doi 10.18699/bgrs2024-1.4-21

Roles of the transcriptional R-loop forming sequences (RLFS)
and RLFS(+) R-loops in normal and cancer cell states.
Critical review

Kapali O., Adala J., Kuznetsov V.A.
Department of Urology, Department of Biochemistry and Molecular Biology,
SUNY Upstate Medical University, Syracuse, USA

Key words: R-loops; R-loop forming sequence; transcription regulation; cancer; regulatory sites

Motivation and Aim: Transcriptional R-loops are dynamical three-stranded guanine-
rich RNA-DNA hybrid structures in which a nascent RNA is hybridized to a
template DNA strand, with the other (non-template) DNA strand looped out. We
have proposed that such single-stranded DNA sequences determine the initiation
and stabilization of R-loops genome-wide and found that they are ubiquitous in
eukaryotic genomes [1-4]. We called a family of these sequences the R-loop
forming sequences (RLFS).

We have introduced the Quantitative models of R-Loop Forming Sequences
(QmRLFS) tools [1, 2, 4]. As per QmRLFS model, RLES is a non-template guanine-
rich sequence consisting of three zones: R-loop initiation zone (RIZ, includes few
G repeats), linker sequence, and R-loop elongation zone (REZ, high rich G sequence).
QmRLFS identifies the sizes, positions, and boundaries of RLFS with high
specificity and sensitivity. The model predicts the size and boundaries of the R-loop
at an accuracy of 86-92 % in vitro [1, 2, 4, 5] providing objective controls and im-
proved R-loop detection methods [6, 7]. We have discovered that in the human genome
RLFSs are present in the vicinity of transcription regulatory sites (Transcription
Start Site (TSS), Transcription Termination Site (TTS), Intron-Exon junctions,
transcribed enhancers, etc.) of more than 75 % of protein-coding genes, about 25 %
of non-coding transcribed loci and they are highly enriched with G-quadruplexes
[3, 4]. We have classified RLFS regulatory functions genome-wide in humans and
other eukaryotes [3-5]. About 90 % of the predicted RLFS(+) merged regions form-
ed R-loops/RNA:DNA hybrids were supported by genome-wide data [2—4]. Our
model and facts have been highlighted in recent reviews and used in databases and
web tools [7-9]. Over 1,000 proteins have been reported to interact with RNA:DNA
hybrids/R-loops, most of which are RLFS-positive, suggesting the existence of a
robust RNA:DNA hybrid-protein interactome [10, 11]. These findings have sug-
gested multiple structural and functional roles of the R-loops/RNA:DNA hybrids in
cell physiology, stress response/adaptation, and pathobiology, including cancer [12].
In vitro and cell line model studies have shown that R-loops/RNA:DNAs can
provide essential roles in genotoxic stress, genome instability, transcription
alterations, pro-oncogenic mutagenesis, and links with several other cancer
hallmarks. It has been proposed that R-loops may be relevant to oncogenesis and
aggressive cancer phenotypes [1-4, 12]. Despite recent discoveries in R-loop
biology, our current knowledge of the effects of R-loops and RLFS in the formation
and stability of RNA:DNA hybrids/R-loops in cancer is poorly understood. Lack of
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knowledge about R-loop initiation, formation, and regulation in cancer biology and
limitations of detection methods prevent clinical studies and evaluation of R-loops
and their subsets' roles in cancer.

The objective of our review is to consider the computationally predicted RLFSs and R-
loop biology studies in the context of improvement of quality control, accuracy,
reproducibility, and resolution experimental methods. We also consider the perspective
of integrative computational biology, bioinformatics and functional genomics, single-
cell and image analyses of R-loops, and mathematical modeling to move forward to
cancer R-loop pathobiology and clinical oncology needs.

Consideration: Perspectives of RLFS, RNA-DNA hybrids and R-loop detection
genome-wide technologies, big data collection and analyses. R-loop detection
technologies, reproducibility, standards, quality control, specificity, and sensitivity,
analytical tools and computational methods, and databases. Development of
biological models, and the integrative databases of comprehensive clinical data
study. Roles of RLFS-defined RNA:DNA hybrids in the pathogenesis, cells and
clinical samples heterogeneity, diagnostic and prognosis of cancer using breast
cancer data analysis as our analysis example.

Conclusion: The RLFS subset due to their sequence uniqueness and commonness in
transcription regulatory sites, as well as the high accuracy of the computationally
predicted RLFS and corresponding R-loop positions, may be defined as novel
structural and functional determinants that are essential to cell physiology and
genetic disease (including cancer). After adopting them for clinical practice and their
detection, such structures may be useful targets in cancer diagnostics, personalized
treatment, and predictors.
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