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Diversity of noncoding RNAs
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Classes of non-coding RNAs

Quality of Specificrolein  Aberration
Category Name supporting data carcinogenesis  in cancer
Housekeeping RNAs Transfer RNAs High No No
Ribosomal RNAs High No No
Small nucleolar RNAs High No No
Small nuclear RNAs High No No ° Existing small noncoding RNA
SmallncRNAs (<200bp  MicroRNAs High Yes Amplification,

insize) deletion, methylation, analySiS t00|s are Optimized for

gene expression

Tiny transcription initiation RNAs  High Not known Notknown p ro CeSS | n g s h O rt Se q u e n C| n g

Repeat-associated small High Notknown Notknown

iterfering RNAs reads (17-35 nucleotides) to
Promoter-associated short RNAs  High Notknown Notknown . . .
Termini-associated short RNAs High Notknown Notknown mOn |t0r m|Cr0 RNA eXpreSSIOn .
Antisense termini-associated High Notknown Notknown
short RNAs
Transcription start site Moderate Notknown Not known
antisense RNAs H
Retrotransposon-derived RNAs High Notknown Notknown ° These Strategles u nd e r_
3UTR-derived RNAs Moderate Notknown  Notknown represe nt ma ny biologica | |y
Splice-site RNAs Poor Notknown Not known
LongncRNAs (=200 bp Longor large intergenic ncRNAs ~ High Yes Gene expression, re I eva nt C I a S S e S Of S m a | I
in size) translocation . .
Transcribed ultraconserved High Yes Gene expression n O n C O d I n g R N AS I n t h e 3 6' 2 OO
regions .
Pseudogenes High Yes Gene expression. n U C | e Ot I d eS | e n gt h ra n ge
deletion
Enhancer RNAs High Yes Not known (tRNAS, SnORNAS, EtC.)
Repeat-associated ncRNAs High Not known Notknown
Longintronic ncRNAs Moderate Not known Notknown
Antisense RNAs High Yes Gene expression
Promoter-associated longRNAs ~ Moderate Notknown Notknown
Long stress-induced Moderate Yes Gene expression

noncoding transcripts

(Cancer Discovery - Prensner et al., 2011)
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Discovered previously unannotated small RNAs using deep
sequencing of a libraries with broader insert size selection

Samples Data types Length distribution of expressed annotated small RNAs |
Discovery [ - e
" e - (s eciiicnia | (] [ smatl RNA-seq BiuePippin (17-100n) ?\‘um}m 5 s}r(m)ausgms
i Al gy Small RNA-seq BluePippin (17-100nt)
Primar 2 4 miRNA
0 tamor MGI AML31 Comparison Small RNA-seq BluePippin (17-100nt)
505 “77“} B 12 PIRNA
o Anelysis Micro RNA-seq (<35nt)

I
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8 b~ HEHH 3| BB
© ~ ®© a0
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e
-T TCGA AML Cohort
tumor Discovery

(Deep Sequencing)

] s 7 13 tRNA
RNA-seq Encore PolyA+ | ! , B B e s-’ N
RNA-seq Encore total RNA ]
1 1

?ﬁrﬂ% RNA-seq TruSeq PolyA+ | 2 e 8 1 6 8 2| snRNA
IO, RNA-seq TruSeq total RNA | 1 1 31297 404 a 1| RNA
ébgﬂﬁg’m Comparison B RNA- S . I l I R N o T 2% 22238611 231 misc
= seq Superscript DS PolyA+
Analysis 6 HNA-servanonV2PolyA+I ggfgg?féfﬁfﬁ§E§§§§ggg§§§§§§§§g

NanoString nCounter Length range:s VVVVVVVVV

Comparison of unannotated small RNA
expression between MGI AML31 and
TCGA-AB-2969 in log10(RPM)

' - Existing small RNA analysis tools were

not intended to analyze sequence

% ’ proportion reads of varying lengths, handle larger
5 son quantities of sequence reads, or
8 e _ - TR ony support for diverse small RNA species
0.t it
0.0 0.5 1.0 15
AML31 (Zhang et al., 2017)
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DANSR: A Tool for the Detection of Annotated and Novel Small RNAs

Raw Instrument data (FASTQ) Heuristic algorithm for boundaries
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( 1. Remove adapter sequences (Cutadapt) | Boundaries optimized by DANSR — —
, ; : : wemm  mmm| A single-node Uniquely
. . — | [ e L
[ Il. Align to reference genome (BWA) ] -: Foddet — °
= - various Iengths | ——— _
( m. Cluster overlapping read (BEDtools) | I — Multi-hit read
—— —_—
Small RNA read clusters (BED file) pre—
— . — — ) —
IV. Optimize small RNA boundaries = re—— ]
(Heuristic algorithm; Panel B) 1 shared | ™= == 6 shared total
I SIS S
V. Identify single- and multi-node = read | o e | reads
clusters (Network model; Panel C) L
_: ]
VL. Identify annotated/ unannotated small O
[ RNAs (Decision tree model; Panel D) ] : | — —_—
S I ! ——
' - =
(BED flle) :‘ Boundaries by BEDtOO|§: Mu'tl-node cluster group
Overview of decision tree model
Is it the greatest node
in a cluster group?
total reads < cutoff
N
Is annotated? . shared reads > cutoff
total reads > cutoff unique reads > cutoff
N/ \r Y N
A A https://github.com/ChrisMaherLab/DANSR
Annotated Novel Low-quality (Ete|eeb et a|_, 2022)
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Accurate categorization of annotated small RNAs in
metastatic colorectal cancer (mCRC) patients

DANSR reported RNA lengths
' Number of RNAs
miRNA - 1 per sample

()] piRNA - < - RESEREEE - RERN - B T 0

g: tRNA - 43_.44321 1 1 1

Z rRNA - 4443 el 1 2N 1 SREAREEE 1 1 1

snRNA - 1 1 1 B8 2
B o
misc RNA - 434.3311224421
........................................ .100

Ny o g g g g g g g g g g g g g g g -
— e e e e e e e e e e e e e e e’ N

RNA length reported

https://github.com/ChrisMaherLab/DANSR
(Eteleeb et al., 2022)
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Discovery of altered small RNAs in metastatic colon cancer progression
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https://github.com/ChrisMaherLab/DANSR
(Eteleeb et al., 2022)
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Long noncoding RNAs (IncRNAs)



Characteristics of long non-coding RNAs (IncRNAs)

Epigenetic Genome integrity / Transcriptional Post-transcriptional Viral defence
modifications transposon defence regulation regulation
] ] ] | RN HEER L]

[l endo-siRNAs
S\

B PARs MpiRNAS Il miRNAs X
(e.0. tiRNAs)  [Jantisense IncRNA N e [l snoRNAs— )

}
. N N
N € - SIRNA 5T Ty s

e f
WA\

[overlapping 3" UTRs]

SN
[repeat element]

« Transcription via RNA polymerase |l

* Polyadenylation

*  Frequent splicing of multiple exons via canonical genomic splice site motifs
- Regulation by well-established transcription factors

- Epigenetic marks consistent with a transcribed gene (H3K4me3 at the gene
promoter, H3K36me3 throughout the gene body)

* Frequent expression in a tissue-specific manner
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Positional classification of IncRNAs

I (ncRNA Protein-coding

Intronic, sense

Intergenic
“

'Genome

—— . - —
Intronic,
Bidirectional antisense Exonic, antisense (cis)
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Integrative methods for discovering IncRNAs
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RNA-Seq focused strategies for IncRNA discovery

ncrvas O O

a Automatic annotation
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Align reads to the genome
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[ Genome|
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Assemble transcripts from
spliced alignments

|

[ Estimate coding potential ]

|

Transcript models
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]
o
mE E Short RNA-seq reads
] |

Assemble transcripts de novo

Align transcript models to
the reference genome

( Estimate coding potentialj

|

Transcript models
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b Manual annotation

CAGE tags —{l === J-PAS

L

-—

* Mass spectrometry
* Ribosome profiling
* Swiss-Prot or UniProt

Transcript models

— ey
-
=

(Cell -- Bartel et al., 2013)
(Uszczynska-Ratajczak et a., 2018)




How many IncRNAs have been annotated

Table 1| IncRNA annotations

Name (version)

NONCODE (v5)

MiTranscriptome (v2)

FANTOM CAT (v1)

RefSeq
(GCF_000001405.37_
GRCh38.p11)

GENCODE (v27)

BIGTranscriptome
(v1)

GENCODE+

CLSFL

Protein-coding®

Reported size
(gene loci)

96,308

63,615

27,919

15,791

15,778

14,158

13,434

807

19,502

Methods®

Integration of other
databases

Assembly from short
reads

Assembly, other
annotations and
CAGE evidence

Manual (based on
cDNA) and automated
annotation (based on
RNA-seq data)

Manual annotation
based on cDNA, ESTs
and high-quality long-
read data

Assembly, with CAGE
and 3 P-seq evidence

Union of GENCODE
(v20) and CLS IncRNAs
with anchor-merged
CLS transcript models

IncRNAs from
GENCODE+with
CAGE and poly(A)
evidence

GENCODE confident
protein-coding
transcripts

Comments

The most
comprehensive
resource

Mainly cancer samples

Mapped 5’ ends using
CAGE tags

The oldest annotation

Used by most consortia
and integrated with
Ensembl

Full-length transcripts

Extension of
GENCODE by CLS

Full-length transcripts

Not tagged mRNA_
end_NF nor mRNA_
start_NFin the original
GENCODE v27 GTF file

Completeness Comprehensiveness®

8.9%

4.4%

15.8%

11.0%

13.5%

27.7%

24.0%

71.7%

53.8%

& Washington University School of Medicine in St.Louis

67,276

45,088

27,278

14,889

15,063

12,632

13,434

807

18,995

Exhaustiveness®

2.3

4.4

33

1.9

1.9

2.1

3.3

5.5

2.9

Comprehensiveness
The fraction of all gene
loci that are included;

Exhaustiveness
The fraction of all
transcripts from each
locus that are known;

Completeness

The fraction of
transcript models that
cover the entire length,
from start to end, of the
physical

RNA molecule

(Uszczynska-Ratajczak et al., 2018)
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| metastasis via
various pathways

Example IncRNAs

Mechanisms

EMT

TGFB . DNM30S

JAK-

Invasion
migration

STAT 4 e
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signalling ! ' ‘ s
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Immune ; | | - %3 (Nature Reviews Cancer
mmun 8 &
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Clinical applications of IncRNAs

Diagnostic biomarkers \.\mplicaa‘ons Therapeutics
o2 o
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\ i|' : Prognostic biomarkers '. || :' l|
‘I'-. | ." '\l | l|

p=0.00059
HR=0.54 [0.38-0.77]

1.0

= PCAT-14 High Expression
p=0.023 M « + « PCAT-14 Low Expression
HR=0.44 [0.22-0.91] e

0.8
0.8

0.6

0.6
Prostate cancer-specific
surivival (%)

Prostate cancer-specific
surivival (%)

/F73 273 267 257 247 228 193 High f18 115 102 73 46 16 High

o272 270 262 237 214 191 160 Low o117 111 100 66 43 14 Low
= =

0 24 48 72 96 120 144 0 24 48 72 96 120 144
Months Months

(White et al., 2017)

 LncRNAs are emerging as diagnostic/prognostic biomarkers in tissue, serum, and urine
e Antisense oligonucleotides (ASOs) can be used to directly target IncRNAs and are a
promising therapeutic strategy in cancer
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Despite discovering thousands of IncRNAs, only a
minor subset have been well characterized

Tumour or metastasis RNA secluencing ChallengeS:
| Discoveryofunamotared nciAs  Prioritizing biologically and clinically
== /1 Boom relevant IncRNAs
@ %/ el o e
. X [' Encode for protein
e l o Py . 9y = .
Identification ofdf—zreulated IncRNAs LaCk Of doma]ns ]S a barr]er for
predicting function

* Molecular interrogation is labor
intensive

(Nature Reviews Cancer Liu et al., 2021)

Maherdl®alb
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Only a fraction of IncRNAs are altered in a given cancer type

M Benign M PcA M MET

Differentially expressed

Outliers

-3.0 I S 3.0
log, fold-change

* Analysis 121 prostate cancer
patients (normal, primary, and
metastatic samples)

* In total, we identified 121 prostate
cancer associated transcripts
(PCATSs)
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* Analysis of ~600 LUAD and LUSC
cancer patients

< 1M1 novel transcripts were
differentially expressed in at least one
histology

« Referred to as lung cancer associated
IncRNAs (LCALSs)

I 093

&~ RAMS11

N=148

[ Normal

[ Primary S0 1 2

[ Liver metastasis Row Z —Score
148 IncRNAs that performed as well as
known biomarkers in differentiating
benign, primary, and metastatic tissues
51 IncRNAs differentially expressed in
metastatic tumors compared to non-
metastatic (primary and adjacent normal)

. 17 Unannotated
Referred to as RNAs Associated with
Metastasis (RAMS)

(Nature Biotechnology-- Prensner et al., 2011) (Genome Biology -- White et al., 2014) (Nature Communications -Silva et al., 2021)
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LncRNAs have greater tissue-specificity in pan-cancer
analysis across ~3,000 patients

500- Differentially expressed IncRNAs

Hup
W Down
400~
4 . Cancer-specific IncRNAs
70 == Coding P ”
CRC
== IncRNA s
& 300-
60 £
s}
- 50- E 200-
(]
@
e KIRC
< 407 100-
(0]
<
Q
5 7 . I
O]
O o T e
& 1 2 3 4 5
204 Number of cancers
10 Differentially expressed protein-coding genes
~ 3000
0- Hup
T T T T T T T T W Down
1 2 3 4 5 6 7 8

Number of cancers

N
o
o
o

e ~10% of protein-coding genes are
altered across 2 or more cancer types

e ~2% of IncRNAs are altered across 2 or
more cancer types

Number of genes

1000

4 5 6 7 8
Number of cancers

(Cabanski et al., 2015)
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PCAT-14

PCAT-14

PCAT-14 expression is enriched in prostate cancer
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Relative Expression

(gene/ RPL32)

60 - PCAT-14 Responsiveness
to Testosterone
50 - B PCAT-14
® TMPRSS2

40 -

30

20 -

10 -

0 —

No treatment 10nM
Testosterone

(European Urology -- White et al., 2017)




PCAT-14 as a single gene predictor of aggressive disease

Prostate cancer-specific

Overall surivival (%)
0.

Mayo Clinicl

o| Pp=0.0024 e
1 HR=0.66 [0.5-0.86]

Metastasis-free surivival (%)

<

S

/F73 265 247 221 210 186 159 High

21272 256 230 199 173 153 126 Low
[0} 24 48 72 96 120 144

Months

p=0.0044
HR=0.71 [0.56-0.9]

<
S

273 273 267 257 247 228 193 High
o|272 270 262 237 214 191 160 Low

o
0O 24 48 72 96
Months

120 144

]

Prostate cancer-specific

p=0.00059
HR=0.54 [0.38-0.77]

surivival (%)

©
o

273 273 267 257 247 228 193 High
o272 270 262 237 214 191 160 Low
=

0O 24 48 72 96
Months

120 144
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surivival (%)

Mayo Clinicll

&4 p=0.023 T
HR=0.59 [0.37-0.94]

=
=
f18 105 90 63 37 14 High
2 117 98 80 49 31 10 Low
o 24 48 72 96 120 144

Months

©| p=0.14 .
S1 HR=0.68[0.41-1.1]

=
o
118 115 102 73 46 16 High
o J117 111 100 66 43 14 Low
o
0O 24 48 72 96 120 144
Months
< _‘H‘__‘_
] L.
o
p=0.023 .
HR=0.44 [0.22-0.91] c..
©
o
118 115 102 73 46 16 High
o] 117 111 100 66 43 14 Low
o
0O 24 48 72 96 120 144

Months

Metastasis-free surivival (%)

Overall surivival (%)

Thomas Jefferson
cn_ e s o0 0
o
«©| p=0.093
HR=0.33 [0.084—1.3]
<
o

65 58 45 33 23 17 14 High
o]65 54 39 25 16 12 8 Low
o

0O 24 48 72 96

Months

120 144

] _|_|_|_‘-|_
o] ",

2 .

©|  p=0.0061

< HR=0.35 [0.16-0.77]

<

o

65 63 54 46 41 34 32 High
o]65 63 50 43 32 26 22 Low
o

0 24 48 72 96 120

Months

144

= PCAT-14 High Expression
« « « PCAT-14 Low Expression

(European Urology -- White et al., 2017)



Long noncoding RNAs and the tumor microenvironment

|

T Sensitization
to AICD

T cell associated
with breast cancer

@t~
—— Blood vessel @
Q Cancer cell @ T cell

4 Macrophage @ Glucose
(= ) Normal epithelial cell

QNP ey

o TLNMAT1 °
A Bladder
cancer cell

Lymphangiogenesis

(Nature Reviews Cancer Liu et al., 2021)
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Challenge to the miRNA sponge mechanism

A Co-expression b Mutual exclusivity

‘ : Va. AR o
SR a IR 4500 P Ot ) (6]
(¢}
RC _‘ .
e ) °

Expression of ciRS-7 Expression of ciRS-7

Expression of gene Y

v

v

m Stromal cell co-expressing ciRS-7 and gene X ‘ Stromal cell expressing ciRS-7

®/ Cancer cell not expressing ciRS-7 and gene X ' Cancer cell expressing gene Y

Stromal cells:
CiRS-7V
Cancer cells: .
CiRS-7 x MiR-7
miR-7 Vv

(Kristensen, L.S., et al., 2020)
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Analysis of IncRNAs in single cell RNA-Seq data from
pancreatic cancer patients

8o

® Macrophage

® Mast

® NK

® PanIN

® PDAC

® Plasma
Treg

® Tuft

e 73 samples from 21 patients with PDAC
®* 10x Genomics scRNA-Seq data (~50K reads per cell)

®*  Various cell types identified in TME including PDAC
tumors, immune cells, and stromal cells

CDaTE
Erythrocyte™

Tuft ‘ #
UMAP_1 Mast

Detectable genes in PDAC tumor cells

IncRNA protein_coding

e Most genes are only detected in a small fraction
of cells

754

AAAAA

e LncRNAs are more likely to be missed at individual
cell level due to their lower expression level

501

Percent expressed cells

254

e Significant number of IncRNAs are detected in as -
many cells as protein coding cancer genes f

0 5 10 15 20 25 0 5 10 15 20 25
Sqgrt(mean count)
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LncRNAs as markers of PDAC TME cell types

Percent Expressed
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Average Expression

PCAT19 in
endothelial cell

\4 ;Oooo‘ -

Tuft o -

Erythrocyte

Mast
Plasma -

DC A

Macrophage -

NK A -
Tregq -
CD8_TH -

CD4_TH-

B 4

Endothelial

Fibroblast

Islet 4

Duct_like_2

Duct_like_1

PanIN o -

PDAC-® e ¢ 0o 0 0 o -

ADM +
Acinar -

=
=
3
5
=
O
9
i)
=
©
g
T
A
2
&
e
=)
-

Washi




PCAT19: a strong marker of endothelial cells

PCAT19
1 0 ’ Fibroblast
Treg NK -
(q\] P .Acinar CD8_T
D_I O i } «m :',ADM Islet l'g'?t%ﬁ;cyte
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PDAC DC
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Tufist
-15 -10 -5 O 5 10
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PCAT19 activates a subset of cell-cycle genes associated with PCa
progression, thereby promoting PCa tumor growth and metastasis

Gene regulation

PCAT19-long

PCAT19-short rs11672691lrs887391

7/ N\

Non-risk alleles

NKx3-1YY1 ] : ‘h’ :

Risk alleles

PCa cell growth
) g%

CeII cycle genes
upregulation

Biological function
%PCAHQ long

Poor clinical survival
1.00 oW
: High

‘“ 0.75
E 0.50
.00

0 40 80 120 160

Months

—
®0.25

(Cell -- Hua et al., 2018)
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Despite discovering thousands of IncRNAs, only a
minor subset have been well characterized

RNA sequencing

etastasis
v

f unannotated IncRNAs

Discovery o
- — e Transcribed and
— spliced
—_—— |+ 5200 nt
- * Tissue specific
X [0 Less conserved
¢ Encode for protein
Identification of dereulated IncRNAs
Prioritization

(Nature Reviews Cancer Liu et al., 2021)
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Putative IncRNA regulatory mechanisms

‘TE\) .
IncRNA ‘
‘ Gene Activation ( ‘
| Chr. 17 ﬁ{’y\
:" ; LLGIJ‘Q hNRNPU Firre
(TS

Chr. X

. Signali A e =

Xa

‘ ‘ Chromosome territory ‘

W

Il. Decoy

0

IncRNA ‘ | |GeneSuppression

Chr. 2

Pol Il

Chromatin

jf{ ATP
Mhrt (

Xist 1 .8 %f? e
SWI/SNF

Nucelosomes

Pol Il R-loop

-§ &\ rDNA
s
5 78K ) pre-rRNAs
i ﬂ! w;" U/. ” . g A/SINE B2 —T ! Ogg)
= DDX21 P-TEFb Poll _ ppx21 ring
A — Pol I .,.‘IQ \ SLERT
Ill. Guides | : > (068 g
X | Initiation _/ Elongation Y oV
Promote chromatin :
° araspeckle j

IncRNA modification

A

SR proteins MALAT1
W)

i U i
Je e

O .. .
\ g, mRNA retention

\ MRNA PSPs
_l \ . k 1 NORAD

Exon Exon

Post-transcription

IncRNA

gy i Aaaq, STAUT Q QQQ;LQ

IV. Scaffolds L § e g gl /4[N

o o .
Act on chromatin 5 : o miR-7 2 l 1 , ¢PUMILIO
structure ‘ mANA Mot
,x_“z Q/QQ? go’_ ore stable
m ~ mRNA RISC

= SHP1 Dephosphorylation
[CESe g I's) v54I|n<: -p21 ®
g ‘g Ago2 STAT3 —>C-

@ Ribosome Unstable Inc-DC S

_
\ Rck @ A
\Winc-pm -

3

&
oQ
L2
LY

Washington University School of Medicine in St.Louis




Our ability to understand how a IncRNA functions requires
knowledge of its interacting partners: DNA, RNA, and/or
protein

A PROTEIN INTERACTIONS

nRIP CLIP
\— 2
*3‘1[ C STRUCTURAL FEATURES

Y = RNase Footprinting
|

B DNA INTERACTIONS
ChIRP
/J(\CHART ‘ "
R
ChRIPY

VY

In-line Probing
——

}\\ Antibody
® Histone modification
“~~. Crosslink

Tagged oligonucleotide
> RNase/chemical cleavage
5z Flexible RNA nucleotide
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CRISPR based
strategies are
dependent on the
proposed functional
mechanism

DNA locus of IncRNA

1" 41" 4
FUINS Y '
//' ) i)'4 ,'/,"' ) _9

Transcription

A\

Wildtype IncRNA
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A LncRNA-Centric Approach



Elucidating IncRNA interactions with proteins, RNA, and DNA

Cross-link

o

Biotinylated
tiling oligonucleotides

Sonicate

Hybridize

and wash Streptavidin
magnetic beads

Q
<

XU

AN

ﬁ/\mmw&

IncRNA Genomic DNA RNA-binding
proteins

l | |

qPCR, Western blot,
high-throughput mass spectrometry
sequencing

NN
Purify on bead \ @

qRT-PCR,
high-throughput
sequencing

ChIRP (chromatin
purification)

isolation by RNA

RNA—protein—-DNA complexes are cross-
linked in vivo and solubilized by sonication
Biotinylated tiling oligonucleotides are
hybridized to target INcCRNAs
Oligonucleotide-bound RNA and associated
complexes are efficiently pulled down with
streptavidin magnetic beads

Enriched RNA, protein and DNA can be
isolated and subjected to downstream
analysis

(Chu et al., 2014)
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Mapping functional domains within IncRNAs

Domain Specific ChIRP (dChIRP)

5 3’
————)) Target RNA

A B C OPs

Cross-link|
Solubilize
Shear
Hybridize OPs
Puri
c fy

RNA-RNA RNA-protein RNA-DNA
int ti int ti int ti :
Interaction Interaction Interaction (Chu et al., 201 1; Qu.lnn et al.’ 2014)
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Additional methods to interrogate IncRNA interactions

Crosslink

‘Sonicate

D&L-}NM\ 7 > N
CHART ChIRP

Fiass H apping biotinylated

tiling oligos s ‘Hybrﬁdize
Immobilize

| =5
-8,

Hybridize Design tagged C-oligos

CHART-enriched materials ChIRP-enriched materials
Reverse Reverse
crosslinks * crosslinks v
m‘ . ™
e @ e @
Genomic DNAs Proteins Genomic DNAs Proteins
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Methods are more similar than different

Approach Probe Pros Cons
ChIRP 20-nt; unbiased Probes are cheap Irrelevant probes
and have minimal increase noise
off-target effect
dChIRP 20-nt; unbiased Improve signal-to- Requires more
noise by reducing independent
probes experiments
RAP 120-nt; unbiased High specificity of = Probes cost more
longer probes to synthesize
CHART Rnase H assay to  Background signal RNase Assay only
narrow search reduced due to indicates a probe
space relatively few can bind, not
probes used chromatin
interaction; time
consuming

& Washington University School of Medicine in St Louis
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What have these methods revealed?

Table 1 Summary of RNAs analyzed by ChIRP, Chart and RAP

Method of
RNA purification Biological function Genomic occupancy References
roX2 ChIRP or Chart Dosage compensation in male Drosophila With MSL-complex gene bodies, co-occupies active 4.5
(one of two IncRNASs required) X-linked genes, with strong bias toward 3" end
TERC ChIRP Acting as scaffold for telomerase complex and Binds telomeric ends of chromosomes and Wnt genes 4
template for telomere DNA synthesis
HOTAIR ChIRP Recruitment of PRC2 to silence target-gene Exhibits focal binding at loci that overlap with PRC2 4
expression
78K ChIRP Regulation of transcription by controlling the JMJD6 and Brd4 co-bind distal enhancers 15
positive transcription elongation factor P-TEFb
FOXC1 ChIRP Induction of enhancer-promoter looping and Binds its own transcribed enhancer locus (does not appear 16
enhancer RNA enhancement of ligand-dependent induction of to act in trans)
target coding gene
Pan ChIRP Interaction with viral and cellular proteins to affect Binds ORF50 promoter 17
host gene expression (abundantly made during
lytic cycle of KSHV)
FMR1 mRNA ChIRP Silencing by the 5" untranslated region of the CGG-repeat portion of FMRI mRNA binds to the gene 22
promoter of its own gene locus promoter through DNA-RNA hybridization to result in
silencing
116HG ChIRP Regulation of diurnal energy expenditure of Occupies genes enriched for brain expression and protein 18
the brain transport, including Mtor, Crebbp and Igf2r
RMST ChIRP Regulation of transcription of SOX2 and modulation Together with SOX2, interacts with promoter region of 19
of neurogenesis in humans neurogenic genes to co-regulate their expression
THRIL ChIRP Expression of many immune-response genes Binds TNF-o. promoter 20
roX1 dChIRP Dosage compensation in male Drosophila (one of Colocalizes with roX2 and MSL on genomic DNA through the 14
two IncRNAs required) three fingers of minimal chromatin-binding domains
Xist Chart Dosage compensation in mice Binds gene-rich islands and then the gene-poor domain on 13
to-be-silenced X chromosomes in two steps during de novo
inactivation
Paupar Chart Cell-cycle profile of neuroblastoma cells (with loss ~ Has ~3,000 binding sites across genome; enriched on 21
inducing neural differentiation) X chromosomes, preferentially within promoters and
5’ untranslated regions
Xist RAP Dosage compensation in mice Binds spatially close loci and then spreads to the entire 6
chromosome; requires A-repeat region to spread to
active genes
FIRRE RAP Modulation of nuclear architecture across Has 34 global binding sites, some of which are in spatial 12
chromosomes proximity; five overlap with mRNAs

hington University School of Medicine in St Louis

LncRNAs do not follow any
single paradigm in their
regulation

General characteristics
e Focal or broad binding
e (Cis or trans regulation

e Relatively few to thousands
of binding sites

e Activation and Repression
e 3D conformation dependent




A Protein-Centric Approach



RNA Binding Proteins (RBPs)

nucleus \ cytoplasm

pre-mRNA
~Sgeum- TRV

Al \ processing
<y /Splicing

localized

translation * *

mRNA stabilityq‘-é;u,_x-» mMRNA

degradation

: *x
T lat AAA
ranslation 8-»« >

% RNA binding proteins (RBPs)
W Exons ‘ Ribosome
’ Ribonuclease

% Translated products

Estimated >1000 RBPs in human

Have diverse roles in post-
transcriptional gene expression,
including regulation of alternative
splicing, RNA export and localization,
RNA stability and translation

Functionality in gene regulation is
naturally dependent on their ability
to selectively recognize and bind
target RNAs within the cell

Mutation or alteration of RNA binding
proteins plays critical roles in disease
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RNA Immunoprecipitation coupled with NGS (RIP-Seq)

Immunoprecipitation

~
>

Protein A
beads

Nuclear lysate

T\

a- Ezh2

RNA-protein o- Ezh2
complex RNA
J extraction
- cDNA synthesis ,
Wi - 3:3'adaptor ligation | _ . '_3 ="
e - PCR £ W T &

IIIIIIIIIIIIIlIIIIHIIlI N N TN 9\0

Library generation o

Gel
a purification

- Bioinformatic Analysis
——3= - Experimental Validation
- Functional Testing

Next Generation
Sequencing

RIP allows identification of the target
RNA molecules binding to an RBP

Limitations

e Data may include
bound sequences

e High variability

e Requires high quality antibody

e Precise locations of the binding
site on the target mRNA may be
difficult to determine

indirectly

RIP conditions must be calibrated to
minimize reassociation of RBPs with
MRNA in vitro after cell lysis
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Locating specific interaction sites

e RNAse protection assay can help localize the potential
interaction site

1 Human HOTAIR (2,370 nt) 2,370

OrrNOTUNOMNDODDO
T NN ONMNDODD Y™ rrr ey

50+ HuR IP/IgG IP

Relative enrichment
(HOTAIR/GAPDH mRNA)
- N 8 NN

o o o o

~FNOTODOMNOOO~NOTHLONODO
ol -eereereereNN

(Yoon et al., 2013)
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DO-RIP-Seq Overview

HEKzes ST e Cell lysates treated with micrococcal
\LLysis,MNase nuclease (MNase) under optimized
/@—,)g conditions to partially digest RNA to
v PN\ fragments bound by the RBP.
HuR DO-RIP Neg DO-RIP
Y e
A\

Y  RNAs from parallel immunoprecipitations
PAGE of

lextracted RNAl using a nonspecific control antibody or
similar negative sample were extracted

' for normalization of the positive sample

Create cDNA libraries; sequence
on lllumina Hi-Seq

(RNA -- Nicholson et al. 2017)
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DO-RIP-Seq detects validated interaction sites

HuR DO-RIP-seq binding site (red bar and shading) in the CCND1 mRNA 3'UTR in
comparison to the binding site deduced by a previous study (green bar and shading)
using deletion analysis (Lal et al. 2004).

________ CCND13UTR ___,

800 bp RPM

80

HuR.1 1 5
o 80

HuR.2 ,, _.,.4_ 0
3 - 80

HuR.3 ‘ 0
e 9 3

Neg.1 e . 0
= = 8

Neg.2 e 0
N -8

Neg.3 8 . 0

LOD) = 716:9 = "———

Cindo O. Nicholson et al. RNA 2017;23:32-46
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Methods to capture protein-RNA interactions

biotin ‘\

. Pulldown or  pjotin

E ADAR sequencing Nto]
% )\

Methylene RNA
Blue

modlflcatlon

4su Q§4SU F)ARI Qg | égéﬁi

RHID/ % formaldehyde

Dtugesu?n
Qd N Aﬂgv 48‘

double-stranded RNA single-stranded RNA o indirect RNA ® RNA modification
binding protein @ binding protein binding protein % Crosslinking event

(Wheeler et al., 2017)
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Common variations of crosslinking immunoprecipitation (CLIP)

PAR-CLIP

UV 365 nm

HITS-CLIP

UV 254 nm

Ly5|s

Immunoprecipitation of crosslinked protein-RNA complexes
Lysis
| RBP 3 3" RNA adaptor ligation

Proteinase K leaves polypeptlde (Oj at the crosslink nucleotide iCLIP

—

Reverse transcription

Transition

—

G cDNA

or

Read-through

. —

A
cDNA

\ PCR

High-throughput sequencing
[CIESEN
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}

5’ RNA adaptor ligation

s &

!

Reverse transcription

Deletion or mutation
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or

Read-through
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\ PCR

High-throughput sequencing

— N

A

Reverse transcription
Truncation

cDNA A
Reverse transcription

primer: two
cleavable adapter
regions (blue) and
barcode (green)

Circularization

1 Linearization and PCR

High-throughput sequencing

1
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HITS-CLIP 254 nm ultraviolet UV

cross-linking and
immunoprecipitation allows
more stringent washing and
RNase treatment of bound RNAs

PAR-CLIP is another modification of

CLIP-seq that first treats the cell
with a modified nucleoside (4SU or
6SG), which is incorporated into
transcribed RNA. The modified
nucleotide can be cross-linked using
longer wavelength UV radiation

iCLIP identifies binding sites more
precisely by taking advantage of the
fact that the amino acid tag left by
proteinase K treatment terminates
reverse transcription The truncated
cDNA molecules can be marked
with cleavable adaptor and barcode
allowing for self circularization




CLIP-Seq data analysis workflow

Read
mapping and

Cluster
detection

+ Bowtie

* RMAP

» Novoalign
* TopHat

Binding site detection
* WavCluster
* Piranha

false
« PIPE-CLIP

positives

» WavCluster

reduction
+ Piranha
oo - PIPE-CLIP
detection
» PARalyzer
» GraphProt

o/

* MEME, cERMIT, GLAM2,

Motif

recovery

MatrixREDUCE
* MEMEris, Phylogibbs,
RNAcontext, RNAmotifs

* mCART
prc:';i:t?ln * GraphProt

a Identification of binding sites —
Mapped CLIP reads —_— [—
Reference sequence
High-occupancy binding site Low-occupancy binding sites
PAR-CLIP HITS-CLIP icLIP
e —
—N— —_—
== o  —
= — —
= o
Crosslink nucleotide

Crosslink nucleotide
(U-to-C transitions)

b Normalization to control for transcript abundance

Normalize using 1
CLIP data

Mapped CLIP reads

RNA-seq
Reference sequence

Gene annotation
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How do you choose?

Methods PROS CONS
RIP e Performed under physiological conditions to preserve the native ¢ Relies on the availability of good antibodies, or the use of tagged RBPs
complexes e | acks high-stringency washes and crosslinking of RBPs to RNAs, which leads
e Requires little specialized equipment and/or reagents to low signal to noise ratio and frequent misinterpretations in the data analysis
e Additional control conditions may be required to distinguish true interactions
from non-specific ones
¢ Does not determine the exact location of the binding site of RBPs
CLIP ¢ Application of strong washing steps allows to get rid of e UV radiation can alter the RNP infrastructure, and crosslinking is not
non-specific binders homogeneously efficient
e | ow efficiency of UVC (254 nm) RNA-protein crosslinking
e Difficult identification of the exact site of crosslink within the sequenced
fragment
HITS-CLIP e Genome-wide tool e The eluted RNA must be de-crosslinked, cDNAs are truncated at the crosslink
site and get lost during the standard library preparation protocol
PAR-CLIP ¢ Single nucleotide resolution to identify the exact site of binding ¢ The eluted RNA must be de-crosslinked, cDNAs are truncated at the crosslink
of the RBP on the RNA (the nucleotide analogs are converted site and are lost during the standard library preparation protocol
into cytosine (C) for 4-SU, or adenine (A) for 6-SG, and can be * Nucleotide analogs can be toxic for cells and animal models
used to specifically mark the exact binding site) e More expensive than the classic CLIP approach
iCLIP ¢ Single nucleotide resolution to identify the exact site of binding e Needs special adaptors to allow the circularization step, not always highly

of the RBP on the RNA

& Washington University School of Medicine in St.Louis
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Input material required: high

(Barra et al., 2017)




Integration of various strategies

' RBP to be characterized

«

Ab anti-RBP available,
or express a TAG-RBP
and use an anti-TAG Ab

Denaturing purification

}
UV crosslinking }
! }

cLip

Native purification

!

No crosslinking

arer Yt % e :“ = P P
@
Direct and indirect Only direct
binders binders

I |
!

RNA recovery (qPCR or RNAseq)
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=)

Validation

—

_ RNA of interest

To determme its function, identify its interactors
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LncRNA summary

 LncRNAs are an abundant class of biologically
and clinically relevant class of genes with a
broad range of functionality

RNA structural element
. . Protein-RNA interface SHAPE
e Despite the rapid emergence of IncRNAs, the R “Fragseq
. . . ey PARS
methods to interrogating their regulatory b M seg

mechanisms are still evolving " pro W.g
Protein
RNA2
}M =

Histone tail

 Ongoing development is still necessary to fully
understand the limitations and biases of

Histones

existng NGS  applications and the RSQOZ”.?;TiiﬁCﬁe‘QZ}?/ \nJ‘;L?;ié‘.’n'QifS.iTogy
corresponding computational tools for analysis
and interpretation M Predited control

@ 7 o genetexprestsion

(Chu et al., 2015)
e Integration of orthogonal strategies will

increase the likely of uncovering real IncRNA
regulatory mechanisms
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Circular RNAs



Circular RNAs (circRNAs)
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Overview of existing circRNA resources and tools
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Evaluation of tools

Extensive quantity of
tools available

Most existing tools

are designed for short

read sequencing

Review
PMID:28594838

Review
PMID:26657634

Review
PMID:26230526

Review
PMID:29340026

circ_battle
PMID:29556495

CIRI
PMID:28334140

AcCValidator
DOI:10.1101/556597

CircRNAwrap
PMID:31055837

ACFS
PMID:27929140

CircDBG
DOI:10.1101/509422

STARChip
PMID:29474638

PTESFinder
PMID:26758031

CircMarker
PMID:30367583

CircRNAFisher
PMID:30013032

KNIFE
PMID:26076956

UROBORUS
PMID:26873924

DCC and CircTest
PMID:26556385

PcircRNA_finder
PMID:27493192

Union Set
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Limited understanding of circRNAs contributing to
metastatic colon cancer progression (mCRC)

e Large scale studies (i.e., TCGA) mostly used poly-A selection

e No standard RNA quantification method

e Cell lines or limited patient cohorts

e Lack of genome-wide systematic analysis

e Existing databases lack inclusion of CRC (and particular matched
patients throughout progression)
e MiOncoCirc, a cancer focused database, contains only 14 CRC

out of 880 patients
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Putative functions of circRNAs remain under-studied in cancer

(A)

DNA b —3 f— — Transcription factor recruitment

4 @”\ o Limitations of circRNA
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translation studies

Nucleus
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Secondary structure mediated protein binding Linear RNA

Hua, J.T., S. Chen, and H.H. He, Landscape of Noncoding RNA in Prostate Cancer. Trends Genet, 2019.
Othoum, G., et al., Pan-cancer proteogenomic analysis reveals long and circular noncoding RNAs encoding peptides. NAR Cancer, 2020.
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Pan-cancer proteogenomic integration of circRNAs:
PepTransDB

o U EEESEESESEESEEsEss. Pan-cancerdataintegration F----------------Q~

L 4
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' n=38
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BRCA 105,812
=TR0 EOGC 1 & n=105 IncRNA 243,318
CCRC =80 ) circRNAs
transcripts
n=90 n=55 n=174 LNCipedia MiOncoCirc

linical ) ’ 20,595
Clinical Proteomic Tumor protein
Analysis Consortium (CPTAC) coding genes

4
‘. 921 patients \ / UniProt Py

Proteogenomic search

’

g S s es-
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L 2

https://www.maherlab.com/peptransdb
(Othoum et al., 2020)
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Possible types of peptides encoded by circRNAs

Pe pTra ns D B . Type 1: Linear canonical peptide
. 3 5
Total: 3238 peptides , , /- ——
from 2834 circRNAs ° —M—S . . oon
=i —
Canonical ORF

5 3
Type 2: Linear noncanonical peptide

5 3
Exon 1 Exon 2
==
Noncanonical ORF

r — _— — _— — _— — _— — _— — _— — _— — _— — _— l
5 3
3 5

| 5 3 |
— o — e ———
| UGA \ ‘ | Junction: 2010 peptides
|
I

I from 1964 circRNAs

(Othoum et al., 2021)
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Short read strategies are limited to terminal exons

A novel protein encoded by the circular form of the SHPRH gene
suppresses glioma tumorigenesis

Maolei Zhang'? - Nunu Huang'~ - Xuesong Yang'~ - Jingyan Luo® - Sheng Yan'? - Feizhe Xiao® - Wenping Chen'? -
Xinya Gao'"? - Kun Zhao'? - Huangkai Zhou'? - Zigiang Li® - Liu Ming® - Bo Xie® - Nu Zhang'?

E.g. CircSHPRH was missed in PepTransDB

Initiation site
P
Ter RCOUCA 1q * 4exonsinvolved (exon 26, 27, 28, 29)
GMCUCUGAUGAAAAU Acy .
ST ey, e Translated open reading frame (ORF)
) QNKLWSELMKIQLR, 7 . . .
& n % spans beyond backsplice junction (exon
Exon 26 & € M, &
S » % ® -
; § o/% ‘5’% 29 26)
§ £ 440nt 3 %+233
S g Expected protein £ e .
146 a.a. ! 3 » To comprehensively capture
- 5 9 ~17KDa : 3 : :
©inction =%, % j s ORFs of full circular transcripts:
% g s
A.A- o, 8“? b . _ .
%, Yo 2 s PacBio long-read sequencing
9 4774H1V311119Nsa1'“1d11 (\«!“ry‘A
3

SOOSHWOSSV nWOMO
Exon 29 °f oe
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CircRNA detection using short-read analysis pipeline

o o)
CRC Cell Li VAVAVAN
(& =] SRR

o RNA Transcripts
-

Exon Enrichment cDNA-Capture
%k /\—*=\/
- S * 1
- 2.
% * =
*DNA Probe Short-Read RNA-Seq
l STAR 5 3
3. [ )
. I 1
Read Alignment Lmea:;el;/I:spped |
: v ! :
I | 5’ 3’
i —— l \ . .
| 1 ' [ 3
; ; /‘ Chimeric Reads Unmapped Reads | & |
I Realignment  _ _ =1~ ' '
] = ———— 1
P I l CIRCexplorer 5 3
\ l : 5. 2 N\
N 1
“ ! Backsplice Junction Non-Junctional

|
@: ' Reads Reads
1
3l| 5/ l
6.
CircRNA Discovery

(Cabanski et al., 2014)
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CircRNA discovery with long reads

&/ o)
: VAVAVAN
CRC Cell Line
@ HCT116 W AAMAAAA

o RNA Transcripts

©29 Polymerase l
1.
CircRNA Rolling
Circle Amplification Long Read #1
EEEEEN > l \ 5'- | - 3
I 1
2. : : Long Read #2
PacBio Long-Read I I 5 3
RNA-Seq : : .- _I -
I I
l TRF : Repetitive : : Repetitive :
3. : Unit : :6 Unit ;:
1 51 1 31 | 51 1 31
Consensus Reads | - ~ -~ \
1 1 1 1
L. ] Realignment. '~ ’ : R alignmeg,t:/ /
l minimap2 _:_ —————— : ==
4, -~ | | 7 1 1
! | | \ ! :
Mapped Reads S : Smm |
1

L L 1
l isoCirc
5. Linear Gene
/% .

Backsplice Junction

Reads *Non-Canonical Splice
l ( —————— “I Site
6. I Isoform ‘ Q |
: . | #1
LA BEER ' Full-Length Isoforms
A —

Unpublished
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Long-read sequencing produces 35x circRNA enrichment
and a larger proportion of high expression circRNAs

Short-read sequencing summary

% of total reads

Total reads 30,980,769 100.00%

L
Reads with candidate circRNAs ]6,685 I 0.054%

’Read Distribution of CircRNAs Detected in Short-Read Analysis
14000

12354 (72.9%)
12000
10000 27.1%
A
+ 8000 [ |
3
O 6000
2788
4000 (16.5%) 1642
2000 (9.7%) 154
[ ] (0.9%)
0

< 2 reads > 2 reads > 3 reads >10reads

Washington University School of Medicine in St.Louis

Long-read sequencing summary

PacBio

1,637,091 100.00%

Total reads

Reads with candidate

circRNAs

34,616 | 2.11% |

’Read Distribution of CircRNAs Detected in Long-Read Analysis

1400 1574 (59.2%)

1200 .

~35x enrichment

< 2 reads

40.8%
|
|
365
304
(14.1%) (17.0%) 208

I (9.7%)
. 3

> 2 reads >3 reads > 10 reads

Unpublished
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Identified novel peptide encoded circRNAs via PepTransDB

* 9 different peptides, including 2 junctional peptides
e 10 different cancer types

Junctional peptide example:

chr| start end no. exons|strand| gene
15 80120327 80122800 3 + |ZFANDG6
15 80120327 80122800 2 + |ZFANDG6

Peptide
3'..GGTw5"

AVPETEDVOGVOLR

5 )

Amino Acids from 5' Exons
VOLRNMAQETNHSQVPMLCSTGCGFYGNPRTNGMCSVCYKEHLORQONSSNGRISPP

Amino Acids from 3' Exons
PVSNQSLLSESVASSOLDSTSVDKAVPETEDVO

https://www.maherlab.com/peptransdb-circrna
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Higher percentage of novel circRNAs were detected
via long-read sequencing

Backsplice Junctions vs. Existing Databases CircRNAs Detected in Long-Read vs. Short-Read Analyses

Annotated in short-read
analysis: 30 (1.4%)

circBase: 23 (2.9%) MiOncoCirc: 72

(9.1%)
Both: 202
(25.6%)
Novel: 493
(62.4%)

*» What was missing in short-read?
+* How can we leverage long-read data to
improve short-read results?

Vo, J.N., et al., The Landscape of Circular RNA in Cancer. Cell, 2019.
Glazar, P., Papavasileiou, P., Rajewsky, N., circBase: a database for circular RNAs. RNA, 2014.

Unpublished

@ Washington University School of Medicine in St Louis
ANERIEE




Validation of rescued circRNAs

Mean Rescued

CircRNA Unique Identifier isoCirc ID ‘éi:;::ltr:celrllrt‘ Read Number
chr4|48369848|48383784|2|149,147|0,13789 isocirc1618 Yes 5
. . chr17|82563353|82571870|2|94,63|0,8454 isocirc1022 Yes 3
Backsplice junction
: chr2|71355718|71370005|2(62,96]0,14191 isocirc1214 Yes 2.5
?o‘«f\e‘ 1 p/,t%rse chr1|23030468|23044486|2|57,62]|0,13956 isocirc47 Yes 1.5
N (I8
g chr2|171028338(171046362|2|67,89|0,17935 isocirc1259 Yes 1
3y 5
chr9|93471140|93516269|3|247,60,62|0,5115,45067 |isocirc2052 Yes 0.5
chr10[15128349|15135418|2|54,125|0,6944 isocirc299 No 0.5

l PCR reaction

Backsplice junction

1
Gel purification H i
Expected Y jy —
band size: primer 1 1 primer
. I I . )
256 (bp) Matching Sanger sequencing results
- »  with expected backsplice junction
Sanger sequencing sequence

1618 (+)
1618 (-)
185

Unpublished
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CircRNA conclusions

e Novel, integrated long-read approach discovers beyond annotated
circRNAs
e Eventual improvement to rely on a single strategy

e Improved bioinformatic workflow for comprehensive full-length circRNA
characterization

e Aid in future mechanistic studies exploring their function in cancer, such
as evaluating the coding potential of circRNAs

e More cell line and matched patient long-read sequencing data will help

to discover circRNAs and encoded peptides in matched cancer patients
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Functional roles of IncRNAs in cis

A IncRNA-mediated gene regulation in cis

Pol Il

m— Protein-coding gene

'Y e a0  The IncRNA transcript itself regulates the
Fa f - + Wikt expression of neighboring genes through
Xist

its ability to recruit regulatory factors to the
locus and/or modulate their function

IncRNA locus

B Transcription/splicing of IncRNA locus confers regulatory effect

Spliceosome

h » The process of transcription and/or splicing
% of the IncRNA confers a gene-regulation
(T R —— functionality that is independent of the
or HO® ...00 W H sequence of the RNA transcript
Uph chromatin
c DNA regulatory elements at IncRNA locus
ﬁ * Regulation in cis depends solely on DNA
— % elements within the IncRNA promoter or
~———{ incRNA locus | [| Protein-coding gene | gene locus and is completely independent
lincRNA-p21 N/ of the encoded RNA or its production

Bendr Enhancers

(Cell — Kopp et al., 2018)
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Functional roles of IncRNAs in trans

Gene regulation by IncRNAs in trans

+
ﬁ SLERT —_—

Protein-coding gene ' Pre-rRNA ’f

é é m DDX21

HOTAIR,
lincRNA-EPS

B Organization of nuclear architecture by IncRNAs

Speckle

MALAT1
Spliceosome

Actively transcribed gene

C Regulation of interacting proteins and RNAs by IncRNAs

PUM1/PUM2

> [gr. — PR

— = o L QY N~
mRNAs %%

Gl
o — <y
RS

NUCLEUS CYTOPLASM

(Cell — Kopp et al., 2018)
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Enrichment strategies for circRNAs

a b [+
Primiery Eanarit SPLICE JUNCTION READ
— — b— o ¢
r~ <
— = 7
Transcript Transcript —
-— 3 e
3 T —c B—----- SEE—
—ce % 3 4
Y 4 il
d , ommm ————
. BACKSPU’CE JUNCTION READ ———
R T
B‘CKSF‘U"CE JUNCJ|W READ
TOTAL RNA -
/\’ - /\-‘
T O ~—
/—\’ ~‘/‘\
— Ribosomal ——
— Poly A O RNA —

——" \—
N— RNAse H
et f ————
So Eo

e T f g h st . 82 o
& < <3 2 <3 P4
z 2 x z 4
z G : @ ¥ 5 X i
g g%. Circular RNA g 88 3 8% 3
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2z

@
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Gel trap 2D gel
electropl sis
ra N\ &

Sequence reconstruction Expression quantification )

CircRNAs length estimation can be obtained

- Only RNA-seq reads derived from the
by Northern blot or PCR-based methods.

backsplice junction are private of the circRNA.

- CircRNA expression estimation is based on the

. _— ' . number of detected backsplice junction reads,
Selective amplification and direct sequencing since most reads fall in sequences shared with
provide the actual circRNA structure. f 5 .
L PR il ) (Bonizzato et al., 2016)




