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Why study extracellular RNA?

= dynamic analyte
» |linked to health and disease states
= pharmacodynamic biomarker
= versatile & complex
= small/long — (un)spliced - linear/circular — (non)polyA — (non-)coding
= informative at abundance & structural level
= DGE/GSEA/deconvolution — splice isoforms/RNA-editing/somatic mutations

= human biofluids are full of exRNA — some more abundant than cfDNA
= outside oncology “cfRNA is all we have!” [in oncology: stroma/host]

= various (historic) reasons for lack of enthusiasm for mRNA
= degraded / lack of methods / large dynamic range
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Problem 1: impact of pre-analytical variables

= |large scale benchmarking

456 exRNA transcriptomes

10 blood collection tubes x 3 time intervals
8 RNA purification kits

11 performance metrics

» recommendations for users and . 11x A detected genes
manufacturers * 30x A mRNA yield

. « 76x A mRNA conc. QA4
= standardize workflow MIRAQ6 o
= maximize input in extraction $o MIRA0.2\M/<6’5 e

id ! ion’ 8 MAX0.1%, N\~
= avoid pregervatlon tubes N < s s Nuco.s
= EDTA/citrate processed withing 4 h - NOR0.25¢
2 MIRVO.1
-2 0 2

eXRNAQC consortium, Nature Communications, 2025 o of detectod mRNAS



Problem 2: lack of reporting

= 200 peer-reviewed articles in 2018/2023 on
‘blood plasma + RNA

= evaluated 22 pre-analytical parameters
= median level of reporting is 7%
= only 6/22 variables reported in >50% articles

= reporting checklist for exRNA-based studies
> reliable interpretation & replication

= CEN/TS 17742:2022

I Reported
Reported in insufficient detail
I Not applicable

B Unknown Van Der Schueren, Molecular Oncology, 2024  0oncoRNALab *



Problem 3: lack of methods

Everaert et al.
Scientific Reports, 2019
total RNA seq

Hulstaert et al.
STAR Protocols, 2021
MRNA capture seq

www.nature.com/scientificreports
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natureresearch

STAR Protocols

Messenger RNA capture sequencing of

OPEN
extracellular RNA from human biofluids using a Performance assessment of total
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Long non-coding RNAS (IncRNAS) are a heterogeneous group of transcrpts that lack protein coding  Recived 12 Harch 2021
potetial and isly regltory functons in variou celiar proesss. As o resuf of tht cel- and  Revse ¢ ok 001
expression patterns, IncRNAs have emerged as potential diagnostic and therapeutic  Accpied 18 August 2021
e e et
o their low abundance compared to protein coding genes. To tackle this issue, o soqunng
short-read custom INCRNA capture sequencing approach that reies on a comprehensive et of S65878 b aiome: i
capture probes for 49372 human IncRNA genes. This custom IncRNA capture approach was evaluated  Soundance RNA epresion

on ranging ficial high-quality
e parafiyembected tssue and bioflid materal Te custom enrchment spproach alows

detection of a more diverse repertoire of IncRNAS, with better
compared to classic total RNA-sequencing.

Introduction

While the majority of the human genome is actively tran-
scribed into RNA transcripts, most of these transcripts do not
code for proteins [1]. The non-coding RNA transcripts longer
than 200 nucleotides belong to the heterogencous group of
long non-coding RNAs (IncRNAS), half of which are not poly-
adenylated (2], These IncRNAS are known to influence gene
expression at both the transcriptional and post-transcriptional
level through a variety of mechanisms [3.4]. Moreover,
IncRNAs often show a particular cell- or cancer-type specific
expression pattern (5], which adds to their biomarker

In the past, several high-throughput methods have been
developed to profie the long non-coding RNA transcriptome,
study their structure or define their function (6,7). Because of
their generally low abundance compared to protein coding
genes, quantification of IncRNAs in bulk transcriptome data
emains  challenging, Enrichment ~_strategies _ favouring

IncHlAs e the e s, REUAS el '.hu!fnu

Comrag, lmpeivip drmnstcas: ity A ‘prouiing
method is RNA capture sequencing, a short-read sequencing
method that can enrich RNA targets of interest using oligo-
nucleotide probes that are specifically designed to tile the
target ‘These RNA

y been applied for lection of

malin- e, b
the

reproducibiity and higher coverage

IncRNAs (8] Recendy, the GENCODE consortium
extended this method by applying long-read sequencing
after capturing about 14470 IncRNAs genes to_ improve
their structural annotation (RNA Capture Long Seq, RNA
cLs) (10}

In this study, we describe a custom IncRNA capture
sopencig appruach, at taegts  vey cunprebensve

RNA more
embedded (FFPE) tissue and biofluid material.

Material and methods
Probe design
Probes were designed against the highly confident set of
LNCipedia 5.2 (hgl9 genome build). First, extended exons
were created by concatenating each set of overlapping exons.
For each of these extended exons, probes of 120 nucleotides
were tiled, resulting in (number of nucleotides)-119 probes
per concatenated exon. These exon tiling probes were mapped
against repeat regions and protein coding genes to filter out
these that would capture off-target fragments.

The resulting probe pool was extended with probes
designed to capture both the Sequin and ERCC spikes.
These probes are 120-mers designed by tiling the spike-in

CONTACT Picter Nestdagh,
Medicl Research Buing 1, Comeel Heymandsan 10, 5000 Ghent,Selgum

it st suthors.
Supplemental datafor this artce can be accesed here
2021 The Authors). Publshd by forms UK e, ading s Thlr & rncs Group

Ghent Universy,




Spike-in RNA as processing controls and normalization tool

Hardwick et al.,
Nature Methods,
2016

fluid input volume (f)
for RNA purification

(h)

S—

78 sequins (s) \\

\J

92 ERCC (e)

RNA eluate volume (r)
in library prep

19 small RNA spike-in controls
(RC, LP)
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Problem 4: Extract RNA or DNA from precious sample?

= Why not both?
= several commercial methods that co-purify cfDNA and exRNA
= evidence for increased mutation detection sensitivity (refs. 8-11)

RESEARCH ~ OpenAccess
®

Digital PCR-based evaluation of nucleic o
acid extraction kit performance
for the co-purification of cell-free DNA and RNA

Jill Deleu™", Kathleen Schoofs'#*#", Anneleen Decock'?, Kimberly Verniers'?, Sofie Roelandt>**, Angie Denolf??,
Joke Verreth'?, Bram De Wilde'**, Tom Van Maerken'%5, Katleen De Preter®** and Jo Vandesompele'?"

Deleu et al., Human Genomics, 2022 0<ncoRNALZb : !



Tale 1 - xenograft insights into ctRNA (1)

DLBCL xenograft in non-humanized mouse

= human RNA in blood plasma = ctRNA

= highest conc. of ctRNA is in platelet-
devoid plasma — TEP debunked

= [ctRNA] depends on

= cancer type, model system, volume,
vascularity, stage, treatment

= similar ranges as ctDNA in humans

= individual ctRNA gene levels ~ tumor
expression levels
= no evidence for specific sorting

@
'

r=0.89 p=1.7E-7

log tumor volume (mm?3)

b ; ; ]

= Vermeirssen et al., NAR Cancer, 2022
= Decruyenaere et al., Frontiers in Oncology, 2023 log[ctRNA] (pg/mL plasma) (0.1 -1000 pg)

" Deleuetal, exRNA, 2024 CtRNA fraction (0.001-1%)



Tale 1 - xenograft insights into ctRNA (2)

= miR34a is a pharmacodynamic biomarker of on-target drug activity
= jdasanutlin (RG7388) treatment of neuroblastoma

serum tumor tissue

7.5

7.0
7.51

iis

5.51 6.5 1

mean
o
(3]

log2(count)

-6 11 15 25
day

Tumor = NO =— YES Treatment =— CONTROL RG7388 CONITROL RGI7388

()

= Van Goethem et al., NAR Cancer, 2023  0ncoRNALab



Tale 2: human biofluid RNA Atlas (1)

cerebrospinal fluid

................................... tears
....................... aqueous humor
colostrum ol e saliva
mature breast milk .......ccooooii . ST
amniotic fluid L blood plasma (PRP, PFP, PPP)
serum

gastric fluid e . A

bile bronchial lavage

peritoneal fluid sputum
urine
pancreatic cyst fluid =~ . stool
----- seminal plasma

synovial fluid

Hulstaert, Cell Reports, 2020 0<ncoRNAL2b *



Tale 2: human biofluid RNA Atlas (1)

colostrum |°
mature breast milk .........cccvvvviiinnnnnnnnn. sallva
amniotic fluid
2pg-34ngmRNA/mL | ;’Lﬁagﬁp'asma (PRP, PFP, PPP)

gastric fluid

107 =13 772 mRNAs (0.2 mL)
bile :

bronchial lavage

peritoneal fluid sputum
''''' urine
pancreatic cyst fluid stool

seminal plasma

Hulstaert, Cell Reports, 2020 0<ncoRNALa>b *

synovial fluid



Tale 2: human biofluid RNA Atlas (2)

= enrichment of circular RNA (CiLiQuant tool)
= presence of bacterial RNA [0-30%]

= stool, saliva, sputum, sweat
= e.g. Campylobacter concisus in saliva

= pbiomarker potential

bladder cancer glioblastoma
(CSF)

.
BCAS1 e

222222

Morlion et al., Frontiers in Bioinformatics, 2022 (T,M)
Hulstaert, Cell Reports, 2020 OncoRNALab




Tale 2: human biofluid RNA Atlas (3)

organ-of-origin / transport pancreatic cyst cell type contribution

biofluids

- amniotic fluid
100
aqueous humor
- ascites
— I
bile
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o
CSF E 75
colostrum s cell type
gastric fluid 2 [ acinar
PEP £ [ activated stellate
S alpha
PPP 8 L ap
2 [ beta
PRP Py s B ceia
Qo
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o [ endothelial
I ] - :
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Tale 3: a pan-cancer cohort study (1)

= blood plasma from 25 cancer types (locally advanced or metastatic) vs.
age-matched healthy controls (each n=8)

® glioblastoma multiforme (GBM)
@ anaplastic astrocytoma (ANA)
@ head and neck cancer (HNC)

® thyroid carcinoma (THCA)

® esophageal carcinoma (ESCA)

® lung cancer: squamous cell (LUSC) &
adenocarcinoma (LUAD)

@ breast carcinoma (BRCA)

@ stomach adenocarcinoma (STAD)

@ kidney renal clear cell carcinoma (KIRC)
® liver hepatocellular carcinoma (LIHC)

® cholangiocarcinoma (CHOL)

@ pancreatic adenocarcinoma (PAAD)

e colon adenocarcinoma (COAD)

@ bladder carcinoma (BLCA)

@ rectal adenocarcinoma (READ)
diffuse large B-cell lymphoma (DLBCL)
acute myeloid leukemia (AML)

® sarcoma (SARC)

® skin cutaneous melanoma (SKCM)
prostate adenocarcinoma (PRAD)
testicular germ cell tumor (TGCT)

@ ovarian carcinoma (0V)

@ cervical squamous cell carcinoma (CESC)

@ uterine corpus endometrial carcinoma (UCEC)

)

Morlion et al., medRxiv, 2024
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Tale 3: a pan-cancer cohort study (2)

= 10,000 - 12,500 mRNAs detected (median/type)
= 0.1-1ng mRNA/mL (note: mRNA is only 1% of the genome)

# mMRNAs

<

ééééégﬁééﬁéégﬁqﬂéﬁéégé.

7500 10000 12500

[MRNA] ng/mL

_i

10.00

Morlion et al., medRxiv, 2024

1.00

()

OncoRNALab



- logso adjusted P - logyo adjusted P ~logso adjusted P ~logyo adjusted P ~logyo adjusted P

~logyo adjusted P

AML vs CONTROL

<10 -5 0 5 10
log, fold change

BLCA vs CONTROL
10.0 4
754
5.0+

25+

0.0 4
<10 5 0 5 10

log, fold change
BRCA vs CONTROL
10.0 4+ :
754 o
|
50 |

25+

0.0

— T T T
<10 5 0 5 10
log, fold change

CESC vs CONTROL

100 4- !
!
1
I

|
|
754 A
!
)

504

254

0.0
40 5 0 5 10
log, fold change

CHOL vs CONTROL.
10.0 4
754

|
|
i
i
50 |
I
|

!
1
1
1
|
1
1
!
1l

254

0.0 4
<10 -5 0 5 10
log, fold change

COAD vs CONTROL

10 5 0 5 10
log, fold change

e |ower e higher

\I‘ 1 Irll |

I
I\ 1
II

“I ol IF‘ 1 [N} Ilh\ ]

I | iy Ir\“l\

Y

I II‘\‘ I II‘ ‘\

HII‘ ”Ihl Iimmiw II IIIKI‘I”:”\ | | HJ

il
bl I '.M*

e e 2
Li illll\ IIII || II[I.

I |

ol i
|

i
HIIII\ [I[I F '

I“ i

’ UL
(U [} a1

dhfll

IlII I Jv I\I[ m

(1} IIFVI“I‘ H‘\ I[”

[ control M cancer

1 BR( ?
W ts T e

ONTR(
bll
ES(

| CONTROL_3

R0

DLBC vs CONTROL

~logso adjusted P

<10 5 0 5 10
log, fold change

ESCA vs CONTROL

\ | \“HII

‘HHI,‘\
‘H II\ I !

IH \II‘IH ) I} I|

\‘." IFH!II‘JHIII 'l‘m‘“‘l‘ III'I ‘J
] " i ‘\I \ L] ] ‘

i l ‘ n Iu# I!.IIIl

\lll\\\ll I’IIII CONTROL

~l0gyo adjusted P

LUAD vs CONTROL
i
fl e | SN
lI o) |conTROLTY !
'CONTROL 4

I
i "'

~logso adjusted P

10 5 0 5 10
log, fold change |

LUSC vs CONTROL.

= logso adjusted P

66% unique to one type

down: inflammation, immune cells, ribosome
up: EMT, extracellular matrix receptor, focal adhesion

KIRC vs CONTROL
10.0 4

75+

504

0.0 4

40 5 0 5 10
og, fold change

1
1
|
1

‘1
[
fl

~logy adjusted P

LIHC vs CONTROL

~logyo adjusted P

40 5 0 5 10
log, fold change

e lower @ higher

"’Il‘ﬂ F \II'II\H l ‘II

| I\I\ 'l

[ control M cancer

===

”I”H‘I“ h \I uun Zz

Jhes
il

~logyo adjusted P

2
PRAD vs CONTROL TR R | R0 N
o 100 . LTRE T ‘ | Emact ) %
. . PRAD_6
g s T 1w i prao s E £
g | PRAD 3 2
g 50 111 PRAD_7 )
S 25 ni [} Il n ggm:gt_l o °
'? 1 J hl I ||comR0L:3 Bl g
0.0 TROL_6 T
i I 1] CONTROLJ 2
10 -5 0 10 | 1} | CONTROL_8
oo e i ngmes
READ vs CONTROL n ‘,I CONTROL_3
e 'Iu IH comnox.e 3
1 comacx. s 2 o
| 3
s g
1 'S )
| RE o °
RE
I 11 )RR 4 g
e ‘ \||| ! III A R I
-2
40 5 0 5 10 i '\"-
log, fold change i u | (A} 3
® lower e higher 1 control M cancer

'SARC vs CONTROL

410 -5 0 5 10
log, fold change

‘SKCM vs CONTROL

—rT
<10 -5 0 5 10

log, fold change
STAD vs CONTROL
10.0 4 I
i
[T I
M
50 Al
T
e

254
0.0 1
<10 5 0 5 10
log, fold change
TGCT vs CONTROL
100 4
754
5.0
25+

40 5 0 5 10
log, fold change

THCA vs CONTROL

1004 -

754

@@ﬁ&

5.0 4
25+

0.0
<10 5 0 5 10
log, fold change

UCEC vs CONTROL.

<10 5 0 5 10
log, fold change

® lower e higher

e

| ‘-J" il

IVIFI\I I

e

% control

\I n

i n.r":"‘ iy

. | r‘\ II’II‘IH‘
i o i il R

|
mmn ‘ll\ 1

!
|} ‘ \\I\h\\l #
I‘l\l‘l ‘IIFIIIII

{l

I 1w

==
£2

2

8

Ill “wfll\ll I HII
”. 101

\l | IHHI‘

| ]
Ol
|

1 I 1 T6CT 5 o
TGCT.

f I
Wy

CONTROL 2
1 L conTroLT3 [ 3

M cancer



So far so good, but ....

= cell-of-origin: only liver cancer
= evidence for ctRNA: only AML (PML:RARA fusion)*
= |ittle overlap in DGE in independent cohorts for prostate, ovarian, and uterine cancer

PRAD oV UCEC

Lack of overlap because of heterogeneous nature of exRKNA

abundance profiles (and tumor themselves)?
higher lower

pan-cancer © ® ( M)

three-cancer @ @ Morlion et al., medRxiv, 2024  0ncoRNALab

cohort



An alternative approach to find biomarkers in noisy or
heterogeneous data

controls
0 00

controls cases

<>

case 1 case 3

case 2

Morlion et al., medRxiv, 2024 0<ncoRNALa>b *



An alternative approach to find biomarkers in noisy or
heterogeneous data

controls
controls

é e [ 4 / I \ ®
== L |
case 1 case 3

case 2

-6 -3 0 3 6 Morlion et al., medRxiv, 2024  OncoRNALab *



An alternative approach to find biomarkers in noisy or
heterogeneous data
1 P | l

controls case 1 case 2

controls unknown 1 unknown 2

# tail genes

= Fisher’s exact test > biomarker tail genes
= 10x 5-fold cross validation
= independent cohort validation

-6 -3 0 3 6 Morlion et al., medRxiv, 2024  OncoRNALab *




Example tail gene

ENSGO00000150593
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Classification of cancer and controls based on biomarker

tail genes

1.001

true positive rate
o o
(6) ~
o (6)]

o
N
a

0.001
000 025 050 0.75 1.00
false positive rate
— all (AUC=0.879) — PRAD (AUC=0.964)
— OV (AUC=0.901) — UCEC (AUC=0.586)

biomarker tail genes

301

—
| I—

()
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oV

CONTROL -

PRAD -

@)
LU
O
=

CONTROL
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Biomarker tail gene concept validated in lymphoma

= different blood collection tube — different lib prep (total RNA sequencing)
= across all stages, both DLBCL and PMBCL

9.2E-10 1.6E-8 4.8E-7 5.0E-8 1.4E-5
1,004 — — — hees | 1.8E-4
N ) % 501 . .
2 2 . 3001
(] 2 % ° °
S 0.751 9100 1 ] 2 40 .
L. CTS (U o ° [ ]
0>.) N T °
= [©] Q ° 200 -
T x x 301 .
8 0.501 5 =
o = g .
E 8 107 ’ 5 20 :
0.251 5 i 5 . . 1007 .
—_ —_ i °
o l : é 10 . ‘< o © .
] S .
oo0L__________ 3 | | | | 2 o]- s i i
000 025 050 075 1.00 1 == =T =TT
iti T T T T T T [) [e)
f%'f: (E)f (S:lI)/g r(?t7665) control lymphoma control DLBCL  control PMBCL E -.E
- =V n=22 n=43 n=22) (n=30 n=22) (n=13 o o
—— PMBCL (AUC=0.951) (n=22)  (n=43)  (n=2) (n=30)  (n=22) (n=13) g DLBCL g PMBCL

—— lymphoma (AUC=0.866)

Decruyenaere et al., Frontiers in Oncology, 2023 0ncoRNALab



Tail genes in urine from muscle-invasive bladder cancer

o

Wilcoxon p = 3.3E-5

—_
o
o

AUC: 0.922

O © 075
S 100 1 ©

2 g

© = 0.50
= . 8

_94) 101 g

© = 0.25-
=

9o

O

o
o
o

- 000 025 050 075 1.00

controls MIBC false positive rate

(n=30) (n=37)
(w)
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Tail genes in blood plasma from glioblastoma patients

. S 8/12 cases no more tail genes after surgery
3.95E-6
I |
61 .
[ ]
o .
c 100
c wn
o, ‘ @ $
© C
® S . .
| - P ([@)) [
v —_ [ ]
E I
£ 2]
9 o
O
[ [ ]
04 s m— ‘ - 14 :
controls pre- post- pre- post-
(n=) surgery  surgery surgery surgery {ow*)

(n=18) (n=12) OncoRNALab @



true positive rate

Large independent validation in prostate cancer and
non-malignant patients

= 132 prostate cancer + 23 controls > 70% train-test + 30% validation
= 88 non-malignant patients + 37 controls
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no link with grade or PSA level



Take home messages

= rich repertoire of RNA in human biofluids

= exRNA is a powerful biomarker source

= platelet-depleted blood plasma is most informative for oncology

= (pre-)analytical method standardization + transparent reporting is key
= tail genes are a novel and robust biomarker concept

jo.vandesompele@ugent.be
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