNA amount (referred to as cell 

line cohort (n = 45, Table 1) and a second cohort to evaluate the influence of the engraftment 

site on the exRNA amount (referred to as engraftment site cohort (n = 37, Table 1).  Mice 

were engrafted with four different neuroblastoma cell lines: IMR-32, NGP, SK-N-AS and SK-N-

BE(2C). Plasma from mice in the cell line cohort was obtained as residual material from other 

studies, meaning that the selection of these cell lines was opportunistic. Of note, IMR-32, 

NGP, SK-N-AS and, SK-N-BE(2C) are commonly used neuroblastoma cell lines in the field of 

neuroblastoma research (22). In addition, our laboratory has a track record of using these cell 

lines and has demonstrated the ability to successfully establish murine xenografts, which is 

not possible with all neuroblastoma cell lines (23,24). Supplemental Table 1 shows the 

characteristics and genetic profile of each of the cell lines used. STR genotyping has been 

performed before engraftment to confirm cell identity.  



Results 

100 

  
 7 

Sample sizes were determined according to the sample size guidelines for mice experiments 

of Donna Neuberg (25). A single animal is considered as the experimental unit in both cohorts. 

Female nude immunodeficient mice were used as it is easier to perform surgery (no shaving 

required), they are less aggressive, and have a larger adrenal gland compared to male mice 

(26,27). A non-engrafted control group was not included as we only investigated the 

differences in exRNA levels between the models. The pipeline used to distinguish human 

(tumoral) and murine (host) reads was previously optimized using non-engrafted mice as a 

control (20). Since the mice included in the cell line cohort were obtained as residual material 

from other experiments, different immunodeficient strains were included in this cohort: 

NMRI-Foxn1nu strain (IMSR_TAC:NMRINU; Taconic Biosciences, Rensselaer, NY, US), crl:nu-

foxn1nu (RRID:IMSR_CRL:088; Charles River laboratories, Les Oncins, France) and BALB/c 

nude J no. 633 (RRID:IMSR_JAX:001026 Charles River Laboratories). Part of our analyses was 

performed on publicly available sequencing data that was previously generated (i.e. 3-spin 

plasma from IMR-32 grafts and SK-N-BE(2C) grafts in the cell line cohort, Table 1) (20). Of 

note, only mice that were administered with a vehicle control or did not receive any 

treatment, were included in this study. Four to five mice were housed per cage, and nesting 

material was provided for enrichment. Before any intervention, mice acclimatized for one 

week.  

To establish subcutaneous, heterotopic models, a predefined number of cancer cells in 30 µl 

RPMI 1640 medium (Thermo Fisher Scientific, Waltham, MA, USA), suspended in 70 µl 

Matrigel matrix (Corning, Bedford, MA, UK), were engrafted in the dorsal flank (Table 1). 

Follow-up of tumor volume was performed two to three times per week by caliper 

measurements (V=0.5*a*b*b, with a the longest side of the tumor and b the shortest side of 

the tumor). To establish orthotopic models, mice were anesthetized with isoflurane 4% and 
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anesthesia was maintained with 2.6-2.7% isoflurane and 270 mL/min O2, while keeping the 

mice on a heating plate to maintain body temperature. Buprenorphine (100 µl of an 11.4 

µg/mL solution) was administered subcutaneously prior to the start of the surgery. After 

disinfection of the skin with chlorhexidine, an incision was made in the left flank at the level 

of the spleen. Subsequently, the neuroblastoma cell suspension (Table 1) was engrafted into 

the adrenal gland directed towards the kidney, as the adrenal gland became visible by 

carefully moving the spleen aside. The cell suspension was prepared upfront by suspending a 

predefined number of cells in 9 µl medium and 21 µl of Matrigel. The syringes, containing 30 

µl of the suspension, were kept on 4 °C until engraftment, preventing the Matrigel to 

polymerize. Successful engraftment was confirmed by a visible swelling of the adrenal gland. 

After engraftment, the muscle layer was sutured with a coated vicryl suture 5-0 (polyglactin 

910, C3 13mm 3/8c) and the skin was glued with Vetbond (3M). After surgery, mice were 

closely monitored for clinical signs of pain or distress. MRI scans were performed to follow up 

on the tumor size in the IMR-32 orthotopic mouse model. All mice were also weighed two to 

three times per week. After a predefined timeframe, or when mice reached specific humane 

endpoints (i.e., a weight loss of more than 20% or clinical signs of significant pain, distress, or 

suffering), cardiac puncture was performed under isoflurane anesthesia, to collect blood, 

followed by cervical dislocation of the mice. The blood, collected in Microvette 500 K3EDTA 

tubes (Sarstedt, Newton, NC, USA), was processed immediately to prepare platelet-depleted 

plasma within two hours after cardiac puncture. The platelet-depleted plasma was prepared 

either by a 2-spin protocol (2 times 1900 g for 10 minutes) or a 3-spin protocol (400 g for 20 

minutes, 800 g for 10 minutes and 2500 g for 15 minutes). In the engraftment site cohort, a 

part of the tumor was snap frozen and subjected to formalin-fixed paraffin embedding (FFPE) 

for histological analysis. The degree of hemolysis of plasma samples was assessed by 
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measuring levels of hemoglobin by spectrophotometric analysis (OD414) using a NanoDrop 

1000 spectrophotometer (Thermo Fisher Scientific; Supplemental Table 2). Engraftment, 

follow-up and euthanasia were performed by the same unblinded investigators to minimize 

experimental bias. 

Hematoxylin and eosin staining of tumor tissue 

Tissues were fixed in 10% neutral-buffered formalin and after 24 hours embedded in 

paraffin. Hematoxylin and eosin (H&E) staining was performed on 2-4 µm sections for 

morphological analysis. The mitotic count was obtained by counting the number of mitotic 

figures per 10 high-power fields (1 HPF = 0.26 mm2). The tumor sections were ranked based 

on the average microvascular density (with 0 = no vessels and 5 = highest density) by a blinded 

pathologist.  

RNA isolation, spike-in RNA addition and gDNA removal 

exRNA from 60-200 µl platelet-depleted plasma was isolated using the miRNeasy 

Serum/Plasma Kit (Qiagen, Hilden, Germany), according to the manufacturer’s manual. 

During RNA extraction, 2 µl per 200 µl of plasma of a 3,000-fold or 30,000-fold dilution of 

Sequin spike-in controls (Garvan Institute of Medical Research, Darlinghurst, NSW, Australia 

(28)) was added to the lysate. Upon RNA purification, 2 µl of a 25,000-fold, 50,000-fold or 

70,000-fold dilution of External RNA Control Consortium (ERCC) RNA Spike-in Mix (Thermo 

Fisher Scientific) was added to 12 µl RNA eluate, followed by gDNA removal (29). To remove 

residual DNA, 1 µl HL-dsDNase (ArcticZymes Technologies, Tromsø, Norway) and 1.4 µl Heat 

& Run 10X Reaction Buffer (ArcticZymes Technologies) were added to the eluates, and RNA 

samples were incubated for 10 min at 37 °C, followed by 5 min at 58 °C. An overview of the 

plasma input volumes and the amount of Sequin and ERCC spike-in controls added is shown 

in Supplemental Table 2. 
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Total RNA library preparation and sequencing 

Total RNA libraries were prepared starting from 8 µl DNase-treated RNA using the SMARTer 

Stranded Total RNA-Seq Kit v2 - Pico Input Mammalian (Takara Bio, CA, USA), according to the 

manufacturer’s manual with minor modifications (30). Briefly, prior to first strand cDNA 

synthesis, RNA was fragmented for 2 min at 94 °C. During final library amplification, 16 PCR 

cycles were performed on the liquid biopsy samples. Final clean-up was repeated if an 

excessive number of products < 200 bp in size was observed on FragmentAnalyzer data (data 

not shown, Agilent Technologies, Santa Clara, CA, USA). Fragment sizes were determined 

using FragmentAnalyzer software for smear analysis in the 200 bp to 1,000 bp range. Library 

quantification was performed using the KAPA Library quantification Kit (Kapa Biosystems, 

Wilmington, MA, USA) and libraries were pooled equimolarly. The final pool was quantified 

using Qubit, and either 1.3 pM was loaded on a NextSeq 500 instrument (NextSeq 500 

HighOutput Kit V2, 150 cycles, Illumina, San Diego, California, United States), with 1-3% PhiX 

(Illumina), or 0.61-0.65 nM was loaded on a NovaSeq instrument (NovaSeq S1 Reagent kit 

v1.5, 200 cycles, Illumina) with 1-2% PhiX (Supplemental Table 2). Raw sequencing data is 

available in the European Genome-Phenome archive (EGAS00001007295). 

Preprocessing and combined mapping of RNA sequencing data 

The ‘exRNAxeno combined’ pipeline was used to preprocess and map the RNA sequencing 

data (https://github.com/CBIGR/exRNAxeno) (20). By a combined mapping strategy to the 

murine and human transcriptome, total RNA sequencing reads are assigned to the right 

species, either Homo sapiens or Mus musculus. The quality of the data was assessed, and no 

data points were excluded (Supplemental Table 2). The output of this pipeline is a count table, 

on which subsequent analyses were performed with RStudio (PBC, version 2022.07.2 Build 

576). The MYCN transcription factor target genes used for our analyses are originating from 
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from the Ma’ayan laboratory of computational systems biology 

(https://maayanlab.cloud/Harmonizome/gene_set/MYCN/CHEA+Transcription+Factor+Targ

ets). The list of neuroblastoma-associated associated mRNAs is derived from a paper of 

Uemura et al. (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6558004/)(31). The 

percentage of tumoral exRNA is calculated by dividing the number of human reads by the sum 

of human and murine reads.  

Statistical analysis 

Statistical tests were performed by an unblinded researcher with RStudio (PBC, version 

2022.07.2 Build 576). The Wilcoxon test, also known as the Wilcoxon rank sum test, was 

applied to compare group means. This non-parametric test was used as it does not rely on 

the assumption of a normal distribution, making it suitable for analyzing data with non-

normally distributed values. In addition, it is robust to outliers, which is particularly important 

given the presence of potential extreme values in our dataset. Furthermore, the Wilcoxon 

test performs well, even with small sample sizes, which is advantageous for our study given 

the limited number of observations in each group. To explore correlations between random 

variables, we calculated the Spearman rank correlation coefficient. This test is well-suited for 

our analysis as it does not assume a linear relationship between variables. In addition, the 

Spearman rank correlation coefficient is robust to outliers, which is beneficial given the 

variability observed in our cohorts. Finally, we used the log-rank test to assess differences in 

survival between groups. This statistical test is commonly used in survival analysis, such as 

the evaluation of Kaplan-Meier plots. The log-rank test allowed us to determine if there were 

significant differences in survival outcomes between the groups studied. The pairwise Jaccard 

similarity coeffient was calculated by counting the number of genes where both samples have 
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transcripts per million (TPM) values greater than 0 and dividing it by the number of genes 

where at least one sample has a TPM value greater than 0.  

Results 

The amount of exRNA in blood plasma is driven by tumor size 

Mice were subcutaneously engrafted with four different neuroblastoma cell lines: IMR-32, 

NGP, SK-N-AS and SK-N-BE(2C). A significant correlation between tumor size and exRNA 

release into the circulation is observed (Spearman correlation = 0.415, P = 5x10-3, Figure 1). 

However, the minimal tumor size for sufficient release of tumoral exRNA (e.g., 1%  tumoral 

exRNA in plasma) depends on the cell line. For instance, IMR-32 reaches more than 1% as 

soon as tumor size is ~ 700 mm3, while other mice need to be sacrificed at higher tumor sizes 

to be able to reach 1% tumoral exRNA. Furthermore, SK-N-AS tumors are slightly deviating 

from the observed positive correlation. If the SK-N-AS model is excluded from our analysis, 

the positive correlation between tumor size and percentage of tumoral exRNA is stronger and 

more significant (Spearman correlation = 0.554, P = 7x10-4, data not shown). Moreover, when 

considering each cell line separately, a significant trend is not observed, which could be 

explained by a smaller sample size (reduced power) and by the limited tumor size range (SK-

N-AS: Spearman correlation = 0.515, P = 0.14; SK-N-BE(2C): Spearman correlation = -0.452, P 

= 0.27; NGP: Spearman correlation = 0.750, P = 0.07; IMR-32: Spearman correlation = 0.442, 

P = 0.05).   

The amount of exRNA in blood plasma is cell line dependent 

We demonstrate a high variability in the fraction of tumoral exRNA across different cell lines, 

with IMR-32 cell line-derived xenografts displaying the highest fraction (Figure 2). Also, a high 

variability is observed in the number and identity of genes that are detected in mice engrafted 
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with the same cells, even when selecting mice with a tumor size above 1,000 mm3 

(Supplemental Figure 1). Also, no commonly detected genes are observed in mice engrafted 

with different neuroblastoma cell lines (data not shown). Of note, the mouse strain is not 

associated with the fraction of tumoral exRNA (Supplemental Figure 2). 

Orthotopic engraftment further increases exRNA levels in IMR-32 model 

In a second cohort (i.e., the engraftment site cohort), we studied the potential benefits of 

orthotopic (intra-adrenal) engraftment compared to heterotopic (subcutaneous) 

engraftment by selecting the two cell lines with the highest RNA release in the cell line cohort: 

IMR-32 and SK-N-BE(2C). Subcutaneous engraftment was successful in all mice (IMR-32: n = 

10/10, SK-N-BE(2C): n = 10/10). However, three mice dropped out from the orthotopically 

engrafted group, either during the surgical procedure (IMR-32 engraftment); during follow-

up due to an unexpectedly fast deterioration (SK-N-BE(2C) engrafted mouse), or as a 

consequence of sedation during MRI imaging of an IMR-32 engrafted mouse (IMR-32: n = 

8/10, SK-N-BE(2C): n = 9/10). The growth rate of SK-N-BE(2C) tumors is significantly higher 

than that of IMR-32 tumors, both upon subcutaneous as well as orthotopic engraftment 

(Supplemental Figure 3).  

First, we compared the release between orthotopic and subcutaneous conditions. We found 

that IMR-32, having a high capacity of releasing tumoral RNA into the circulation from 

subcutaneous engraftment, releases significantly more exRNA in an orthotopic setting (Figure 

3). In some cases, the fraction of human reads reached up to 70%. In contrast, orthotopic SK-

N-BE(2C) xenografts do not display higher exRNA levels compared to subcutaneous 

xenografts (Figure 3). 

To investigate whether the increased fraction of tumoral circulating RNA leads to improved 

detectability of relevant genes, we investigated the detectability of a MYCN transcriptional 
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target gene signature (2671 genes) in blood plasma from mice in the engraftment site cohort, 

which only includes MYCN amplified cell lines. We demonstrate that orthotopic engraftment 

of IMR-32 significantly increases the percentage of MYCN-associated genes in circulation 

detected with at least one read, compared to subcutaneous engraftment (P < 0.001). More 

specifically, 48.41 - 80.04 % (median: 65.99 %) of MYCN-associated genes are detected 

orthotopically and 28.75 - 53.69 % (median: 47.83%) are detected subcutaneously (Figure 4A). 

No significant difference is observed between orthotopic and subcutaneous engraftment of 

SK-N-BE(2C) cells (P = 0.55), i.e.,  1.35 – 16.10 % (median: 10.33%) orthotopically versus 0.15 

– 39.57 % (median: 11.76%) subcutaneously (Figure 4B). In addition to a MYCN transcriptional 

target gene signature, we also evaluated the detectability of other neuroblastoma-associated 

genes, and we observed similar patterns (Supplemental Figure 4, (31)).  

Orthotopic engraftment reduces inter-mice variability in tumoral exRNA levels in 

IMR-32 model 

Using the engraftment site cohort, we further evaluate the variability in exRNA transcripts 

detected across individual mice from a single xenograft model (Supplemental Figure 5). The 

Jaccard similarity coefficient of detected genes through pairwise comparison of mice in a 

given model is generally low for each of the xenograft models, confirming a high inter-mice 

variability (Figure 5). Of note, both IMR-32 xenograft models are less variable compared to 

the SK-N-BE(2C) models (Wilcoxon P < 0.001). Moreover, orthotopic engraftment of IMR-32 

cells significantly reduces the variability in tumoral exRNA transcripts detected across 

individual mice compared to subcutaneous engraftment of the cells (Wilcoxon P < 0.001, 

Figure 5). The variability in murine exRNA transcripts shows the opposite trend in IMR-32 
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engrafted mice (Supplemental Figure 6). Overall, inter-sample variability is expectedly lower 

for murine transcripts as compared to human transcripts (Figure 5, Supplemental Figure 6).   

In the engraftment site cohort, we further measured tumor growth rate and vascularization 

to assess potential associations with tumor exRNA amount. Overall, the amount of circulating 

tumoral RNA is significantly positively correlated with the degree of vascularization 

(Spearman correlation = 0.84 and P < 0.001, Figure 6), while this is not observed for the mitotic 

count (Spearman correlation = 0.058 and P = 0.74, Figure 6). Of note, the overall correlation 

between exRNA and vascularization was not found when each mouse model was considered 

separately (SK-N-BE(2C) orthotopic: Spearman correlation = 0.55 and P = 0.16, and 

subcutaneous: Spearman correlation = 0.45 and P = 0.23; IMR-32 orthotopic: Spearman 

correlation = 0 and P = 1, and subcutaneous: Spearman correlation = -0.10 and P = 0.78). We 

extended this analysis by performing a histological assessment of the vascularity of 

subcutaneous SK-N-AS and NGP tumors The significant positive correlation between tumor 

size and percentage of exRNA remains (Spearman rank correlation = 0.634 and P < 0.01, 

Supplemental Figure 7), but is somewhat less pronounced.  

Based on H&E staining, IMR-32 tumors are significantly more vascularized than SK-N-BE(2C) 

tumors (Figure 7), which is in line with our macroscopic observation that IMR-32 tumors 

appear as solid masses, while SK-N-BE(2C) tumors are more fluid and disintegrated (data not 

shown).  

Discussion  

Accurate assessment of the response to treatment in neuroblastoma patients is highly 

desired, as half of HR-NB patients experience relapse or refractory disease. Due to its dynamic 

nature, exRNA is a good analyte to evaluate treatment responses. So far, several studies have 
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been set up, demonstrating the potential of exRNA for detecting and monitoring cancer (32–

34). Due to the limited availability of blood plasma samples from patients participating in 

clinical trials, and the difficulty in differentiating between normal body and tumor cell-free 

RNA responses (except for tumor-specific aberrations), we have embarked upon exploring 

neuroblastoma xenograft models to identify conditions with maximal release of tumoral 

exRNA into the blood plasma which might be helpful to identify biomarkers. Computational 

deconvolution of the human and murine sequencing reads from the plasma transcriptome 

allows the identification of tumor-specific signals. 

Mice were engrafted with four different neuroblastoma cell lines: IMR-32, NGP, SK-N-AS and 

SK-N-BE(2C). A first examination showed a significant correlation between the tumor size and 

the extent of tumor RNA release into the circulation. The correlation between tumor load and 

concentration of tumoral cell-free nucleic acids has previously been demonstrated for 

microRNAs. Zeka et al. found 9 miRNAs of which abundance in serum is associated with 

disease burden and treatment response in children with metastatic neuroblastoma (35). 

Further, Van Goethem et al. showed that the serum levels of 57 tumoral miRNAs increase 

with the tumor size of mice, orthotopically engrafted with a SH-SY5Y neuroblastoma cell line 

(36). Now, for the first time, we show similar results for long RNAs such as messenger RNA 

and long non-coding RNA, jointly called exRNA. Given the assumed higher stability of miRNAs 

in circulation, this is an important and encouraging finding for future biomarker studies 

focusing on longer RNA biotypes. 

Furthermore, we show that the exRNA levels are dependent on the type of engrafted cells, 

with IMR-32 being the neuroblastoma cell line with the highest RNA release into the blood 

circulation in both study cohorts. The observed differences among models is consistent with 

our previous finding that the fraction of tumoral exRNA varies widely among engrafted tumor 
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entities (both pediatric and adult cancers, i.e., melanoma, penile, endometrial, breast and 

lung cancer) (20). When examined at the macroscopic level, tumors display a varied 

composition across different cell lines. Some tumors consist of solid masses (e.g. IMR-32), 

while others are more hemorrhagic and disintegrate during the process of tumor resection 

(e.g. SK-N-BE(2C)). Through microscopic analysis of H&E stained tumor tissue, IMR-32 

engrafted tumors are more vascularized than SK-N-BE(2C) tumors. This may underly the 

observation of higher levels of tumoral exRNA in the plasma of IMR-32 engrafted mice. This 

hypothesis is further supported by a significant positive correlation between vascularity and 

the fraction of tumoral exRNA in the plasma.  

The SK-N-AS engrafted mice are slightly deviating from the observed correlation. More 

specifically, for a given tumor size or vascularity score, the percentage of exRNA is variable. 

This suggests that also other characteristics of the engrafted cells not studied here, such as 

metastatic potential, genetic profile, origin of neuroblastoma cell lines (abdominal, bone etc.), 

or release potential of extracellular vesicles may contribute to the observed exRNA 

differences. Unfortunately, in our study, the extent of metastatic disease was not assessed 

since follow-up of the orthotopic xenografts was done using MRI, focusing only on the left 

adrenal gland, and no organs were collected. Moreover, the amount of cell lines included was 

too sparse to define a correlation with the genetic background or origin of neuroblastoma cell 

lines. Furthermore, it remains to be determined whether treatment would alter the quantities 

of tumoral exRNA. 

When looking deeper into the differences between orthotopic and subcutaneous 

engraftment, we observe that orthotopic IMR-32 grafts have significantly higher levels of 

vascularization, possibly contributing to higher levels of tumor exRNA in the plasma. 

Intriguingly, for SK-N-BE(2C), orthotopic engraftment is associated with reduced vascularity 
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and less tumoral exRNA in the plasma. This might be caused by the aggressive nature of SK-

N-BE(2C), which is a very rapidly growing cell line in vivo. The short duration of SK-N-BE(2C) 

tumor growth might be insufficient for the development of blood vessels and the entry of 

tumoral RNA into circulation. Orthotopic engraftment of the SK-N-BE(2C) cells further 

enhanced the tumor growth rate as compared to subcutaneous engraftment of SK-N-BE(2C), 

which may also explain why the fraction of tumoral exRNA and the amount of blood vessels 

are further reduced in this orthotopic setting. Neo-angiogenesis in adrenal tumors has 

previously been shown to occur at day 15, while the orthotopic SK-N-BE(2C) mice in our study 

were sacrificed between 10 and 17 days after engraftment (37). Of note, other tumor 

characteristics, such as necrosis have been studied as well, for instance demonstrating that 

the extent of necrosis of lung adenocarcinoma positively correlates with the amount of 

tumoral extracellular DNA that can be detected in blood plasma (38). Clearly, tumor 

characteristics may play a role, even in the absence of immunosurveillance.  

Another important finding is the high variability in number of detectable tumor transcripts 

among mice engrafted with different cells, but also within one model. This is remarkable since 

mice from the same model are being engrafted with cells originating from the same 

homogeneous cell suspension. This high variability in detected tumor transcripts makes 

biomarker discovery challenging. To address this, we evaluated whether orthotopic 

engraftment of two different cell lines reduces the inter-mice variability within a single model. 

We demonstrate that this is indeed the case for IMR-32 when considering tumoral exRNA. 

The murine exRNA shows the opposite trend in IMR-32 engrafted cells, likely because of the 

compositional nature of sequencing data as a finite number of reads are generated during a 

sequencing run. If the proportion of human-derived reads increases, fewer reads will 

represent murine exRNA. The exRNA transcript variability within the IMR-32 engrafted mice 
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is in general significantly lower than the variability detected in the SK-N-BE(2C) model. 

Furthermore, orthotopic engraftment instead of subcutaneous engraftment of IMR-32 cells, 

causes the fraction of human reads to increase significantly. The reduced variability in the 

(orthotopic) IMR-32 model might be attributed to the higher tumoral exRNA fraction that is 

observed in all mice of this model.  

In future studies, it might be valuable to study the effect of metastatic disease on exRNA 

levels. For ctDNA, it has been reported that metastatic lesions are associated with a higher 

ctDNA fraction in the circulation of patients with neuroblastoma or adult cancers, such as 

breast cancer (8,14,16,39). Also, evaluating another animal model, such as a xenografted rat, 

may provide additional insights into the biomarker potential of liquid biopsies of xenografts. 

A rat contains about 10 times more blood than a mouse, enabling an investigator to collect 

weekly volumes of ~1.4 ml, allowing to study how the tumoral exRNA quantity and dynamics 

change during disease progression or treatment.  

Conclusions 

In conclusion, the type of cell line, its site of engraftment and tumor size are factors that 

contribute to the amount of circulating tumoral RNA and should therefore carefully be 

considered when performing experiments studying and exploiting circulating RNA 

biomarkers.  
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 Tables 

Table 1 Overview of mouse xenograft cohorts 

number 
of mice 

cell line 
(number 
of cells) 

engraftment 
site (age) treatment 

tumor 
size at 

sacrifice 
(mm3) 
(range 

and 
median) 

plasma 
preparation 

protocol 

mouse 
strain 

housing 

cell line cohort (female, n = 45)  

10 

SK-N-AS 

(2.00 x 

106) 

subcutaneous 

(5 weeks) 
vehicle 

779-2871 

(2262) 
2-spin 

crl:nu-

foxn1nu 

Ghent 

University 

13 

IMR-32 

(2.00 x 

106) 

subcutaneous 

(5-6 weeks) 
vehicle 

1949-

2617 

(2149) 

2-spin (n=6) 

3-spin (n=7) 

crl:nu-

foxn1nu 

Ghent 

University 

7 

IMR-32 

(2.41 x 

106) 

subcutaneous 

(6 weeks) 
vehicle 

0-3323 

(1949) 
2-spin 

BALB/c 

nude J no. 

633 

Ghent 

University 

7 

NGP 

(2.30 x 

106) 

subcutaneous 

(6 weeks) 
vehicle 

34-2564 

(786) 
2-spin 

BALB/c 

nude J no. 

633 

Ghent 

University 

8 

SK-N-

BE(2C) 

(2.00 x 

106) 

subcutaneous 

(13 weeks) 
- 

1166-

2243 

(2096) 

3-spin 
NMRI-

foxn1nu 

KU 

Leuven 

engraftment site cohort (female, n = 37)  

9 

SK-N-

BE(2C) 

(1.00 x 

106) 

orthotopic 
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Figures 

Figure 1. Percentage of tumoral exRNA in function of tumor size in the cell line cohort (n = 45). The different colors 
represent the different cell-lines. The gray line represents the linear regression line. 
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Figure 2. The percentage of tumoral exRNA, grouped per cell line xenograft model. Significant differences between cell 
lines are indicated with their corresponding Wilcoxon P value.  

 

 

Figure 3. The percentage of tumoral exRNA in mice engrafted orthotopically versus subcutaneously with IMR-32 (A) or SK-

N-BE(2C) (B) cells. 
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Figure 4. Percentage of MYCN transcriptional target genes, detected in the blood plasma of orthotopically and 

subcutaneously engrafted mice with IMR-32 (A) or SK-N-BE(2C) (B) cells. 

Figure 5. Jaccard similarity coefficient of detected human genes through pairwise comparison of the mice within each 

model (orthotopic IMR-32, subcutaneous IMR-32, orthotopic SK-N-BE(2C) and subcutaneous SK-N-BE(2C)). The horizontal 
black line in each model represents the median. IMR-32 and SK-N-BE(2C) tumors display different growth rate and 
vascularization. 
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Figure 6. Correlation analysis of the percentage of tumoral exRNA in function of vascularity (A) and mitotic count (B). The 
gray line represents the linear regression line. All animals from the engraftment site cohort are included (n = 37). 

 

Figure 7. Vascularity levels upon H&E staining of the tumors in the four different models. 
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Supplementary appendix 

 

    

 

Supplemental Figure 1. The overlap of genes between the mice engrafted with IMR-32 (A; n = 16), NGP (B; n = 3), SK-N-AS 

(C; n = 8) or SK-N-BE(2C) (D; n = 8). Based on a binary count table, heatmaps were created. In the heatmap, different columns 

represent different samples while the rows represent the genes detected in one of the samples. A blue line represents a 

gene that is detected in the plasma of a sample. 
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Supplemental Figure 2. Percentage of tumoral exRNA in the different engrafted mouse strains.  

 

Supplemental Figure 3. Kaplan-Meier curve depicting the probability of survival in function of the lifespan (days) for four 

different mouse cohorts: subcutaneously engrafted mice with either IMR-32 or SK-N-BE(2C) cells (A) and orthotopically 

engrafted mice with either IMR-32 or SK-N-BE(2C) cells (B). P values of log rank tests are indicated. The lifespan of the mice 

is defined by the tumor size, as animals were sacrificed at maximally allowed tumor sizes. All animals from the engraftment 

site cohort are included (n = 37). 
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Supplemental Figure 4. Percentage of neuroblastoma associated genes, detected in the blood plasma of orthotopically 

and subcutaneously engrafted mice with IMR-32 (A) or SK-N-BE(2C) (B) cells. 

 

 

Supplemental Figure 5. Gene overlap in orthotopically (A; n = 9) and subcutaneously (B; n = 10) engrafted SK-N-BE(2C) 

xenografts, and orthotopically (C; n = 8) and subcutaneously (D; n = 10) engrafted IMR-32 xenografts. Based on a binary 

count table, heatmaps were created. In the heatmap, different columns represent different samples while the rows 

represent the genes detected in one of the samples. A blue line represents a gene that is detected in the plasma of a sample. 
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Supplemental Figure 6. Jaccard similarity coefficient obtained by pairwise comparison of murine gene counts (transcripts 

per million) of the samples within each model (orthotopic IMR-32, subcutaneous IMR-32, orthotopic SK-N-BE(2C) and 

subcutaneous SK-N-BE(2C)). The horizontal black line in each model represents the median. 
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Supplemental Figure 7. Correlation analysis of the percentage of tumoral exRNA in function of vascularity. The gray line 

represents the linear regression line. All animals from the engraftment site cohort are included, and NGP and SK-N-AS 

engrafted mice from the cell line cohort (n = 53). 
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Supplemental Table 1. Characteristics and genetic background of the cell lines that were engrafted in the mice included in 

our study (1–3). Empty cells are either wild type or no reported aberration. 

 NGP IMR-32 SK-N-AS SK-N-BE(2C) 

location of 

biopsy 

lung abdomen bone marrow bone marrow 

cell type neurite bearing neurite bearing substrate 

adherent 

intermediate 

MYCN amplification amplification  amplification 

ALK     

TP53 mutation  mutation mutation 

MDM2 amplification    

CDK4 amplification    

TERT     

ATRX    mutation 

NRAS   mutation  

PTPN11     

ATM  mutation   

CDKN2A     

KRAS     

PIK3CA mutation    

11q loss yes yes yes  

17q gain yes yes yes yes 
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1p loss  yes yes yes 

 

Supplemental Table 2. Overall, the sequencing data is of good quality. For each RNA sample (RNA ID), the matching mouse 

ID, biomaterial ID, sample type, mouse cohort, tumor size, plasma input volume and added spike concentrations are shown, 

as well as haemolysis levels measured by NanoDrop technology (absorbance of light at 414 nm) and RNA sequencing QC 

results. Sequencing depth: total read number; % trimmed: percentage total base pairs trimmed; % dups R1 or R2: percentage 

of R1 or R2 reads marked as duplicate; % GC R1 or R2: average GC content percentage of R1 or R2 reads; length R1 or R2: 

average sequence length (in bp) of R1 or R2 reads; % aligned to combined, human or mouse genome:percentage of reads 

aligned to the combined, human or mouse genome; exonic depth of combined, human or mouse genome: number of reads 

mapping to exons in the combined, human or mouse genome. The Sequin/ERCC ratio reflects RNA purification efficiency and 

should be relatively constant within a single experiment. (cf. excel file 

https://www.dropbox.com/scl/fo/bop5iddwhbo5m4od6pv26/h?rlkey=hcli8t4j4cexpgy8wj8bc60at&dl=0) 
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In my thesis, I aimed to explore the value of extracellular RNA (exRNA) in liquid biopsies to 

monitor treatment response in neuroblastoma. However, given the rarity of the disease, 

obtaining (sufficient) liquid biopsy samples from neuroblastoma patients is a major challenge. 

Furthermore, distinguishing tumor from host-derived responses is nearly impossible, except 
when considering specific tumor aberrations (140). To overcome these limitations, I set out 

to investigate and optimize animal models to gain insights in tumoral exRNA treatment 

response signatures. The hybrid context of xenograft models, i.e. mice engrafted with human 
tumor cells, enables the separation of tumoral (human) from non-tumoral (murine/host) 

exRNA. Before performing actual treatment response evaluations using xenograft model 

exRNA, many unresolved questions needed to be addressed. I extensively tackled the 
question in which blood compartment tumor-derived exRNA resides. Furthermore, it was 

unclear what impact experimental conditions, such as tumor size, tumor type, and injection 
site, may have on the tumoral exRNA levels in the blood plasma. I tried to chart the factors 

impacting the exRNA levels in neuroblastoma xenograft models and highlighted important 

findings on the route to an optimal modelling tool for further use in research.  

1. Blood compartment with the highest tumoral exRNA content 

Extracellular RNA can either be freely floating in circulation, or associated with 
ribonucleoprotein complexes, lipoprotein complexes or extracellular vesicles (EVs) (8,42). 

Furthermore, the concept of tumor educated platelets (TEPs) has also emerged recently. The 

biomarker potential of TEPs is mainly demonstrated through the alternative splicing patterns 
of platelet RNA, which were shown to be cancer specific. However, TEPs also sequester 

tumor-derived molecules, such as exRNA (e.g. EML4-ALK fusion transcript in (56)). In-depth 

transcriptome-wide studies specifically focusing on tumor-derived exRNA in different cell-free 
blood fractions were completely lacking. By charting the tumoral transcriptome in platelets 
and three plasma fractions with variable levels of platelets obtained by three sequential 

centrifugation steps, I demonstrated that tumoral exRNA does not primarily reside in 
platelets, while host exRNA levels are -expectedly- highest in platelets and platelet-rich 
plasma fractions (paper 1, (138)). I was able to generalize these findings across 11 different 

mouse models from 6 cancer types (i.e., neuroblastoma, melanoma, breast, endometrial, 
penile, and lung cancer). Consequently, I put forward that platelet depleted plasma is the 
preferred fraction to study tumoral exRNA. This represents crucial knowledge to initiate large-

scale sample collections for future exRNA studies. Locally, I have helped to define the liquid 
biopsy collection protocol recently set up by HIRUZ and the Cancer Center of Ghent University 

Hospital to sample cancer patients. In addition, this knowledge also defined the plasma 
collection procedures that are being used in pediatric clinical trials, and I was able to secure 
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access to (part of) these patient samples for exRNA analyses. Of note, I did not study possible 

enrichment of tumoral exRNA in other plasma fractions such as EVs as this was practically 

impossible given the low starting volume (i.e., 60 μl) of plasma. Ultrapure purification of EVs 

cannot be performed on such small volumes and anticipating that EV exRNA concentrations 
will be much lower than neat plasma exRNA concentrations, we would probably have reached 

the analytical sensitivity limits of total RNA sequencing. Interestingly, Brinkman et al. have 

shown that BRAF V600E mutations, as confirmed on tumor tissue of patients, are detectable 
in EVs from blood, while they are not detected in the platelets, which is in line with our 

findings (140). Apart from the differences in tumoral exRNA content between blood fractions, 

a large variability in exRNA abundance and transcript content was observed across cancer 
types and across individual mice with the same tumor entity (paper 1, (138)). This variability 

might be attributed to different factors, such as tumor size, vascularity, and metastasis 
pattern, which is further discussed in more detail.  

2. Treatment response evaluation in murine xenograft models 

After putting forward platelet depleted plasma as the preferred biotype for tumoral exRNA 

analyses, I set out to evaluate treatment responses in xenograft models. In a first xenograft 
experiment initiated before the start of the thesis, the biomarker potential of serum miRNAs 
to monitor neuroblastoma tumor burden and treatment responses was demonstrated (paper 

in addendum, (137)). 57 miRNAs corresponding to neuroblastoma tumor burden were 

identified and hsa-miR-34a-5p was put forward as a potential pharmacodynamic biomarker 
of p53 activation in serum upon idasanutlin treatment (137). Based on this evidence, I was 

triggered to evaluate the biomarker potential of the total exRNA (a bit of a misnomer as 

miRNAs are not included in the library prep) for the monitoring of treatment responses of 
neuroblastoma tumors. Although assumed less stable and less explored than miRNAs, the 
biomarker potential of other exRNAs has been demonstrated in cancer patients, but also in 

other diseases, such as liver disease, neurodegeneration, and obstetrics (41,47–50). In a first 
attempt to monitor tumoral exRNA responses to idasanutlin, mice engrafted with in vitro 
responsive cell lines, were treated with idasanutlin and total RNA sequencing was performed 

on their plasma. While clear treatment responses were observed in the tumor tissue, the 
plasma exRNA did not reveal biologically meaningful alterations upon treatment. In fact, the 
tumoral exRNA levels were simply too low in most mice. This finding, in combination with the 

large variability that was observed previously between mice engrafted with the same tumor 
entity (paper 1, (138)), made me take a step back and investigate factors responsible for the 

tumoral exRNA levels in blood plasma (manuscript under review).   
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3. Determinants of the tumoral exRNA levels in murine plasma 

3.1. Tumor size 

I demonstrated a correlation between tumor size and tumoral exRNA levels (manuscript 

under review). With a subcutaneous tumor size of ~1000 mm3 (dimensions of ± 12.6 x 12.6 

mm), a decent fraction of tumoral exRNA is detectable (0.0420% to 73.6%, median 4.65%) in 
the blood plasma for treatment response experiments. This tumor size is still ethically allowed 

in mice, however, when translating this to the human situation, we end up with tumor sizes 

that are surreal. A tumor with a volume of 1000 mm3 weighs on average 1 g, which 
corresponds to 5 % of the body weight of a 20 g weighing mouse. By translating this to the 

human situation, this would be a tumor of 3.5 kg in a person weighing 70 kg, or a 3500 cm3 
tumor (± 15.2 cm x 15.2 cm dimensions) in a 70,000 cm3 human being (1 g/cm3). These 

dimensions are very rare, if not impossible, for human tumors. Furthermore, exRNA 

biomarkers for diagnosis or detection of early relapse (that is not detectable on imaging yet) 

need to have utility for tumor sizes that are much smaller. Also, a surgical resection of big 
tumors might precede administration of adjuvant treatments. Hence, monitoring the tumoral 

exRNA response to treatment will be performed at smaller, postsurgical tumor sizes. Of note, 
this tumor size dependency has only been shown in heterotopic, subcutaneous models. 
Orthotopic injection might result in higher exRNA levels at lower, more realistic, tumor sizes. 

This can be assessed in future experiments by longitudinal sampling of mice at different tumor 

sizes.   

3.2. Tumor entity 

The tumoral exRNA levels also depend on the cancer type (such as neuroblastoma, 
melanoma, breast, penile, lung and endometrial cancer) and cancer subtype (i.e., 

neuroblastoma cell lines), as described in the manuscript under review and paper 1 (138)). 
The tumor entity cannot be controlled in a human situation. However, this can be considered 
when performing preclinical studies. For instance, when comparing exRNA alterations upon 

treatment in responders and non-responders, the cell lines can be carefully selected based 
on their predetermined exRNA levels in the circulation.  

Related to tumor entity, patient-derived xenografts might be better suited than cell line-

derived xenografts to monitor treatment responses. Cells cultured in vitro can undergo 
selection, developing aberrant and irreversible genetic, transcriptional, and phenotypic 
changes, which are not consistent with the properties of the original patient tumor (141–143). 

The study from Braekeveldt et al. demonstrated that gene signatures, correlating with 

neuroblastoma-associated processes and with clinical characteristics including patient 
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prognosis, remain stable over a period of more than 2 years of in vivo serial passaging of 

patient-derived xenografts in mice (144). However, when multiple patient-derived orthotopic 

xenografts were generated from a single high-risk patient tumor, diverse transcriptional 

profiles were observed, indicating significant intra-tumor heterogeneity (144). This highlights 
the importance of considering spatial intra-tumor heterogeneity as a component of high-risk 

neuroblastoma, which complicates the interpretation of patient-derived xenograft liquid 

biopsy studies for biomarker discovery and treatment guidance in personalized oncology. 
Furthermore, the orthotopic tumor engraftment rate using patient-derived material is only 

around 50% in mice, which is even lower in subcutaneous models (141).  

3.3. Engraftment site 

I demonstrated that the engraftment site can have an influence on the amount of circulating 

tumoral exRNA. For, instance, in case of neuroblastoma, orthotopic, intra-adrenal 

engraftment may increase the tumoral exRNA levels in circulation as compared to 

subcutaneous engraftment. In my experiments, this was the case for one of the two tested 
cell lines, i.e., IMR-32 (manuscript under review). Intriguingly, for the other cell line, SK-N-

BE(2C), I observed the opposite trend, i.e. lower levels of tumoral exRNA in orthotopically 
engrafted mice. These observations were positively correlated to the vascularity of the tumor. 
The vascularity score was determined based on visual inspection of hematoxylin and eosin 

(H&E) stained FFPE samples. Although this ranking was assigned by an independent 

pathologist without prior knowledge of the sample, better ways for objective scoring of 
vascularity were exploited. For instance, we attempted platelet endothelial cell adhesion 

molecule-1 (PECAM) immunostaining, but the tumor tissue morphology was not conserved 

well after snap freezing in liquid nitrogen. In future experiments, tumors should be formalin-
fixed paraffin-embedded immediately after tumor resection, to enable 
immunohistochemistry. 

Apart from a distinct vascularity, higher tumoral exRNA levels may also be the result from 
metastatic lesions. Orthotopic engraftment has been shown to be associated with a higher 
metastatic capacity than subcutaneous engraftment in neuroblastoma and other tumor types 

(145,146). Orthotopically injected IMR-32 cells metastasize mainly to the lung, liver, and bone 
(147). In neuroblastoma, higher ctDNA levels are found in metastatic patients as compared 
to localized tumors, and I anticipate that this could be the case for tumoral exRNA as well 

(126). In this way, the higher levels of tumoral exRNA in the orthotopic IMR-32 model could 
be explained by potentially metastasizing tumor cells that are not present in subcutaneous 

models. Furthermore, neo-angiogenesis with large vessels, essential for tumor cell 
proliferation, invasion and metastasis, has been detected by Doppler ultrasonography in 
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adrenal tumors, which was increasing over time (147,148). As mice engrafted with orthotopic 

SK-N-BE(2C) tumors were sacrificed on average after 2 weeks, I hypothesize that this 

timeframe was too short for neo-angiogenesis and that tumors are therefore less vascularized 

than their subcutaneously engrafted counterparts and IMR-32 tumors. The extent of 
metastasis was unfortunately not evaluated but should be assessed in further research. Also, 

this was a small study on only two neuroblastoma cell lines, so these findings cannot be 

generalized to all neuroblastoma tumors or other tumor types and should be evaluated more 
in depth in future studies. Of note, the establishment of orthotopic neuroblastoma tumors is 

technically challenging, time consuming and requires in vivo imaging methods such as 

magnetic resonance imaging or bioluminescence imaging (141,144).  

4. Questioning the studied biofluid, species and biomarker 

4.1. Biofluid 

I was able to detect tumoral exRNA using only 60 µL blood plasma as input in the RNA 

extraction procedure. While this is a very small volume, it is still a relatively high fraction of 
the total blood volume of a mouse. A mouse weighing 20 g contains a theoretical blood 
volume of 1.6 mL (80 µL/g). By cardiac puncture, up to 1 mL of blood is collected, resulting in 

approximately 500 µL of plasma after centrifugation. I used 60-200 µL of plasma input in my 

analyses, which corresponds to 120-400 µL of blood, being 7.5-25 % of the mouse blood 
volume. Assuming a blood volume of 5 L in a human being, a blood draw of 375 – 1250 mL 

should be performed. This is not feasible in clinical practice. And even if collecting 375 mL 
would be feasible, this plasma should be concentrated to lower volumes, as current 
techniques do not allow to extract exRNA from 375 mL of plasma. Of note, our lab routinely 
uses 200 µL of human plasma for all its liquid biopsy exRNA studies. Nevertheless, it might be 

of interest to analyze liquids that are more closely related to the tumor site (3). For instance, 
neuroblastoma tumors are often implanted in the kidney, or when engrafted in the adrenal 
gland, tumor infiltration to the kidney is not unusual (141,149,150). Injection in the adrenal 

gland is technically challenging as it is typically the size of a pinhead. Accommodating large 
volumes is not feasible, making it hard to standardize the number of injected cells between 
mice. In addition, the kidney is an excellent vascular medium that allows for the successful 

growth of tumor models (149). As production of urine occurs in the kidneys, urine might pose 
a suitable biofluid to study exRNA biomarkers after intrarenal tumor growth in xenograft 
models. However, translatability to the clinical situation is questionable, as primary, and 

metastatic renal neuroblastoma is rare (151,152). Of note, urinary catecholamine metabolite 

levels are routinely assessed at diagnosis of neuroblastoma and are elevated in 90-95% of 
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patients (153). Apart from accumulation of catecholamine metabolites, nucleic acids might 

also be accumulated in the urine of neuroblastoma patients.  

4.2. Preclinical species 

4.2.1. Mouse strain 

The mouse strain might impact the amount of tumoral exRNA. A controlled experiment to 

test this, has not been performed yet. I did use different mouse strains in my experiments so 
far, but different cell lines were injected in these mice, and they were all sacrificed at different 

tumor sizes. Moreover, these were all nude mice with no thymus or an abnormal thymus, 
resulting in a suppressed immune system due to a decreased number of T-cells. Perhaps, the 

bias would be more pronounced when comparing nude mice with SCID, NOD-SCID and NSG 

mice (with a relative increase in degree of immunodeficiency). For instance, the 

neuroblastoma tumor growth rate in NSG mice has shown to be approximately twice as rapid 

when compared to nude mice (154). In addition, NSG mice injected intravenously with 

neuroblastoma cells showed a profile of distant metastasis that was not observed in nude 
mice (154). These factors can have an influence on the number and type of exRNAs. 

4.2.2. Other preclinical species 

Given the low blood volumes of mice, repetitive sampling longitudinally to follow-up 

treatment responses is challenging. According to the Institutional Animal Care and Use 
Committee guidelines, a maximum of 7.5% of the blood volume can be collected weekly in 
rats and mice. This corresponds to 145-150 µL of blood in a 25 g mouse, and 1.2 to 1.6 mL in 
a 300 g rat. When multiple sampling timepoints are desired, switching to a rat xenograft 

model could be considered. In addition, our lab is developing a transgenic MYCN rat model, 
driven by the Dbh promoter. These tumors are of murine origin, increasing the complexity to 
distinguish tumor from normal responses, but they have an intact immune system, which 

makes it a more physiologically relevant model.  

4.2.3. Preclinical to clinical translation 

It remains unclear whether the exRNA in mice models will be similar compared to those in 
humans. So far, no one else has performed transcriptome-wide studies, focusing on tumor-

derived exRNA in mouse models. By consequence, comparison to the human exRNA has not 
been performed yet. For a fair comparison of the circulating tumoral RNA in xenograft models 
and humans, we need to compare exRNA from mice engrafted with the same tumor as its 

human counterpart. But even then, finding an overlap might be tricky, as even mice engrafted 

with the same cells, do show a high inter-mice variability in the detected transcripts in 

circulation. The first step would be to understand what is causing this variability to take these 
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factors into account when establishing a model. Moreover, the feasibility of detecting 

pharmacodynamic biomarkers and the translatability of our findings will also depend largely 

on tumor characteristics such as the vascularity, aggressiveness, growth rate and metastatic 

potential. These factors have been evaluated, on a small scale, in the manuscript which is 
currently under review.   

Although we are not sure how our findings can be extrapolated to the human situation, I still 

think xenograft models might provide a valuable source of information as to how the tumor 
reacts transcriptionally to the treatment. When analyzing the circulating RNA in humans, we 

cannot easily distinguish the responses of the tumor from the normal responses, while this is 

straightforward in the xenograft models by distinguishing human (tumor) RNA from murine 
(host) RNA. Moreover, mice are widely used model systems and they do have a lot of 

similarities with humans. If we can reveal pharmacodynamic biomarkers in the plasma of 
mice, of course, we need to evaluate their potential to monitor treatment responses in 

humans in future research.  

When specifically considering miRNAs, we did compare the tumoral miRNAs in serum from 

mice carrying orthotopic neuroblastoma xenografts (cell line-derived xenograft), with the 
serum from high-risk neuroblastoma patients. We found that 21 out of 57 tumoral miRNAs in 

mouse serum were also upregulated in serum of high-risk NB patients as compared to healthy 
serum (paper in addendum (137)). 

4.2.4. In vitro alternatives 

In vitro models can be used to evaluate the transcriptomic effects of a treatment on tumor 

cells and the conditioned medium can serve as an in vitro alternative for liquid biopsies. 

However, this conditioned medium is highly artificial and lacks physiological relevance to 
humans (e.g. absence of vasculature, also in 3D spheroids or organoids). Nevertheless, it is 
useful to first evaluate transcriptomic activity of the drug by treating and profiling the tumor 

cells. If no transcriptomic activity is observed in vitro, we expect no transcriptomic changes in 
the plasma of mice. 

4.3. Biomarker 

Focusing only on exRNA as a biomarker for monitoring treatment responses might not be the 

best strategy. The field of exRNA is underexplored as compared to cfDNA, since exRNA is 
assumed to be more prone to degradation and is more sensitive to pre-analytical variables. 

Therefore, a standardized sample processing procedure is an important prerequisite for 
exRNA to be applied as a biomarker in a clinical setting. Consortia were founded with the aim 

to standardize some of these pre-analytical variables, including the NIH’s Extracellular RNA 
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Communication Consortium (ERCC), Blood Profiling Atlas in Cancer (BloodPAC) Consortium 

(www.bloodpac.org), SPIDIA/SPIDIA4P and CANCER-ID. However, most studies investigating 

the impact of pre-analytical variables to date have either been focusing on microRNAs or were 

restricted to mRNA from a limited number of genes. Also, interactions between pre-analytical 
variables have generally not been investigated to date. The exRNAQC consortium, of which I 

am part of, has evaluated the impact of blood collection tubes, RNA purification kits, and time 

to processing, as well as their interactions, by massively parallel sequencing of healthy donor 
plasma. Even though it is generally known in the field that pre-analytical variables do have a 

high impact on downstream analysis, pre-analytical variables are typically not or poorly 

reported in literature, making it challenging to reproduce or compare results. 

The advantage of exRNA is its more dynamic character, enabling the real-time monitoring of 

treatment responses and the detection of genes that are highly expressed, even for tumors 
that have low shedding rates of DNA to the circulation. It is more dynamic in that sense that 

treatments will influence the transcription of genes, while the DNA will remain largely 

unchanged. For a combined analysis of cfDNA and exRNA in the limited amounts of murine 

plasma (but also for small volumes of blood obtained from infants), co-purification of both 
nucleic acids from the same plasma sample is highly desired. I have compared the 

performance of different exRNA/cfDNA co-purification kits resulting in guidelines for their use 
(paper 2, (139)). Furthermore, as we already demonstrated, the potential of miRNAs as 
pharmacodynamic biomarkers for TP53 reactivation (paper in addendum), miRNAs should 
also be further evaluated in future research.  

5. The future to identify predictive biomarkers for a patient’s treatment response 

In the ideal world, each patient has his or her own “avatar” in the lab. When a patient enters 
the clinic, all possible biofluids should be collected and stored in an internationally 
standardized way for a further combined, multi-analyte analysis of all types of circulating 

biomarkers. Furthermore, a tissue biopsy should be collected at diagnosis for further analysis 
and for implantation in one or more laboratory animals, representing the patient’s avatar. 
Those avatars could then be used to guide treatment decisions, by revealing the 

responsiveness of a tumor to specific treatments. By longitudinal collection of biofluids from 
the patients and their avatars, we can evaluate the potential of analytes in circulation, such 
as exRNA, to monitor treatment responses. In this way, we might be able to identify 

biomarkers for a patient’s treatment response.  

So, to come back to the million-dollar question: “Extracellular RNA in liquid biopsies: entering 

a new era for cancer treatment monitoring?” I tried to enter the gate to the new era, but I’m 
still trying to find the key to open the gate. I put a lot of effort in optimizing a xenograft model 
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to monitor treatment responses of a tumor, but multiple remaining questions are hampering 

a concrete implementation. Furthermore, exRNA biomarkers in liquid biopsies alone will not 

offer a comprehensive picture of the treatment response. The new era of treatment response 

monitoring will rather be based on a multi-analyte approach, integrating the different fields 
such as transcriptomics, (epi)genomics and proteomics.
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1. Longitudinal evaluation of serum microRNAs as biomarkers for neuroblastoma 
burden and therapeutic p53 reactivation (addendum paper) 

 

Alan Van Goethem, Jill Deleu, Nurten Yigit, Celine Everaert, Myrthala Moreno-Smith, Sanjeev 

A. Vasudevan, Fjoralba Zeka, Fleur Demuynck, Eveline Barbieri, Franki Speleman, Pieter 
Mestdagh, Jason Shohet, Jo Vandesompele, and Tom Van Maerken.  

 

Contribution of JD: AVG performed the experiments and wrote a draft manuscript, which was 
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for the rebuttal. 
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ABSTRACT

Accurate assessment of treatment response and
residual disease is indispensable for the evaluation
of cancer treatment efficacy. However, performing
tissue biopsies for longitudinal follow-up poses a
major challenge in the management of solid tumours
like neuroblastoma. In the present study, we eval-
uated whether circulating miRNAs are suitable to
monitor neuroblastoma tumour burden and whether
treatment-induced changes of miRNA abundance in
the tumour are detectable in serum. We performed
small RNA sequencing on longitudinally collected
serum samples from mice carrying orthotopic neu-
roblastoma xenografts that were exposed to treat-
ment with idasanutlin or temsirolimus. We identi-
fied 57 serum miRNAs to be differentially expressed
upon xenograft tumour manifestation, out of which
21 were also found specifically expressed in the
serum of human high-risk neuroblastoma patients.
The murine serum levels of these 57 miRNAs cor-
related with tumour tissue expression and tumour
volume, suggesting potential utility for monitoring
tumour burden. In addition, we describe serum miR-
NAs that dynamically respond to p53 activation fol-
lowing treatment of engrafted mice with idasanutlin.
We identified idasanutlin-induced serum miRNA ex-
pression changes upon one day and 11 days of treat-

ment. By limiting to miRNAs with a tumour-related
induction, we put forward hsa-miR-34a-5p as a poten-
tial pharmacodynamic biomarker of p53 activation in
serum.

GRAPHICAL ABSTRACT
hsa-miR-34a-5p

engraftment

-6 11 25

57 tumour-specific miRNAs

0 days

engraftment

idasanutlin

INTRODUCTION

The ongoing improvements in the !eld of genomic pro!l-
ing have enabled to study tumour biology in unprecedented
detail and to unveil the molecular composition of tumours.
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However, a hurdle to translate potentially relevant !ndings
into the clinical management of cancer patients is the need
for tissue biopsies. This holds especially true for the moni-
toring of disease activity and the response to treatment over
time, as longitudinal invasive sampling is dif!cult to jus-
tify. Novel, non-invasive biomarkers for assessing tumour
burden and treatment response are highly desirable for pa-
tients with solid tumours like neuroblastoma, a pediatric
malignant neoplasm originating from the developing sym-
pathetic nervous system (1). Several non-invasive method-
ological strategies are under investigation to achieve this
goal. Measurement of cell-free DNA for instance, using ei-
ther a genome-wide approach or quanti!cation restricted to
neuroblastoma-associated genes or chromosomal regions,
has proven to faithfully recapitulate neuroblastoma tumour
biology (2–12).

MicroRNAs, a class of small, non-coding RNAs of-
ten found deregulated in numerous cancer types including
neuroblastoma (13–16), have recently emerged as promis-
ing circulating biomarkers (17–22). In neuroblastoma, re-
ports on miRNAs in circulation are rather scarce. Mur-
ray et al. found !ve miRNAs to be higher expressed in
the serum of high-risk neuroblastoma patients, the expres-
sion levels of which could be used to distinguish MYCN-
ampli!ed neuroblastoma from other neuroblastoma tu-
mours (23). Ramraj et al. performed miRNome pro!ling
by RT-qPCR on serum collected from mouse models of
favorable and unfavorable neuroblastoma to identify miR-
NAs that can distinguish favorable from high-risk neurob-
lastoma (24). Zeka et al. found nine miRNAs in serum
samples strongly associated with tumour volume of murine
xenografts and neuroblastoma disease burden and treat-
ment response in metastatic neuroblastoma patients (25).
In the present study, we evaluated whether miRNAs are
suitable to monitor neuroblastoma tumour burden and
whether treatment-induced changes of miRNA abundance
in the tumour can be detected in the serum. In order to
do so, we performed small RNA sequencing on longitu-
dinally collected serum samples obtained from mice car-
rying orthotopic neuroblastoma xenografts that were ex-
posed to treatment with idasanutlin (RG7388) or tem-
sirolimus. The low frequency of TP53 mutations counter-
balanced by an augmented MDM2 activity renders neu-
roblastoma highly sensitive to MDM2 antagonists such
as idasanutlin (26–32). The rapamycin-derived mTOR-
inhibitor temsirolimus has proven therapeutic ef!cacy in
neuroblastoma and is currently under clinical investigation
(33,34).

We identi!ed 57 serum miRNAs to be differentially abun-
dant upon xenograft tumour manifestation, out of which 21
were also found speci!cally expressed in the serum of hu-
man high-risk neuroblastoma patients. The murine serum
levels of these 57 miRNAs correlated with both tumour
tissue expression and tumour volume, suggesting poten-
tial utility for monitoring of tumour burden. In addition,
we identi!ed idasanutlin-induced serum miRNA expres-
sion changes both one day after the start of treatment and
upon 11 days of treatment. By limiting to miRNAs with a
tumour-related induction, we put forward hsa-miR-34a-5p
as a potential pharmacodynamic biomarker of p53 activa-
tion in serum.

MATERIALS AND METHODS

Orthotopic xenograft model

Orthotopic neuroblastoma xenografts were generated in
four to six week old female athymic immunode!cient NCr
nude mice as previously described (35). Brie"y, 1 × 106 hu-
man luciferase-SH-SY5Y neuroblastoma cells were surgi-
cally implanted beneath the renal capsule, towards the su-
perior pole of the kidney. The detailed work"ow has been
described previously (36). This model closely resembles the
growth characteristics of primary adrenal neuroblastoma
tumours in humans. Tumour size was determined by lu-
ciferase imaging. Mice were peritoneally injected with lu-
ciferin and were sedated 15 min later using vaporized iso"u-
rane in an induction chamber and luciferase signal intensity
was measured. All animal work was approved by the Bay-
lor College of Medicine Institutional Animal Care and Use
Committee (IACUC) protocols (AN-3705 and AN-4810)
and carried out in accordance with the relevant guidelines
and regulations.

Treatment of mice

Mice were treated with 30 mg/kg idasanutlin (dissolved
in hydroxypropylcellulose/Tween-80) or 9 mg/kg tem-
sirolimus (dissolved in PBS/PEG/Tween-20) by oral gavage
on a daily basis, !ve times a week, for a total of 12 days.
Idasanutlin was kindly provided by Roche. Temsirolimus
was purchased from Sigma Aldrich (PZ0020). After 12 days
of treatment, mice were sacri!ced and tumours were col-
lected, weighed and snap frozen in liquid nitrogen.

Blood collection and serum preparation

At !ve different time points––6 days before engraftment, 2
days after engraftment, 11 days after engraftment, 15 days
after engraftment and 25 days after engraftment (treatment
of the mice was started 14 days after engraftment)––100 !l
blood was collected by puncture of the jugular vein using
a 4 mm lancet and collected in a BD Vacutainer collection
tube with a gel separator. All blood samples were allowed
to clot at room temperature for 45 min and were then cen-
trifuged at 2000 × g for 15 min at 4◦C using a !xed angle
rotor. The supernatant was collected and stored at −80◦C.
For all serum samples, the degree of hemolysis was deter-
mined by measuring levels of free hemoglobin by spectral
analysis using the Nanodrop 1000 (ThermoScienti!c). Ab-
sorbance peaks at 414 nm are indicative of free hemoglobin.

Total RNA isolation

For serum samples, RNA was isolated using the miRNeasy
serum/plasma kit (Qiagen) according to the manufacturer’s
instructions. 50 !l of serum was used as input and total
RNA was eluted in 12 !l of RNase-free water. For tumour
samples, tumour material was denaturated using guani-
dinium thiocyanate and then lysed using the TissueLyser II
(Qiagen) using stainless steel beads (5 mm) two times two
minutes at 20 Hz. RNA was isolated using the miRNeasy
mini kit (Qiagen), according to the manufacturer’s instruc-
tions, and total RNA was eluted in 12 !l of RNAse-free
water.
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tRNA fragment depletion

tRNA halves were depleted from the RNA samples as de-
scribed previously (37). In short, 12 !l of RNA, 15 !l of
2× hybridization buffer (Supplementary !le S1), 1 !l of
tRNA halves capture probes (at a !nal reaction concentra-
tion of 0.5 !M for each probe; Supplementary Table S1)
and 2 !l of RNase-free water were incubated at 80◦C for
2 min to denature the RNA. The mixture was slow-cooled
to 22◦C (at 0.1◦C/min) and placed on ice to allow for ef-
!cient hybridization. Dynabeads Myone Streptavidin C1
(Life Technologies) were washed 3 times using a washing
buffer (Supplementary !le S1). After washing, beads were
prepared for RNA manipulation by washing twice with so-
lution A and once with solution B (Supplementary !le S1)
and suspended in 2× washing buffer to a !nal concentra-
tion of 5 !g/!l. Next, 30 !l of sample was added to 30 !l
of beads and the mixture was incubated for 10 minutes at
room temperature with gentle mixing. The mixture was then
placed on a magnet for 2 min after which the supernatant,
containing the depleted RNA, was collected. The depleted
RNA was puri!ed by ethanol precipitation and suspended
in 7.5 !l RNase-free water.

Small RNA sequencing

For small RNA library preparation, we used the TruSeq
small RNA library preparation kit v2 (Illumina) following
manufacturer’s instructions with small modi!cations. After
PCR ampli!cation, quality of libraries was assessed using
a high sensitivity DNA kit on a Bioanalyzer (Agilent) ac-
cording to manufacturer’s instructions. Size selection was
performed using 3% agarose dye-free marker H cassettes
on a Pippin Prep (Sage Science) following manufacturer’s
instructions with a speci!ed collection size range of 125–
153 bp. Libraries were further puri!ed and concentrated
by ethanol precipitation, resuspended in 10 !l of 10 mM
Tris–HCl (pH 8.5) and quanti!ed using qPCR (see further).
Based on the qPCR results, equimolar library pools were
prepared, quality was assessed as described above and the
library was further diluted to 4 nM using 10 mM Tris–HCl
(pH 8.5). The pooled library was then sequenced at a !nal
concentration of 1.2 pM on a NextSeq 500 using high out-
put v2 kits (single-end, 75 cycles, Illumina). Raw sequencing
data is available in the European Genome-Phenome archive
(EGAS00001006678).

For RT-qPCR quanti!cation of sequencing libraries to
load equimolar concentrations, 1 !l of EtOH puri!ed li-
brary was diluted 1:100 000. 2.5 !l of SsoAdvanced univer-
sal SYBR green supermix (Bio-Rad Laboratories) and 0.25
!l of each primer (5 !M) (forward primer: AATGATAC
GGCGACCACCGA; reverse primer: CAAGCAGAAG
ACGGCATACGA) were combined with 2 !l of diluted li-
brary. Reactions were set up in duplicate and performed in
a LightCycler 480 (Roche) using the following protocol: en-
zyme activation at 95◦C for 15 min, followed by 44 cycles of
95◦C for 5 s, 60◦C for 30 s and 72◦C for 1 s.

Sequencing data analysis

For the quanti!cation of small RNAs, a dedicated small
RNA seq pipeline of Biogazelle (now a CellCarta com-

pany) was used. Adaptor trimming was performed using
Cutadapt v1.8.1. Reads shorter than 15 bp and those in
which no adaptor was found, were discarded. For quality
control the FASTX-Toolkit (v0.0.14) was used, a minimum
quality score of 20 in at least 80% of bases was applied as a
cutoff. The reads were mapped with Bowtie (v1.1.2) with-
out allowing any mismatches. Mapped reads were anno-
tated by matching genomic coordinates of each read with
genomic locations of miRNAs (obtained from miRBase,
v21) and other small RNAs (obtained from UCSC (hu-
man: GRCh37/hg19; mouse: GRCm38/mm10) and En-
sembl, v84). As publically available alternatives, we advise
the use of miRDeep2 and miRExpress. Further data analy-
sis was performed using RStudio (v0.99.486). Samples with
fewer than 0.5 million mapped miRNA reads were omitted.
Normalization of miRNA counts and differential expres-
sion analysis was performed using the R package DESeq2
(v1.8.2). Species speci!city was determined based on the
transcript sequence. In the case of perfect sequence conser-
vation between the human and murine transcript, the tran-
script is annotated with both the human and murine mature
miRNA name. Note that the presence of both perfectly con-
served and species-speci!c transcripts of the same mature
miRNA can result in multiple annotations.

Filtering hemolysis-associated miRNAs and samples

To identify miRNAs that correlate with hemolysis we deter-
mined Pearson’s correlation coef!cient for the abundance of
all miRNA transcripts with the optical density at 414 nm
(OD414). A correlation cut-off was determined based on
the average correlation coef!cient of human-speci!c miR-
NAs (mean hsa coef!cient + 3 × stdev hsa coef!cient),
as these transcripts are not expected to be in"uenced by
hemolysis in a murine model system. All miRNA tran-
scripts above the correlation cut-off (n = 165) were excluded
from differential expression analyses (Supplementary Table
S2). In addition, all serum samples with an OD414 value
above 1.5 (n = 4) were excluded for further analysis (Sup-
plementary Table S3).

RT-qPCR of human serum samples

Serum pools were prepared by combining 40 !l of !ve in-
dividual serum samples, as described previously (25). Total
RNA was isolated using the miRNeasy serum/plasma kit
(Qiagen) according to the manufacturer’s instructions. 200
!l of serum was used as input and total RNA was eluted in
12 !l of RNase-free water. cDNA synthesis was performed
using the miScript II RT kit (Qiagen) following manufac-
turer’s instructions with 1.5 !l of RNA as input. cDNA was
pre-ampli!ed using the miScript PreAMP PCR kit (Qiagen)
following manufacturer’s instruction with 10 ampli!cation
cycles. For each reaction 5 !l of 11-fold diluted cDNA was
combined with 7 !l of RNAse-free water, 5 !l of 5× miS-
cript PreAmp Buffer, 2 !l of HotStarTaq DNA Polymerase,
1 !l of miScript PreAmp Universal Primer (5 !M) and 5 !l
of miScript PreAmp Primer Mix (5 !M). Whole miRNome
RT-qPCR was performed using miScript miRNA PCR ar-
rays (Qiagen) and the miScript SYBR Green PCR kit (Qia-
gen). For each reaction 2 !l of 22-fold diluted pre-ampli!ed
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cDNA was combined with 1 !l of RNase-free water, 5
!l of 2× QuantiTect SYBR Green PCR Master Mix, 1
!l of 10× Universal Primer (5 !M). Data were normal-
ized using the modi!ed global mean, as implemented in
qbase+ qPCR data-analysis software (Biogazelle), and non-
detects imputed. All human work was approved by the Eth-
ical Committee of Ghent University Hospital (EC UZG
2012/035).

RESULTS

Differential abundance analysis reveals circulating miRNAs
released by tumour cells

In order to identify circulating miRNAs that can be asso-
ciated with tumour burden, we performed small RNA se-
quencing on serum samples of nude mice (n = 25) 6 days
before and 11 days after orthotopic engraftment of human
SH-SY5Y cells. Concurrently collected serum samples of
mice (n = 8) not injected with neuroblastoma tumour cells
were used as a negative control (Figure 1). When compar-
ing the abundance pro!les before and after tumour cell in-
jection, we found a total of 94 differentially expressed (DE)
miRNAs (fold change (FC) >2; P <0.05, Wald test, cor-
rected for multiple testing using Benjamin–Hochberg) (Fig-
ure 2A) while in the non-engrafted group we detected six
DE miRNAs (Supplementary Table S4A). When compar-
ing serum miRNA abundance between the tumour bear-
ing mice and the non-engrafted mice on both assessed time
points, we detected 12 DE miRNA and 61 DE miRNAs
(Figure 2B) (Supplementary Table S4B) before and after en-
graftment respectively. Of note, the serum samples collected
on day 2 in the non-engrafted group are grouped with the
samples collected on day −6 (Figure 1).

As we expect tumour-associated miRNAs to be both
differentially abundant after engraftment between non-
engrafted and engrafted mice, we determined the overlap
between the DE miRNAs of these respective comparisons.
This resulted in a set of 57 miRNAs that are convincingly
altered as a result of tumour manifestation (Figure 2C, Sup-
plementary Table S4C). As expected, we !nd this set of
miRNAs to be heavily enriched for human-speci!c miR-
NAs (P < 2.2 × 10–16, Pearson’s chi-squared test). Out
of the 57 miRNAs, 54 miRNAs have a human speci!c se-
quence and three miRNAs have a sequence conserved be-
tween mice and humans. Considering human-speci!c miR-
NAs must have a tumour-cell origin, this must hold true for
these DE miRNAs as well.

In addition, we performed small RNA sequencing on the
serum of the same mice, collected at later time points, being
15 days (tumour-bearing mice: n = 8; tumour-free mice: n
= 7) and 25 days (tumour-bearing mice: n = 5; tumour-free
mice: n = 6) after engraftment (Figure 1). When we con-
sider the expression pro!les of the 57 DE miRNAs in all
evaluated time points, we observe a gradual increase in ex-
pression in engrafted mice which was not observed in non-
engrafted mice, evidenced by an increase in fold change be-
tween tumour-bearing and non-engrafted mice over time
(Figure 2D). While we must note that the non-engrafted
mice at these time points have been treated with either
idasanutlin or temsirolimus, we do not expect these miR-
NAs to be in"uenced by the treatment as virtually all of

them are human-speci!c (and thus absent in non-engrafted
mice).

Serum miRNA abundance recapitulates tumour burden

As we observed a gradual increase in serum abundance of
the 57 DE miRNAs over time in tumour-carrying mice, we
speculated that the serum expression levels of these miR-
NAs would correlate with tumour size. Tumour size was
measured by luciferase imaging at two different time points
(14 days and 23 days post tumour cell injection respec-
tively; Figure 1). Pearson’s "-values ( = Pearson’s # × (–
log10(P-value)); P-value corrected for multiple testing using
Benjamin–Hochberg) between miRNA expression levels in
serum (measured 15 days and 25 days after tumour cell in-
jection) and the size of the paired tumour (measured by lu-
ciferase imaging 14 days and 23 days post tumour cell injec-
tion) were calculated. We found all of the 57 DE miRNAs
to signi!cantly correlate with tumour size (Pearson’s # >
0.3 and adj. P < 0.05) and that these 57 miRNAs correlate
signi!cantly better with tumour size than other serum miR-
NAs (P < 2.2 × 10−16, two-sample Kolmogorov–Smirnov
test) (Figure 3A, Supplementary Table S5). We found 334
miRNAs to be correlated with tumour size, out of which
278 are human-speci!c, 51 are conserved between mouse
and human and 5 are mouse-speci!c (Supplementary Ta-
ble S5). As we expect the 57 DE serum miRNAs to be also
expressed in tumour tissue, we performed small RNA se-
quencing on end-point tumour samples (n = 13) (Figure
1). When we rank all detected miRNAs according to their
mean expression in the tumour samples, we !nd that the 57
DE serum miRNAs are amongst the top expressed genes in
the tumour (Figure 3B). This indicates that miRNAs with a
high expression in the tumour are more likely to be detected
as differentially expressed in serum. Next, we compared the
expression of these miRNAs in paired tumour-serum sam-
ples to determine how faithfully serum expression recapit-
ulates expression in the tumour. In order to do so, we cal-
culated the Pearson "-value between miRNA expression in
serum collected 25 days post tumour cell injection and the
weighted miRNA expression (tumour miRNA expression x
tumour size) in the paired tumour for all miRNAs detected
in serum. We found that the 57 DE miRNAs correlated sig-
ni!cantly stronger with weighted tumour expression than
other miRNAs (P < 2.2 × 10–16, two-sample Kolmogorov–
Smirnov test) (Figure 3C) (Supplementary Table S6).

DE miRNAs in serum of human neuroblastoma patients

Ideally, liquid biopsy biomarkers for tumour burden should
have a low (or absent) basal expression in healthy chil-
dren. We therefore determined and compared the expres-
sion levels of the 57 DE miRNAs in two serum pools
of high-risk neuroblastoma patients and one serum pool
of healthy children by RT-qPCR. In addition, to evaluate
whether these miRNAs are neuroblastoma or cancer spe-
ci!c, we included serum pools collected from children suf-
fering from sarcoma, rhabdomyosarcoma or nephroblas-
toma. We considered a miRNA to be upregulated in neu-
roblastoma if the fold change between neuroblastoma and
healthy expression was higher than 4 for all neuroblastoma
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Figure 1. Schematic representation of the study. Numbers represent the amount of mice at each time point for each condition after deduction of samples
with high degree of hemolysis and samples with <0.5 million mapped miRNAs. Red collection tubes represent blood collections, red tumour cells represent
the collection of tumour material, cameras represent luciferase imaging.

serum pools. Doing so, we found 21 of the 57 DE miR-
NAs to be upregulated in serum of human neuroblastoma.
Some of these miRNAs are putative neuroblastoma speci!c
serum biomarkers (hsa-miR-1269a, hsa-miR-330-3p, hsa-
miR-424-3p, hsa-miR-769-5p), while others may be general
cancer serum biomarkers (hsa-miR-483-5p) (Figure 4). De-
tails on the serum pooling and clinical characteristics of
the patients included in this study were described previously
(25).

Circulating miRNAs re!ect idasanutlin treatment

As we have demonstrated that tumoural miRNA abun-
dance is, to a certain degree, re"ected in the serum, we won-
dered whether treatment-induced changes in serum miRNA
abundance recapitulate expression changes in the tumour
as well. Small RNA sequencing was performed on serum
collected from tumour-bearing mice 3 days before, 1 day af-
ter and 11 days after start of treatment with 30 mg/kg/day
idasanutlin, 9 mg/kg/day temsirolimus or vehicle control
(n = 9, 9 and 5 for idasanutlin respectively; n = 8, 8 and

3 for temsirolimus respectively; n = 8, 8 and 5 for control
respectively; see Figure 1). To identify miRNAs with a dif-
ferential treatment effect, we performed Wald tests on the
difference of the control/treatment expression ratio 3 days
before treatment and 1 day and 11 days after start of treat-
ment.

After 1 day of idasanutlin treatment, we identi!ed 50 DE
miRNAs and after 11 days of treatment 20 DE miRNAs
(fold change (FC) >2; P <0.05, Wald test, corrected for
multiple testing using Benjamin–Hochberg) (Supplemen-
tary Table S7). We did not !nd any DE miRNAs upon tem-
sirolimus treatment, in line with a previous report that did
not identify any miRNA expression alterations upon tem-
sirolimus monotherapy in melanoma (38). Next, we !ltered
out murine-speci!c miRNAs, as they are unlikely to re"ect
expression changes inside the tumour and only kept miR-
NAs that have a human annotation. We further !ltered re-
sults to only keep miRNAs with a signi!cant expression dif-
ference both between control and treated samples and be-
fore and after treatment (Wald test, P < 0.05, corrected for
multiple testing using Benjamin–Hochberg). This resulted
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Figure 2. miRNAs differentially expressed in serum of mice carrying orthotopic xenograft tumours of human SH-SY5Y cells. (A) miRNA expression
levels in the serum of mice 6 days before and 10 days after engraftment with 106 human SH-SY5Y cells. 94 miRNAs (in orange) were found differentially
expressed between the two conditions (P < 0.05 and fold change (FC) >2, Wald test, corrected for multiple testing using Benjamin–Hochberg). (B) miRNA
expression levels in the serum of mice 11 days after engraftment with 106 human SH-SY5Y cells and non-engrafted, control mice. 61 miRNAs (in orange)
were found differentially expressed between the two conditions (P < 0.05 and FC > 2, Wald test, corrected for multiple testing using Benjamin–Hochberg).
(C) Overlap between the two groups of differentially expressed miRNAs. 57 miRNAs are differentially expressed in both comparisons. (D) Heatmap
showing an increasing log2 fold change in serum miRNA expression between mice carrying orthotopic xenografts and non-engrafted mice over time. Time
points: −6 = 6 days before engraftment; 11 = 11 days after engraftment; 15 = 15 days after engraftment; 25 = 25 days after engraftment.
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Figure 3. Serum miRNA expression correlates with tumour size. (A) Cumulative fraction of serum miRNAs by Pearson !-value (= Pearson’s " × (–
log10(P-value)); P-value corrected for multiple testing using Benjamin–Hochberg) of the correlation between miRNA serum expression and tumour size
(measured by luciferase imaging, 14 days and 23 days after tumour cell injection). The 57 differentially expressed miRNAs (black) correlate signi!cantly
better with tumour size than other serum miRNAs (orange) (P < 2.2 × 10–16, Kolmogorov–Smirnov test). (B) Cumulative fraction of serum miRNAs
ranked by expression in the tumour. The 57 differentially expressed serum miRNAs (black) are much higher expressed in the tumour than other serum
miRNAs (orange) (P < 2.2 × 10–16, Kolmogorov–Smirnov test). All 57 serum miRNAs are among the top expressed tumour miRNAs, with half of these
serum miRNAs among the top 10% expressed tumour miRNAs. (C) Cumulative fraction of serum miRNAs by Pearson !-value of the correlation between
miRNA serum expression and weighted tumour expression (tumour size × tumour expression). The 57 differentially expressed miRNAs (black) correlate
signi!cantly better with weighted tumour expression than other serum miRNAs (orange) (P < 2.2 × 10–16, Kolmogorov–Smirnov test).

in a total of 31 DE miRNAs (29 up, 2 down) after 1 day of
treatment and six DE miRNAs (three up, three down) after
11 days of treatment (Figure 5). It may be possible that the
smaller number of detected DE miRNAs after 11 days of
treatment (compared to 1 day after treatment) is due to less
statistical power as a result of a smaller number of mice in
each group.

When examining the expression pro!les of these miRNAs
in time, we can distinguish some distinctive expression pat-
terns (Figure 5). Amongst the top DE miRNAs after 1 day
of idasanutlin treatment are miRNAs of the known p53-
regulated miR-143/145 cluster (39,40). Interestingly, this
cluster of miRNAs is strongly induced 1 day after treatment
but is no longer found differentially expressed 11 days after
treatment. On the other hand, after 11 days of idasanutlin
treatment, one of the DE miRNAs is miR-34a-5p, a key p53
effector miRNA (41,42).

To further ensure a tumour-driven expression change, we
compared miRNA expression levels in end-point tumour
samples collected from mice treated with idasanutlin (n =
5) and mice treated with vehicle-control (n = 5). We !nd
one miRNA to be differentially expressed in serum after
11 days of treatment (fold change (FC) >1.5; P <0.05,
Wald test, corrected for multiple testing using Benjamin–
Hochberg) and also upregulated in the tumour of the re-
spective idasanutlin-treated mice (fold change (FC) > 1.5;
P < 0.05, Wald test): hsa-miR-34a-5p/mmu-miR-34a-5p
(Figure 6). Interestingly, hsa-miR-34a-5p/mmu-miR-34a-
5p was also found upregulated after 1 day of treatment al-
though not signi!cantly (P = 0.59). These !ndings encour-
age further investigation of hsa-miR-34a-5p/mmu-miR-
34a-5p as circulating pharmacodynamic biomarker for p53
activation in neuroblastoma.

DISCUSSION

Novel methods to monitor neuroblastoma progression and
response to treatment are highly desired. To this purpose,
we longitudinally assessed miRNA abundance in the serum
of mice carrying orthotopic xenografts of neuroblastoma
and exposed to treatment regimens of idasanutlin and tem-
sirolimus, two clinically relevant small molecule drugs.

Regarding miRNAs associated with tumour burden, we
found 57 serum miRNAs to be differentially expressed 10
days after tumour engraftment. Serum abundance of these
miRNAs was found to strongly correlate with tumour size,
with these miRNAs to be among the top expressed in the
tumour, and to also correlate positively with tumoural ex-
pression. When evaluating the expression of these miR-
NAs in the serum of human neuroblastoma patients, we
found 21 of these miRNAs to be higher expressed in serum
from high-risk neuroblastoma patients compared to chil-
dren without cancer. A detailed discussion concerning the
importance of each of these miRNAs is beyond the scope
of this manuscript; we do however like to mention that
several of these miRNAs have been described in the con-
text of neuroblastoma. hsa-miR-16-2-3p was found upregu-
lated in MYCN-ampli!ed neuroblastoma tumours as com-
pared to neuroblastoma without MYCN ampli!cation (43).
Hsa-miR-92b-3p, hsa-miR-1307-3p, hsa-miR-330-3p and
hsa-miR-345-5p for instance are known target genes of the
MYCN oncogene often found overexpressed in high-risk
neuroblastoma (44,45). Consistent with our observations,
miR-191-3p, miR-345-5p, miR-92b-3p, miR-339-3p, miR-
483-3p and miR-483-5p have all been reported upregulated
in metastatic neuroblastoma compared to primary neurob-
lastoma (46). Of note, detection of tumoural miRNAs may
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Figure 4. miRNA abundance in human serum. miRNA expression levels in serum pools of high-risk neuroblastoma patients (NB HR), healthy children
(H), sarcoma patients (S), nephroblastoma patients (N) and rabdomyosarcoma patients (R) of miRNAs both differentially expressed in the serum of mice
carrying orthotopic neuroblastoma xenografts and upregulated in both serum pools of high-risk neuroblastoma patients as compared to healthy serum.
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Figure 5. Serum miRNAs responsive to idasanutlin treatment. (A) Differentially expressed miRNAs in serum of mice carrying orthotopic xenograft tu-
mours of SH-SY5Y cells after 1 or 11 days of treatment with idasanutlin (30 mg/kg per day), temsirolimus (9 mg/kg/day) or vehicle control (P < 0.05
and FC > 2, Wald test, corrected for multiple testing using Benjamin–Hochberg). (B) Scaled log2 expression levels of idasanutlin-responsive miRNAs in
serum of mice treated with idasanutlin or vehicle control. Time points: −6 = 6 days before engraftment; 10 = 10 days after engraftment and 3 days before
treatment; 15 = 15 days after engraftment and 1 day after start treatment; 25 = 25 days after engraftment and 11 days after start treatment.

depend on the injected cell line, as some microRNAs de!ne
distinct human neuroblastoma cell types, such as the adren-
ergic (e.g. SH-SY5Y) or mesenchymal cells (47). It is cur-
rently unknown whether the differentially abundant miR-
NAs in our study are speci!c to adrenergic-type neuroblas-
toma cells or rather re"ect the generic neuroblastoma tran-
scriptome irrespective of the cell state. It is of interest to fur-
ther study this given the link between the mesenchymal cell
phenotype and treatment resistance and relapse (48,49). An
important issue regarding the use of circulating miRNAs
as blood-based biomarkers concerns the cell of origin. As
we used small RNA sequencing to quantify miRNA expres-
sion levels, we were able to accurately distinguish between

murine and human miRNA sequences. As such, we found
the majority of upregulated miRNAs to be human-speci!c,
suggesting they are most likely derived from tumour cells.
Whether they are actively released by the tumour or enter
circulation as a result of breakdown of apoptotic or necrotic
tumour cells remains unclear. Unfortunately miRNA pro-
!ling of pure extracellular vesicles or exosomes, actively re-
leased by tumour cells, is not yet feasible on minute amounts
of serum or plasma, as such an approach could allow to
more selectively detect tumour-secreted miRNAs.

Besides serum miRNAs associated with tumour burden,
an important aim of this study was to identify serum miR-
NAs that are responsive to treatment. Non-invasive assess-
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Figure 6. Serum and tumour expression levels of miR-34a-5p. (A) Serum expression levels of miR-34a-5p at different time points before and after treatment
with idasanutlin (orange) or vehicle control (black). Serum was collected 6 days before engraftment (−6), 11 days after engraftment (11), one day after start
of treatment (15) and 11 days after start of treatment (25). Solid lines represent mice carrying orthotopic xenograft tumours of SH-SY5Y cells; dashed
lines represent non-engrafted, tumour-free mice. Error bars represent the standard error of the mean. (B) Boxplots of the expression levels of miR-34a-5p
in tumours collected from mice treated for 11 days with idasanutlin or vehicle control.

ment of drug-induced molecular pathway activation could
have clinical utility for patient follow-up. In clinical trials
of RG7112, an idasanutlin predecessor, the measurement
of serum levels of MIC-1, a secreted p53-inducible protein,
has successfully been used in estimating p53 activation (50–
52). Given p53 is a known modulator of miRNA expres-
sion (40,53,54), assessing p53 activation trough circulating
miRNA abundance seemed a plausible scenario. Here, we
describe for the !rst time serum miRNAs that dynamically
respond to p53 activation following treatment of engrafted
mice with idasanutlin. After only 24 hours of treatment
we were able to detect signi!cant induction of expression
for 31 miRNAs, including known p53 transcriptional tar-
gets such as the miR-143/miR-145 cluster. After 11 days
of treatment, we detected six DE miRNAs, including miR-
34a-5p, another bona !de p53 response mediator. By com-
paring treatment-induced changes in serum expression in
mice carrying tumours to changes in tumour-free mice and
by associating expression changes in serum with changes in
the tumour we restricted our analyses to miRNAs of which
abundance changes in serum are likely to re"ect expres-
sion changes in the tumour. This resulted in one miRNA
that could potentially function as biomarker for p53 ac-
tivation, hsa-miR-34a-5p. miR-34a-5p is a known p53-
regulated miRNA with potent anti-tumour effects. This
miRNA is often found lower expressed in unfavourable neu-
roblastoma and it has been reported that in neuroblastoma
targeted activation of p53 can lead to a potent induction
of miR-34a expression in vitro (41,55,56). Interestingly, tar-
geted delivery of miR-34a using anti-GD2 coated nanopar-
ticles has potent anti-tumour effects in vivo in neuroblas-
toma (57). Whether the same holds true for innately cir-
culating miR-34a-5p, or by extension other p53-regulated
miRNAs in circulation, would form an interesting subject
of further investigation.

In conclusion, we identi!ed circulating miRNAs that are
associated with both human neuroblastoma and murine
neuroblastoma xenograft tumour burden and uncovered
one miRNA that could potentially be used as non-invasive
biomarker for p53 pathway activation. Our !ndings demon-
strate that it is feasible to monitor both tumour burden and
treatment response by measuring the levels of circulating
miRNAs in serum and that expression changes in the tu-
mour are re"ected in serum. The identi!cation of treatment-
induced alterations of circulating tumour-related miRNAs
is an unprecedented !nding that holds promise for liquid
biopsies as a tool for miRNA-based monitoring of treat-
ment response in cancer patients.
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Mijn doctoraatstraject voelde soms als een rit over de kasseien van Roubaix, vol uitdagende 

hobbels en onverwachte wendingen. De Mont Ventoux beklimmen (zelfs via Bédoin in de hitte 

met enorme zwermen vliegen) is er niets tegenover. Ik kon deze weg niet alleen afgelegd 

hebben zonder een aantal mensen die ik hiervoor graag zou willen bedanken. 

Bram, Jo en Tom. Ik kon me geen betere supervisors wensen. Jullie verschillende achtergrond 

zorgde voor een mooi, complementair geheel:  

Bram, de clinicus, wiens telefoon nooit zwijgt. Jouw wetenschappelijke en klinische inzichten 

waren zeer verrijkend. Jij hielp me soms eens de nodige afstand te nemen en stil te staan bij 

wat het eigenlijke klinische einddoel was van mijn projecten. Daarnaast hoop ik dat ik iets heb 

opgepikt van jouw skills om projecten op een zeer overtuigende manier neer te schrijven.  

Jo, de eeuwige optimist. Ondanks het dikwijls falen van experimenten, bleef je altijd positief 

en kwam er altijd wel een oplossing uit de bus. Daarnaast kon ik soms volledig vastlopen op 

experimenten, papers of berekeningen, waarna jij op magische wijze alles ineens heel logisch 

en vanzelfsprekend kon doen lijken op 10 minuutjes tijd. Ik ben heel dankbaar dat ik in het 

OncoRNALab werd opgenomen, jij en Pieter zorgen echt voor een fantastische sfeer op het 

werk.  

Tom, de wandelende encyclopedie. Jouw oneindige kennis en expertise was van onschatbare 

waarde tijdens mijn traject. Ik ben je ook nog steeds heel dankbaar voor het vertrouwen dat je 

van in het begin in mij had. Je zei me ooit dat ik een doctoraatstraject moest aanvatten vanuit 

een passie voor wetenschap en geneeskunde. Misschien kon ik me daar toen in 2018 nog geen 

duidelijk beeld bij vormen. Vandaag kan ik daarentegen met zekerheid zeggen dat jullie die 

passie in mij hebben aangewakkerd.  

The members of the examination committee, thank you for your valuable feedback and 

interesting discussions.  

Kathleen en Hanne, mijn paranimfen, bedankt voor jullie hulp tijdens mijn eindsprint. 

Kathleen, ik ben heel blij dat ik dat hele traject met jou heb mogen doorlopen. We hebben 

enorm veel plezier gehad samen in het labo en tijdens het schrijven van onze paper, maar 

waren er ook voor elkaar wanneer we door het bos de bomen niet meer zagen of door de 

bomen het bos niet meer zagen (spreekwoorden blijven moeilijk). Hanne, zo dankbaar dat je 

ooit voor mijn onderwerp hebt gekozen als masterstudent! Al had je misschien toch liever iets 

gedaan met TLR agonisten en fibroblasts? Bedankt voor alle hulp en mentale steun, ondanks 

dat het leven niet altijd een crèmekarre was! Dat die paper waarin we altijd hebben geloofd 

nu maar snel geaccepteerd wordt!  
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Justine, bedankt voor je enorme hulp in het labo, maar ook om me altijd op te beuren als het 

nodig was. Daarnaast ben ik heel blij dat je jouw artistieke talenten hebt losgelaten op de cover 

van mijn thesis!  

Marieke, ik heb zó veel plezier gehad met jou tijdens mijn doctoraat. Op het werk, de lab 

retreat, onze drinks, de Gentse feesten, altijd ambiance met jou erbij. Bedankt voor alle leuke 

momenten en de goeie babbels!  

Philippe, Ramiro en Jasper V, bedankt voor de Bologna trip, de Italiaanse avond, de pintjes en 

de toffe babbels!  

Anneleen, bedankt om mij zo goed te ontvangen op dag 1 als mijn meter, om altijd klaar te 

staan met raad als de alleswetende ‘ancien’, en te helpen om één van de papers tot een goed 

einde te brengen. Goed dat we dat kleine kamertje in Amsterdam overleefd hebben.  

Jasper A, je had gelijk, alles kwam goed! Bedankt om die muis pipeline duizend keer opnieuw 

te lopen voor mij, maar vooral ook voor alle mentale steun.  

Liselot, bedankt voor het beantwoorden van mijn duizenden vragen, zelfs tijdens jouw 

zwangerschapsverlof (ik kon het niet laten), en jouw hulp met de muisjes.  

Jilke, bedankt voor de leuke fietstochtjes, en het opofferen van jouw minimum aan vrije tijd 

de laatste maanden!  

All previous and current members of the OncoRNALab, thank you so much for making those 

last 5 years so memorable. I really enjoyed our lab retreats, drinks, congresses, sports sessions 

and weekends.  

Mijn vrienden en familie, bedankt voor jullie onvoorwaardelijke steun!  

César en Oscar, mijn trouwe viervoeters, bedankt voor de oneindige kusjes en knuffeltjes.  

Last but not least, Matthias, bedankt voor alles! We zijn al meer dan 10 jaar een topteam. 

Zonder elkaar waren we nooit zo ver geraakt. We waren niet in Thailand, Cambodja, Vietnam, 

de Filipijnen, Maleisië, Singapore, Jordanië, Marokko of Oeganda geraakt, maar ik was ook niet 

op het punt geraakt dat ik een doctoraat zou halen. Ik heb het je niet gemakkelijk gemaakt de 

laatste tijd, en “het werd tijd dat het gedaan was dat doctoraat”, awel, het is gedaan! FEEST!!  
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