1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Viis Exp. Author manuscript; available in PMC 2022 January 22.

-, HHS Public Access
«

R-Loop Analysis by Dot-Blot

Prisila Ramirezl, Robert J. Crouch?, Vivian G. Cheungl:34, Christopher Grunseich®
1 Life Sciences Institute, University of Michigan, Ann Arbor

2 Eunice Kennedy Shriver National Institute of Child Health and Human Development, National
Institutes of Health

3 Department of Pediatrics, University of Michigan, Ann Arbor
4 Howard Hughes Medical Institute

5 Neurogenetics Branch, National Institute of Neurological Disorders and Stroke, National
Institutes of Health

Abstract

The three-stranded nucleic acid structure, R-loop, is increasingly recognized for its role in gene
regulation. Initially, R-loops were thought to be the by-products of transcription; but recent
findings of fewer R-loops in diseased cells made it clear that R-loops have functional roles in

a variety of human cells. Next, it is critical to understand the roles of R-loops and how cells
balance their abundance. A challenge in the field is the quantitation of R-loops since much of
the work relies on the S9.6 monoclonal antibody whose specificity for RNA-DNA hybrids has
been questioned. Here, we use dot-blots with the S9.6 antibody to quantify R-loops and show
the sensitivity and specificity of this assay with RNase H, RNase T1, and RNase Il that cleave
RNA-DNA hybrids, single-stranded RNA, and double-stranded RNA, respectively. This method is
highly reproducible, uses general laboratory equipment and reagents, and provides results within
two days. This assay can be used in research and clinical settings to quantify R-loops and assess
the effect of mutations in genes such as senataxin on R-loop abundance.

Introduction

This protocol provides a step-by-step guide to a dot-blot assay that allows a quick
comparative assessment of the abundance of R-loop, a three-stranded nucleic acid structure.
R-loop forms when RNA invades a double-stranded DNA to generate an RNA-DNA hybrid
and displaces the other DNA strand. R-loops are found in different stages of the lifecycle

of RNA. In the transcriptional complex, the nascent RNA is synthesized complementary to
the template DNA, and the non-template strand is displaced. The short RNA-DNA hybrid
(<10 bp) is resolved to free the nascent RNA so it can leave the RNA polymerase complex
through the exit channell:2. Outside of the transcriptional complex, the nascent RNA is close
to its DNA template, which is still slightly unwound from being copied, thus the RNA can
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rehybridize with its template DNA forming R-loops3. Additionally, R-loops can form when
replication and transcription complexes collide?, and in antisense transcription®. Given the
many opportunities for their formation, R-loops are not rare, and can be found in 3-5% of
the human genome®, depending on the cell’s transcription status. R-loops are found in gene
promoters’ and termination® sites in mMRNA, and along ribosomal RNAS as well as transfer
RNA?, R-loops are also in telomeric regions of chromosomes.

R-loops play a regulatory role. They regulate gene expression by affecting transcription

at promoters10-11 mediating class-switch recombinationl2, and facilitating CRISPR-based
genome editing!31415 Like many cellular events, R-loop abundance is tightly titrated; too
many or too few R-loops impact normal cell functionl6:17. R-loops are regulated by a variety

of proteins including RNase H, senataxin, and other helicases that unwind the RNA-DNA
hybrids!8:19.20.21,22,

To monitor the abundance of R-loops, genome-wide methods first enrich for R-loops with
the antibody $9.6823.24 or with other nucleases?® including RNase H10:26.27 and then assess
the number of enriched R-loops by sequencing. Early versions of these sequencing-based
methods did not achieve adequate sequence coverage to allow precise quantitation, but

rapid improvement in sequencing technologies now allows locus-by-locus R-loop analysis.
Immunofluorescence techniques have also been used to quantify and localize R-loops9-17.
These methods are comprehensive, but they are not practical in many clinical settings or as
initial assessments since they require expensive equipment and specialized analysis.

A procedure that can be done uniformly across laboratories in clinical settings is needed.
Dot-blots provide such an option since they can be carried out without any specific
equipment or computational analysis. As a preliminary step or in clinical settings to evaluate
the effects of mutations on R-loops, these dot-blots must provide sensitive and specific
results. Here, we describe our assay that identifies R-loops specifically; it excludes signals
from double-stranded (ds) DNA, double-stranded RNA, and single-stranded RNA. Our
protocol uses the $9.6 antibody?” to identify RNA-DNA hybrids in R-loops and incorporates
RNase H, an endoribonuclease that cleaves and therefore leads to the degradation of

the RNA in an RNA-DNA hybrid29:28, to ensure that the detected signals are those of
hybrids. We also incorporated RNase T1 that cleaves single-stranded RNA at guanine29:30,
and RNase 111 that cleaves double-stranded RNA including stem-loops31:32 to check for
nonspecific signals. The S9.6 antibody recognizes RNA-DNA hybrids of varying lengths,
even those that are only 8 nucleotides long33.

Here, we present the protocol that begins with nucleic acid isolation followed by dot-blot
preparation, and R-loop detection with S9.6 antibody. Our protocol includes steps to
ensure that equal amounts of samples are loaded, and the signals are specific. It provides
oligonucleotides to serve as positive and negative controls. This is a quick, easy, and
user-friendly method to assess R-loop abundance.
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Cell lysis for nuclear fractionation

Wash cells with 1x phosphate-buffered saline (PBS) twice. Remove cells from
tissue culture dishes using standard cell dissociation techniques such as trypsin.
Count cells using a hemocytometer.

NOTE: The steps described below were used for the analysis of primary human
skin fibroblasts, although an array of cell types can be assayed. Fibroblasts were
grown in basal media containing 10% fetal bovine serum. Alternatively, cell lysis
buffer (Table 1) can be added directly to the cell-culture after washing.

Transfer the cell suspension to a 1.5 mL tube to pellet the cells.
Centrifuge the sample at 300 x g for 5 min at 4 °C. Aspirate the media.
Wash twice with ice-cold 1x PBS using centrifugation settings in step 1.3.

Add cold cell lysis buffer (Table 1) to the cell pellet (300 pL per 2 x 10 cells).
Pipette up and down to resuspend the pellet.

Incubate on ice for 10 min.
Spin at 500 x g for 5 min to pellet the nuclei.

Discard supernatant and re-suspend the nuclear pellet in 400 pL of cold nuclear
lysis buffer (Table 1).

Incubate on ice for 10 min.

NOTE: Fractionation of the nuclear and cytoplasmic compartments of the cells
ensures signal specificity. The quality of nuclear and cytoplasmic separation can
be evaluated before proceeding (Table 2).

Add 3 pL of 20 mg/mL proteinase K and incubate for 3-5 h at 55 °C.

NOTE: Volumes indicated are for 2 x 108 cells, scale up or down as necessary.

Purification of genomic DNA (which includes RNA-DNA hybrids)

1

o o ~ W

If DNA is viscous, perform sonication to reduce viscosity (e.g., sonication at
high power output, 30 s ON/ 30 s OFF, for 2 min using a 4 °C water bath).

Add 400 pL of elution buffer (Table 1) and 400 pL of phenol:chloroform:isoamyl
alcohol (25:24:1 pH 8.0).

Vortex for 10 s.
Spin down at 12,000 x g for 5 min at 4 °C.
Transfer the aqueous phase (approximately 350 uL) to a new tube.

Extract once using 1 volume of chloroform, vortex for 10 s, then spin down
at 12,000 x gfor 5 min at 4 °C. Transfer the aqueous phase to a new tube
(approximately 300 pL).
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Add 35 pL of 3 M sodium acetate (pH 5.2), 1 uL glycogen and 700 uL of
ice-cold 100% ethanol.
Vortex for 10 s and spin down at 12,000 x g for 30 min at 4 °C.
Wash the pellet with 1 mL of 70% ethanol.
\ortex for 10 s and spin down at 12,000 x g for 15 min at 4 °C.
Discard the supernatant and let the pellet air dry.

Add 12 pL of elution buffer and vortex for 10 s to resuspend. Incubate the
sample for 30 min at 37 °C with agitation or at 4 °C overnight to re-suspend the
pellet.

Measure the DNA concentration using standard spectrophotometry.

NOTE: Volumes indicated are for 2 x 106 cells, scale up or down as necessary.
DNA (with RNA-DNA hybrids) may be stored at =20 °C, if needed.

3. Blotting DNA samples (which include RNA-DNA hybrids) onto nylon membranes

1

Prepare dilutions of nucleic acids to desired concentrations in elution buffer

(i.e., 50 ng/uL, 25 ng/uL, or 12.5 ng/uL). These samples with a range of
concentrations (200, 100, 50, 25, 12.5 ng) ensure that there will be signals within
the linear range.

NOTE: Be sure to prepare enough sample for technical and biological replicates,
and for the various RNase treatments, see Step 5.

Prepare a positively charged nylon membrane so that there is room for each 2 pL
sample to occupy a 0.5 cm2 area.

Spot 2 pL of each sample onto 2 membranes: one for the S9.6 antibody and the
other for dsDNA antibody. Alternatively, a dot-blot or slot-blot apparatus which
allows the loading of samples with larger volumes can be used.

Allow the samples to saturate into the membrane. Wait at least 2 min before
crosslinking the membrane with UV light.

Place the membrane into the center of the UV device and crosslink the
membrane using a UV crosslinker using the “Auto Crosslink” setting (1,200
uJ x 100).

4. RNA-DNA hybrid detection with S9.6 antibody

1

Incubate the membrane in blocking solution (5% milk in Tris-buffered saline
with 0.05% Tween-20 (TBST) for 1 h at room temperature on a shaker.

NOTE: There should enough blocking solution to cover the membrane.

Incubate the membranes overnight in primary antibody (in 5% milk in TBST)
at 4 °C with shaking. Add anti-dsDNA antibody (1:10,000 dilution) to one
membrane. Add 1pg/mL S9.6 antibody to the second membrane (1:1,000
dilution).
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NOTE: S9.6 antibody is available commercially or from Dr. S. Leppla, NIAID,
National Institutes of Health.

3. Remove primary antibody and wash 3x with TBST. Perform each wash for 5-10
min with shaking at room temperature.

4, Incubate with horseradish peroxidase (HRP) conjugated secondary antibody
(anti-mouse, 1:5,000 dilution) in 5% milk in TBST with shaking at room
temperature.

NOTE: Anti-dsDNA and anti-RNA-DNA hybrid are both mouse antibodies.

5. Remove the secondary antibody and wash 3x with TBST for 5-10 min with
shaking at room temperature.

6. Develop with enhanced-chemiluminescence (ECL) reagents to acquire signals
for imaging.
7. Quantify signal intensity using standard image processing tools such as ImageJ.

NOTE: Troubleshooting is detailed in Table 2.

5. Ribonuclease treatments to evaluate signal specificity

NOTE: RNase treatment should be performed on the nucleic acid samples to demonstrate
the specificity of S9.6 binding. Treatment with RNase H, but not RNase T1 or RNase Il
should result in a reduction in S9.6 immunostaining.

1 Digest the samples containing RNA-DNA hybrids by preparing them in four
separate tubes. Treat each of the 4 samples with either 5 U RNase H, 1000 U
RNase T1, 0.5 U RNase |11, or mock. Incubate samples at 37 °C for 15 min in 20
uL volumes.

2. Load 2 uL of each sample on a membrane as described in section 3.

6. Preparation of oligonucleotide controls to evaluate signal specificity

NOTE: Oligonucleotide controls can be used to demonstrate the specificity of S9.6 binding.
S9.6 recognizes RNA-DNA hybrids, but not dsSDNA or dsRNA controls, as has been
previously reported34.

1. Dissolve oligonucleotides (Table 3) in annealing buffer (10 mM Tris, pH 8.0; 50
mM NaCl, 1 mM EDTA) to 100 uM.

2. Prepare 4 reaction tubes for

1. RNA-DNA hybrid #1: Mix 10 uL of ssRNA top strand with 10 pL of
ssSDNA bottom strand and 80 pL of annealing buffer.

2. RNA-DNA hybrid #2: Mix 10 pL of ssDNA top strand with 10 pL of
sSRNA bottom strand and 80 uL of annealing buffer.

3. dsRNA: Mix 10 pL of ssRNA top strand with 10 pL of sSRNA bottom
strand and 80 pL of annealing buffer.
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4, dsDNA: Mix 10 uL of ssDNA top strand with 10 pL of ssDNA bottom
strand and 80 L of annealing buffer.
3. Heat the 4 mixtures from step 6.2 at 95 °C for 10 min.

4, Allow tubes to cool slowly to room temperature to allow reannealing of the
strands. Annealed standards can be stored at —20 °C for later use.

NOTE: Annealing efficiency should be checked by non-denaturing gel
electrophoresis. Duplexes migrate more slowly than the unannealed
oligonucleotides (Table 2).

5. Load 2 pL of each sample on 2 membranes, one for S9.6 antibody and one for
dsDNA antibody, as described in section 3.

6. Perform steps described in section 4.

7. Quantification and normalization of S9.6 R-loopsignal intensity using ImageJ.
1 Save images of S9.6, dsDNA staining in TIFF format, and analyze them using
the ImageJ software (https://imagej.nih.gov/ij/).
2. Select the image invert option (Edit | Invert). After inversion, each dot will be
visible as white against a dark background.

3. Use the oval image selection tool to select an oval that is large enough to
surround the largest dot on the image.

4, Use the ROI manager to add the selected area for quantification. Ensure that the
“Show All” and “L abels” options are selected so that the regions of interest can
be visualized.

5. Use the same oval selection area used during step 7.3 to add additional regions of

interest around each dot to be quantified. Use Command + Shift + E shortcut to
copy the selected area from step 7.3 to each of the subsequent dots.

6. Measure the integrated density of each of the regions of interest.

7. Divide the S9.6 signal intensity for each sample by the measurement of dsDNA
to obtain the S9.6/dsDNA signal ratio. Verify the results by repeating the
experiments (at least triplicates for both S9.6 and dsDNA signal acquisition).
Standard error of the mean can be calculated from the S9.6/dsDNA signal ratios.

Representative Results

Enzymatic treatment to evaluate the specificity of S9.6 (RNA-DNA) antibody.

Primary human skin fibroblasts were grownl’. DNA with RNA-DNA hybrids was isolated
and quantified. Two pg of the samples were digested with RNase T1, RNase H, or RNase 111
for 15 min at 37 °C. A mock sample was also analyzed for comparison to the RNase-treated
samples. Samples (200, 100, 50, 25, 12.5, or 6.25 ng) were blotted onto two different
membranes as described in section 3. The membranes were crosslinked, blocked and one of
them was probed with S9.6 antibody (Figure 1A).
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The results showed that the S9.6 signal correlates with the abundance of the loaded sample.
Treatment with RNase H, but not RNase T1 or RNase Il results in a reduction in S9.6
staining.

A second membrane was probed with a dsSDNA antibody (Figure 1B) for the normalization.
Image J was used to analyze the signal intensities. The 50 ng samples were selected for
quantification as the signal intensities from the $9.6 and dsDNA antibodies were within

the dynamic range. Signal intensities were normalized to those in mock samples. Data are
shown in Figure 2.

S9.6 antibody dot-blot using synthetic nucleotide controls.

To evaluate the specificity of the S9.6 antibody, we used oligonucleotides corresponding to
dsRNA, dsDNA, and RNA-DNA as described in section 6. A dilution series of RNA-DNA,
dsRNA, and dsDNA nucleotides were prepared and blotted onto the nylon membrane as
described in section 3. The membrane was probed with the S9.6 antibody (Figure 3). Results
showed that the S9.6 antibody binds specifically to RNA-DNA hybrids in a dose-dependent
manner and showed minimal cross-reactivity to dsSRNAs and dsDNAs.

Discussion

The 3-stranded nucleic acids, R-loops, form in different stages during the lifecycle of RNA
and are increasingly found to regulate cellular processes. To fully understand R-loops,
reliable techniques for R-loop detection are necessary. Here, we describe an approach to
interrogate the abundance of R-loops using $9.6 antibody8:23:24, This method allows for a
quick assessment of R-loop abundance from cells and tissue-culture samples. It does not
require special equipment, or a large quantity of starting material. It ensures specific and
reproducible results using a combination of RNase treatments.

Some have reported concerns about the specificity of the S9.6 antibody. As with any reagent,
there may be batch to batch variability with the S9.6 antibody. Our protocol includes RNase
H, RNase T1 and RNase Il1 to check signal specificity. In addition, we use synthetic
oligonucleotides to ensure the specificity of each batch of S9.6 antibody.

R-loop biology is a growing field; the development of reliable detection and quantification
methods, such as the one presented here, will facilitate mechanistic studies to elucidate when
R-loops form, how they are regulated, and what they regulate. With appropriate controls, this
dot-blot assay is a simple method to screen for R-loop abundance in clinical and research
settings.
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Figure 1: Specificity of S9.6 as shown by dot-blot loaded with nucleic acids from human

fibroblasts.

Nucleic acid samples from human fibroblasts were either mock treated or treated with
RNase T1, RNase H, or RNase Il and then loaded onto nylon membranes in a dilution
series of 200, 100, 50, 25, 12.5, and 6.25 ng per 2 uL dot. Membranes were then probed with
S9.6 antibody (A), or dsSDNA antibody (B).
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Figure 2: Quantification of S9.6 R-loop staining.

50 ng samples from Figure 1 were selected for quantification with ImageJ. S9.6 signal was
divided by dsDNA signal intensity, then normalized to the mock sample following the steps

outlined in section 7.
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Figure 3: S9.6 dot-blot using oligonucleotide controls.
S9.6 antibody dot-blot against a dilution series of synthetic oligonucleotides as dsSRNA,

dsDNA, or RNA-DNA hybrid. S9.6 binds specifically to RNA-DNA hybrids in a dose-
dependent manner.
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Materials

Name Company Catalog Number | Comments
Anti-dsDNA antibody Abcam ab27156
Anti-RNA-DNA hybrid antibody (S9.6) | Kerafast ENHO001
Biorupter sonicator Diagenode UCD-200
EB Buffer Qiagen 19086
EDTA (0.5M) Invitrogen AM9261
Hybond N+ nylon membrane GE healthcare Life Sciences | RPN203B
KCI (2M) Invitrogen AM9640G
NP-40 (Igepal CA-630) Sigma 18896
PBS Invitrogen 10010-023
Phenol:chloroform:isoamyl alcohol Invitrogen 15593031
PIPES (0.5M, pH 8.0) VWR AAJ61406-AE
Proteinase K Qiagen 19131
RNase 111 Invitrogen AM2290
RNase H New England Biolabs M0297
RNase T1 ThermoFisher Sci. EN0541
SDS (10%) Invitrogen 15553027
sodium acetate (3M, pH 5.2) Invitrogen AM9740
Tris-buffered saline (10X) Corning 46-012-CM
Tris-HCI (1M, pH 8.0) KD Medical RGF-3360
TrypLE Invitrogen 12605010
Tween-20 Sigma P9416
UV Stratalinker 2400 Stratagene Stratalinker 2400
Whatman marking pen Sigma WHA10499001
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