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Abstract

Introduction to R-loop biology

R-loops, which are triple-stranded RNA-DNA hybrid structures, can often
occur in the human genome and play crucial roles in many normal biological
processes. Such RNA-DNA hybrids could initiate mutations, DNA breaks,
genome instability and diseases. The genome mapping and functions of R-
loop forming structures has opened up intriguing possibilities for R-loop’s use
as novel targets for diagnostics and treatment of many diseases.

Here we review the current knowledge about the mechanisms controlling R-
loop formation, methods of experimental R-loop detection, and
computational models of R-loop forming sequences at genic and genome-
wide scales. Finally, we discuss the putative relationships of R-loops with
biological mechanisms and medical conditions including that of cancer,
autoimmune and neurodegenerative diseases.
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BBEAEHUE B BUO/IOTUIO R-MET/NEN

R-netnn - rubpugHoele CTPyKTypbl, 06pasoBaHHble Tpema HUTAmu PHK n HK, moryt
4YaCTO BO3HUKATb B reHOMe 4esioBeKa M UrpaTb BaXKHYO POJib BO MHOTMX HOPMaibHbIX
buonornyeckux npoueccax. Takme PHK-AHK rubpunabl MorytT MHULUMUPOBATbL MyTaLUK,
pa3pbiBbl AHK, HecTabunbHOCTb reHOMa 1 6one3Hn. KaptpoBaHue n pyHKLmUm
CTPYKTYP, popmupytowmx R-netamn, OTKPbIBatOT MHTPUTYIOLWME BO3SMOXKHOCTU N4
MCNONb30BaHMA UX B KAYECTBE HOBbIX MULLEHEN ANA AUATHOCTUKN U JIeYEHUA
Pa3NnYHbIX 3aboneBaHUN.

34€eCb Mbl PACCMOTPUM COBPEMEHHbIE 3HAHMA O MEXaHU3MaX, KOHTPOJIUPYIOLLNX
obpa3oBaHue R-netnen, metoabl 0OHapyXKeHUs R-neTnen; BblIUNCAUTENbHbBIX MOAENSAX
R-netnen B macwtabe reHa U reHOMa, a TaK»Ke obcyaum npeanonaraembie
B3aMMOCBSA3U R-netne ¢ 6MoNornyeckMmm mexaHm3mamm 1 NaTosIorMyeckMmm
npoueccamu, BKAOYasA paK, ayTOMMMYHHble U HellpoaereHepaTUBHble 3aboneBaHus.
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R-loop characteristics: 5 Bl

A*STAR

& Tss Coding
5 _—— pivinh Strand P
3 | R TTTTTTTTTTTTTITIT
A Template
, 5'Nascent RNA
Transcription factors Strand

» three-stranded RNA-DNA hybrid structure

» formed by a nascent guanine-rich structurally —specific RNA
transcript segments

» co-transcriptionally formed RNA-DNA duplex with a DNA
template strand

» RNA-DNA duplex is thermodynamically more stable than
DNA-DNA duplex

» the non-template DNA strand is in a single-stranded ssDNA
conformation.
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How to detect R-loop?

Electron microscopy

non-denaturing bisulfite modification

Overexpressed or knocked down RNase H

RNase H digestion

DNA-RNA immunoprecipitation sequencing (DRIP-seq)

Limitations
Time-consuming
Cell type/ tissue specificity, context sensitive
Cannot detect all possible R-loops in the human genome



R-loop have been detected in oncogenes
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R-loop structure provides the target of mutation and
translocation

Oncogene. 2005. 24, 5791-5798
Cancer Res 2007; 67: (6). March 15, 2007
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DRIP-qPCR:DNA-RNA immuno-precipitation to capture R-loops

In vivo R-loop detection using DRIP-gPCR

P YYY
RNA — oo & % ;Q’__:___
pNA < TTTTTT] ’ % > = » qPCR
— [( ) % unlink antibodies ‘D"-Q-H
DNA:RNA hybrid ™ 59,6 antibody and purify nucleic

acid fragments
http://en.wikipedia.org/wiki/DRIP-seq



Genome level BI|
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DRIP-seq (DRIP-sequencing) is a technology for genome-wide
profiling of a type of DNA-RNA hybrid called an "R-loop".[1] DRIP-
seq utilizes a sequence-independent but structure-specific
antibody for DNA-RNA immunoprecipitation (DRIP) to capture R-
loops for massively parallel DNA sequencing.

monoclonal $9.6 antibody DRIP-seq analysis
/
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GC skew at the 5" and 3’ ends of human genes links R-loop
formation to epigenetic regulation and transcription termination

Paul A. Ginno, Yoong Wearn Lim, Paul L. Lott, et al.

Genome Res. 2013 23: 1590-1600 originally published online July 18, 2013
Access the most recent version at doi:10.1101/gr.158436.113
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Hypothesis

R-loop could be found in many functionally important genes in
human genome, including many oncogenes and tumor
suppressors and genes associated with many other diseases
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RNA:DNA hybrid
Importance of R-loop formation

The R-loops are attracting
great attention of biologists
and medical researches due to

their key roles in gene
expression, DNA replication,
genome instability,

mutagenesis and diseases.

The systematic computational
and experimental study of R-
loop forming seguences
(RLFSs) on the genome scale

2010 — Development of computational prediction model

(enhancers, repressors/ silencers, insulators)
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OBJECTIVE

R-loop is a structure of nascent RNA transcript
hybridized to the DNA template, leaving the non-
template strand unpaired
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Structural Quantitative Model for
R-loop forming sequence (RLFS) ]
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RIZ: R-loop initiation zone
REZ: R-loop elongation zone
RNAP: RNA polymerase
G: guanine
/\/ N: any nucleotide (A/T/C/G)
Template strand (3’>5’)
Non-template strand (5’2>3’)
=== Nascent mRNA

/\//\//\//\/ RIZ linker REZ
D, OOOCOC

—
5 RIZ linker REZ 3’
| RIZ > 50%G
GﬁlN\'G;?lN\'Gl?lﬂ Nr ’ M { REZ > 40%G (ml)
RIZ linker REZ
RIZ > 50%G
G:?2N\'G:?2~ Nr ’ M { REZ > 40%G (mz)

RIZ linker REZ

An example of R-loop forming sequence (RLF$)

GGGGTCTCTGGGGGGTCTGGGGCCTTGCAGGAGGTGGGCGGGGCCAGGAGGCTAGGGAGGGCAAGAGGGGCCAGGGCTCTGAGCCATACTAC
CTCCTTGCAGAGCCGCCCCCCAGGCCCTTCCTGGACATGGGGGAGGGCACCAAGAACCG



RLFS and R-loops
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R-loop

TSS

In viro model of RLFS database

Quantitative model of
R-loop

R-loop formation sequences (RLFS) Our Validation RLFS functiona

annotation

D.Roy ... M. Li in vi
oy ... and leber in vitro Wongsurawat et al. NAR,( 2011) I

studies ( Mol. Cell Biology, 2010);
other thermodynamics and
biophysics studies of RNA-DNA

hybrids l R-loop database l
R-1p

DatabaSe

Welcome to R-loop database, a database of R-loop mapping in human genes.
Home/ gene search
Link to publication click here:
What is R-loop? Quantitative model of R-loop forming structures reveals a novel level of RNA-DNA interactome complexity
Wongsurawat T et al., Nucleie Acids Research, 2011, doi:10.1093/nar/gkr1075

Statistics
Acknowledgements Find out your gene of interest:

Example of search terms &
Contact Us

gene symbol: bclé 0
§ ~
gene family: bel 00 uman ge nes
a Refseq ID: NM_001706

Rokhicemad UCSC Known gene ID: uc003fra.1

Biinformadcs
g;l;;l;;m chromosome band: 3q27 L]
gene description: lymphoma co n a I n S y o u r

QmMRLFS model (m1 see

Optional search:

TS above)

R-loop in specific region: -select



http://rloop.bii.a-star.edu.sg/

Gene symbol: BCL6

Description: B-cell CLL/lymphoma 6
Gene synonyms:

CytoBand: 3q27.3

BCL&@chr3:188921859-188946169 (-)

chr3:185921859-155946169

L
188930k

L
188940k

E=loop
RLOIEFIE | RLOIITST
< Em
RLO3373E
<a
RLO33739
~m
RLOZI740
—m
UCSC KnownGene
ECLE
UCOO3Fry 1 Sl e i i} g
RefSeq S e e T S e S s S R R N 1
LOCAo0131635
MR _O3d062
BCL&
NI _0011 3084 5=—=] il I i ¥
W 0011 5 7 35 =—=1 ol I o) ¥
NI _0od 706 =1 1 O o ¥ * s

RloopID: RLO33736

Chromosome location: chr3:188941415-188941587
Strand: -

RIZ length: 13 nt. (1-13)

REZ length: 160 nt. (14-173)

R-loop sequence:
CEGGCECETACCCATCEGTGTCGAAGCTGCGECCGCCCEGCCATTCTCGE
ACCCGCTGECCTGCCACCTAGCGOTCGECTGAGATCGAGTTCCCGGCCAT
GGGCGEGTGEGCTCGCCGTTCCACCTCCCGGECGGCGGTACCCTGACCAGA
TGCTAGGACTGACAGAAGGAGGG

Note: RIZ (yellow), REZ (cyan), Linker (no highlight), G cluster (red)

UCSC Genome Browser on Human Mar. 2006 (NCBI36/hg18) Assembly
move (<s2] [ =<) (2] (252 soomin (168 (s (10 [ base] zoom ow [15x] [ 3x | [10x]

ition/search |chr3:188,921,859-188,946,169 gene

scate 18 kel !
chrs: 1zgazsenel 1zaazRenal 1zsassenel 1zsa4ommel 1ssagonel
R-100ps

RLESSTIEW  RLE3STST mm
RLesT7I5 m

RL833738

FLOZ5 748 m

UCSC Geres Based on RefSeq, UniFrot, GenBank, CCDS and Comparat ive Geromics
ucse senes _—

Refsen Benes
Rerses Genes
ECI ENCODE Enhancer- and Frowoter—Associated Histone Mark (H3K4Mei) on 8 Cell Lines
Lauered Hokamel
a

- ENCODE Promoter—fssociated Histons Mark (H3K4Me3) on @ Cell Ljnes

10
Lauered Hakanes
[

ENCDDE Digital DNasel Hupersensitivity Clusters

DNase Glusters i S EEEEw .
ENCODE Transcr iption Factor ChIP-seq
THn Facter ChIF 1 | ] -

CRG ISlangs (Islanes < 399 Bases are Liont Gresn)
cp6 tslands F ]

Database
Usage
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Databale

Find out your gene of interest:
Example of search terms §

myc Search
(Search terms are NOT case sensitive)

Optional search:
R-loop in specific region: | -select region-

Y

Page Views

JAN-12 JAN-13  JAN-14  JAN-15 JAN-16

Summary

2011 - Construction of hun R-loop database
R-100p Ny

LN 66,803 RLFS

' in
Gene symbol: MYC . 3 9, 7 20 U CSC

Description: v-myc myelocytomatosis viral oncogene homolog (avian)

Gene synonyms: MRTL, bHLHe39, c-Myc, MYC transc rl ptS

CytoBand: 8q24.21

MYC@chr:128816947-128822855 (+)

chrB:126616947-120822655
4

128817 128616 12851 128620k 128621k 128522

R=loop
RLOBLSN
-

UCSC KnounGene

e
uehtdysh.t —_—

uehidysint Y s S =Y

RefSeq

[
NN 002467

Chromosome location: chr8:128819099-128819319

Strand: +

RIZ length: 55 nt. (1-55)

REZ length: 165 nt, (57-221)

R-loop sequence:
GGGGGCCETACTGGGGETCEGEACCEECECOETCCAGAGGGAAGCTTGGEAG
GGGECTGCGGTGCCGGCEGEEETAGGAGAGCGGCTAGGGCGCGAGTGGGAACA
GCCGCAGCGGAGGGGECCCCGGCGCGGAGCHGGGTTCACGCAGCCGCTAGCGC
CCAGGCGCCTCTCGCCTTCTCCTTCAGGTGGCGCAARACTTTGTGCCTTGGA
TTTTGGCAAATTG

Note: RIZ (yellow), REZ (cyan), Linker (no highlight), G cluster (red)

Number of UCSC Known genes

Statistic of RLFS in a gene
of the human genome

No. of j
UCSCID
R-loop per
UCSCID No. %
I 16362 4119
2 7910 1991
3 4563 1149
4 2880 7.5
5 1992 5.02
6-10 381 959
11-50 212 53
51-100 59 015
>100 I 003
Total 39,720 100.00
e
10010 Atm, Kras, Daz, Kit14, Myc
L Fxn Foxo3 mww
10x10° { / Bei6 L J
N eTp53, Foxof
1x10° { o
100x10° | \ lg, Mad1l1,

\ Ptprn2, Sorcs2

10x10° { \
X100 4 w a

1 10 100
Number of RLFS in a UCSC Known gene
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R-loop DB users
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Nucleic Acids Research, 200§, I—I5
doi: 10 1093 fnarjgkr 075

Quantitative model of R-loop forming structures
reveals a novel level of RNA-DNA interactome

complexity

Thidathip Wongsurawat"a, Piroon Jenjarocenpun', Chee Keong Kwoh?® and

Viadimir Kuznetsov!-2*
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R-loops could be involved key gene regulatory processes,
coupling chromatin modification, transcription and RNA processing

RNA Pol |l
complex

Splicing
complex

complex

Polyadenylation

Nucleosome

Luco et al. Cell. 2011; 144, 16-26.



UCSC Genome Browser on Human Feb. 2009 (GRCh37/hg19) Assembly
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Possible genome instability loci and

mutagenesis hotspots predicted by R-loop DB 4 B

R-loops are co-localized with mutation, recombination & fragile sites
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KRT14 I foret
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RLOS1999 mumm
MYC UCSC Genes Based on RefSeq, UniProt, GenBank, CCDS and Comparative Genomics
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Wongsurawat T, Jenjaroenpun P, Kwoh CK, Kuznetsov V. Quantitative model of R-loop forming structures
reveals a novel level of RNA-DNA interactome complexity. Nucleic Acids Res 40, €16 (2012)

W o

R-loop associated to transcription-associated mutation

R-loop ass




GLDC: Glycine Dehydrogenase (Decarboxilating) a

position/search |chr9:6,522 464-6 635,692 gene [jump | [ clear | size 113.229 bp.
chrs (p24.1) [0 ] ] ] [ | |
Scale s@ kbl | hats
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FE=1oa0p & mnocde s
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chro_B5299540_E5994700) chira_BE35216_BE35453 o
chre_6599540_6594675 |
chrel B512108_5512258 1
chral B5121 05 _S612254 1 hrﬁ_c F\.“'-'E =4 _BESS43D
chrp_6612848_66130241
chrp_BE12876_66131621
chrp_BE 12878 _E613862 1
| Fromoter region ! J . .
4 R-100p Multiple Micro-deletion region
J ReFSeq Genes
GLOC ddedcasd b i ] et ] ] }
CpG Islands (I=lands 4 S-EIB Eases e Ligl'IL Gresnl
cuE: 511
58 _ ENCODE Enhancer= and Promoter-Associated Histone Mark (HEK4Me1) on 2 Cell Lines
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Suggestion : R-loop-mediated recombination in GLDC could
be related to mechanisms caused non-ketotic hyper-

glycinaemia
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We found 10 RLFSs; aII the RLFSs were cIustered within exonl, intronl, intron2 and
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2014 — Evolutionary conservation of R-loops

0.8

RLFS
0.7 Pol2(ChlIP-seq)
H3Kdme3(ChlIP-seq)

0.6
7,807 | H3K27ac(ChIP-seq) 1,321 {Lm 4723

AID(ChIP-seq)

5, 81 1 r/ G-guadruplex(non-template)
. -- G-quadruplex{template) /
-Lf —— Genes contain Genes contain
J1F # \ conserved RLFS in  conserved RLFS in
- v O O — T ———————— other regions 1st exon and/or 15t
- 6k 8k 101 intron1

The number of RLFS in other model organisms

Number of Number and % genes
MetaCore RLFSs containing RLFSs

7 630 664,773 19,573 (75.74%)
L

117 — 1,090 569,574 17,415 (72.51%)

454018 12,565 (73.19%)

Prote;r;—r:::ding Nor;—:gging Leukemia Mental 169,184 4,314 (68.60%)
disorder fruit fly 5,910 1,674 (10.08%)

Wongsurawat T, PhD Thesis, NTU, Singapore (2014)




ﬂ Bl

A*STAR

Specific proteins can negatively control R-loops

& Ramovel of R loops

AOR? Nase M

b Prevention of R loops

SN

KepAXOSC 0

'r“ (.\ !
Rrp VO ) % thers
- it}
IRANY
Latnome
RNA wirvedlance HNA bacojeretn

Nature Reviews | Gecmtics

a | Removal of R loops occurs by distinct but complementary mechanisms. The RNA
moiety can be degraded by RNase H enzymes. Additionally, R loops can be
unwound by helicases such as Rho in bacteria, Sen1 in yeast and senataxin (SETX)



Queensland Inst. Med Res,
Australia
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Prediction & validation of R-loops in mouse

*
N 14 BB Setx+/+ I
3 3 Setx-/-

pA
PO AN IR

o 10
[ PCR product £ os| T

Pkd21 v o
£ 04
Transcriptional termination ﬂ PolyA

" , RNAPolll M\ 8 Brain  Cerebellum  Testes
[TIV
. Rilzops *

B3 Setx +/+

T 14
RLFS el =T

“ 04

S$9.6 antibody
/‘;\ 02
,‘KA/ i 00
’\9(,\9&, RN RLFS predICtlon Brain Cerebellum  Testes

ol - o [—
8 ‘ PCR product | -:' :: <005
ne ‘ Foxo4 ;5; o:a - T
DNA-RNA immunoprecipitation-PCR PolyA 3 08 m

downstream poly(A)
/‘2 Ji signal of Pkd2/1 &
s Foxo4 genes

¢ Joe PCR

Yeo AJ, et al. R-Loops in Proliferating Cells but Not in the Brain: Implications for AOA2 and Other
Autosomal Recessive Ataxias. PLoS One 9, €90219 (2014).

DRIP-PCR based
assay for R-loop
detection



R-loops preferentially form in cycling but not in post-
mitotic cells

Setx”-  Tdp1” Aptx-  Atm” a
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Cycling cells Post-mitotic cells
Yes Replication No
Yes Transcription Yes
High Levels R-loops formation Low levels
High Levels BiNAcamage No

induced R-loops

DNA damage induces R-loops accumulation in the cycling cells

Our model depicting the requirements for R-loops formation in the cycling
cells.

While transcription is implied in the formation of R-loops, active replication
appears to be a necessary condition too.

R-loops accumulation does not appear to contribute to the
neurodegenerative phenotype observed in autosomal recessive cerebellar
ataxias (AOA2 etc.).



2015 - Webserver and standalone tool

OmRLFS-finder

A prediction tool for R-loop forming sequences

Home

About

Statistics

Help

FAQ

Download

R-loop DB (2011)

Acknowledgements

Input &

DNA/RNA sequence(s) in FASTA format: Example
YMYC chr:128748315-128753680
GACCCCCGAGCTGTGCTGCTCALGECCGCCACCGLCGGECCCCGECCETT
CCTGCTCCCCTCCTACCTCGAGAAGGGCAGGGC TTCTCAGAGGCTTGGL
GGGAAAAAGAACGGAGGGAGGEATCGCGLTGAGTATAARAGLCGGTTTTC .
GGGGCTTTATCTAACTCGCTGTAGTAATTCCAGCGAGAGGCAGAGGGAGE

clear
or
Choose file | No file chosen

OmRLFS model(s): & mim2 ¥

Quick scan: @

Jenjaroenpun P, Wongsurawat T, Yenamandra SP,
Kuznetsov VA. QmRLFS-finder: a model, web server

and stand-alone tool for prediction and analysis of R-

loop forming sequences. Nucleic Acids Res, (2015)

Input ©

Name Sequence length Status

MYC.chr8.128748315.128753680 5,366 PASS

Summary result ©

Number of RLFS
Name
Strand (+) Strand (-) | Total
MYC.chr8.128748315.128753680 6 2 8
Visualization of RLFS in each sequence &
MYC.chr8.128748315.128753680
IYC. cheB. 128748315, 12675366011-5366 | | |
ok 1k 2 3* a4 A

RLFS{+}
gf.chrs.J.ZS?éESiﬁ .128753680.126.194 .n1

MYC.chri.126748315.126753680.418 . 1406 .2
=
MVE chrg.126748315.126753680..422.1602 .m2
_
MVE .chr . 126748315, 126753660417 .1602 .ml
[ ——
HYC.chr 126748315, 126753650.331.1620 .2
[——1
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Table 1 Comparison of QmRLFS-finder prediction with experimental R-loop detection

Validation of RLFS prediction

QmRLFS-finder shows 91% in accuracy, 94% in sensitivity and 75% in specificity

Bll

A*STAR

RLFS predicted by

Gene Cell line Reference R-loop identification method R-loop forming signal QmRLFS-finder
Immunoglobulin® human epithelial carcinoma (12) R-loop foot-printing + +
MYC In vitro (7.8) electron microscopy and + +
mutagenic action of AID
BCLA In vitro (13) electron mMicroscopy + +
RHOH In vitro (13) electron microscopy + +
ACTE** Hela (14) DRIP-qPCR + +
FMRI Fibroblast/Fragile X (9.10) DRIP-qPCR and R-loop + +
Syndrome patient GMO3200 foot-printing
SNRFPN Mteral (11} DRIP-seq and R-loop foot + +
printing combined 1o RMNase
H digestion
HEZ Niera2 (11} DRIP-seq + +
CHTFS MNteral (1) DRIP-seq + +
CIRHIA MNteral (1) DRIP-seq + +
APQE Miera2 (11} DRIP-seq and R-loop + +
foot-printing combined to
EMase H digestion
FHIT*** B-cell (15) Overexpressed or knocked + +
down RNase H
FLC Arabidopsis (18) DRIP-qPCR and R-loop + -
foot-printing
Pled2{1%* Mouse testes (17) DRIP-PCR + +
Foxod®® Mouse testes (17) DRIP-PCE + +
Aifrn Mouse embryonic stem cell (11} R-loop foot-printing + +
CYarf72 In vitro (16) EMase H digestion + +
JTH SKOV3 in-house study DRIP-qPCR - -
FPPMDI SKOV3 in-house study DRIPqPCR - -
TP53 SKOV3 in-house study DRIP-qPCR - -
FPEXT SKOV3 in-house study DRIPqPCR - +
FPTEN SKOV3 in-house study DRIP-qPCR + +

+: positive signal; —: negative signal; *switch region; **3' end; ***fragile site FRA3RB on chromosome 3.
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Gene

Cell line

Immunoglobulin*
MYC

BCL6
RHOH
ACTB**
FMRI!

SNRPN

HE2
CHTFS
CIRHIA
APOE

FHIT***
FLC

Pkd211**
Foxod**
Airn
Cor(72
JTB
PPMDI
TPs3
PBX]
PTEN

human epithelial carcinoma
In vitro

Invitro

In vitro

Hela

Fibroblast/Fragile X
Syndrome patient GM03200
Ntera2

Nitera2
Ntera2
Ntera
Niera2

B-cell
Arabidopsis

Mouse testes

Mouse testes

Mouse embryonic stem cell
In vitro

SKOV3

SKOV3

SKOV3

SKOV3

SKOV3

RNA ——

DNA:RNA hybrid

Electron microscope
Mutagenic action of AID

Prediction accuracy & experimental results QMRLFS-finder shows

* 91% in accuracy
* 94% in sensitivity
 75% in specificity

based on 22 verified R-loops.

DNA-RNA immuncprecipitation (DRIP) qPCR experiment for PTEN gene
in SKOW3 Ovarian cancer cell line

RLFS = RLFs
myc e
4 '
chr8:128,748,166-128,750,768
DRIP-seq
—
Nondenaturing sodium bisulfite mapping
RLFS
FMR1 il
chrX:146993300-146994426
DRIP-seq
Nondenaturing sodium bisulfite mapping
] RLFS
SNRPN i
-
chr15:25199783-25202379
DRIP-qPCR
[
RLFS
5
PTEN

chr10:89,623,107-89,624,529

N

-

=]
=

o

untreated RNaseH treated

Supplementary Figure 1

The plot represents DRIP-gPCR experiment

for PTEN gene in SKOV3 cell line.

In vivo R-loop detection using DRIP-gPCR

3

http://en.wikipedia.org/wiki/DRIP-seq
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Integrative recourse for experimentally detected RLFS
and Computational Models

DRIP-seq {59.6 immuno-precipitation + NGS}

Integrative Resource of

Experimentally-Detected DNA-RNA hybrids &
computationally-Predicted R-loop Forming Sequences

ST

Show 10 ~+ entries Search: 125144
DHNRNA hybrid Gene Molecular N
Gene regions mRLFS § | SkewR § | TE §
1756 | DRIP-seq chr17:16344845-16347166 125144 LRRC75A-A51 | [ncRMNA exon,intron,downstream = 1
1757 | DRIP-seq ichr17:16347991-16350225 125144 LRRCY5A-A51  [ncRNA intron

Showing 1 to 2 of 2 entries (filtered from 5,975 total entries) Previous 1 MNext



Comparison between DRIP-seq modification -2013 mapping with

our computational model prediction
Using two sets of restriction enzyme coattails allows to get “consensus”
in two replicates and provides an proximal mapping of RNA-DNA hybrid regions  a+star

Bll

Scale 1 kbl RE
chrl d: 45 409,500 45 410,000| 45 410,500| 45 411,000]
11 _ DRIP-seq-2013: DRIPT sighal (MACS defaulf)

DRIFT_macs_default_2013
- ‘L"ba' LA Ad s A_‘m R

DRIP1 Restriction Enzyme: Hindlll,EcoR1,BsrGl, Abal, 5501

14 DRIP-zen-2013: DRIPEZ signal (MACS default)

ORIFZ _macs_default 2013
T - BamHI PvuII Nhel Pvull

' DHIF'E Restriction Enzyme: BamHI,Ncol,Apall, Nhel Prull !

4 181 consensus DRIP-seg-2013 regions
ﬁ [

VErmﬂed R-loop forming regions

R-loop foot-printing (PMID:22387027) I

RLF5-DIRIP- EEH EWnngsurawat 2012y PMID:221 21227 s

RLFS skewR EGinnD 20713 PMID:238681 35 (Low threshold)

RefSeq Genes (UCSC:25-03-2014)

MK_000041 (APOE) - L -




RLFS transcription regulation functions:
R-loops are frequency occurred in the vicinity of the splice
junctions

A*STAR

Splice junctions & the Spliceosome

sequences required for intron removal
splicing machinery or Spliceosome
large Protein~-RNA complex (snRNA ~snRNP) - (e
made up of small nuclear RNAs and >50
proteins

oxon 1

3 consensus sequence sites:

* Mostintrons start with a GT (GU for RNA)
and end with AG {(always the same)

* An A forms the branch point of the lariat
produced by splicing (can vary)




R-loops could play mechanistic role in the co-
expression of bidirectional anti-sense coding- a
noncoding gene pairs Bl

A*STAR

To prove that VIM-AS may control VIM,
they used “Antisense oligo (ASO)” to inactivate VIM-AS

viv - HHHH b

—— m VIM-AS1
Cpé island
ASO1 ASO2

T RNaseH=> | R-loop = | viM

Antisense knockdown results in VIM silencing - i

-
-

= ASO control
ASO1
= ASO2

1 B
[N
‘?{‘o

~

- N
empty

e
& o

Expression levels relative
1o control cels

= =]

N w
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R-loop—mediated enhancement of gene expression
involving head-to-head antisense transcription at a
cancer-related locus

antisense
TSS

\C rich RNA

sense \VAL\Y!

transcription TSS
factors

transcription
factors



Regulate promoter-proximal chromatin z o
architecture and cellular differentiation loops

R loops act both positively and negatively in modulating the
recruitment of key pluripotency regulators.

Genes with Ganes with moderate R-loop  Genes with moderate or high
minmal R loops formation R-loop formation
(low expression, low GC, (hegh expression, high GC,
and'or R loop-resoling and/or absence of R loop-resolving
factors) factors)

? J\QM

Genes that do not form R loops, owing to either lack of expression or G-poor sequence within the 5'
region of the transcript, are good substrates for PRC2 binding but are poor Tip60-p400 substrates.




R-loops in Enhancers, e-RNA in trans-regulation of gene

expression a
a DDR factors? B”

Exomorme RMA processing factors? A*STAR

Transcription-depend=nt B-loop formation in enhancers

A \d o

Cienome instability CGenomicvariations? Mews gene birthi
b "__,,.pl-"'_‘-l-..___‘
2 @B —— [ Comeresion?

ey

E—E] (E—iE (FH{ Cene X (E]
]

Clustered senhanocers

Firmnra 4 | Birdenical sinnificancs of snhanesr transcorinmtinn aned snbeneae Rk
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2016: Known functions of R-loop forming sequences (RLFS)

Regulatory roles Deleterious effects

Genome Instability
- Point mutations
- microdeletions
- Chromosomaltranslocation
Replication fork collapse
Generation of abortive transcripts
Repeat expansion
Disease association such as amyotrophic [ateral sclerosis,
Prader-Willsyndrome, fragile X syndrome, ataxia
oculomotor apraxia 2, cancer (.g. leukemia & lymphoma)

- Class switch recombination

- Promoter-proximal chromatin architecture

- Cellular differentiation

- DNMT3B1 binding, the primary de novo DNA
methyltransferase in early development

- RNAPol Il pausing

- Transcriptional termination process

- Splicing, alternative splicing

- Telomere maintenance



R-loops: a "
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Disease—related factors and potential therapeutic targets

p-1 Helicase  R-loop

RNase H ' stabilization
Sengtaxin S
9 % /wa

5 <

V DJ o C'H“ .L O /@4@3 ,\(ﬁ\m&a >
Ilf»a//“\cooo\cu nﬁc\, <
00000 ‘ [nduces replication fork and collapse
Contributes to CSH of Ig gene in mammalian B-cells /SS[?—EA\
Immunoglobulin
%WW > e
Diseases associated R-loop % .
- Cancer A OCOC
TD53; BRCA1/BRCA 2{ AlD-dependent translocation
ATM, Foxo3, Gldc & Kras
- Neurodegenerative diseases m
5-Methyl Cytosine Cytosine
ATM, Park2, Ptprd & Gldc ;&
A [ ——
ﬂf\v\”‘ 200 ém H__f’\CJOOCL
AlID- dependenl demethylation Prmr:'rdes ssDNA target, which
Daz .f & FUXD1 susceptible to mutagen and nuclease

Genomeinstability 4 T

- Development, cell/tissue differentiation - disease diversity
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Summary (1):

R-looping is common phenomena in the loci and vicinities of
the protein-coding and non-coding genes.

Computational modeling and genome —wide data analysis are
an important tools for identification, characterization and
understanding R-loop biology.

The R-loops could play multiple and essential roles in
transcription regulation, genome complexity, mutagenesis,
chromosome integrity, development and cell differentiation.
Recent findings reveals a novel layer of RNA-DNA-Protein
interactome complexity and mechanisms of diseases (e.g.
cancer, neurodegenerative diseases).

Systematic studies of RNA-DNA hybrids as well as other non-
canonical DNA and RNA structures could provide the novel
classes of clinical biomarkers and therapeutic strategies.



Computational R-loop biology g
Contribution to research <
community(2)

Accurate prediction of RLFS
Human R-loop database
Integrative R-loop Genomics and Bioinformatics WEB application tools
Design of the experimental studies
Contribution to generation of biological knowledge and models
- Cis- and trance- transcription regulation
- Splicing
- Cell cycle and Proliferation
- Coding and non-coding gene functions
- Chromatin organization
- Epigenetic s, silencing
- Evolutionary conservation
- R-loop and association with genome instability
- Differentiation and development
- Prediction of Disease related R-loops
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