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1. Introduction

1.1. Introduction to R-loop Biology

An R-loop is a three-stranded nucleic acid structure consisting of a DNA-RNA hybrid
(formed by the complementary base pairing of an RNA molecule with DNA) and a displaced
single-stranded DNA. R-loops occur relatively frequently in the genome (genome coverage:
8% in yeast, 10% in Arabidopsis thaliana, 5% in humans) and have significant physiological
importance. They fundamentally carry out positive functions necessary for important biological
processes; however, their excessive accumulation can lead to DNA damage and genome
instability. The accumulation of R-loops has been linked to numerous human diseases,

including playing roles in various neurodegenerative and cancerous diseases.

1.1.1. Discovery of R-loops

The R-loop structure was discovered over 45 years ago in an in vitro experiment. A
hybrid DNA molecule consisting of yeast DNA and bacteriophage DNA formed an R-loop in
the presence of 70% formamide with the yeast 26S rRNA, which was complementary to the
yeast DNA. The presence of 70% formamide was necessary because the formation of the DNA-
RNA hybrid structure is more likely near the melting point of the double-stranded DNA. It was
determined that the R-loop structure is very stable and could only be disrupted by RNA strand

degradation. Therefore, at that time, it was thought that R-loops were biologically irrelevant.

In vivo, R-loops were successfully detected 20 years later (Drolet et al., 1995). The
formation of R-loops in vivo was demonstrated using modified Escherichia coli strains in which
either the topA gene (encoding topoisomerase I) was deleted or the gyrB gene (encoding the
DNA gyrase B subunit) had a temperature-sensitive mutation. The researchers found that the
DNA gyrase B subunit facilitates the formation of R-loops by resolving positive supercoiling
within the DNA, while topoisomerase I inhibits the formation of R-loops by resolving negative
supercoiling. The excessive expression of RNase H, an endoribonuclease that degrades RNA in
the DNA-RNA hybrid part of the R-loop, resolved the growth abnormalities in the topA mutant.
Furthermore, growth defects caused by the deletion of RNase H were compensated by a
reduction in the activity of the DNA gyrase B subunit. These observations indicated that the
accumulation of R-loops caused the growth defects. Subsequently, R-loops became a focal point

of many researchers' attention, turning into a popular area of study



1.1.2. Formation of R-loops

R-loops generally form near active genes, especially prone to arise in promoter regions.
Although a DNA-RNA hybrid continuously forms within the transcription bubble of RNA
polymerase, it is unlikely that the R-loop is simply an extension of this few-nucleotide hybrid;
rather, it may arise through the re-hybridization of the RNA 5'-end. This is supported by the
structure of the RNA polymerase complex, where the RNA and DNA strands exit through
different channels, which prevents the transcription bubble's R-loop from elongating (Westover
et al., 2004). This type of R-loop is referred to as a cis R-loop. The other type occurs in trans,
meaning the RNA hybridizes to a complementary DNA segment distant from the site of
transcription. For example, non-coding RNAs and guide RNAs associated with the
CRISPR/Cas9 protein can form such R-loops.

1.1.2.1. Factors promoting R-loops

Several factors are known to increase the likelihood of R-loop formation. For example, the
formation of guanine-rich transcripts from a cytosine-rich template DNA, due to the increased
stability of the resulting DNA-RNA hybrid. The secondary structure of DNA on the displaced
single strand, such as guanine quadruplexes or DNA-binding proteins, can also stabilize the R-
loop structure. Negative supercoiling can also promote R-loop formation. In actively
transcribing genes, the presence of a nick in the non-template DNA strand, if formed after the
passage of RNA polymerase, can also increase the likelihood of R-loop formation. The presence
of a nick reduces the possibility of re-hybridization of the DNA strands, thus increasing the
likelihood that the template strand will hybridize with the newly synthesized RNA. Damage to
proteins that inhibit R-loops (e.g., Ribonuclease H and RNA-DNA helicases) can lead to the
accumulation of R-loops (Hegazy et al., 2020).

1.1.2.2. Factors preventing R-loops

In addition to the factors promoting R-loops, several factors are known to prevent or disrupt R-
loop structures. For example, the involvement of RNA molecules with RNA-processing or
exporting proteins prevents the formation of DNA-RNA hybrids (Li & Manley, 2005).
Topoisomerase I also inhibits R-loop formation by resolving negative supercoiling behind RNA
polymerase II. Less accessible heterochromatin also does not favor the formation of R-loops.
Heterochromatic marks, such as histone H3 lysine 9 di- and trimethylation (H3K9me?2/3), are
associated with low occurrences of DNA-RNA hybrids in C. elegans (Zeller et al., 2016). DNA-

RNA hybrid helicases, such as senataxin, can dissolve R-loops by separating the two strands,



while Ribonuclease H can eliminate R-loops by digesting the RNA strand of the DNA-RNA
hybrid

1.2. Physiological roles of R-loops

R-loops participate in numerous physiological processes, such as mitochondrial DNA
replication (B. Xu & Clayton, 1996; Pohjoismiki et al., 2010), class-switch recombination of
immunoglobulin genes (Yu et al., 2003), or the functioning of the CRISPR-Cas9 system in
bacteria (Jinek et al., 2012). R-loops play a role in centromere function, essential for accurate
chromosome segregation, which is crucial for maintaining stable genome integrity. Centromere
loci also contain R-loops (CEN R-loops), which are evolutionarily conserved and regulated in
a cell cycle-dependent manner. In human cells, the displaced single-stranded DNA in CEN R-
loops is bound by RPA, which recruits the DNA damage-responsive ATR kinase, leading to the
activation of Aurora B, facilitating proper microtubule-kinetochore attachment (Niehrs & Luke,
2020). R-loops also form at telomeres, where the non-coding RNA, TERRA, hybridizes with
the telomere DNA. The formation of R-loops in cells lacking telomerase enzyme leads to
recombinational events, resulting in telomere elongation and thereby delaying cellular aging

(Santos-Pereira & Aguilera, 2015).
1.2.1. The role of R-loops in gene expressison and chromatin structure regulation

R-loops can play a role in gene expression, as evidenced by their enrichment at the promoters
and termination regions of genes (Skourti-Stathaki & Proudfoot, 2014). R-loops located at
promoters can inhibit the binding of transcription factors, leading to transcriptional repression.
Conversely, they can facilitate the binding of other transcription factors and inhibit the binding
of repressors, thus also participating in transcriptional activation. The enrichment of R-loops at
guanine-rich terminator elements facilitates the pausing of RNA polymerase II before the
efficient completion of transcription (Garcia-Muse & Aguilera, 2019). DNA-RNA hybrids are
also associated with the unmethylated state of CpG islands, which are characteristic of many
gene promoters in mammalian cells. R-loops formed at CpG islands protect these regions
against DNA methylation, avoiding transcriptional inhibition. This protection can be explained
by the preference of DNA methyltransferase 1 for binding and methylating double-stranded
DNA over a DNA-RNA hybrid (Grunseich et al., 2018) and by R-loops attracting the DNA
demethylating TET enzyme (Arab et al., 2019). A good example of R-loop regulation mediated
through long non-coding RNAs and DNA-binding proteins is observed in the model plant
Arabidopsis thaliana. The antisense non-coding RNA COOLAIR negatively regulates the



transcription of the FLOWERING LOCUS C (FLC) gene. However, the R-loop formed at the
promoter region of COOLALIR is stabilized by the NODULIN HOMEOBOX (AtNDX) single-
stranded DNA-binding protein, which inhibits the transcription of COOLAIR and thereby
activates the expression of the FLC gene through this inhibition (Sun et al., 2013; Csorba et al.,
2014). Furthermore, R-loops can induce chromatin decondensation, but they can also facilitate
the establishment of a heterochromatic state, leading to chromatin compaction (Skourti-Stathaki

et al., 2014; Castellano-Pozo et al., 2013).

1.2.2. The Role of R-loops in DNA repair

DNA-RNA hybrids can promote DNA repair in actively transcribed genomic regions.
When DNA single-strand breaks (nicks) or double-strand breaks (DSBs) form in the vicinity of
active transcription, several repair pathways converge to ensure that transcription in the
immediate vicinity of the break is inhibited. These include removing Pol II, pausing
transcription; which in turn could lead to the stabilization of the Rhurok-. Local chromatin
structure changes to a repressive state around damage sites to ensure transcriptional inhibition
around break sites. Interestingly, both PRC1 and PRC2, which localize in an R-loop-dependent
manner to some promoters, are also characteristic of DNA breaks and induce transcriptional
silencing through ubiquitination at Lys119 histone H2A (H2AK119) (Niehrs & Luke, 2020).
The proteins involved may differ depending on the nature of the repair, but the sequence of
events appears to be consistent: at the DSB, following 5’-end resection, a DNA-RNA hybrid is
formed at the exposed 3’-end, which through proteins helps repair like RAD52, XPG1, BRCA1
and BRCA2. The RNA is then removed by senataxin, RNase H1, RNase H2, or DDX1, allowing
RADS51 to bind to DNA and undergo homologous recombination. The presence of DNA-RNA
hybrids at DSBs exemplifies the importance of a transient hybrid that has an important function

but is later removed to avoid potential problems (Niehrs & Luke, 2020).

1.3. R-loops can lead to genome instability

R-loops can cause DNA damage through several mechanisms. R-loops result in exposed
ssDNA stretches that are more chemically unstable than dsDNA and more prone to
transcriptional mutagenesis (TAM), recombination (TAR) and DSBs. Members of mammalian
cell-expressed activation-induced cytidine deaminase (AID) and Apolipoprotein B mRNA-
editing catalytic polypeptide (APOBEC) can deaminate ssDNA cytosines to uracil.
Subsequently, uracil DNA glycosylase cleaves the uracil base, creating an abasic site that can

lead to base substitutions or ssDNA nicks, resulting in DSB formation at the replication fork



(Costantino & Koshland, 2015). Julie Solier and colleagues demonstrated in human cells that
R-loops induced by the absence of various RNA processing factors, including the RNA/DNA
helicases Aquarius (AQR) and Senataxin (SETX) or inhibition of topoisomerase I, cause DNA
double-strand breaks through cleavage by the nucleotide excision repair (NER) endonucleases
XPF and XPG. Furthermore, the transcription-coupled nucleotide excision repair (TC-NER)
factor, Cockayne syndrome group B (CSB), is required for DSB formation, but not the global
genome repair protein, XPC. Shutdown of RNA polymerase allows CSB to recruit XPF and
XPG endonucleases. XPF and XPG create a single-stranded DNA gap that can be converted to
a DSB by DNA replication, and/or XPF and XPG cleave the R-loop on both strands, creating a
DSB. These results indicate that TC-NER factors are potentially involved in R-loop-induced
DNA damage and genome instability (Sollier et al., 2014). DSBs can also arise as a result of
physical collisions between the R-loop and the replication machinery. This is also proven by
the fact that R-loop-induced DSB formation can be prevented by inhibiting DNA replication.
R-loops can be a huge physical barrier to the replication fork due to their relatively stable
secondary DNA structure and the presence of the transcription apparatus and other RNA
processing enzymes. R-loops can directly cause fork collapse and DSB formation, even without

the intervention of nucleases such as XPF and XPG (Sollier & Cimprich, 2015).

1.4. R-loops in human disease

R-loops are implicated in many human diseases, including tumors, neurological disorders, and
autoimmune diseases. Genomic instability mediated by R-loops may contribute to mutations
and chromosomal rearrangements characteristic of cancer cells (Negrini et al., 2010). Common
fragile sites (CFS - common fragile sites) are regions of the human genome that contain long
genes and are slowly replicated in the S-phase, hot spots for DNA breaks (Glover, 2006). R-
loops are formed in CFSs, and the resulting collisions between the DNA replication fork and
the transcription machinery contribute to the instability of CFS loci. Removal of R-loops by
RNaseH overexpression reduces genomic instability associated with CFS (Helmrich et al.,
2011). Depletion of the tumor suppressor BRCA2 causes R-loop accumulation and activation
of the DNA repair checkpoint. BRCA2 may be involved in the processing/removal of RNA-
DNA hybrids, otherwise a source of replication stress and genomic instability (Bhatia et al.,
2014). BRCA2 is frequently mutated and inactivated in tumors, especially breast cancer (Roy
et al., 2012).



1.5. Methods for studying R-loops

Several techniques are now available to identify and characterize the R-loop structure. Until
recently, most studies used the S9.6 antibody to detect and isolate R-loops using a method called

DNA:RNA immunoprecipitation (DRIP), immunofluorescence labeling, or dot blot techniques.

The S9.6 monoclonal antibody was produced in mice in 1986 by immunization with a synthetic
DNA-RNA hybrid antigen derived from bacteriophage ®X174. The antibody was characterized
by high DNA-RNA hybrid specificity and affinity (Boguslawski et al., 1986). The affinity of
S9.6 scFv is not significantly affected by different buffer conditions or ionic strength below 500
mM NaCl. The smallest epitope it binds strongly is a fragment containing a DNA-RNA hybrid
of six base pairs. S9.6 shows a dissociation constant of about 0.6 nM for the DNA—-RNA hybrid
and 2.7 nM for the AU-rich double-stranded RNA (Philips et al. 2013). To prevent the relatively
strong double-stranded RNA binding, it is recommended to perform RNase digestion on the
nucleic acid before immunoprecipitation or labeling, in a condition in which the R-loops are
not damaged, but the free RNAs can be digested. We can use Rnase T1, Rnase III or RNase A
at high salt (300 mM NacCl) (Chédin et al. 2021, Halasz et al., 2017). Since the structures of
dsRNA and R-loops are significantly different, it is unlikely that the antibody recognizes only
the phosphate-sugar backbone of the R-loop, which would be required for sequence-
independent binding. Fabian Konig and colleagues showed that the affinity of the antibody is
sequence specific (Konig et al., 2017). For this reason, it is worthwhile to examine R-loops
independently of S9.6. The most widely used method for R-loop mapping is DRIPseq ( Ginno
et al., 2012 ), which uses next-generation sequencing to map R-loops isolated by S9.6
immunoprecipitation. In DRIP-seq, nucleic acid is isolated from cells and then fragmented with
restriction enzymes or sonication. Fragmentation of the genome with restriction enzymes can
cause distortion and limit resolution, especially at the 5' end of genes (Halasz et al., 2017). For
this reason, ultrasound treatment of DNA is recommended for fragmentation, instead of using
restriction enzymes (El Hage et al., 2014; Halasz et al., 2017). After immunoprecipitation,
sequencing libraries are generated using standard dsDNA-based library preparation.
Sequencing validation can be performed on some selected genomic regions by QPCR on the IP
sample, which allows us to achieve more accurate quantification. DRIP-seq has proven to be a
consistent, reproducible and popular method for sequencing R-loops. There have been several
further developments of the method, with which, for example, the mapping has been made
thread-specific. For example, this can be addressed by strand-specific DNA library preparation
as in ssDRIP-seq (Xu et al., 2017). Furthermore, by sequencing the R-loop RNA strand after



cDNA synthesis (DRIPc-Seq) (Sanz et al., 2016). And the method called S1-DRIP-Seq includes
the use of Sl-nuclease to degrade the displaced ssDNA of the R-loop, so sequencing the
immunoprecipitated DNA also enables the identification of the strand orientation of the R-loop
(Wahba et al., 2016) . Finally, bis-DRIP-seq combines in situ ssDNA bisulfite treatment with
S9.6 immunoprecipitation, thereby improving the specificity of hybrids and ssDNA
identification. During bisulfite treatment, unmethylated cytosines on single-stranded DNA are
deaminated and converted to uracil (and during PCR amplification, uracil is converted to

thymine), this sequence modification enables strand specificity (Dumelie & Jaffrey, 2017).

Another approach is the transfection of catalytically inactive, fragmented RNase H1 into
cells and immunoprecipitation using this modified RNase H1, which can recognize DNA-RNA
hybrids but cannot degrade the hybrid RNA strand. This method was named R-ChIP (Chen et
al., 2017). R-ChIP identifies fewer R-loop regions than S9.6-based DRIP-seq or DRIPc-seq.
With R-ChlIP, it is mostly possible to identify R-loops at promoters, but not at transcriptional
terminator regions. R-ChIP identifies smaller R-loop forming regions than DRIPc-seq.
Overexpression of the catalytically inactive RNase H1 enzyme risks disrupting the dynamics
of R-loops in vivo. For the implementation of R-ChIP on mammalian cells, it is therefore
important that the catalytically inactive RNase H1 is expressed at an appropriate level: in case
of too high expression, there is a risk of dominant-negative effects; in the case of too low
expression, even though there is a risk that the endogenous, catalytically active enzyme may
interfere with the binding of the catalytically inactive mutant and the efficiency of R-ChIP.
There are probably different types of R-loops recognized by different types of proteins. This
may be the reason why R-ChlIP did not identify terminator regions as R-loop hotspots in human
cells (Chen et al., 2017), where R-loops are recognized and cleaved by DNA-RNA helicases
such as Senataxin, while RNase H1 does not bind (Skourti-Stathaki et al. 2011). This may
explain why R-ChIP identified fewer R-loop fragments than DRIP-seq or DRIPc-seq. It is
conceivable that DRIP is more suitable for detecting long-lived R-loops, while R-ChIP may be
better for detecting highly dynamic R-loops degraded by RNase H1 (Vanoosthuyse, 2018). One
of the latest S9.6 antibody-independent methods, the further development of the bisulfite
treatment technique, SMRF-seq. After gentle DNA isolation and restriction enzyme digestion,
the bisulfite treatment is performed in a non-denatured environment. PacBio sequencing, which
sequences single molecules with long reads, enables the identification of R-loop “footprints”
with near-nucleotide resolution, in a strand-specific manner on long single DNA molecules,

with ultra-deep coverage (Malig et al., 2020).



1.6. Identifying R-loop regulatory genes

In recent years, several studies have been published in which high-throughput

screenings were performed in order to identify R-loop regulatory and binding proteins.

One of the most significant results of the identification of human R-loop binding
proteins so far comes from the research of Wang et al. Using mass spectrometry following pull-
down assays with two types of synthetic DNA-RNA hybrids, 803 human proteins that bind to
DNA-RNA hybrids were identified, and it was confirmed that the proteins also bind to R-loops
in vivo. The 803 protein is characterized by numerous cellular functions, including most steps
in RNA processing. Most of the proteins have K-homologous (KH) and helicase domains. (The
KH domain recognizes and binds RNA) Of the identified proteins, more than 300 proteins
preferred to bind to the DNA-RNA hybrid over double-stranded DNA (Wang et al., 2018). Of
course, binding to DNA-RNA hybrids does not necessarily mean that the protein also regulates
the R-loops. However, proteins can influence R-loop stability through indirect effects on
transcription or DNA topology without binding R-loops (Fournier et al. 2021). In a study
published in 2021, Wu et al. performed mass spectrometric analysis of S9.6
immunoprecipitation on mouse embryonic stem cells, identifying 364 R-loop-interacting
proteins. Nucleolar proteins, including several DEAD-box family helicase proteins, were highly
enriched among the hits. A closer examination of DEAD-box helicases revealed the role of the
proteins in the post-transcriptional maturation of rRNA and their direct or indirect role in the
regulation of genes related to differentiation. These findings revealed a vast network of R-loop-

associated proteins that are crucial for stem cell homeostasis (Wu et al., 2021).



2. Objectives

The uncontrolled accumulation of R-loops poses a threat to genome integrity, thus it is crucial
to identify and better understand the proteins involved in the recognition and regulation of R-
loop structures. Our first objective was to examine the relationships between known R-loop
regulatory genes and cancers. Using genomic databases, we analyzed key DNA-RNA hybrid
binding protein gene expression data, comparing gene expression data from cancer patient
groups with their survival data, thereby examining the role of R-loops in disease progression.
Another goal was to explore the relationship between drug sensitivity in human tumor cell lines
and the expression of R-loop regulators within those lines. The second objective was to develop
a high-throughput screen for R-loop regulators using a barcoded yeast gene deletion library
(DRIP-BC-seq). This screen allows parallel measurement of R-loop levels across numerous
mutants on the same genomic test segment. Our goal was to validate findings from the DRIP-
BC screen across the whole genome with DRIP-seq, examining the physiology of the mutants
with spot assays, and performing further functional gene expression studies with mRNA-seq.
These gene expression studies will help us understand how gene deletions have altered the
positioning and quantity of R-loops. The third objective was to develop a new spatial genome
structure investigation screen (4C-BC-seq) that allows us to simultaneously examine all 3D
interactions of a given genomic test segment in a large number of yeast mutants. An additional
goal was to identify mutants that affect both R-loops and the spatial structure of the genome
using the findings common to DRIP-BC-seq and 4C-BC-seq. To validate the 4C-BC-seq at the
whole genome level, the fourth goal was to implement the Hi-C chromatin three-dimensional
structure investigation method in our lab. We studied wild-type and Nodulin homeobox (NDX)
mutant Arabidopsis thaliana model plants. This also aimed to clarify the role of R-loops in
chromatin structure changes, since NDX was the first protein shown to bind to the single-
stranded DNA section of an R-loop, presumably stabilizing this structure (Sun Q et al Science

2013).
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3. Results

3.1. Pharmacogenomic Investigation of R-loop Regulatory Genes - Focus on

Cancer Therapy

During our analysis, we examined whether key R-loop binding proteins are correlated with
cancer survival and drug sensitivity. We conducted a systematic pharmacogenomic analysis to
identify these correlations. To investigate the connection between R-loop genes and cancer, we
first determined how many of the DNA-RNA hybrid binding proteins identified in the study by
Wang et al. were present in the cancer gene registry, which contains 2372 genes whose somatic
mutations can lead to cancer development. Of the 448 R-loop genes examined, 92 appeared in

the cancer-causing gene list, which is a statistically significant enrichment.
3.1.1. Analysis of Gene Expression and Survival Association in Cancer Patients

We downloaded mRNA expression of R-loop genes from The Cancer Genome Atlas (TCGA),
compared the gene expression values of healthy tissues and primary tumors. Expression of
several genes was found increased in multiple primary tumors compared to normal tissues,
while others showed decreased expression. Subsequently, we examined whether the gene
expression level of R-loop genes correlates with cancer patient survival. Using TCGA's gene
expression (RNA-seq) and survival data, our analysis produced numerous Kaplan-Meier
survival curves, identifying several cases that showed significant survival correlation with R-

loop gene expression levels..

3.1.2. Analysis of Cell Line Gene Expression and Drug Sensitivity Association

In order to identify those R-loop genes that could be potential drug targets in cancer therapy,
we sought synergistic interactions between the mRNA expression status of R-loop genes
derived from cancer cell lines and their sensitivity to chemotherapeutic agents. We compared
the sensitivity of 1065 cancer cell lines to 297 drugs with the mRNA expression data of the R-
loop genes examined in these cell lines. The drugs examined are approved by the US Food and
Drug Administration (FDA) and cover a broad spectrum of biological pathways, including
protein kinase signaling, cytoskeleton function, DNA replication, DNA repair, and cell cycle
regulation. We identified a total of 22,414 drug sensitivity and gene expression associations
(22,414 - p < 0.05; 508 - FDR < 0.05). The total number of significant interactions showed
substantial variations per drug (70-230 interactions per drug) and were also grouped according

to the molecular pathways targeted by the drugs. The most broadly represented pathways
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included the Ser/Thr protein kinase pathway and the PI3K/RTK/MAPK signaling, while the
most common drug targets were MEK1/2, BRAF, PARP1/2, HSP90, AKT1/3, GSKs, PI3Ks,
IGFIR, ROCK1/3, and EGFR. We found significant drug sensitivity associations for 80% of
the R-loop genes examined (29 p < 0.05; except for BRCA2, BUGZ, DDX19, RNASEHI,
RTEL1, THOC3, and THOC4; see Table S1_4), with CARM1, EWSR1, DHX9, and THOCI1
showing the most drug interactions. Significant variations were observed in the number and
direction of drug interactions across different cancer cell lines. For example, small cell lung
carcinoma and ovarian cancer cell lines showed negative associations for most compounds and
genes examined, while B-cell leukemia, Hodgkin's lymphoma, head and neck cancer, and
Ewing's sarcoma cells predominantly showed positive associations. These differences suggest
that the effects of RNA-DNA hybrid binding proteins can vary in outcome in response to

different chemotherapeutic treatments depending on the genomic context/type of cancer.

3.1.3. Survival and Drug Interaction Associations

Since cancer cell lines derived from natural tumors accurately reflect the genomic context and
tissue type of primary cancers, we narrowed down the identified drug interactions to those R-
loop genes that showed significant survival associations in the corresponding primary cancers.
Thus, we identified 1630 significant survival and drug interaction associations (p < 0.05) related
to the expression of 29 R-loop genes (seven R-loop genes are not included in the results because
there were no survival or drug interaction associations, or the examined cell lines did not include

the corresponding primary tumor cell line). We observed the following trends:

1) The most survival interactions were observed with the following 10 genes, which also have
significant drug interactions: BLM, RNASEH2A, ATXNI, BRCA1l, BUB3, CARMI,
GADDA45A, FANCD2, THOCI1, THOC2.

i) High expression of THOC?2 in sarcoma cell lines was associated with high IC50 values for
CX-5461 (G4 ligand / RNA polymerase I inhibitor), suggesting that CX-5461 is less effective
in treating sarcomas with high THOC2 expression. Conversely, low IC50 values for CX-5461
were associated with high expression of ATXN1 and TREX1, as well as longer survival times

in patients with melanoma and endometrial cancer.

ii1) In esophageal carcinoma cell lines, BRCA1 expression was associated with high 1C50
values (resistance) to 5-fluorouracil (5-FU), while low BRCA1 levels resulted in better survival
in esophageal carcinoma. This suggests that 5-FU treatment might be effective in treating

BRCAI1(-) esophageal carcinomas. Similarly, BRCA1 expression in glioma cell lines was
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associated with decreased efficacy of (52)-7-oxozeaenol, GDC0941, refametinib, and
selumetinib, while low BRCAI1 levels had a beneficial effect on the survival of low-grade
gliomas. Additionally, mesothelioma cell lines are resistant to doxorubicin, OSU-03012, or
thapsigargin when expressing BRCAI1. These drugs could potentially be effective
chemotherapeutic agents for treating BRCA(-) gliomas and mesotheliomas. It is important to
note that 5-FU is being tested in a clinical trial for esophageal carcinoma (NCT00052910),
selumetinib for low-grade glioma (NCT01089101), and doxorubicin for patients with
mesothelioma (NCT05063420506342).

iv) The most drug/gene associations were observed with RDEA119, selumetinib, and olaparib.
Most cell lines showed resistance to RDEA119 and selumetinib, but sensitivity to olaparib at
high R-loop gene expression levels (Supplementary Figure S3). For example, selumetinib
treatment was ineffective in gastric adenocarcinoma cell lines overexpressing AQR
(NCT02448290 - Phase 2), sarcoma cell lines overexpressing ATXN1 or BLM (NCT03155620
- Phase 2, NCT01752569 - Phase 2), glioma cell lines overexpressing BRCA1 or RNASEH2A,
kidney cancer cell lines overexpressing FANCM or RNASEH2A, and endometrial carcinoma
cell lines overexpressing TREX1. Regarding patient survival, low expression of AQR, ATXNI,
BLM, BRCA1, and RNASEH2A was associated with longer survival in primary cancer cases,
except for FANCM and TREX1, where higher mRNA levels were beneficial for patients with
kidney cell carcinoma and endometrial carcinoma. Olaparib treatment was effective in prostate
adenocarcinoma cells showing high DDXI9A expression and in breast cancer cells
overexpressing GADD45A, but mesothelioma cell lines with high ZNF207 (BUGZ) expression
were resistant to treatment. Olaparib is undergoing clinical trials in mesothelioma
(NCT03531840 — Phase 2), prostate adenocarcinoma (NCT01682772 — Phase 2), and breast
cancer (NCT02000622 — Phase 3).

v) Several drugs under clinical trial for breast cancer treatment showed low IC50 values in
breast cancer cell lines with high BRCA1 gene expression. For example, rucaparib
(NCT02505048 — Phase 2, BRCA1,2 mutant patients), dabrafenib (NCT02465060 — Phase 2,
BRAF V600E/R/K/D mutant patients), vismodegib (NCT02465060 — Phase 2 - SMO or
PTCHI1 mutant, NCT02694224 - Phase 2), BMS-754807 (NCT01225172 - Phase 2), and
ruxolitinib (NCT01562873 - Phase 2, NCT02928978 - Phase 2). vi) Esophageal carcinoma cell
lines showing high BRCA1 gene expression had low IC50 values for motesanib, cisplatin, and
trametinib treatments, which are being tested in various clinical trials (NCT00101907 - Phase

1, NCT00655876 - Phase 3, NCT20246, NCT2020246). vii) In glioma cell lines, low CARM1
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expression was associated with better efficacy of SN38 treatment (Type I topoisomerase
inhibitor, the active metabolite of irinotecan), while patients with gliomas having low CARM1
levels showed longer survival. It is possible that CARM1(-) cancers are more sensitive to SN38
drug treatment, which leads to inhibition of Top3B and Topl, potentially increasing R-loop
levels [32] and inducing cell death.

3.2. Identification of R-loop Regulators Using a Yeast Gene Deletion Library

Parallel to investigating the role of R-loops in cancer therapy, we have initiated a series of
“screening” experiments using a barcoded yeast gene deletion library to identify novel R-loop

regulatory genes.

3.2.1. Implementing the DRIP-BC-seq method

For the development of the DRIP-BC-seq method, we performed DNA-RNA hybrid
immunoprecipitation (DRIP) on the Epi-ID yeast gene deletion library, then PCR-amplified the
barcodes (BC) identifying different gene deletions from the immunoprecipitated samples, and
finally quantified the amount of each barcode using next-generation sequencing. This allowed
us to measure the differences in R-loop levels in the environment around the barcode among
various gene deletion yeast strains. For the DRIP experiment, we only mildly fragmented the
isolated genomic DNA with ultrasonic treatment in order to gather information from a broader
environment around the barcode. It can be seen in the gel image that the DNA used for DRIP
was smaller than 5 kb in fragment size. The barcode PCR following immunoprecipitation was
conducted with 50 ng of DNA. We previously tested the barcode PCR on 12.5 ng, 25 ng, and
50 ng of DNA from the Epi-ID yeast library and, by checking the PCR products on an agarose
gel, we observed that the amount of PCR product linearly increased between 12.5 - 50 ng, thus
performing the PCR with this initial range of DNA amounts using 17 PCR cycles, we obtained
quantitative results. We also performed immunoprecipitation on RNaseH pre-treated samples,
but the barcode PCR from the RNaseH pre-treated DNA immunoprecipitated samples did not
yield any product. Presumably, the immunoprecipitate of the RNaseH pre-treated sample
contained only non-specifically bound DNAs. From this, it can be inferred that the
immunoprecipitation (IP) performed on untreated samples resulted in specific DNA segments
in the IP eluate and the barcode region of at least some of the yeast strains contained R-loops.
We also verified the DRIP samples prepared for DRIP-BC-seq by QPCR on a genomic region
positive and negative for R-loops. In the RNaseH treated sample, the DRIP signal (IP/input

ratio) in the positive genomic region (Posl primer) decreased by more than half, while in the

14



negative genomic region (CEN16 primer), we detected very low QPCR signals in both RNaseH

treated and untreated samples.

3.2.2. Significant hits of the DRIP-BC-seq screen

Having conducted the DRIP-BC-seq experiment across all 4200 mutant yeast strains, we found
110 strains in which the DRIP signal in the ~10 kb environment around the barcode significantly
increased (IP/input > 1.5), and 89 strains where the DRIP signal significantly decreased
(IP/input < 0.67). We performed functional annotation on the two groups of genes using the
DAVID database and found that among the deleted genes which absence resulted in an increase
in R-loops, there was a significant enrichment of genes related to mitochondrial function and
metabolic processes. Among the deleted genes whose absence resulted in a decrease in R-loops
based on DRIP-BC-seq, we did not find significant consistency in gene functions. However, it
is worth mentioning that some genes related to ubiquitination (7 genes) and autophagy (4 genes)
were found among the results with decreased DRIP-BC-seq signals. From the strains with
significantly higher DRIP signals, we selected 11 strains with mitochondrial functions, on
which we performed whole genome DRIP-seq and DRIP-QPCR measurements. We examined
the growth of the selected strains using a growth assay called spot assay on YPD and YPG agar
plates. We observed that all mutants were able to grow on YPD rich medium, however, the
po41A, met7A, mgml101A, mss116A strains grew significantly slower compared to the wild
type. On YPG agar, where glycerol replaces glucose as the carbon source, these strains showed
no growth at all. The gaslA and pet20A strains grew much slower than the wild-type yeast

strain.

3.2.3. Validating the DRIP-BC-seq hits by whole-genome DRIP-seq and QPCR

All DRIP experiments were performed on RNaseH pre-treated DNA as a negative control, and
then we examined the samples by QPCR in both R-loop positive and negative genomic regions
(El Hage & Tollervey, 2017). In the RNaseH control sample, we detected very low signals in
the positive region (18S rDNA), and in the R-loop negative genomic region (CEN16), very low
signals were measured in both normal and RNaseH pre-treated samples alike. This indicates that
the DRIPs show R-loop-specific signals. The 18S rDNA region is not a suitable choice for
comparing DRIP signal strength across different mutants because this DNA section can be
present in 100-200 copies in the genome, but it is a very strong positive control region for R-
loops, excellent for verifying the method's efficacy. When examining the 10 kb environment

around the barcode (summarized as DRIP-seq score), aside from the exo5A, mgmlA, dss1A
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strains, the DRIP signal increased compared to the wild type in the strains selected for
validation, thus the DRIP-BC-seq validation was successful. However, strains showing an
increase in R-loop levels around the barcode, when considering the total number of peaks in the
whole-genome DRIP-seq, showed different results than expected in some cases. In unglA,
po41A, oye2A, met7A, gasl A mutants, the total peak number significantly decreased, meaning
that R-loops largely disappeared in these strains compared to the wild type. In exo5A, mgmlA,
pet20A, dsslA, mss116A strains, consistent with the DRIP-BC-seq results, the number of R-
loops globally increased compared to the wild type. In the mgm101A mutant, a slight increase
in peak number was observed. Thus, examining the total peak number, the DRIP-seq results of
6 strains matched the results examined among 11 strains, this discrepancy can be attributed to
the screening nature of the method. Therefore, validation is very important, however, strains
showing a decrease in R-loops identified by whole-genome DRIP-seq are as noteworthy and
worthy of further investigation as the strains characterized by an increase in R-loops. We also
wanted to validate the whole-genome DRIP-seq results (and indirectly the DRIP-BC-seq
results), so we performed QPCR on the DRIP samples with two primers designed near the
barcode. One primer pair was designed approximately 2 kb from the barcode, while the other
was about 5 kb away. The average fragment size in DRIP-BC-seq was about 3 kb, while in
whole-genome DRIP-seq it was only about 1 kb, hence it is advisable to examine whole-genome
DRIP-seq at regions about 3 kb apart in the 5 kb environment around the barcode. With DRIP-
QPCR, we were able to validate changes covering a broad DNA region or significant changes
observed in the ~6 kb environment around the barcode in the DRIP-seq. Such is the significant
increase in R-loop level in the exo5A and pet20A strains, and the significant decrease in RNA-
DNA hybrid in the unglA, met7A strains compared to the wild type. The most notably
contradictory result was seen in the DRIP-QPCR results of the rpo4 1A strain in the two genomic
regions examined. While the DRIP signal increased in the PTP1 region, it decreased in the SSB1
region. Based on the DRIP-seq signal strength displayed in the genome browser, a decrease is
visible in both regions, but a generally low-level signal is also observable across the entire 14
kb length of the field of view, making it difficult to discern the difference with the naked eye.
Examining the 10 kb environment around the barcode, based on the quantification of the total
DRIP signal amount, there was an increase in R-loop levels in the environment around the
barcode. However, globally examining the rpo41A strain, a significant decrease in R-loop level
was observed, consistent with the later performed mRNA-seq results. The dynamics of R-loops,
as well as genome variability, may cause some strains to come to our attention in the DRIP-BC-

seq for showing increased R-loop levels, even though they are globally characterized by R-loop
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depletion. In summary, examining the 10 kb environment around the barcode by DRIP-seq, we
were able to validate the DRIP-BC-seq results in most of the strains. However, examining the
global change in R-loop level, significant discrepancies were detected compared to the DRIP-
BC-seq results. In many mutants, the DRIP signal significantly decreased across the entire

genome.

3.2.4. Gene expression analysis of top mutants identified by the DRIP-BC-seq screen

We conducted gene expression analysis on the yeast strains selected for validation using
mRNA-seq. Globally examining the gene expression levels, there is no major deviation between
the various mutant strains and the wild-type yeast. However, looking at the annotation of genes
that are underexpressed and overexpressed compared to the wild type, the gene expression
changes in 3 gene mutant strains proved very interesting and are consistent with the results
obtained from the whole-genome DRIP-seq. In the met7A strain, 33 transposon-related genes
are highly expressed, of which 29 have RNA-DNA hybrid ribonuclease activity. This correlates
well with the fact that in the met7A mutant, the quantity of R-loops decreases globally to about
one-fifth. In contrast, in dss1A yeasts, 12 transposon genes are underexpressed, 11 of which
have RNA-DNA hybrid ribonuclease activity. This also aligns with the fact that in dss1A, the
level of R-loops nearly doubles compared to the wild type. In the met7A and rpo41A strains,
the reduced R-loop level is accompanied by lower expression of genes related to ribosomes and
ribonucleoprotein complexes compared to the wild type. In rpo41A, similar to met7A, there is
a significant decrease in the occurrence of R-loops. In dss1A, however, the increased level of
R-loops is associated with an increase in the expression of genes related to ribosomes and

ribonucleoprotein complexes.

3.3 The impact of R-loop regulatory gene deletion ont he 3D structure of
chromosomes

Beyond the effects of gene deletions on R-loops, we were also curious about their impact on the
genome's three-dimensional structure, which led us to develop a technique we called 4C-BC-
seq. In this method, we examine the chromatin interactions of the barcode in the yeast strains
from the epi-ID library. We hope to identify previously unknown genes that modify chromatin
structure, and if we find common hits between the DRIP-BC-seq and 4C-BC-seq analyses, we

might also discover potential genes that regulate both R-loops and chromatin structure.

17



3.3.1 Implementing the 4C-BC-seq method

As a result of numerous optimizations, we were able to set up the method successfully. We
demonstrated that in situ proximity ligation yielded fragments nearly the size of intact genomic
DNA. The size of the fragments did not change after the second ligation, which was performed
on isolated DNA following restriction enzyme digestion. This was expected because at this stage
the DNA pieces only need to circularize; we do not want different fragments to ligate together
and thus increase in size. The inverse PCR can also be considered successful; the blurred bands
indicate that sufficiently diverse fragments were formed during the PCR process. The few
stronger bands are the products of fragments that closed into themselves without an intermediate
fragment ligating to them. We also performed what is called input PCR on the 4C-BC samples,
which is identical to the simple, barcode-amplifying PCR used in DRIP-BC-seq. This allows us
to examine the proportion of different strains present in the sample pool and thereby normalize
the results of the sequenced inverse PCR samples. Thus, avoiding the detection of false
interaction enrichment due to one strain being overrepresented or underrepresented in the
sample mix. Based on the results of the sequenced chimeric fragments, among the nearly 400
strains examined so far, we found 6 gene mutants where the frequency and/or strength of intra-
chromosomal interactions were higher than average and 3 genes where we observed more and/or

stronger inter-chromosomal interactions.

The promising experiment is ongoing with other members of the epi-ID library. Based on the
results of the entire yeast library, we would like to examine the chromatin interaction network

at the whole genome level in a few promising strains, using the Hi-C method.

3.4. Implementing the Hi-C method for studying 3D chromosome conformation in

the whole genome

We plan to later examine at the whole genome level the gene mutant strains identified by the
4C-BC-seq experiment as potentially causing changes in genome conformation, using the Hi-C
method. Initially, we set up a method for examining the three-dimensional structure of
chromatin that requires high-complexity bioinformatics analysis as part of another project. Our

goal was to map all intra- and interchromosomal connections.We studied the effect of the
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absence of the NDX (Nodulin homeobox) protein, which is presumed to have a stabilizing role
in R-loops, on the three-dimensional structure of chromatin in the model plant Arabidopsis
thaliana. For the study, we used nuclei isolated from 10-day-old ndx1-4 mutants and Col-0 wild-
type plants. We performed in situ Hi-C on these nuclei and sequenced the samples with next-
generation sequencing, achieving 200 million reads. The normalized contact matrices, examined
at a resolution of 25 kb, showed very similar patterns in the ndx1-4 and Col-0 plants. This
suggests that the absence of the NDX protein does not lead to extensive restructuring of the
three-dimensional chromosome architecture in Arabidopsis. However, noteworthy quantitative
changes were found between the two Hi-C maps when performing differential analysis of the
contact matrices. In the ndx1-4 mutant, numerous genomic regions were intensified (red) or
reduced (blue), indicating a global rearrangement of spatial relationships in the absence of NDX.
The circos diagram of the identified differential contacts, marking the decreased (blue) and
increased (red) Hi-C interaction relationships, highlights that intrachromosomal contacts mostly
decrease, while interchromosomal contacts generally increase in the ndx1-4 mutant.
Particularly, the number of connections between centromeres and regions characterized by
clustering - knot engaged elements (KEE) - has increased. Based on this, it appears that the
absence of NDX mediates distant chromatin interactions through chromocenters and

transcriptionally silent chromatin (KNOT regions).
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4. Discussion

R-loops are dynamic structures located in a significant part of the human genome (Sanz et al.,
2016). Our new understanding of tumor genomes suggests that the genomic position, lifespan
and function of R-loops are disrupted in most cancers. Experimental data demonstrate that
alteration of R-loop homeostasis leads to an abnormal epigenetic phenotype that can disrupt
telomere function or induce DNA replication stress and mutagenesis. However, little causal
information is available regarding cancer-specific changes in which R-loops directly influence
mutagenesis and chromosomal instability leading to oncogenesis. Methods suitable for the
detection and genetic or chemical perturbation of R-loops have been continuously developed in
recent times, which may also provide an opportunity to regulate R-loops in cancer cells. It is
important to know whether the change in the R-loop level of cancer cells is merely a symptom
of cell transformation or the actual driver of the cancer phenotype, so that we can decide which
approach to use for their therapeutic targeting. If the accumulation of R-loops in cancer reflects
a sensitive cell state, then increasing R-loops may lead to therapeutic benefits. At the same time,
global inhibition of R-loops or certain types of R-loops (e.g. telomeric R-loops) can also be a
therapeutic tool (Wells et al., 2019). It is currently an open question which path will be used in
the field of cancer therapies. Our pharmacogenomic meta-analysis examining human RNA-
DNA hybrid binding proteins confirms the association of R-loop genes with tumorigenesis and
directs attention towards possible tumor therapies. In our pharmacogenomic studies with
human-specific R-loop regulatory proteins, we showed that the expression level of R-loop
regulators can be used to sensitize cancer cells to chemotherapy treatments. Thus, modulating
the expression levels of R-loop genes can influence clinical responses to anticancer drug
treatments, and these expression changes can be used to identify patient groups most likely to
respond well to therapy. In addition, we identified several tumor types that showed a significant
R-loop regulator-dependent survival association, i.e. the survival chances of the patient groups

with high and low expression of R-loop regulators were significantly different from each other.

To expand the potential tumor therapeutic targets, we developed the DRIP-BC-seq method,
which enabled us to identify previously unknown R-loop regulatory genes. Among the ~4,300
mutant strains of the epi-ID gene deletion yeast library, an increase in R-loop level in ~10 kb
of the examined genomic region - barcode was observed in 110 strains, while in 89 mutants a
decrease was observed. Due to the high degree of uncertainty of the screening methods,
confirmation of the results requires validation experiments. For this task, we introduced the

spike-in DRIP-seq technique, in which fragmented E. coli DNA is used as an internal control
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during immunoprecipitation, in order to compare the samples more precisely. We selected 11
yeast mutants for validation, in which, based on DRIP-BC-seq, the amount of R-loops increased
around the examined genomic region and the genes have a mitochondrial function. The results
of spike-in DRIP-seq of 11 mutants, in 8 strains, confirmed that the R-loop level around the
region examined by DRIP-BC-seq is higher compared to the wild-type strain in the mutant
strains (unglA, rpo41A, oye2A, pet20A, met7A, gaslA, mgm101A, mss116A), opposite results
were obtained for 3 strains (exo5A, mgm1A, dss1A) (Figure 29). Compared to this, considering
the entire genome, a significant enrichment of R-loops can be observed in the exo5A and dss1A
mutants, and although to a lesser extent, the number of R-loops also increased in the mgmI1A
strain (Table 3). Furthermore, in mutants in which the level of R-loops increased around the
barcode region examined by DRIP-BC-seq, we observed a large decrease globally (unglA,
po41A, oye2A, met7A, gaslA). and met7A mutants (Table 3). Based on the mRNA-seq data,
we found a clear correlation between the expression of transposon-related genes and the global
R-loop level in met7A and dss1A mutants. Similarly, in the dss1A and rpo41A mutants, the
expression of genes related to the ribosome and ribonucleoprotein complex was significantly
consistent with the change in the R-loop level. Based on our results, all 11 investigated gene
deletions have an effect on the occurrence of R-loops. We found the results of the MET7,
RPO41 and DSS1 gene mutants to be the most interesting. The MET7 and RPO41 genes seem
to promote the formation and/or stabilization of R-loops, while the DSS1 gene is assumed to

reduce the level of R-loops based on DRIP-seq and mRNA-seq results.
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S. Summary

My PhD work focused on the examination of R-loops and chromatin loops. Within this
framework, we used pharmacogenetic meta-analysis to study the role of R-loops in cancer
therapy. We developed two new methods (DRIP-BC-seq, 4C-BC-seq) for identifying genes
regulating R-loops and chromatin loops, respectively. Additionally, we used the Hi-C method
to study the effect of the NDX gene on the spatial conformation of the genome in the model

plant Arabidopsis thaliana.

The results of our pharmacogenomic analyses suggest that R-loop formation processes in cancer
cells can be utilized as biomarkers, therapeutic targets, and for sensitizing certain tumors to
chemotherapy treatments. The uncovered correlations offer new pathways to epigenetic

therapies that are based on modifying the R-loop levels in tumors.

Using a barcoded yeast gene deletion library with a method we developed for identifying R-
loop regulating genes, named DRIP-BC-seq, we identified several new R-loop regulator genes.
Among the 11 genes selected for validation, five mutants - exoSA, pet20A, dss1A, mgmlA,
mss116A - which showed R-loop increase based on DRIP-BC-seq, also showed a significant
global increase in R-loop formation in terms of total DRIP-seq peak numbers. mRNA-seq
analysis showed a clear correlation between gene deletion and R-loop quantity differences for

three genes - MET7, DSS1, RPO41.

The 4C-BC-seq method developed to map chromatin conformation regulating genes is expected
to reveal previously unknown genes controlling to 3D genome conformation. Furthermore, if
there are common hits between DRIP-BC-seq and 4C-BC-seq, we may also get closer to

understanding the impact of R-loops on 3D chromatin structure regulation.

With the introduction of the Hi-C method into our lab, we had the opportunity to examine the
three-dimensional structure of the genome at the whole-genome level. Hi-C experiments on the
ndx1-4 mutant and wild-type Arabidopsis thaliana cells showed that NDX causes global
genomic architecture changes. Intrachromosomal contacts decrease in the absence of NDX,
while interchromosomal contacts generally increase. We found that NDX mediates distant

chromatin interactions through chromocenters and transcriptionally silent chromatin.
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