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Liquid biopsy scientific literature
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Majority of extracellular RNA is fragmented

91 nt peak

15 nt lower marker
FEMTO Pulse electropherogram

miRNeasy serum/plasma RNA purification kit
(~30 µl platelet-rich plasma)

intact rRNA

Ruben Van Paemel

Stability of RNA?
• in vivo
• in blood tube
• in plasma
• as RNA

platelets, vesicles, (lipo)protein complexes, naked (circular)
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Validated RNA seq workflows for any 
extracellular RNA type

cell-free RNA
extracellular RNA

small RNA5

microRNA5

non-polyadenylated RNA
• rRNA
• lncRNA4

• histone mRNAs1,3

• circRNAs1,3,4

polyadenylated RNA2

• mRNA1,3

• lncRNA1,4

• total RNA sequencing1

• 3’ end sequencing2

• mRNA capture sequencing3

• lncRNA capture sequencing4

• small RNA sequencing5

A+

A-

long RNAs1

(total RNA)

200 µl 
600 microRNAs – 6000 mRNAs
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SMARTer stranded total RNA seq kit v2 – pico 
input mamalian

rRNA
mRNA/lncRNA

circRNA
(microRNA)

SE or PE sequencing
(10-20 M)
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How to assess the performance of a method?

repeatability

analytical sensitivity

quantitative accuracy

fit for purpose
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Excellent repeatability

log10(counts+1)
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RNA purification replicates
200 µl platelet-free plasma EDTA blood tube
50% of 14 µl RNA eluate used in library prep

Pearson r = 0.948

5000-8000 genes

≥ 4 reads

< 4 reads

detection cut-off removes 95% single positive data points, per 
the miRNAQC study
(Mestdagh et al., Nature Methods, 2014)
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170 spike-in RNAs as processing controls and 
normalization tool 

fluid input volume (f)
for RNA purification

RNA eluate volume (r)
in library prep

92 ERCC (e)78 sequins (s)

Hardwick et al.,
Nature Methods,
2016

(h)
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Good quantitative accuracy

expected log2 fold change
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sequin spikes (n=78)

Pearson r = 0.883
slope=0.895
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Fit for purpose

• good (uniquely) mapping rates

• depending on biofluid type, presence of exogenous RNA

• good strandedness

• no DNA contamination

• ability to differentiate sense/antisense overlapping transcripts

• low level of nuclear rRNA reads

• mitochondrial rRNA may be more problematic, depending on biofluid type

• sizeable intronic read fraction

• > post-transcriptional regulation

• detection of both polyadenylated and non-polyadenylatd transcripts (e.g. 
lncRNAs, circRNAs)
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Human Biofluid RNA Atlas

sweat
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peritoneal fluid
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mature breast milk
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synovial fluid

pancreatic cyst fluid

cerebrospinal fluid

tears
aqueous humor

saliva

blood plasma (PRP, PFP, PPP)
serum

bronchial lavage
sputum

urine
stool
seminal plasma

Eva Hulstaert
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Thousand-fold difference in mRNA content 
among biofluids
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The choice of biofluid matters
urine plasma

• RNA sequencing of matched urine and 
plasma from 24 cases and controls

• 88 prostate tissue specific genes are 
much more abundant in urine compared 
to blood plasma

R
N

A
0
0

5
5

4
6

R
N

A
0
0

5
5

4
7

R
N

A
0
0

5
5

4
8

R
N

A
0
0

5
5

4
9

R
N

A
0
0

5
5

5
0

R
N

A
0
0

5
5

5
1

R
N

A
0
0

5
5

5
2

R
N

A
0
0

5
5

5
3

R
N

A
0
0

5
5

5
4

R
N

A
0
0

5
5

5
5

R
N

A
0
0

5
5

5
6

R
N

A
0
0

5
5

5
7

R
N

A
0
0

5
5

5
8

R
N

A
0
0

5
5

5
9

R
N

A
0
0

5
5

6
0

R
N

A
0
0

5
5

6
1

R
N

A
0
0

5
5

6
2

R
N

A
0
0

5
5

6
3

R
N

A
0
0

5
5

6
4

R
N

A
0
0

5
5

6
5

R
N

A
0
0

5
5

6
6

R
N

A
0
0

5
5

6
7

R
N

A
0
0

5
5

6
8

R
N

A
0
0

5
5

6
9

R
N

A
0
0

5
5

7
0

R
N

A
0
0

5
5

7
1

R
N

A
0
0

5
5

7
2

R
N

A
0
0

5
5

7
3

R
N

A
0
0

5
5

7
4

R
N

A
0
0

5
5

7
5

R
N

A
0
0

5
5

7
6

R
N

A
0
0

5
5

7
7

R
N

A
0
0

5
5

7
8

R
N

A
0
0

5
5

7
9

R
N

A
0
0

5
5

8
0

R
N

A
0
0

5
5

8
1

R
N

A
0
0

5
5

8
2

R
N

A
0
0

5
5

8
3

R
N

A
0
0

5
5

8
4

R
N

A
0
0

5
5

8
5

R
N

A
0
0

5
5

8
6

R
N

A
0
0

5
5

8
7

R
N

A
0
0

5
5

8
8

R
N

A
0
0

5
5

8
9

R
N

A
0
0

5
5

9
0

R
N

A
0
0

5
5

9
1

R
N

A
0
0

5
5

9
2

R
N

A
0
0

5
5

9
3

ENSG00000261793,lnc−LRRC26−1
ENSG00000256683,lnc−ZNF615−1
ENSG00000233087
ENSG00000229637,ENSG00000273750,ENSG00000277542,lnc−CALCOCO2−2
ENSG00000205808
ENSG00000198301,lnc−SD AD1−3,lnc−SDAD1−1
ENSG00000197619,lnc−ZNF614−1
ENSG00000188848,lnc−ATP8A1−3
ENSG00000188039
ENSG00000187537
ENSG00000187097,lnc−ENTPD5−5,lnc−F AM161B−3
ENSG00000186458
ENSG00000186288
ENSG00000186205,lnc−MARC2−3,lnc−MARC2−1
ENSG00000185863
ENSG00000184709
ENSG00000184388
ENSG00000184012,lnc−RIPK4−5,lnc−RIPK4−6,lnc−RIPK4−4
ENSG00000182795
ENSG00000182256,lnc−GABRA5−6
ENSG00000180785
ENSG00000180667
ENSG00000179709
ENSG00000171302,lnc−CANT1−1,lnc−LGALS3BP−3
ENSG00000169213
ENSG00000169083
ENSG00000168539
ENSG00000167861,lnc−USH1G−2,lnc−USH1G−1,lnc−USH1G−3
ENSG00000167751,lnc−KLK2−1
ENSG00000167346,lnc−MMP26−1
ENSG00000167332
ENSG00000167034,lnc−NKX3−1−1
ENSG00000166823,lnc−MESP1−1
ENSG00000166743,lnc−A CSM1−1
ENSG00000166446,lnc−C16orf61−5,lnc−C16orf61−4,lnc−CD YL2−1
ENSG00000166105,lnc−GLB1L3−1
ENSG00000165125,lnc−TRPV5−3
ENSG00000164647,lnc−STEAP2−1
ENSG00000160191
ENSG00000159263,lnc−SIM2−2,lnc−DSCR6−7
ENSG00000159184
ENSG00000159182
ENSG00000158715
ENSG00000158711,lnc−SLC45A3−3,lnc−SLC45A3−4
ENSG00000158164
ENSG00000157214
ENSG00000149328
ENSG00000146411
ENSG00000146205,lnc−ANO7−3,lnc−PPP1R7−2,lnc−PPP1R7−1
ENSG00000144481,lnc−HEATR7B1−2,lnc−SPP2−5
ENSG00000144339
ENSG00000143578,lnc−CREB3L4−2
ENSG00000142515,lnc−KLK2−2,lnc−KLK3−2
ENSG00000138744,lnc−SD AD1−2,lnc−PPEF2−2
ENSG00000137976
ENSG00000133392,lnc−KIAA0430−1,lnc−FOPNL−2,lnc−KIAA0430−2
ENSG00000130653,lnc−NELF−1
ENSG00000130529,lnc−PPFIA3−3,lnc−TRPM4−1,lnc−PPFIA3−4
ENSG00000129514,lnc−SLC25A21−4,lnc−SLC25A21−3
ENSG00000127954,lnc−STEAP4−1
ENSG00000127412
ENSG00000124664
ENSG00000124225,lnc−ZBP1−2,lnc−PMEP A1−2
ENSG00000122585
ENSG00000120903,lnc−CLU−4,lnc−CLU−3
ENSG00000120833
ENSG00000117481,lnc−UQCRH−3,lnc−UQCRH−2
ENSG00000117480,lnc−NSUN4−2
ENSG00000114812,lnc−SS18L2−4,lnc−SS18L2−3
ENSG00000112379,lnc−HEBP2−1
ENSG00000111249,lnc−SH2B3−2
ENSG00000110931
ENSG00000109182,lnc−OCIAD1−2,lnc−OCIAD1−1
ENSG00000104154,lnc−GATM−6,lnc−GATM−5
ENSG00000103942,lnc−HOMER2−2,lnc−HOMER2−1,lnc−FSD2−3
ENSG00000102547,lnc−AL136218.1−2
ENSG00000101951,lnc−CLCN5−1
ENSG00000100373
ENSG00000092377
ENSG00000087301,lnc−TXNDC16−2
ENSG00000086205
ENSG00000083307,lnc−KB−1980E6.3.1−8
ENSG00000083223,lnc−ISCA1−2
ENSG00000070759,lnc−CCDC163P−2
ENSG00000047648
ENSG00000043591
ENSG00000014257
ENSG00000013392

−6 −2 2 4 6

Row Z−Score

Color Key

BPH urine
healthy urine
high risk urine
de novo urine
BPH plasma
healthy plasma
high risk plasma
de novo plasma

R
N

A
0
0

5
5

4
6

R
N

A
0
0

5
5

4
7

R
N

A
0
0

5
5

4
8

R
N

A
0
0

5
5

4
9

R
N

A
0
0

5
5

5
0

R
N

A
0
0

5
5

5
1

R
N

A
0
0

5
5

5
2

R
N

A
0
0

5
5

5
3

R
N

A
0
0

5
5

5
4

R
N

A
0
0

5
5

5
5

R
N

A
0
0

5
5

5
6

R
N

A
0
0

5
5

5
7

R
N

A
0
0

5
5

5
8

R
N

A
0
0

5
5

5
9

R
N

A
0
0

5
5

6
0

R
N

A
0
0

5
5

6
1

R
N

A
0
0

5
5

6
2

R
N

A
0
0

5
5

6
3

R
N

A
0
0

5
5

6
4

R
N

A
0
0

5
5

6
5

R
N

A
0
0

5
5

6
6

R
N

A
0
0

5
5

6
7

R
N

A
0
0

5
5

6
8

R
N

A
0
0

5
5

6
9

R
N

A
0
0

5
5

7
0

R
N

A
0
0

5
5

7
1

R
N

A
0
0

5
5

7
2

R
N

A
0
0

5
5

7
3

R
N

A
0
0

5
5

7
4

R
N

A
0
0

5
5

7
5

R
N

A
0
0

5
5

7
6

R
N

A
0
0

5
5

7
7

R
N

A
0
0

5
5

7
8

R
N

A
0
0

5
5

7
9

R
N

A
0
0

5
5

8
0

R
N

A
0
0

5
5

8
1

R
N

A
0
0

5
5

8
2

R
N

A
0
0

5
5

8
3

R
N

A
0
0

5
5

8
4

R
N

A
0
0

5
5

8
5

R
N

A
0
0

5
5

8
6

R
N

A
0
0

5
5

8
7

R
N

A
0
0

5
5

8
8

R
N

A
0
0

5
5

8
9

R
N

A
0
0

5
5

9
0

R
N

A
0
0

5
5

9
1

R
N

A
0
0

5
5

9
2

R
N

A
0
0

5
5

9
3

ENSG00000261793,lnc−LRRC26−1
ENSG00000256683,lnc−ZNF615−1
ENSG00000233087
ENSG00000229637,ENSG00000273750,ENSG00000277542,lnc−CALCOCO2−2
ENSG00000205808
ENSG00000198301,lnc−SD AD1−3,lnc−SDAD1−1
ENSG00000197619,lnc−ZNF614−1
ENSG00000188848,lnc−ATP8A1−3
ENSG00000188039
ENSG00000187537
ENSG00000187097,lnc−ENTPD5−5,lnc−F AM161B−3
ENSG00000186458
ENSG00000186288
ENSG00000186205,lnc−MARC2−3,lnc−MARC2−1
ENSG00000185863
ENSG00000184709
ENSG00000184388
ENSG00000184012,lnc−RIPK4−5,lnc−RIPK4−6,lnc−RIPK4−4
ENSG00000182795
ENSG00000182256,lnc−GABRA5−6
ENSG00000180785
ENSG00000180667
ENSG00000179709
ENSG00000171302,lnc−CANT1−1,lnc−LGALS3BP−3
ENSG00000169213
ENSG00000169083
ENSG00000168539
ENSG00000167861,lnc−USH1G−2,lnc−USH1G−1,lnc−USH1G−3
ENSG00000167751,lnc−KLK2−1
ENSG00000167346,lnc−MMP26−1
ENSG00000167332
ENSG00000167034,lnc−NKX3−1−1
ENSG00000166823,lnc−MESP1−1
ENSG00000166743,lnc−A CSM1−1
ENSG00000166446,lnc−C16orf61−5,lnc−C16orf61−4,lnc−CD YL2−1
ENSG00000166105,lnc−GLB1L3−1
ENSG00000165125,lnc−TRPV5−3
ENSG00000164647,lnc−STEAP2−1
ENSG00000160191
ENSG00000159263,lnc−SIM2−2,lnc−DSCR6−7
ENSG00000159184
ENSG00000159182
ENSG00000158715
ENSG00000158711,lnc−SLC45A3−3,lnc−SLC45A3−4
ENSG00000158164
ENSG00000157214
ENSG00000149328
ENSG00000146411
ENSG00000146205,lnc−ANO7−3,lnc−PPP1R7−2,lnc−PPP1R7−1
ENSG00000144481,lnc−HEATR7B1−2,lnc−SPP2−5
ENSG00000144339
ENSG00000143578,lnc−CREB3L4−2
ENSG00000142515,lnc−KLK2−2,lnc−KLK3−2
ENSG00000138744,lnc−SD AD1−2,lnc−PPEF2−2
ENSG00000137976
ENSG00000133392,lnc−KIAA0430−1,lnc−FOPNL−2,lnc−KIAA0430−2
ENSG00000130653,lnc−NELF−1
ENSG00000130529,lnc−PPFIA3−3,lnc−TRPM4−1,lnc−PPFIA3−4
ENSG00000129514,lnc−SLC25A21−4,lnc−SLC25A21−3
ENSG00000127954,lnc−STEAP4−1
ENSG00000127412
ENSG00000124664
ENSG00000124225,lnc−ZBP1−2,lnc−PMEP A1−2
ENSG00000122585
ENSG00000120903,lnc−CLU−4,lnc−CLU−3
ENSG00000120833
ENSG00000117481,lnc−UQCRH−3,lnc−UQCRH−2
ENSG00000117480,lnc−NSUN4−2
ENSG00000114812,lnc−SS18L2−4,lnc−SS18L2−3
ENSG00000112379,lnc−HEBP2−1
ENSG00000111249,lnc−SH2B3−2
ENSG00000110931
ENSG00000109182,lnc−OCIAD1−2,lnc−OCIAD1−1
ENSG00000104154,lnc−GATM−6,lnc−GATM−5
ENSG00000103942,lnc−HOMER2−2,lnc−HOMER2−1,lnc−FSD2−3
ENSG00000102547,lnc−AL136218.1−2
ENSG00000101951,lnc−CLCN5−1
ENSG00000100373
ENSG00000092377
ENSG00000087301,lnc−TXNDC16−2
ENSG00000086205
ENSG00000083307,lnc−KB−1980E6.3.1−8
ENSG00000083223,lnc−ISCA1−2
ENSG00000070759,lnc−CCDC163P−2
ENSG00000047648
ENSG00000043591
ENSG00000014257
ENSG00000013392

−6 −2 2 4 6

Row Z−Score

Color Key

BPH urine
healthy urine
high risk urine
de novo urine
BPH plasma
healthy plasma
high risk plasma
de novo plasma

samples

ge
n

es

Hetty Helsmoortel

high vs. low abundance



© 2020 Biogazelle. All rights reserved. 15

Inadequate reporting of pre-
analytical variables

100 peer-reviewed articles in 2017-2018 on “plasma” and “RNA”

• 3% report on fasting status of donors

• 2% on type of needle

• 48% on type of blood collection tube

• 32% on time between draw and plasma preparation

• 44% on centrifugation details

• 65% on plasma storage

• 88% on RNA purification kit (n=36)

• 30% on RNA concentration, 14% on quality, 31% on purity

Céleste Van Der Schueren
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Extracellular RNA Quality Control study
phase 1

single factor pre-experiments

g-force impact 
on platelets 

5 centrifugation speeds
(no sequencing)

time-to-process
3 timepoints

exRNA RNA extraction
7 kits at min/max input

volumes

blood collection tube
10 tube types

3 x
2 x 2

3 x RNA

2 x

phase 2
full factorial experiment

phase 3
post-experiments

• freeze/thaw
• varying plasma and 

RNA input levels
• variance component 

analysis
• biomarker study

donor

5 x👤
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6-fold difference in number of detected genes 
~ RNA purification kit

10,00050000

• 0.1 – 5 ml plasma input
• 14 to 100 µl eluate
• mRNA capture sequencing
• 24 M PE reads, 5 read cut-off

• 138-fold difference in RNA 
concentration

• 37-fold difference in RNA yield

• microRNA differences are less 
pronounced
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Assessment of blood collection tubes and 
time-to-process

serum non-preservation plasma preservation plasma

3 donors
x

3 time points
x

10 tubes

small RNA
+

mRNA
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EDTA plasma serum

long RNA small RNA

EDTA plasma serum

Serum and EDTA plasma are (dis)similar with 
respect to RNA biotype composition

D1 D2 D3 D1 D2 D3

T0 T1 T2
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Preservation of mRNA, say what?
non-preservation tubes preservation tubes

m
ea

n
 f

o
ld

-c
h

an
ge

 o
ve

r 
ti

m
e

• reproducibility (ALC)
• RNA biotype fractions
• # detected mRNAs
• RNA concentration
• hemolysis

O – 4 - 16 hrs O – 24 - 72 hrs

A
LC

b
io

ty
p

e

# 
m

R
N

A

co
n

c.

h
em

o
ly

s.

A
LC

b
io

ty
p

e

# 
m

R
N

A

co
n

c.

h
em

o
ly

s.



© 2020 Biogazelle. All rights reserved. 21

No prime time yet for blood collection 
preservation tubes

• compromised precision

• low and varying RNA levels over time

• different RNA biotype composition over time

• problems with removal of contaminating DNA

• higher and increasing levels of hemolysis

• quickly prepared serum or EDTA plasma (<4 hrs) are currently 
recommended for total RNA sequencing studies
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Case 1: tumor educated platelets as a novel 
concept in liquid biopsies
• Nilsson et al., Blood, 2011

• Best et al., Cancer Cell, 2015

• Best et al., Cancer Cell, 2017

breast cancer PDX 70 µl plasma (5 x 3)

free poor rich

sequin
ERCC

Jill Deleu

Anneleen Decock

Vanessa Vermeirssen
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Majority of tumor derived RNA may not end 
up in platelets
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Case 2: extracellular vesicles

• matched fluid and derived Evs

• density and size based purification of 
EVs (Hendrix lab)

• varying biotype contributions

• conditioned medium breast cancer cells (CM)
• platelet-free plasma (citrate tube) (cFPF)
• urine
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Variable EV RNA cargo concentrations

• volume standardized spike-based 
relative RNA concentration

• differences among fluids and between 
fluids and EVs
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Variable RNA cargo

• urine and urine EVs have very similar 
RNA cargo

• platelet-free plasma and PFP EVs are 
very different 
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Case 3: colon cancer

• platelet-poor plasma

• metastatic patients (chemo + anti-VEGF or anti-EGFR)

patient G

patient H

diagnosis
before treatment

1st CT scan 1 month
after CT scan

2 months
after CT scan

patient J

2 weeks after
start treatment
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Large RNA abundance differences in plasma 
over time

large fold changes
(CT scan vs diagnosis)

POLB is the most 
upregulated gene

• involved in mismatch repair
• upregulated upon chemotherapy
• mutated in colon cancer

CT diagnosis
log2 fold change
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Plasma holds signal of VEGF pathway 
inhibition

pathway enrichment
(CT scan vs 1st treatment)

• n=1

• power of enrichment analysis

• hints at a putative 
pharmacodynamic biomarker
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Plasma holds signal of stroma and host

gene set enrichment analysis

• DNA mismatch repair

• (anti-)proliferation

• T-cell stimulation

• inflammatory response

• tumor stroma

• immune system

• organ toxicity

t2 t3 t4
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SMARTer single cell total RNA seq

• Verboom et al., Nucleic Acids Research, 2019

• 458 cells – 1528 million reads

• <3% reads mapping to rRNA

• 20% intronic reads, enabling ‘velocity’ analysis

• with 1 million reads per cell, >5360 genes 
detected by at least four reads per cell

• majority mRNAs, but also novel genes, polyA[–] genes, 
and circular RNAs
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SMARTer FFPE tissue total RNA seq
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SMARTer FFPE t issue total RNA seq

0 1 2 3 4 5

0

1

2

3

4

5

log10(DESeq2 normalized counts) + 1

FFPE_MSS_10ng

F
F

P
E

_
M

S
S

_
3
0

n
g

r^2 = 0.877
slope: 0.931

# 
d

et
ec

te
d

 g
en

es
 (

TP
M

 >
 1

)

20K

10K

10 ng   log10(counts+1)  

3
0

 n
g 

   
(l

o
g 1

0
(c

o
u

n
ts

+1
) 

   

Pearson r = 0.934

10-17% reads mapping to rRNA
(on par with other methods)
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Conclusions

• All human biofluids contain RNA, likely reflecting health and specific 
disease states

• We developed and benchmarked SMARTer pico v2 for exRNA profiling

• Optimization and standardization of pre-analytical steps is key to success

• A case study hints at early clinical validity for exRNA as pharmacodynamic 
biomarker

• SMARTer pico v2 is a Swiss knife (single cells, FFPE tissue, biofluids)
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