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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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ВВЕДЕНИЕ В БИОЛОГИЮ R-ПЕТЛЕЙ  
R-петли - гибридные структуры, образованные тремя нитями РНК и ДНК, могут 
часто возникать в геноме человека и играть важную роль во многих нормальных 
биологических процессах. Такие РНК-ДНК гибриды могут инициировать мутации, 
разрывы ДНК, нестабильность генома и болезни. Картирование и функции 
структур, формирующих R-петли, открывают интригующие возможности для 
использования их в качестве новых мишеней для диагностики и лечения 
различных заболеваний.  
Здесь мы рассмотрим современные знания о механизмах, контролирующих 
образование R-петлей, методы обнаружения R-петлей; вычислительных моделях 
R-петлей в масштабе гена и генома, а также обсудим предполагаемые 
взаимосвязи R-петлей с биологическими механизмами и патологическими 
процессами, включая рак, аутоиммунные и нейродегенеративные заболевания.  



 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.  

R-loop characteristics: 

Transcription factors  
Nascent RNA 

TSS 



How to detect R-loop? 
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- 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 

R-loop structure provides the target of mutation and 
translocation 

Oncogene. 2005. 24, 5791-5798 
Cancer Res 2007; 67: (6). March 15, 2007 

TSS 



DRIP-qPCR:DNA-RNA immuno-precipitation to capture R-loops 
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monoclonal S9.6 antibody DRIP-seq analysis  

genomic mapping 
By BWA 

Peak calling 
By MACS 

Genome level 

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. 



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 



OBJECTIVE 

• 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 sequences 
(RLFSs) on the genome scale  



RIZ     linker REZ
RNAP

Template strand (3’5’)

Non-template strand (5’3’)
Nascent mRNA

RIZ:  R-loop initiation zone

REZ: R-loop elongation zone

RNAP: RNA polymerase

G: guanine

N: any nucleotide (A/T/C/G)

RIZ                linker REZ5’ 3’

Structural Quantitative  Model for 
R-loop forming sequence (RLFS) 
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An example of R-loop forming sequence (RLFS)   
GGGGTCTCTGGGGGGTCTGGGGCCTTGCAGGAGGTGGGCGGGGCCAGGAGGCTAGGGAGGGCAAGAGGGGCCAGGGCTCTGAGCCATACTAC
CTCCTTGCAGAGCCGCCCCCCAGGCCCTTCCTGGACATGGGGGAGGGCACCAAGAACCG 



RLFS and R-loops 

In viro model  of  
R-loop  

RLFS database 

RLFS functional 
annotation 

Wongsurawat et al. NAR,( 2011) 

120-  2000nt 

Quantitative model of  
R-loop formation sequences  (RLFS) 

D.Roy … and M.Lieber  in vitro 
studies ( Mol. Cell Biology, 2010); 
other thermodynamics and 
biophysics studies of RNA-DNA 
hybrids 

IgSμ, MYC, BCL6, 
RHOH, ACTB, 
FMR1,FXN,FI1L1 

R-loop 

ssDNA 

Our Validation 

TSS 

~60% of human genes 
contain RLFSs(by our 
QmRLFS model (m1 see 
above) 

R-loop database 
  

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


Database 
Usage 
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C



Summary 

66,803 RLFS  
in  

39,720 UCSC 
transcripts   



R-loop DB users 

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

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


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

R-loops could be involved key gene regulatory processes, 

coupling chromatin modification, transcription and RNA processing  



Pol II 



Possible genome instability loci and 
mutagenesis  hotspots predicted by R-loop DB 



GLDC: Glycine Dehydrogenase (Decarboxilating) 

Multiple Micro-deletion region 

• We found 10 RLFSs; all the RLFSs were clustered within exon1, intron1, intron2 and 
intron4.  

Suggestion :  R-loop-mediated recombination in GLDC could 
be related to mechanisms caused non-ketotic hyper-
glycinaemia 

 





Specific proteins can negatively control R-loops 
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R-loops preferentially form in cycling but not in post-
mitotic  cells  

• 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.). 





Validation of RLFS prediction 
QmRLFS-finder shows 91% in accuracy, 94% in sensitivity and 75% in specificity 
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Integrative recourse for experimentally detected RLFS 
and Computational Models 

 
DRIP-seq  {S9.6 immuno-precipitation + NGS}  



Xbal EcoRI

BamHI Pvull PvullNheI Ncol

R-loop foot-printing (PMID:22387027)

Xbal EcoRI

BamHI Pvull PvullNheI Ncol

R-loop foot-printing (PMID:22387027)

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  



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

junctions 



R-loops could play mechanistic role  in the co-
expression of bidirectional anti-sense coding-

noncoding gene pairs 

Antisense knockdown results in VIM silencing 



VIM 



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

Regulate promoter-proximal chromatin 
architecture and cellular differentiation loops  



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



2016: Known functions of R-loop forming sequences (RLFS)    



- Development, cell/tissue differentiation          -  disease diversity 

Senataxin 

R-loops:  
Disease–related factors and potential therapeutic targets 



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 
Contribution to research 

community(2) 
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 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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