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Blood collection tube and RNA purification
method recommendations for extracellular
RNA transcriptome profiling

The exRNAQC Consortium1,2*

Blood-based extracellular RNA (cell-free RNA; exRNA) biomarkers require
validated sample collection, processing, and quantification procedures. No
study to date has systematically tested pre-analytical variables affecting
transcriptome-wide exRNA analysis. By evaluating their impact on deep tran-
scriptome profiling of microRNAs and mRNAs in blood plasma or serum, we
compared ten blood collection tubes, three blood processing time intervals,
and eight RNA purification methods. In addition, we assessed interactions
among a selected pre-analytical variable set, resulting in 456 extracellular
transcriptomes. Blood preservation tubes failed to stabilize exRNA and RNA
purification methods differed significantly in performance, causing variations
in concentration, detected gene numbers, replicability and observed tran-
scriptome complexity. Critical interactions between tubes, purification
methods and time intervals were identified. We provide 11 analytical perfor-
mance metrics for exRNA quantification methods and put forward recom-
mendations for both users and manufacturers of RNA purification methods
and blood collection tubes, collectively, essential groundwork for exRNA-
based precision medicine applications.

Biomarker studies increasingly utilize biofluids as an attractive source
ofmolecules reflecting humanhealth and disease states. Referred to as
liquid biopsies, they have the advantage over tissue biopsies by being
minimally invasive and compatible with longitudinal sample collec-
tion, enabling monitoring of the impact of treatments or other inter-
ventions over time.Most liquid biopsybiomarker studies focus on cell-
free nucleic acids as candidate biomarkers. Cell-free DNA has been
intensively studied and found its way into daily clinical practice for
non-invasive prenatal testing1 and cancer-relevant mutation and
methylation detection2, while extracellular RNA (exRNA) is relatively
new to the biomarker field.

Particular molecules from various RNA classes, including micro-
RNA (miRNA), messenger RNA (mRNA), long-noncoding RNA, and
circular RNA (circRNA), have been put forward as potential biomarkers
for cancers, autoimmune diseases, diabetes, and cardiovascular
diseases3–7. However, few RNA-based biomarkers have been validated
across multiple studies, due in part to differences in pre-analytical

variables among studies. Furthermore, the absence of statements for
adherence to best-practice standards or full reporting of pre-analytical
variables in publications prevents biomarker study comparisons and
replication of findings. Given the labile nature of RNA and the release
of exRNA and cellular RNA by cells under stress8,9, standardized
quantification is a necessity. Growing interest in exRNA as a biomarker
resource requires strict implementation of standardized methods for
sample collection, processing, and molecular profiling, to ensure that
the biological signal of interest is not obscured by methodological
variation. Blood serum and plasma are among the most studied liquid
biopsies, and several pre-analytical variables, including blood collec-
tion tube type, needle type, and blood centrifugation speed and
duration, have been reported to influence exRNA abundance patterns
(Supplementary Data 1)10–12. However, studies investigating the impact
of pre-analytical variables have either focused only onmiRNAs or were
restricted to targeted mRNA analysis by PCR-based measurement of a
small number of genes (Supplementary Data 1). The impact of pre-
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analytical variables on the wide extracellular transcriptome remains
largely underappreciated. Cases where one pre-analytical variablemay
affect exRNA levels depending on other variables (interactions among
pre-analytical variables, Supplementary Data 1) has often been over-
looked in studies or not been investigated in detail. Consortia founded
to standardize pre-analytical variables, including the NIH Extracellular
RNA Communication Consortium (ERCC)13,14, the Blood Profiling Atlas
in Cancer (BloodPAC) Consortium15,16, SPIDIA/SPIDIA4P and CANCER-
ID, have focused recommendations on cell-free DNA to date. The
exRNA research community needs a more profound understanding of
how pre-analytical variables impact results and specific recommen-
dations for exRNA analysis.

Here we extensively assessed the impact of pre-analytical vari-
ables on both extracellular miRNA and mRNA profiles in a massively
parallel sequencing-based study. We systematically evaluated ten
blood collection tubes, three time intervals between blood draw and
downstreamprocessing, and eight RNApurificationmethods using the
supplier-specified minimal and maximal input volumes. Impacts were
assessed on deep transcriptome profiling of all miRNAs and mRNAs in
healthy donor plasma and serum. More than 1.6 liters of blood was
collected from 20 healthy donors to conduct experiments in triplicate
or quintuplicate, resulting in 456 complete transcriptomes. To control
RNA purification and library preparation workflows, 189 synthetic
spike-in RNA molecules were used17,18. Two evaluation phases firmly
established (1) the profound impact of each pre-analytical variable and
(2) unknown interactions between pre-analytical variables. A wide
variety of performance metrics, some of which are novel, were eval-
uated (Fig. 1), providing a comprehensive analysis of pre-analytical
variables on exRNA from blood serum and plasma.

Results
RNA purification method influences extracellular miRNA and
mRNA abundance profiles
To assess the impact of the RNA purification method on extracellular
miRNA and mRNA profiles, 8 total RNA purification methods mar-
keted for RNA purification from serum or plasma (Fig. 1) were
selected for evaluation in phase 1 of the Extracellular RNA Quality
Control (exRNAQC) study. Since most methods support a range of
blood plasma input volumes, we tested the minimal and maximal
input volumes recommended by each supplier. Blood was collected
in EDTA tubes from a healthy donor, since this tube type is widely
used in exRNA literature. Three technical replicates were used per
condition, resulting in 45 samples processed for mRNA capture
sequencing and 51 samples processed for miRNA sequencing. Resi-
dual DNA contamination was detected in the MagNA Pure method
eluates (Supplementary information Fig. 1c). Hence, these data were
excluded from further analyzes to ensure accurate exRNA
quantification.

We calculated 9 purposely developed metrics for sequencing
data to compare RNA purification method performance (Table 1,
metrics described in Methods). The absolute number of mRNAs and
miRNAs detected (also referred to as sensitivity) markedly differed
among RNA purification methods and plasma input volumes
(Fig. 2a, b). For a given RNA purification method, a higher number of
mRNAs was consistently detected from the higher plasma input
volume. This was not always true when different methods were
compared, such as the miRNeasy Advanced method using 0.6 mL
plasma versus the NucleoSpin method using 0.9 mL plasma (Fig. 2a).
This finding also applied to miRNAs, excepting QIAamp, Norgen and
NucleoSpin methods, which detected fewer miRNAs from the max-
imal plasma input volumes (Fig. 2b).

Eluate RNA concentrations derived from the sequencing data
correlated significantlywith RNAconcentrations determinedby Femto
Pulse electropherogram analysis (p-value < 0.001, Supplementary
Figs. 2a, b). Femto Pulse analyzes also demonstrated that blood-

derived exRNA was highly fragmented (Supplementary Fig. 3). RNA
concentrations varied greatly among different purification methods,
with a more pronounced impact on mRNA than miRNA (Fig. 2c, d).
RNA concentration and yield (Supplementary Figs. 4e, f) depended on
plasma input volume, with a higher input volume resulting in higher
mRNA concentration and yield for a given RNA purification method.
Purification methods, excepting QIAamp and Norgen, maintained this
association for miRNAs (Fig. 2c, d). Although RNA purification meth-
ods with large eluate volumes (Norgen, mirVana and Maxwell) and
methodswith small eluate volumes (QIAamp,miRNeasy andmiRNeasy
Advanced) produced similar RNA yields for a given plasma input
volume, methods with large eluate volumes typically resulted in lower
RNA concentrations. Condensing the eluate volume prior to library
preparation could potentially increase Norgen, mirVana and Maxwell
method overall performance.

RNA purification efficiency (Supplementary Fig. 4g-h) is a
relative measure of how well a method purifies RNA from a given
plasma input volume. As expected, purification efficiency did not
vary between the maximal and minimal input volumes for a given
method. However, methods yielding high purification efficiency
(for example mirVana method) did not always produce better RNA
quantification results because of limited biofluid input volumes. If
some methods would accommodate a larger biofluid input volume
and/or enable a smaller eluate volume (Supplementary Informa-
tion) whilemaintaining a high purification efficiency,manufacturers
could dramatically increase the eluate RNA concentrations of their
methods.

We determined a count threshold for each purification method
to filter noisy data (Supplementary Figs. 4a, b & Data 2), and calcu-
lated the percentage of counts remaining (data retention, Supple-
mentary Figs. 4c, d). Count thresholds for miRNA data were lower
than those for mRNA data, resulting in higher data retention levels
for miRNA analysis. This indicated higher variability in mRNA quan-
tification compared tomiRNA quantification, which was unsurprising
since most exRNA purification methods were specifically developed
for miRNA detection. Variability between RNA purification replicates
was quantified to determine method reproducibility. Most methods
performed equally well with respect to variability in miRNA count
replicates (Fig. 2f), except the mirVana alternative protocol using 0.1
mL plasma input that showed higher replicate variability. For mRNA,
the Norgenmethod using 0.25mL plasma input andmirVanamethod
using 0.1 mL plasma input displayed higher variability in replicates
than the other methods tested (Fig. 2e). The maximal plasma input
volume for any given method consistently produced less replicate
variability for mRNA than the minimal plasma input volume.

We determined the average read duplication rate (Supple-
mentary Fig. 1a) and transcriptome coverage in the mRNA capture
sequencing data (Supplementary Fig. 1a). Biofluid-derived mRNA
capture sequencing libraries typically have a high fraction of PCR
duplicates, due to low RNA input amounts, but even small differ-
ences in duplication rate can strongly impact the total number of
non-duplicated reads. For example, the purification method with
the lowest duplication rate (82.2% for QIAamp purification with 4
mL plasma input) generated on average 6-foldmore non-duplicated
reads than the method with the highest duplication rate (97.3% for
NucleoSpin purification using 0.3 mL plasma input; Supplemen-
tary Data 3).

Transcriptome coverage was determined to assess diversity in
mRNA capture sequencing reads, and demonstrated substantial
differences among RNA purification methods and among plasma
input volumes. Transcriptome coverage was higher for any given
method when maximal plasma input volumes were used (compared
withminimal plasma input volumes, Supplementary Fig. 1b). Overall
performance of all methods in purifying mRNA or miRNAs was
calculated using robust z-score transformation of all performance
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metrics, providing summary plots that compare all methods tested
for these 2 analysis levels (Fig. 2g, h). In general, higher plasma
input volumes and lower eluate volumes usually resulted in
better performance. A narrower z-score range was also observed
across all methods for quantifying miRNAs, indicating less
pronounced differences among RNA purification methods for
miRNA analysis.

Classic blood collection tubes outperform preservation tubes
for extracellular mRNA and miRNA analysis
We also evaluated various blood collection tubes and processing
time intervals in exRNAQCphase 1 as possible pre-analytical variables
impacting extracellular mRNA and miRNA profiles. Ten blood col-
lection tubes were selected, including 5 classic tubes, not specifically
designed to stabilize cell-free nucleic acids, and 5 manufacturer-
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designated preservation tubes that were purposely developed to
conveniently allow more time between the blood draw and further
processing steps (Fig. 1). We recruited 3 healthy volunteers and
selected 3 time intervals between blood draw and processing to
assess whether blood storage at room temperature produces chan-
ges in sample exRNA content (Fig. 1). For each tube type, a baseline
value was established by processing the blood tube immediately
after collection. To mimic same-day and next-day processing in
routine lab situations, we set processing time intervals to 4 and 16
hours for classic tube types. For preservation tubes specifically
marketed to stabilize extracellular nucleic acids for 7 (and up to 14)
days, extended time intervals (24 and 72 hours) for plasma pre-
paration were selected. This testing design resulted in 180 biofluid
samples subsequently processed for RNA purification (using the
widely used miRNeasy method with 0.2 mL biofluid input) and both
mRNA capture and miRNA sequencing.

To evaluate exRNA profiles for different blood collection tubes
and processing times, we calculated 5 different performance metrics
(Table 1, metrics described in Methods). The stability of each per-
formance metric over time was evaluated as fold-change between
immediate processing and the 2 selected processing time intervals
(illustrated in Van Paemel et al.19). Processing time intervals having no
impact on the performance metric would have fold-changes close to
one. Hemolysis was quantified based on absorbance units at 414 nm
and evaluated by visual inspection during liquid biopsy preparation.
Hemolysis in classic tube types was below the generally accepted

absorbance threshold of 0.220,21 across all donors and time intervals
(Supplementary Figs. 5a, 6a & 7). Contrastingly, plasma was hemo-
lytic for at least one donor at one or multiple time points for all
preservation tube types. While absolute absorbance units were
generally low, longer processing time intervals did produce up to
2-fold differences in both classic and preservation tube types (Sup-
plementary Figs. 8a, 9a). To assess RNA concentration differences in
plasma/serum prepared from different blood collection tubes, per-
formance metrics based on spike-in RNA read counts were calcu-
lated. RNA concentration remained stable over time in classic tube
types (Supplementary Figs. 8b, 9b). Unexpectedly, RNA concentra-
tion was much less stable in preservation tubes, measuring the low-
est levels in the RNA Streck tube (Supplementary Figs. 5b & 6b). The
absolute mRNA and miRNA numbers in classic tubes remained rela-
tively constant over time, but mean fold-changes in preservation
tubes ranged from 1.86 to 4.01 (mRNA) and from 1.08 to 1.67 (miRNA,
Supplementary Figs. 8c, 9c). The number of mRNAs and miRNAs
detected in DNA Streck and RNA Streck tubes was substantially lower
than in all other tubes (Supplementary Figs. 5c, 6c). In contrast to
preservation tubes, the fraction of total counts mapping to mRNAs
and miRNAs (Supplementary Figs. 5d, 6d) in classic tubes remained
fairly constant over time (Supplementary Figs. 8e, 9e). Replicate
variability for preservation and classic tubes remained stable over
time (Supplementary Figs. 8d, 9d). Clearly, preservation tubes did
not show robust performance over time (summary plot for all per-
formancemetrics in Fig. 3). We conclude that the tested preservation

Fig. 1 | Workflow in the extracellular RNA Quality Control (exRNAQC) study.
To evaluate the 8 exRNA purification methods (upper left panel), 2 blood draws
from a single individual were performed to separately apply mRNA capture or
miRNA sequencing. To compare RNA purification performance, 9 performance
metrics were calculated. Blood was drawn from 9 individuals to evaluate 10 blood
collection tube types, including 5 classic and 5 preservation tube types (upper right
panel), at 3 time intervals between blood draw and processing. Preservation tubes
were processed immediately (T0) and after 24 (T24) and 72 (T72) hours and classic
tubes were processed immediately (T0) and after 4 (T04) and 16 (T16) hours. Both
mRNA capture andmiRNA sequencing were performed, and the data was analyzed
using 5 performance metrics. Based on the number of miRNAs and mRNAs

detected and replicate variability metrics, a dedicated selection of precise and
sensitive exRNA purification methods and blood collection tubes was further
evaluated in exRNAQC phase 2. For both mRNA capture and miRNA sequencing in
phase 2, 5 individuals were sampled to test 3 blood collection tubes and 4 RNA
purification methods. Interactions between RNA purification methods, blood col-
lection tubes and processing time intervals were assessed by 6 performance
metrics. MAP=MagNA Pure method, MAX=Maxwell method, MIR=miRNeasy
method, MIRA=miRNeasy Advanced method, MIRV=mirVana method, MIRVE=-
mirVana method with purification protocol for small RNA enrichment, NOR=Nor-
gen method, NUC=NucleoSpin method, QIA=QIAamp method. Designed with
Freepik (free license) and Servier Medical Art (CC BY 4.0).

Table 1 | The impact of RNA purification methods and blood collection tubes on mRNA capture and miRNA sequencing was
evaluated by calculating performance metrics

performance metric exRNAQC phase 1 -
RNA purification

exRNAQC phase 1 -
blood collection tube

RNA concentrationd RNA concentration in eluate, i.e., total sum of endogenous
counts / sum of ERCC or LP spikes

RNA concentration in plasma, i.e., total sum of endogenous counts /
sum of Sequin or RC spikesb

numberof detectedm(i)RNAs number of protein coding genes or miRNAsb

replicate variability based on RNA count fold-changes between replicatesb

m(i)RNA count fraction c % of counts that goes to mRNAs or miRNAsb

hemolysis c spectrophotometric absorbance of light at 414 nm

RNA yield RNA concentration x eluate volume c

count threshold detection threshold that removes 95% of single observa-
tions between technical replicates

c

data retention % of total counts remaining after applying count threshold c

transcriptome coverage % of transcriptome covereda by ≥ 1 read c

RNA purification efficiency RNA yield / plasma input volumeb c

duplication rate number of reads removed by Clumpify / number of sub-
sampled readsa,b

c

aMetrics only calculated for mRNA capture sequencing data.
bMetrics also calculated in exRNAQC phase 2.
cMetrics were not calculated.
dThe RNA concentration performance metric was previously described in references17,18,81.
ERCC=Extracellular RNA Communication Consortium, LP=library preparation control, RC=RNA purification control.
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tubes do not robustly preserve the total miRNA or mRNA quantities
in plasma, and are not suited for exRNA analysis.

RNA changes during standing time are selective for certain
genes and dependent on blood collection tube type
To further characterize the observed changes in exRNA over time,
we evaluated the stability of the circRNA and linear RNA fractions in

each tube type after standing 4 or 16 hours (for the classic tubes) or
24 or 72 hours (for the preservation tubes). We hypothesized that
the higher stability conferred by circularization would translate to a
difference in abundance between these fractions over time, but this
was not confirmed. Linear RNA and circRNA fractions did not sig-
nificantly differ across time intervals (all adjusted p-values > 0.05;
Supplementary Fig. 10). To assess how the mRNA transcript
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population changed over time, distributions of log2 fold-change
differences between 4 or 16 hours and T0 (for classic tubes) or
between 24 or 72 hours and T0 (for preservation tubes) were
compared and gene set enrichment analysis (GSEA) performed.
Log2 fold-change differences were higher at more prolonged
standing times for both preservation and classic tubes, indicating
that the abundance of a considerable number of genes changed
over time, even for the high-performing classic tubes (Supplemen-
tary Fig. 12a). Nevertheless, log2 fold-change differences were
higher for preservation than classic tubes. GSEA demonstrated that
only EDTA and citrate tubes showed no significantly enriched gene
sets after standing 4 hours (Supplementary Data 4). We also eval-
uated mRNA repertoire differences across blood collection tube
types at the baseline time point, confirming the transcriptome dif-
ferences detected by our performance metrics (Supplementary
Fig. 11). Computational deconvolution revealed tube-dependent
changes in RNA proportions from several immune cell types over
time (Fig. 4, Supplementary Fig. 13). The estimated immune cell
composition remained relatively stable in serum, citrate and ACD-A
tubes that stood either 4 or 16 hours before processing. Remark-
ably, only citrate and ACD-A tubes showed no significant changes
after standing 4 hours. Combining the findings of the GSEA and
deconvolution analysis, we conclude that citrate tubes processed
within 4 hours are best suited for exRNA analysis.

Interactions among pre-analytical variables impact exRNA
quantification performance
In the second exRNAQC study phase, we evaluatedwhether the impact
of a certain pre-analytical variable on exRNA sequencing outcome
depends on other pre-analytical variables. Three classic blood collec-
tion tubes and 2 RNA purification methods were selected for this
evaluation. Tube selection was based on superior performance in
phase 1 and widespread clinical use (Fig. 1). RNA purification method
selection was based on the number of detected m(i)RNAs (Fig. 2a, b)
and replicate variability (Fig. 2e, f) from phase 1 (Fig. 5). Plasma input
volume was used as an additional selection criterion, as we aimed to
include at least one method requiring < 1 mL biofluid. Because pur-
ification methods performed differently for mRNAs and miRNAs
(Fig. 5), different methods were selected to probe the mRNA and
miRNA transcriptomes (Fig. 1). Blood was drawn from 5 healthy
volunteers and processed immediately or after 4 or 16 hours, resulting
in 180 samples processed for RNApurification andbothmRNAcapture
and miRNA sequencing. Interactions were analyzed using six relevant
performancemetrics (Table 1,metrics described inMethods). For both
mRNA capture and miRNA sequencing, several significant two-way
interactions between the blood collection tube and RNA purification
method or time interval were observed (Figs. 6a, b, Supplementary
Figs. 14, 15). As expected, no significant interactions between RNA
purification method and time interval were observed. Interactions

Fig. 2 | RNA purification methods strongly influence mRNA and miRNA
sequencing. Performance metrics are shown for both mRNA capture (left panels)
and miRNA (right panels) sequencing. For each unique RNA purification-plasma
input volume combination, 3 technical replicates were analyzed (n = 39 for mRNA
capture & n = 45 formiRNA sequencing). Absolute numbers of detectedmRNAs (a)
andmiRNAs (b) that reached the count threshold (see “Methods”) are shown. High
numbers indicate good performance. Endogenous mRNA (c) and miRNA (d) con-
centration. Values are log rescaled to the lowest mean of all methods and trans-
formed back to linear scale. Themean and 95% confidence interval are shown. High
concentrations indicate good performance. Replicate variability based on ALC at
mRNA (e) andmiRNA (f) level, respectively. Small ALC indicates good performance.

Overview of all performance metrics at mRNA capture (g) and miRNA (h)
sequencing level, respectively, after transforming the values to robust z-scores.
High z-scores indicate good performance. Rows and columns of the heatmaps are
clustered according to complete hierarchical clustering based on Euclidean dis-
tance. Average z refers to themeanof robust z-scores for a specificRNApurification
method. The number that follows the name of the purification method is the
plasma input volume (in ml). MAX=Maxwell method, MIR=miRNeasy method,
MIRA=miRNeasy Advanced method, MIRV=mirVana method, MIRVE=mirVana
method with purification protocol for small RNA enrichment, NOR=Norgen
method, NUC=NucleoSpin method, QIA=QIAamp method.

Fig. 3 | Preservation tubes do not show robust performance over time. Per
blood collection tube and per performance metric, a summary of mean fold-
changes (FC) between immediate processing and the 2 selected processing time
intervals is given forbothmRNA (a) andmiRNA (b) profiling. Ideally, themeanFCof
the performance metrics approaches 1, indicating that there is little change over

time. Per tube type (preservation and classic) tubes are ranked by mean value
across all metrics from low (top) to high (bottom). Note that different donors were
sampled and that tubes were processed at different time intervals for preservation
and classic blood tubes.
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between the blood collection tube type and RNA purification method
impacted the duplication rate and number of detected mRNAs
(Figs. 6a, Supplementary Fig. 14). RNA concentration and purification
efficiency for mRNA was influenced by interactions between blood
collection tubes and time intervals (Fig. 6a, Supplementary Fig. 14).We
also analyzed mRNA abundance and GSEA across time intervals for
phase 2 testing, and confirmed results from phase 1. Higher log2 fold-
changes were observed for more prolonged standing times, for the
selected classic tube types (Supplementary Fig. 12b & Data 4) except
for the serum tube combination with the QIAamp method. Individual
differential genes were only detected for the 16-hour interval com-
pared to immediate processing, with significant abundance differ-
ences detected for 0.11–4,19% of the mRNA transcripts, while
differential gene sets were observed for both the 4-hour and 16-hour
interval compared to immediate processing (Supplementary Data 4).
These analyses confirm that mRNA composition changes over time,
even in high-performance blood collection tubes. More significant

interactions affected performancemetrics formiRNA sequencing than
mRNA capture sequencing. The choice of RNA purification method
altered performance of citrate, EDTA or serum tubes by significantly
impacting purification efficiency, the number of detected miRNAs,
reproducibility and miRNA/mRNA fraction (Figs. 6b, Supplementary
Fig. 15). The time intervals differentially affected the RNA concentra-
tion, purification efficiency, number of detected miRNAs and miRNA/
mRNA fraction performance metrics in citrate, EDTA or serum tubes
(Figs. 6b, Supplementary Fig. 15). These interactions demonstrate that
the impact of a certain pre-analytical variable on exRNA profiling
depends on other pre-analytical variables.

Recommendations for users and manufacturers
We distilled recommendations from our exRNAQC study findings that
should help users to select appropriate pre-analytical variables for
their specific research question (Fig. 7). Sample collection and pro-
cessing should be standardized within a single study. Combining data

Fig. 4 | Blood collection tubes impact release of immune cell RNA over time.
Colored cells represent adjusted p-values <0.05 from beta regression models with
random effects for all cell types. Tukey's method was used for pairwise compar-
isons (two-sided testing)while correcting formultiple testing. P-values smaller than
the minimum representable value in R (1e-16) are annotated as < 1e-16. Non-

significant p-values point towards blood collection tube stability over time.
T0=immediate bloodprocessing, T04, T16, T24, T72=plasmaprepared 4, 16, 24 and
72 hours after blood draw, respectively. Note that different donors were sampled
and that tubes were processed at different time intervals for preservation and
classic tubes.

Fig. 5 | RNA purificationmethod selection for exRNAQC phase 2 for mRNA and
miRNA analysis.Median robust z-score (see “Methods”) permethod-input volume
combination (13 for mRNA, 15 for miRNA) shown for the number of detected
mRNAs (a) ormiRNAs (b) and replicate variabilitymetrics. The number in the labels

is the plasma input volume (inml).MAX=Maxwellmethod,MIR=miRNeasymethod,
MIRA=miRNeasy Advanced method, MIRV=mirVana method, MIRVE=mirVana
method with purification protocol for small RNA enrichment, NOR=Norgen
method, NUC=NucleoSpin method, QIA=QIAamp method.
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derived from different blood collection tube types, RNA purification
methods and/or processing time intervals will introduce unacceptable
biases in the results. The pre-analytical variables used should also be
carefully annotated and reported (according to published
guidelines16,22–25) to enable study comparison and interpretation across
different studies. The use of synthetic spike-in RNA allows sequencing-
based quality control and optional exRNA normalization17,18. We used
spike-in RNAs to assess RNA concentration and yield and to determine
purification efficiency from different methods. The available biofluid
volume largely determines which RNA purification method to use.
When sufficient biofluid is available, we recommend maximizing the
biofluid input volume to increase quantification performance. To
maximize the number of detected mRNAs and minimize replicate
variability, we recommend theQIAampmethod for large biofluid input
volumes (up to 4 mL) and the miRNeasy or miRNeasy Advanced
method for small volumes (0.2-0.6 mL). The Maxwell or miRNeasy
Advanced method should be used to obtain the maximal number of
detectedmiRNAs and tominimize replicate variability.We adviseusing
citrate blood collection tubes for exRNA sequencing, based on our
performance metrics results and the gene set enrichment and
deconvolution analyses. Bloodprocessing shouldbe completedwithin
4 hours after collection. The use of preservation tubes (RNA Streck,
DNA Streck, Biomatrica, Roche, and PAXgene tubes) for blood col-
lection should be avoided based on our phase 1 results (mRNA and
miRNA unstable over time).

Our collected recommendations for manufacturers of RNA pur-
ification methods and blood collection tubes, based on our exRNAQC
study findings, support how to evaluate newly developed products
(Fig. 7). For newly developed RNA purificationmethods, developers or
manufacturers should first evaluate their compatibility with different
genomic DNA removal methods (Fig. 7)26, then assess potential per-
formance differences using different biofluid input volumes, ideally
using all 9 proposed exRNAQC performance metrics. Given that per-
formance for miRNA quantification cannot be extrapolated to mRNA
quantification, we recommend evaluating both independently.
Importantly, RNA purification replicates should be included and dif-
ferent blood collection tubes tested to evaluate potential interactions
and specify which collection tubes are recommended or should be
avoided in combination with the new RNA purification method. It is
crucially important for blood collection tube manufacturers to evalu-
ate different processing time intervals to assess performance stability
over time in comparison to immediate processing using the 5

exRNAQC performance metrics. Blood collection tube replicates
should also be included and interaction analyses should be evaluated.
Collectively, our recommendations help to set up comprehensive user
guidelines for extracellular RNA evaluation and marker studies in
patient samples.

Discussion
Wepresent our comprehensive evaluation of extracellular RNA quality
control in the exRNAQC study, which examined eight RNA purification
methods, tenblood collection tubes, and three time intervals for blood
processing as important pre-analytical variables dramatically affecting
extracellular RNA quantification and analysis. Using purposely defined
performance metrics, we found marked differences among RNA pur-
ification methods and demonstrated that classic blood collection
tubes outperform manufacturer-designated preservation tubes.
Selective changes in gene transcript abundance and the immune cell-
derived RNA subpopulation during longer blood processing times
indicate the need for timely blood processing into cell-free plasma,
optimally in ≤ 4 hours. Importantly, interactions between pre-
analytical variables further impact performance of RNA purification
methods and blood collection tubes. We provide user and manu-
facturer recommendations to improve quality control in extracellular
RNA studies frompatient blood samples based on our findings (Fig. 7).

The exRNAQC study is the largest and most comprehensive
sequencing-based evaluation of pre-analytical factors affecting extra-
cellular transcriptomes to date. However, all experiments were per-
formed in a single laboratory, and ideally, the present findings should
be confirmed in amulticenter study. The exRNAQC study stands out in
many aspects (Fig. 8). While most previous studies have only focused
on the miRNA biotype12,27–43, the exRNAQC study characterized the
entire human miRNA and mRNA transcriptome. For comparisons to
previous studies, themiRNAbiotypewasour focus from the small RNA
sequencing data in exRNAQC, although other types of small RNAs are
present in these raw data. Two miRNA sequencing studies compared
different RNA purification methods27,30, but the impact of different
blood collection tubes on the circulating miRNome was previously
unexplored. Liquid biopsy collection and processing procedures were
tightly controlled in exRNAQC, however, we cannot exclude that other
biological and methodological pre-analytical variables had a potential
impact. Wong et al. have demonstrated that the method selected for
library preparation greatly affects the plasma miRNA profile30. Srini-
vasan et al. showed that different exRNA carrier subclasses are

Fig. 6 | Interactions between pre-analytical variables should be considered
when comparing RNA purification method or blood collection tube perfor-
mance. For both mRNA capture and miRNA sequencing, 5 biological replicates
were used for eachof the 18 unique tube (n=3), purificationmethod (n = 2) and time

interval (n=3) combinations (total n=90). Shown are the interactions between pre-
analytical variables for mRNA capture (a) and miRNA (b) sequencing. P-values
correspond to the Wald test for the terms in the linear mixed-effects model (two-
sided testing).
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associated with distinct sets of miRNAs from plasma and serum, and
are differentially purified by different exRNA purificationmethods27. It
should be noted, however, that most RNA purification methods eval-
uated in their study specifically enrich for extracellular vesicles. From
that perspective, it is not surprising to observe differences in RNA
purification performance, as these differences may largely be caused
bywell-knowndifferences in thepurity of extracellular vesicle isolation
methods44. We selected for exRNAQC only purification methods for
exRNA from total plasma or serum, which in principle, should capture
all circulating RNAs (including those from various carriers such as
vesicles and lipoprotein and ribonucleoprotein complexes). Never-
theless, exRNAQC revealedmarked performance differences for these
methods, suggesting that different methods may differentially purify
different exRNA carrier subclasses (e.g., extracellular vesicles, etc.).
Previous studies examined the impact of pre-analytical variables on
only a handful of extracellular mRNAs10,45,46, while full transcriptome
mRNA characterization was applied in exRNAQC to reveal the full

scope of potential exRNA population variability created by the pre-
analytical variables (Fig. 8). Importantly, we demonstrate higher
variability in mRNA sequencing data compared to miRNA sequencing
data, resulting in RNA biotype-specific recommendations of RNA
purification methods (Fig. 7). This underscores the need to include
sequencing-basedmethods formRNA analysis in the evaluation of pre-
analytical variables affecting exRNA.

Inefficient genomic DNA removal has previously been shown to
bias sequencing-based exRNA studies47,48. Residual genomic DNA
contaminated the MagNA Pure RNA eluates in exRNAQC phase 1,
despite applying a genomic DNA removal strategy that worked well
for all other RNA purification methods. Contamination was likely
due to incompatibility between the RNA elution buffer and genomic
DNA removal reagents. We excluded data from the MagNA Pure
method frommRNA analysis, and emphasize here the importance of
assessing successful genomic DNA removal prior to exRNA
quantification.

Fig. 7 | Recommendations for users and RNA purification and blood collection
tube manufacturers. The left panel summarizes the exRNAQC recommendations
for users. The right panel describes the exRNAQC recommendations for manu-
facturers of RNA purificationmethods and blood collection tubes. gDNA=genomic

DNA, MAX=Maxwell method, miRNA=microRNA, MIR=miRNeasy method, MIR-
A=miRNeasy Advanced method, mRNA=messenger RNA, QIA=QIAamp method.
Designed with Freepik (free license).
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Ten different blood collection tube types were extensively eval-
uated in exRNAQC. Previous reportswere limited tomaximally six tube
types and did not assess26,27,32,34–36,38,45, or used only targeted PCR to
asses12,31,37,42,46, performance stability over different processing times
(Fig. 8). We confirmed the previous report that preservation tubes
result in varying volumes of plasma that can be prepared49. Surpris-
ingly, we also demonstrate thatmanufacturer-designated preservation
tubes were less able to preserve extracellular mRNA and miRNA pro-
files than classic (including serum) tubes. This finding is particularly
worrying in light of the Technical Specification (CEN/TS17742:2022)
from the EuropeanCommittee for Standardization recommending the
use of stabilizing blood collection tubes, especially for long-term
biobanking sample collection, to prevent post-collection profile

changes50. The theorybeing that upon storage and transport of venous
whole blood collected in classic tubes, blood cells may shed (vesicle-
encapsulated) RNAor undergo apoptosis ormechanical lysis, releasing
cell-free RNA, leading to unreliable or wrong results. In support of this
theory, a previous study demonstrated a clear increase in ACTB RNA
copies measured by RT-qPCR in plasma prepared after 24 or 72 hours
fromblood collected in EDTA tubes comparedwith preservation tubes
(T24: 5-fold versus 2-fold increase, T72: 45-fold versus 3-fold increase,
respectively)50. Similarly, a second study showed copy numbers of
ACTB and several other gene transcripts significantly increased in
plasma processed three days after blood collection in EDTA tubes,
compared to RNA Streck tubes51, suggesting that EDTA tubes prevent
clotting but not changes in the exRNA profile. CEN/TS17742:2022,
however, does not specify which preservation tube was tested, and
their use of RT-qPCR to assess only one or a few gene transcripts after
24- or 72-hour processing times does not comprehensively test tube
performance. The global view provided by exRNAQC results includes
differential abundance of all mRNAs and miRNAs for a complete pic-
ture of how profiles in classic tubes change between direct processing
and 4- or 16-hour delays in processing. CEN/TS17742:2022 favors EDTA
above other classic blood collection tubes, based on the study by
Glinge et al. measuring abundance changes of threemiRNAs over time
to compare EDTA, citrate, lithium-heparin and serum tubes37. How-
ever, Glinge et al. concluded only that lithium-heparin tubes should be
avoided for plasma collection and otherwise detected no significant
differences in miRNA abundance in plasma from EDTA, citrate or
serum tubes. Glinge et al. also claimed that variability is larger in the
results from serum compared to EDTA tubes, but no data are shown to
support this37. Based on the hypothesis that RNAmay be released from
blood cells during the clotting process in serum tubes, CEN/
TS17742:2022 recommends avoiding serum tubes unless verified and
validated for the intended examination. Our GSEA results from serum
and EDTA tubes point towards platelet activation in blood samples
before processing, providing limited support for this theory. However,
platelet activation-mediated exRNA release could not be compared
among blood collection tubes since the EPIC deconvolution tool has
no signatures for this blood fraction52. No major differences in the
exRNAQC performance metrics were identified between serum tubes
and EDTA, EDTA separator, citrate and ACD-A tubes, not supporting
the CEN/TS17742:2022 recommendation. Only exRNAQC pathway
enrichment and cellular deconvolution analyses detected differences
among classic tube types, favoring the citrate tube processed within
4 hours for stable exRNA analysis. Some caution is warranted com-
paring classic tube results from our exRNAQC study and CEN/
TS17742:202250, since different processing times were examined.
Nevertheless, based on exRNAQC results, we strongly advise to criti-
cally re-evaluate CEN/TS17742:2022. Additional preservation tube
types have also been developed and marketed since initiating
exRNAQC, including the cfDNA/cfRNAPreservationBloodTube (Zymo
Research, R1075), the RNA Complete BCT (Streck, 230579), and cf-
DNA/cf-RNA Preservative Tube (Norgen Biotek Corp., 63980). Our
posthoc evaluation using miRNA sequencing (Streck RNA Complete
BCT) and mRNA capture sequencing (Norgen cf-DNA/cf-RNA Pre-
servative Tube) demonstrated poor performance in all evaluated
performance metrics. Delays in manufacturing prevented delivery
(email communication) and testing of the Zymo cfDNA/cfRNA Pre-
servation Blood Tube. We invite blood collection tube manufacturers
to increase their efforts to develop a plasma or serum tube that pre-
serves the extracellular transcriptome for at least three days.

Our study revealed multiple interactions between pre-analytical
variables, impacting both mRNA and miRNA profiling. Interactions
between blood collection tubes and RNA purificationmethods are not
unexpected, given that coatings, preservatives or anticoagulants on
blood collection tubes may induce changes in RNA purification con-
ditions (specific monovalent or divalent ions, salt concentrations, pH

Fig. 8 | TheexRNAQCstudy represents themost comprehensiveanalysis ofpre-
analytical variables in the context of exRNA profiling. The heatmap shows
studies (rawdata and references in Supplementary Data 1) evaluating pre-analytical
variables basedonbothmRNAandmiRNA (toppart),miRNAonly (middle part) and
mRNA only (bottom part). The numbers in brackets after the column names indi-
cate the scale range. The darker the coloring, themore items were studied. Studies
marked with a solid black circle evaluate interactions between pre-analytical vari-
ables. The exRNAQC study outperforms previous studies analyzing pre-analytical
variables impacting exRNA analyzes in terms of the combination of evaluated
metrics and shows uniqueness by studying the impact on both miRNA and mRNA.
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values) that impact performance53. Importantly, the presence of these
interactions demonstrates that one should not simply combine the
best-performing blood collection tube and RNA purification method
(from single-factor studies), but test compatibility for these pre-
analytical variables when optimizing a specific sample processing
workflow. This is in concordance with CEN/TS17742:2022 recommen-
dations to use RNA purification methods recommended by the tube
manufacturer, if mentioned (after verification for the intended use)50.
Our comprehensive study provides guidance to select the optimal
blood collection tube type, maximal processing time and RNA pur-
ification method combination for sequencing projects targeting
extracellular miRNA and/or mRNAs (Fig. 8). While previous studies
demonstrated that longer blood processing times altered abundance
of specific mRNA or miRNAs12,37,46, transcriptome-wide interactions
between blood collection tubes and time intervals were not previously
addressed. Our findings confirm that standardizing the blood pro-
cessing time remains crucially important even for the best-
performing tubes.

The exRNAQC study represents the most comprehensive perfor-
mance assessment of RNA purification methods and blood collection
tubes and processing times for exRNA profiling to date. By evaluating
11 performance metrics, we show that choice of RNA purification
method and blood collection tube dramatically impacts quantification
of both mRNAs and miRNAs. We also demonstrate that classic blood
collection tubes outperformpreservation tubes and that the transcript
population varies at times equivalent to overnight blood processing,
potentially creating artifacts that could be mistaken as biomarkers.
Interactions between RNA purification methods, blood collection
tubes and processing times further indicate that compatibility of these
pre-analytical variables need to be evaluated when biobanking sam-
ples.The exRNAQC study applies a comprehensive framework and
metrics that can be used to evaluate performance of more recently
developed commercial components for exRNA studies, and we pro-
vide recommendations to guide users planning exRNA studies and
manufacturers evaluating newly developed products. Our results will
enhance the reproducibility, interpretation and comparison of future
exRNA studies to support exRNA research as a starting point for robust
biofluid-based biomarker discovery and use.

Methods
Donor material and liquid biopsy preparation
The study was approved by the ethics committee of Ghent University
Hospital (Belgian Registration number B670201733701) and written
informed consent was obtained from 20 healthy donors, including 5
males and 15 females (age ranges from 27 to 54 years old; Supple-
mentary Data 5). Sex and gender were not considered in the study
design. Incapacitated or pregnant individuals, as well as individuals
younger than 20 years old were excluded from the study. Donors did
not receive compensation for study participation. Venous blood was
collected from an elbow vein after disinfection with 2% chlorhexidine
in 70% alcohol. In total, ten different blood collection tubes were used:
the BD Vacutainer SST II Advance Tube (referred to as serum tube in
this study; Becton Dickinson and Company, 366444), BD Vacutainer
Plastic K2EDTA tube (EDTA tube; Becton Dickinson and Company,
367525), Vacuette Tube 8 mL K2E K2EDTA Separator (EDTA separator
tube; Greiner Bio-One, 455040), BD Vacutainer Glass ACD Solution A
tube (ACD-A tube; Becton Dickinson and Company, 366645), Vacuette
Tube 9 mL 9NC Coagulation sodium citrate 3.2% (citrate tube; Greiner
Bio-One, 455322), Cell-Free RNA BCT (RNA Streck tube; Streck,
230248), Cell-Free DNA BCT (DNA Streck tube; Streck, 218996), PAX-
gene Blood ccfDNA Tube (PAXgene tube; Qiagen, 768115), Cell-Free
DNA Collection Tube (Roche tube; Roche, 07785666001), and LBgard
Blood Tube (Biomatrica tube; Biomatrica, M68021-001). Immediately
after blood draw, blood collection tubes were inverted five times and
all tubes were transported to the laboratory for plasma or serum

preparation. Tubes were immediately processed or at 4h, 16h, 24h or
72h upon blood collection. Details on the different blood draws and
plasma/serum preparations are available in the Supplementary
Information.

RNA isolation and gDNA removal
In total, eight different exRNA purificationmethods, including six spin
column-based methods and two automated purification procedures,
were used according to the manufacturer’s manual: the miRNeasy
Serum/Plasma Kit (referred to as the miRNeasy method in this study;
Qiagen, 217184), miRNeasy Serum/Plasma Advanced Kit (miRNeasy
Advanced method; Qiagen, 217204), mirVana PARIS Kit (mirVana
method; Life Technologies, AM1556), NucleoSpin miRNA Plasma Kit
(NucleoSpin method; Macherey-Nagel, 740981.50), QIAamp ccfDNA/
RNA Kit (QIAamp method; Qiagen, 55184), Plasma/Serum Circulating
and Exosomal RNA Purification Kit/Slurry Format (Norgen method;
Norgen Biotek Corp., 42800), Maxwell RSC miRNA Plasma and Serum
Kit (Promega, AX5740 and AS1680) in combination with the Maxwell
RSC Instrument (Maxwell method; Promega, AS4500), and MagNA
Pure 24 Total NA Isolation Kit (Roche, 07658036001) in combination
with the MagNA Pure 24 instrument (MagNA Pure method; Roche,
07290519001). Per 100 µL liquid biopsy input volume, 1 µL Sequin
spike-in controls (Garvan Institute of Medical Research54) and/or 1 µL
RNA purification Control (RC) spike-ins55 (IDT) were added to the
lysate for TruSeq RNA Exome Library Prep sequencing and/or TruSeq
Small RNA Library Prep sequencing, respectively (see Supplementary
Information for concentrations). To maximally concentrate the RNA
eluate, minimal eluate volumes were used, unless otherwise recom-
mended by the manufacturer. For evaluation of the different pur-
ificationmethods in exRNAQC phase 1, both the minimal andmaximal
recommended plasma input volumes were tested in triplicate. Details
on the exRNA purification methods, and Sequin and RC spike-in con-
trols are available in the Supplementary Information.

gDNA removal of RNA samples for TruSeq RNA Exome Library
Prep sequencing was performed using HL-dsDNase (ArcticZymes,
70800-202) and Heat & Run 10X Reaction Buffer (ArcticZymes,
66001). Briefly, 2 µL External RNA Control Consortium (ERCC) spike-in
controls (ThermoFisher Scientific, 4456740), 1 µL HL-dsDNase and 1.4
µL reaction buffer were added to 12 µL RNA eluate, and incubated for
10 min at 37 °C, followed by 5 min at 55 °C. To RNA samples used for
both TruSeq RNA Exome Library Prep sequencing and TruSeq Small
RNA Library Prep sequencing, also 2 µL Library Preparation Control
(LP) spike-ins56 (IDT) were added to the RNA eluate before starting
gDNA removal and 1.6 µL reaction buffer was used. RNA samples solely
used for TruSeq Small RNA Library Prep sequencing were not DNase
treated. Here, 2 µL LP spike-ins were added to 12 µL RNA eluate before
starting library preparation. Details on ERCC and LP spike-in control
concentrations are available in the Supplementary Information.

mRNA capture sequencing
mRNA libraries were prepared starting from 8.5 µL RNA eluate using
the TruSeq RNA Exome Kit (Illumina, 20020189, 20020490,
20020492, 20020493, 20020183), according to the manufacturer’s
protocolwith following adaptations: fragmentation of RNA for 2min at
94 °C, second strand cDNA synthesis for 30 minutes at 16 °C (with the
thermal cycler lid pre-heated at 40 °C), and second PCR amplification
using 14 PCR cycles. Upon the first and second PCR amplification,
libraries were validated on a Fragment Analyzer (Advanced Analytical
Technologies), using 1 µL of library. Library concentrations were
determinedusing FragmentAnalyzer software for smear analysis in the
160 to 700 base pair (bp) range. Library quantification was qPCR-
based, using the KAPA Library Quantification Kit (Roche,
07960140001), and/or based on NanoDrop 1000 measurements.
Further details on the library preparation and quantification protocol
are described in Hulstaert et al.18 For evaluation of the different RNA
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purification methods, 45 libraries were pooled on replicate level at 4
nM, yielding three pools of 15 samples, quality controlled using the
KAPA Library Quantification Kit, and sequenced on a NextSeq 500
instrument (NextSeq 500/550 High Output Kit v2.5 (Illumina,
20024907, PE 2 x 75 cycles)). Loading concentrations of the three
pools ranged from 2.1 pM to 2.3 pM. Percentage PhiX was 3%. For
evaluation of the different blood collection tubes, all 90 libraries were
pooled at 1.5 nM or the highest possible concentration, quality con-
trolled using the KAPA Library Quantification Kit, and sequenced on a
NovaSeq 6000 instrument (NovaSeq 6000 S2 Reagent Kit (Illumina,
20012861, PE 2 x 75 cycles)). Loading concentration of the pool was
324 pM. Percentage PhiX was 1 %. For exRNAQC phase 2, 90 libraries
were pooled at 5.50 nM, quality controlled using the KAPA Library
Quantification Kit, and sequenced on a SP100 flow cell (Illumina,
NovaSeq 6000, 20027464). Loading concentration of the pool is 340
pM. Differences in readdistribution across sampleswere subsequently
used to re-pool individual libraries in order to obtain an equimolar
pool. Subsequently, samples were sequenced on a S2 flow cell, at a
loading concentration of 360 pM.

miRNA sequencing
Small RNA libraries were prepared starting from 5 µL RNA eluate using
the TruSeq Small RNA Library Prep Kit (Illumina, RS-200-0012, RS-200-
0024, RS-200-0036, RS-200-0048), according to the manufacturer’s
protocol with following adaptations: the RNA 3’ adapter (RA3) and the
RNA 5’ adapter (RA5) were 4-fold diluted with RNase-free water, and the
number of PCR cycles was increased to 1617,57. For phase 1, samples were
divided across library prep batches according to index availability. For
each batch, 3 µL of small RNA library from each samplewas pooled prior
to automated size selection using the Pippin prep (Sage Sciences,
CDH3050). Size selected libraries were quantified using qPCR, and
sequenced on a MO flow cell (Illumina, NextSeq 500, 20024904) using
loading concentrations ranging from 1.2 to 2.4 pM. Differences in read
distribution across samples were subsequently used to re-pool indivi-
dual libraries in order to obtain an equimolar pool. After size selection
on a Pippin prep and qPCR quantification, these pools were sequenced
on a HO flow cell (Illumina, NextSeq 500, NextSeq 500/550HighOutput
Kit v2.5, 20024907) using loading concentrations ranging from 1.2 to 3
pM. For phase 2, individual libraries were quantified using qPCR and
pooled equimolarly across 2 pools. After size selection on a Pippin prep
and qPCR quantification, library pools were sequenced on a NovaSeq
6000 SP100 flow cell with Xpworkflow (Illumina, 20028401, 20043130)
using a loading concentration of 270 nM.

Data analysis
In total, 456 transcriptomes were profiled and analyzed. The raw,
processed and metadata were submitted to the European Genome-
Phenome Archive (EGA), ArrayExpress and R2 Genomics Analysis and
Visualization Platform (see Data Availability). A high-level summary of
the sequencing statistics can be found in Supplementary Data 3 and
Supplementary Data 6-10. Detailed pre-analytical variable information
(for the BRISQ elements22,23) can be found in Supplementary Data 5.

Quality control and quantification of mRNA capture sequencing
data. In case of adapter contamination indicated by FASTQC (v0.11.8;
www.bioinformatics.babraham.ac.uk/projects/fastqc), adapters were
trimmed with Cutadapt58 (v1.18; 3’ adapter R1: AGATCGGAAGAGCA-
CACGTCTGAACTCCAGTCA; 3’ adapter R2 AGATCGGAAGAGCGTC
GTGTAGGGAAAGAGTGT). Only reads with ≥ 99% accuracy in at least
80% of bases of bothmates were kept. Subsequently, FASTQ files were
subsampled with Seqtk (v1.3; https://github.com/lh3/seqtk) to the
lowest number of reads pairs obtained in the experiment. RNA
sequencing data from exRNA samples is characterized by a high
number of duplicates (Supplementary Data 3 and Supplementary
Data 7), driven by the low amount of RNA in the library preparation. To

improve RNA-sequencing data reproducibility (Supplementary
Fig. 16), we removed these duplicates using Clumpify dedupe from
BBMap (v38.26; www.sourceforge.net/projects/bbmap) with the fol-
lowing specifications: paired-end mode, 2 substitutions allowed,
kmersize of 31, and 20 passes. For duplicate removal, only the first 60
bases of both reads were considered to account for the sequencing
quality drop at the end of the reads. Strand-specific transcript-level
quantification of the deduplicated FASTQ files was performed with
Kallisto59 (v0.44.0). For coverage and strandedness analysis, mapped
reads were obtained by STAR60 (v2.6.0c) using the default parameters
(except for --twopassMode Basic, --outFilterMatchNmin 20 and --out-
SAMprimaryFlag AllBestScore). For all exons coverage information
was retrieved by the genomeCoverageBed and intersectBed functions
of BEDTools61 (v2.27.1). Strandedness information was obtained with
RSeQC62 (v2.6.4). The reference files for all analyses were based on
genome build hg38 (www.ncbi.nlm.nih.gov/assembly/GCF_
000001405.26) and transcriptome build Ensembl v9163. Spike anno-
tations were added to both genome and transcriptome files.

Quality control and quantification of miRNA sequencing data. First,
adapter trimming (3’ adapter: TGGAATTCTCGGGTGCCAAGG) was
performed using Cutadapt (v1.16) with a maximum error rate of 0.15
and discarding reads shorter than 15 bp and those in which no adapter
was found. Subsequently, low quality reads were filtered out (reads
with ≥ Q20 in at least 80% of bases were kept) by FASTX-Toolkit
(v0.0.14; http://hannonlab.cshl.edu/fastx_toolkit/index.html). Filtered
FASTQ files were subsampled to the minimal number of reads in the
experiment (Supplementary Data 6 and Supplementary Data 8) using
Seqtk (v1.3). Reads were collapsed with FASTX-Toolkit and LP and RC
spike reads (including possible fragments) were annotated. The non-
spike reads were mapped with Bowtie64 (v1.2.2, with additional para-
meters -k 10 -n 1 -l 25) considering only perfectmatches.Mapped reads
were annotated by matching the genomic coordinates of each read
with genomic locations of miRNAs (obtained from miRBase65–70, v22)
and other small RNAs (tRNAs obtained from UCSC GRCh38/hg38;
snoRNA, snRNA, MT_tRNA, MT_rRNA, rRNA, and miscRNA from
Ensembl, v91).

Definingperformancemetrics. The statistical programming language
R (v4.0.3; www.r-project.org) was used throughout this section and all
scripts can be found at GitHub71. In total, 11 performancemetrics were
developed, ofwhichninewereused for evaluation of the different RNA
purification methods (exRNAQC phase 1), five for blood collection
tube evaluation and six for phase 2 interaction analyses. These per-
formancemetrics are summarized in Table 1. The count threshold and
replicate variability metric, that require a more detailed description,
are also discussed in the following paragraphs. Detailed performance
metrics results for each part of the study are available through
GitHub71.

Count threshold metric: To distinguish signal from noise, we
made use of pairwise count comparisons across three technical repli-
cates for evaluation of the different RNA purification methods. We
defined a count threshold for each RNA purification method and bio-
type in a similarmanner as defined in themiRQC study72. Specifically, a
threshold that reduces the fraction of single positives in technical
replicates by at least 95% (singlepositives are caseswhere a given gene
has zero counts in one replicate and a non-zero value in the other one).
This threshold can be used as a reproducibility metric between tech-
nical replicates. For each method-volume combination, the median
threshold of the three pairwise replicate comparisons was used (Sup-
plementary Data 2). As the blood collection tube experiment in
exRNAQC phase 1 did not have technical replicates and RNA purifica-
tion for all tubes was performed using MIR0.2, the median thresholds
of MIR0.2 (3 counts for miRNAs; 6 counts for mRNAs) were applied
here as well.
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Replicate variability metric: As described in the miRQC study72,
the area left of the cumulative distribution curve (ALC) was calculated
by comparing the actual cumulative distribution curve of log2 fold-
changes in gene or miRNA abundance between pairs of replicates to
the theoretical cumulative distribution (optimal curve). Less repro-
ducibility between samples results in more deviations from this opti-
mal curve and therefore larger ALC-values.

Accounting for size selection bias. For the small RNA library pre-
paration of the RNA purified using the different methods in exRNAQC
phase 1, the three technical replicates of each purification method
were divided over three different pools. Next, pippin prep size selec-
tion for miRNAs occurred on each pool individually. To account for
size selection bias (which resulted in consistently lower sequencing
counts in the second pool), we each time downsampled the miRNA
counts of the other two replicates to the sum of miRNA counts of the
replicate in the second pool. Down-sampling was based on reservoir
sampling - random sampling without replacement (sub-
sample_miRs.py script on GitHub71).

Transforming performance metrics into robust z-scores. For eva-
luation of the different RNA purification methods in exRNAQC phase 1,
individual scores for performancemetricswere transformed to z-scores.
As the standard z-score is sensitive to outliers, we used a robust z-score
transformation instead (https://asq.org/quality-press/display-item?
item=E0801, https://www.ibm.com/docs/en/cognos-analytics/11.1.0?
topic=terms-modified-z-score): robust z = x�medianðxÞ

s ,where s is a scal-
ing factor that depends on the median absolute deviation (MAD):
MAD=median xi �median xð Þ

�
�

�
�

� �

. If the MAD is not zero:
s =MAD*1:4826. If the MAD equals zero: s =MeanAD * 1:2533,
where MeanAD=mean xi �mean xð Þ

�
�

�
�

� �
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Fold-change analyses for stability over time assessment. To evalu-
ate tube stability across time intervals in exRNAQC phase 1 and 2, we
determined several performance metrics per blood collection tube at
different time intervals. We then calculated, for every tube and donor,
the fold-change across different time intervals (relative to the base
interval at T0, so excluding T24-72 and T04-16). A theoretical example
is shown in Van Paemel et al.19.

circRNA and linear RNA fraction determination. For the assessment
of blood collection tube stability over time in exRNAQC phase 1, an in-
house pipeline was used to investigate the differences in fractions of
circRNAs between tubes and time intervals. Starting from the raw
FASTQfiles from themRNAcapture sequencing, Cutadapt58 (v1.18)was
used to remove the adapter sequences and reads that end up shorter
than 20 bp. Next, the reads of which less than 80% of the bases had a
Q-score higher than 19were removed. Subsequently, Clumpify dedupe
from BBMap (v38.26; (https://sourceforge.net/projects/bbmap) with
default parameters was used to remove PCR duplicate reads. The
deduplicated reads were mapped using TopHat73 (v2.1.0) with Bowtie
(v1.1.2) and fusion mapping turned on. Next, the CIRCexplorer274

(v2.3.3) functions parse, annotate, assemble and denovo were used to
identify and annotate known circRNAs and to identify novel circRNAs
or alternative back-splicing events. Last, the circRNA ratios on back-
splice junction and gene level were calculated using CiLiQuant75 (v1.0).

Differential abundance analyzes. Differential abundance analyzes
wereperformedon thedata of theblood collection tubeexperiment of
exRNAQC phase 1. In a matrix selected for T0 samples, genes were
filtered out when not present with a minimum of 10 counts in all three
replicates of one tube type. For the comparison of the time intervals,
only the samples for the respective tube were selected and genes were
filtered out when not present with a minimum of 10 counts in all three
replicates of one time interval. The filtered data was normalized with

Limma voom (v3.52.4) and contrasts, comparing subsequent time
intervals toT0,werefit. Geneswith an absolute log2 fold-change larger
than 1 and an Benjamini-Hochberg adjusted p-value < 0.05 were
retained as significant. On the log2 fold-change ranked gene list, gene
set enrichment analysis (GSEA) with fgsea (v1.22.0) on the MSigDB C2
pathways was performed. Pathways with an Benjamini-Hochberg
adjusted p-value of less than 0.05 were retained as significantly up or
down regulated.

Differences in immune cell composition over time. To further eval-
uate blood collection tube stability over time in exRNAQC phase 1, we
first we used computational deconvolution (on subsampled data) to
infer the cell type composition (proportions) of different immune cell
types present in blood76. Since the origin (niche) of the expression
profiles has a tremendous impact on the deconvolution results77 and it
is possible that RNA coming from other cell type(s) is also present in
circulation, we used EPIC52 (v1.1), amethod that has a built-in reference
matrix from circulating immune cells (known as BRef signature) and
includes the presence of an unknown component (otherCells). Speci-
fically, we used TPM normalized count matrices as input, as recom-
mended by the authors52 and shown as the optimal choice for this
method in a recent benchmarking study78.

Next, to evaluate differences in cell type composition of sev-
eral blood immune cell types, we performed a repeated-measures
analysis by means of beta regression models with random effects. For
each cell type a separate model was fitted with tube and time interval
as factor variables (main and interaction effects included), with donor
as random effect and with tube-specific variance components (allow-
ing for variance heterogeneity that was observed in the data explora-
tion phase). All models were fit with the glmmTMB R package
(v1.1.2.3)79. Based on the model fits, all pairwise comparisons between
the three time intervals were tested for each type of tube: T0 vs T1, T0
vs T2 and T1 vs T2. For each combination of cell type and tube, the p-
values were adjusted for multiple testing with Tukey's method as
implemented in the emmeans.glmmTMB R function (R packages
glmmTMB and emmeans (v1.7.0; https://CRAN.R-project.org/
package=emmeans)). All analyzes were done with the statistical soft-
ware R (v4.1.0; www.r-project.org). See GitHub71 (exRNAQC005,
deconvolution) for a detailed report with the corresponding R code.

Repeatedmeasures analyzes. For data analysis of exRNAQC phase 2,
linearmixed-effectsmodelswerebuiltwith thenlmepackage (v3.1-157)
in R. Blood collection tube, RNA purificationmethod and time interval
were included as fixed effects and donor ID as random effect. The
heteroscedasticity introduced by different RNA purification methods
was considered. Next, an ANOVA test was performed on the model to
estimate the significance of the interactions. The normality of the
residuals was checked with the qqnorm function (see GitHub71).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Raw sequencing data (FASTQ files) have been deposited in the European
Genome-Phenome Archive (EGA) under study accession codes
EGAS00001005263 (https://ega-archive.org/studies/EGAS0000100
5263; exRNAQC phase 1) and EGAS00001006499 (https://ega-archive.
org/studies/EGAS00001006499; exRNAQC phase 2). These data are
available under restricted access to complywith data privacy regulations.
Access can be requested through EGA and requests will be evaluated by
the ethics committee of Ghent University Hospital. Processed and
pseudonymised count files are openly available through ArrayExpress
(https://www.ebi.ac.uk/biostudies/arrayexpress/studies using accession
ID E-MTAB-10504 - E-MTAB-10507 for exRNAQC phase 1 and E-MTAB-
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12541 - E-MTAB-12542 for exRNAQC phase 2). mRNA capture andmiRNA
sequencing for each RNA purification method (exRNAQC phase 1) are
identified with exRNAQC004 and exRNAQC011 study codes, respec-
tively. mRNA capture and miRNA sequencing for each blood collection
tube type (exRNAQC phase 1) are identified with exRNAQC005 and
exRNAQC013 study codes, respectively. For exRNAQC phase 2, mRNA
capture and miRNA sequencing are identified with the
exRNAQC017 study code. Browsable data access is provided through the
R2Genomics Analysis andVisualization Platform (http://r2platform.com/
exRNAQC/). Note that in R2, data on MagNA Pure RNA eluates were
excluded (because of residual DNA contamination; see Results), and that
data can be analyzed using two different normalization strategies (i.e.,
counts normalized by variance-stabilizing transformation, DESeq2 or
spike-normalized counts). We also provide consistent and standardized
pre-analytical variable information to better interpret, compare, and
reproduce our results. To this purpose, the transcriptomes are well
annotated according to Biospecimen Reporting for Improved Study
Quality (BRISQ) guidelines22,23 (Supplementary Data 5).

Code availability
All code and instructions for processing the data, and code for
reproducing the manuscript figures are available on GitHub71.
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