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Recognition of RNA by the S9.6 antibody creates
pervasive artifacts when imaging RNA:DNA hybrids

John A. Smolka®, Lionel A. Sanz, Stella R. Hartono, and Frédéric Chédin®

The $9.6 antibody is broadly used to detect RNA:DNA hybrids but has significant affinity for double-stranded RNA. The impact
of this off-target RNA binding activity has not been thoroughly investigated, especially in the context of immunofluorescence
microscopy. We report that $9.6 immunofluorescence signal observed in fixed human cells arises predominantly from
ribosomal RNA, not RNA:DNA hybrids. $9.6 staining was unchanged by pretreatment with the RNA:DNA hybrid-specific
nuclease RNase H1, despite verification in situ that $9.6 recognized RNA:DNA hybrids and that RNase H1 was active. $9.6
staining was, however, significantly sensitive to RNase T1, which specifically degrades RNA. Additional imaging and
biochemical data indicate that the prominent cytoplasmic and nucleolar $9.6 signal primarily derives from ribosomal RNA.
Importantly, genome-wide maps obtained by DNA sequencing after $9.6-mediated DNA:RNA immunoprecipitation (DRIP) are
RNase H1 sensitive and RNase T1 insensitive. Altogether, these data demonstrate that imaging using $9.6 is subject to
pervasive artifacts without pretreatments and controls that mitigate its promiscuous recognition of cellular RNAs.

Introduction

RNA:DNA hybrids have emerged as a biologically interesting and
potentially disease-relevant species of nucleic acid. In particular,
R-loops, RNA:DNA hybrids that form via hybridization of single-
stranded RNA (ssRNA) to a complementary strand of a DNA
duplex, displacing the other DNA strand into a single-stranded
state, have been proposed to cause DNA damage and regulate
various cellular processes (Aguilera and Garcia-Muse, 2012;
Chédin, 2016; Crossley et al., 2019). R-loop formation is thought
to be a primarily cotranscriptional phenomenon (Sanz et al.,
2016), and elevated R-loop levels have been invoked by many
studies as a link between transcription and genomic instability
(Hatchi et al., 2015; Huertas and Aguilera, 2003; Li and Manley,
2005; Nguyen et al., 2017; Paulsen et al., 2009; Stirling et al.,
2012). Much of the supporting evidence has relied on the use of
the S9.6 mouse monoclonal antibody. $9.6 was initially reported
to specifically recognize RNA:DNA hybrids (Boguslawski et al.,
1986) and has thus been widely used to isolate, sequence, mea-
sure, and image RNA:DNA hybrids in a variety of cell types from
a variety of organisms (Bayona-Feliu et al., 2017; El Hage et al.,
2014; Ginno et al., 2012; Skourti-Stathaki et al., 2011; Sorrells
et al., 2018; Xu et al., 2017; Zeller et al., 2016).

Since the initial report on S9.6 from Boguslawski et al. (1986),
subsequent studies have shown that S9.6 can also bind double-
stranded RNA (dsRNA; Hartono et al., 2018; Kinney et al., 1989)
with an affinity similar to its affinity for RNA:DNA hybrids

(Phillips et al., 2013). This has made the use of RNase H enzymes,
nucleases that specifically degrade the RNA strand of RNA:DNA
hybrids, critical in verifying the RNA:DNA hybrid dependence of
measurements made using S9.6-based assays (Vanoosthuyse,
2018). While RNase H pretreatments are routinely used as
negative controls in molecular S9.6-based methods like im-
munoprecipitations and dot blots, cellular imaging using S9.6 is
often reported without exogenous RNase H treatment (Choi
et al., 2018; Kabeche et al., 2018; Nguyen et al., 2018; Nguyen
et al., 2017; Shen et al., 2017; Skourti-Stathaki et al., 2014; Wang
et al., 2018). When RNase H controls are implemented, results
vary from study to study, with some studies reporting removal
of $9.6 immunofluorescence (IF) signal by exogenous RNase H
treatment and others finding RNase H-resistant signal (Barroso
et al., 2019; Hamperl et al., 2017; Silva et al., 2018; Sollier et al.,
2014; Wahba et al., 2013). Additionally, the $9.6 staining pattern
itself varies from study to study, often coincident with meth-
odological differences in fixation, permeabilization, and buffers
used to prepare and/or enzymatically treat cells before im-
munolabeling (De Magis et al., 2019; Hamperl et al., 2017
Marinello et al., 2013; Nguyen et al., 2017; Silva et al., 2018;
Skourti-Stathaki et al., 2014; Sollier et al., 2014). Lastly, although
a common goal of using S9.6 is to image R-loop structures in the
nucleus, prominent cytoplasmic $9.6 signal has been consis-
tently observed across studies. This signal is often unaddressed
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or attributed to R-loops arising from the mitochondrial genome
(Ginno et al., 2012) or RNA Polymerase III-dependent cytosolic
hybrids (Koo et al., 2015). However, conclusive experimental
evidence to establish the origin of this signal and its sensitivity
to exogenous RNase H treatment is lacking.

In this study, we established a protocol to test the RNA:DNA
hybrid and RNA dependence of S9.6 staining using structure-
specific nucleases to selectively and separably degrade RNA:
DNA hybrids and RNA. In addition, we implemented a positive
control for S9.6 staining and in situ RNase Hl activity using
synthetic Cy5-labeled RNA:DNA hybrids transfected into human
cells before imaging. Using this approach, we verified that ex-
ogenous RNA:DNA hybrids can be recognized by 9.6 and de-
graded by RNase HI in situ under methanol-fixed conditions.
However, we demonstrate that the endogenous structures la-
beled by S9.6 in normally cultured cells are resistant to pre-
treatments with RNase Hl. In contrast, S9.6 labeling was
significantly reduced by pretreatments with enzymes that spe-
cifically degrade ssRNA and, to a lesser extent, dsRNA. Lastly,
we provide evidence that the off-target RNAs labeled by S9.6 are
primarily ribosomal RNAs (rRNAs). Thus, we conclude that
images obtained through IF microscopy using the S9.6 antibody
are vulnerable to artifactual signal that reflects cellular RNA
content, particularly rRNA abundance, not RNA:DNA hybrids.

Results and discussion
RNA constitutes the majority of the $9.6 IF signal in the
cytoplasm and nucleus of human cells
Using human U20S cells fixed with methanol, the most commonly
used fixative for §9.6 staining, 59.6 IF signal was observed in both
the nucleus and the cytoplasm (Fig. 1 A). Nuclear staining was
predominantly nucleolar in morphology and localization. These
staining patterns are congruent with multiple previous reports (Choi
et al., 2018; Shen et al., 2017; Silva et al., 2018; Skourti-Stathaki and
Proudfoot, 2014; Sollier et al., 2014; Sridhara et al., 2017) and have
been explained by claims that ribosomal DNA is a hot spot for R-loop
formation in the nucleus (El Hage et al., 2010) and that mitochon-
drial genomes in the cytoplasm contain R-loops (Holt, 2019). To
determine if the cytoplasmic S9.6 signal derives from mitochondria,
we labeled mitochondria before fixation using the vital dye Mito-
Tracker Deep Red FM and assessed the degree of colocalization with
S9.6. Cytoplasmic S9.6 staining had a distribution qualitatively more
similar to HSP27, which labels the entire cell body, than to mito-
chondria (Fig. 1 B), and $9.6 IF signal did not show enrichment in or
correlation with mitochondrial territories (Fig. 1 C). These ob-
servations agree with prior work in human cells grown under
standard conditions (Silva et al., 2018) and indicate that mitochon-
dria are not the source of the majority of cytoplasmic S9.6 staining.
Furthermore, these data demonstrate that S9.6 detects an abundance
of extramitochondrial structures throughout the cytoplasm.
Informed by previous reports showing that §9.6 can recog-
nize dsRNA in vitro, we hypothesized that various species of
cellular RNA in fixed cells may be the source of cytoplasmic S9.6
signal, and possibly nuclear signal as well. To test this hypoth-
esis, we identified ribonucleases that could robustly degrade
RNA without degrading RNA:DNA hybrids. Under a magnesium-
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supplemented condition, which is necessary for RNase H activity
(Hyjek et al., 2019), we verified that commercial RNase T1 and
RNase III enzymes were capable of specifically and efficiently
degrading ssRNA and dsRNA substrates (Fig. S1 A). Importantly,
under the same condition, these enzymes had negligible activity
on RNA:DNA hybrid substrates (Fig. S1, A and B), and full-length,
recombinantly purified human RNase H1 (Loomis et al., 2014)
efficiently digested the RNA strand of the RNA:DNA hybrid
substrate (Fig. S1 B). However, RNase A degraded RNA:DNA
hybrids within 1 h at room temperature (Fig. S1 C), indicating it
was not a suitable enzyme to use for specific degradation of RNA.
Additionally, ShortCut RNase III degraded RNA:DNA hybrids in
the presence of manganese (Fig. S1 D), indicating that the man-
ganese supplementation recommended by New England Biolabs
for ShortCut RNase III treatments could not be used.

We tested the effects of validated enzymes in situ on S9.6
staining by subjecting fixed samples to mock or enzymatic treat-
ments before immunolabeling under the same conditions vali-
dated by the in vitro tests above. As expected, mock-treated
methanol-fixed cells stained with S9.6 showed a primarily pan-
cytoplasmic and nucleolar staining pattern (Fig. 2 A). The average
nuclear S9.6 intensity was 35.4% of the average total cellular in-
tensity (Fig. 2 B), indicating that cytoplasmic signal was the pre-
dominant constituent of the total cellular S9.6 signal. Pretreatment
with RNase H1 did not have a significant effect on 59.6 staining in
the cytoplasm or the nucleus (Fig. 2, A and B). Pretreatment with
RNase IIT had minimal effect on total cellular signal (9.6% reduc-
tion, P value: 0.17) concomitant with a minor but significant effect
on nuclear signal (20.1% reduction, P value: 0.002; Fig. 2 B). In
comparison, pretreatment with RNase TI led to a significantly
larger decrease in both nuclear and cytoplasmic S9.6 staining
(Fig. 2 A), reducing total cellular 9.6 staining by 58.9% (P value:
9.4e-12; Fig. 2 B). Notably, RNase T1 treatment reduced average
nuclear IF signal by 62.7% (P value: 8.9e-15) and led to a loss of
nucleolar staining (Fig. 2, A and B). These effects were consistent
across biological replicates and also observed in HeLa cells (Fig. S2,
A and B). Since it was previously reported that 9.6 labeling of
cells may be limited by formaldehyde fixation (Skourti-Stathaki
et al, 2014), we also imaged formaldehyde-fixed U20S cells.
Application of $9.6 IF and RNase Tl and III pretreatments to
formaldehyde-fixed cells largely recapitulated findings using
methanol-fixed cells, indicating that formaldehyde fixation does
not significantly alter the nature of $9.6 staining (Fig. S2, C and D).

We note that residual S9.6 signal was consistently observed
after combined RNase T1 and RNase III treatment (Fig. S2 E).
This signal could correspond to RNase T1- and RNase III-
resistant RNAs owing to inherent limitations in the enzymes’
abilities to fully degrade all RNA species, or accessibility to these
RNAs in the context of fixed cells. We note that RNase Tl is an
endonuclease that specifically cleaves ssRNA at guanine resi-
dues, and that RNase III efficiently fragments dsRNA rather than
hydrolyzing it completely (Fig. S1 A). Regardless, addition of
RNase H to the combined RNase T1/RNase III treatment did
not further reduce S9.6 signal (Fig. S2 E). This suggests that
genuine RNA:DNA hybrid signal could not be identified cyto-
logically in normally cultured human cells even after removal of
cellular RNAs by RNase T1 and RNase III. Taken together, these
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Figure 1. Comparison of the cytological distributions of mitochondria and $9.6 signal in human cells. (A) A single plane confocal IF image of methanol-
fixed U20S cells stained with $9.6 (green). (B) Maximum intensity projection of U20S cells labeled with MitoTracker Deep Red FM (magenta) and stained with
S9.6 (green) and anti-HSP27 (white). (C) Line scan plotting the intensity values for 9.6 and MitoTracker Deep Red FM in cells from the maximum intensity

projection in B. Scale bar of 10 pm is indicated in A and B.

observations support that the majority of S9.6 signal in
methanol-fixed and formaldehyde-fixed cells, in both the nu-
cleus and the cytoplasm, stems from the binding of S9.6 to RNA,
not RNA:DNA hybrids.

The S9.6 antibody can detect transfected RNA:DNA hybrids
that are degraded by treatment with exogenous RNase H1

in situ

Given the negative results obtained above when testing for the
RNA:DNA hybrid dependence of S9.6 IF signal, we sought a
positive control for detection of RNA:DNA hybrids by S9.6 and
degradation of RNA:DNA hybrids by RNase H1 in situ. Using 54-
bp RNA:DNA hybrids that were fluorescently labeled with a 5'-
Cy5 modification on the DNA strand, we transfected U20S cells
before fixation and again subjected samples to mock or RNase H1
treatments after fixation and before immunolabeling (Fig. 3 A).
After lipofection with Cy5-labeled RNA:DNA hybrids, Cy5 foci
were observed in and/or on the cell body of fixed cells (Fig. 3 B).
Consistent with prior results (Rigby et al., 2014), Cy5 foci reg-
ularly appeared to be in endosomal-like compartments that
excluded HSP27 (Fig. 3 B, inset), suggesting transfected hybrids
had been internalized. Staining with S9.6 revealed prominent
$9.6 foci that overlapped CyS5 foci (Fig. 3, B and C). As expected,
there was also pancytoplasmic and nucleolar S9.6 IF signal that
was independent of the focal Cy5 signal (Fig. 3, B and C).
Transfection with unhybridized, single-stranded Cy5-labeled
DNA oligos produced Cy5 foci with no accompanying S9.6 foci
(Fig. S2 F), further supporting that the $9.6 foci arising from
transfection with hybridized oligos were RNA:DNA hybrid de-
pendent. These observations support that exogenous hybrids
can be used in situ as a positive control for $§9.6 immunolabeling.
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To verify that exogenous RNase Hl treatment could effec-
tively degrade hybrids in situ after methanol fixation, we com-
pared the overlapping S9.6 intensities of individual Cy5 foci in
transfected cells that were mock- and RNase Hi-treated (Fig. 3,
C and D). RNase HI treatment reduced the average Cy5 focus-
associated $9.6 signal by 69.7% (P value: 4e-26; Fig. 3 D), while
the Cy5-independent cytoplasmic and nuclear signal persisted.
This observation demonstrates that RNase HI is active under
these conditions and capable of efficiently degrading RNA:DNA
hybrids in situ. Additionally, Cy5-associated S9.6 foci persisted
after treatment with a combination of RNases T1 and III, while
the Cy5-independent cytoplasmic and nuclear signal was qual-
itatively reduced (Fig. S2 F), further supporting that RNases T1
and III selectively degrade RNA that is detected by $9.6. Alto-
gether, these results confirm that S9.6 can detect bona fide RNA:
DNA hybrids in fixed cellular environments and that RNase H1
can degrade these substrates after fixation. This indicates that
the S9.6 IF signal observed using normally cultured human cells
is resistant to RNase HI treatments not because of insufficiencies
in RNase HI treatment but because S9.6 is predominantly la-
beling RNase T1- and RNase III-sensitive RNA species.

RNA species detected in situ by $9.6 correspond primarily

to rRNAs

We next sought to identify the cellular RNA species that are
recognized by S9.6 in situ. We first hypothesized that these
could correspond to structured pre-mRNAs and/or mRNA mol-
ecules. To test this hypothesis, we treated cells with the splicing
inhibitor Pladienolide B (PladB) to trigger the formation of
pre-mRNA-rich nuclear splicing speckles (Kotake et al., 2007).
As expected, HeLa cells treated with PladB for 4 h showed
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Figure 2. Application of RNA- and RNA:DNA hybrid-specific nuclease pretreatments in $9.6 IF. (A) Representative images of single planes of U20S cells that
were mock-treated or pretreated with RNase H1, RNase Ill, and RNase T1 for 1 h at room temperature before $9.6 staining. Scale bar, 10 pm. (B) Quantification of

whole-cell and nuclear mean 59.6 intensities for individual cells that were mock-

or enzyme-treated. Boxplots represent combined data from two biological rep-

licates (n indicates the number of cells quantified), and P values were determined by a Wilcoxon Mann-Whitney test. *, P < 0.005; ***, P < 1e.10-10.

prominent nuclear speckles, visualized through the U2 spliceo-
some component SF3B4 (Fig. 4 A). Costaining of PladB-treated
cells with S9.6 showed that these nuclear speckles were not la-
beled by S9.6 despite being an RNA-rich environment, while
nucleoli remained prominent S9.6 targets. Given this observation,
we next hypothesized that S9.6 may recognize rRNAs, which are
abundantly produced in nucleoli and broadly localized throughout
the cytoplasm. To test this, we used the Y10b antibody, which was
raised against the 5.8S rRNA, a component of the 60S ribosome, to
compare the distribution of rRNA and S9.6 staining. Consistent
with prior observations (Gallouzi et al., 2000; Zhu et al., 2008),
Y10b showed widespread cytoplasmic distribution accompanied
by prominent nucleolar and faint nuclear signals (Fig. 4 B, left),
recapitulating the cellular localization of S9.6. This overlap in
staining patterns is unlikely to be due to inappropriate binding of
RNA:DNA hybrids by Y10b, as evidenced by oligonucleotide gel
shift assays showing little to no binding of RNA:DNA hybrids
under conditions where S9.6 fully saturated the same substrate
(Fig. S3 A). Costaining with mouse Y10b and an engineered rabbit
S9.6 revealed a high degree of colocalization that was indistin-
guishable from that observed between mouse and rabbit S9.6
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(Figs. 4 B and S3 B). Lastly, pretreatment of methanol-fixed cells
with RNase T1, RNase III, and RNase Hl further confirmed that
Y10b signal was highly RNase T1 sensitive, as expected, and in-
sensitive to RNase III and RNase H1, mirroring the observations
made with $9.6 (Figs. 4 C and S3 C).

To biochemically determine if S9.6 binds to rRNAs in the
context of assembled ribosomal particles, we used highly puri-
fied human 40S and 60S ribosomal complexes (a kind gift from
Dr. Christopher Fraser, University of California, Davis, Davis,
CA) in native gel shift assays at 100 nM concentrations. $9.6
shifted both 40S and 60S complexes at 1:1 molar stoichiometries
(Fig. 4 D), suggesting an affinity for native ribosomes in the
nanomolar range. Furthermore, ribosomal subunits displayed
increasing shifts in mobility with increasing S9.6 concen-
trations, indicating that 59.6 possesses multiple epitopes on each
ribosome subunit (Fig. 4 D). By contrast, Y10b showed little to no
binding to 40S complexes, as expected, and shifted 60S com-
plexes, but to a lesser extent than S9.6 even under saturating
concentrations. This indicates that, unlike $9.6, Y10b possesses
fewer accessible binding sites on the 60S particles, likely leading
to less pronounced gel shifts. Overall, these in vitro experiments,
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Figure 3. Assessment of the RNA:DNA hybrid dependence and RNase H sensitivity of $9.6 IF using synthetic RNA:DNA hybrid transfections.
(A) Schematic of the RNA:DNA hybrid transfection strategy used as a positive control for in situ S9.6 staining and RNase H1 enzymatic activity. (B) Repre-
sentative single plane image showing transfected U20S cells containing Cy5-labeled RNA:DNA hybrids (red) that colocalize with S9.6 (green). Scale bars
representing 10 um and 1 um (magnified inset, right) are indicated. (C) Representative single plane images of mock- and RNase H1-treated transfected cells
(scale bar, 10 um). (D) Quantification of the mean $9.6 intensities of individual Cy5 foci in mock- and RNase H1-treated cells. Plots represent combined data from
two biological replicates (n indicates the number of particles measured), and P values were determined by a Wilcoxon Mann-Whitney test. ***, P < 1.10-15.

along with observations made in situ, establish that §9.6 can
directly and preferentially recognize rRNAs.

Sonication DNA:RNA immunoprecipitation (DRIP) sequencing
(sDRIP-seq) permits high-resolution, strand-specific R-loop
mapping without interference from potential RNA
contamination

The affinity of S9.6 for cellular RNAs has the potential to com-
promise the results of approaches other than IF microscopy. We
previously showed that DRIP-based methods for which sequenc-
ing libraries are built from RNA, such as DRIP followed by cDNA
sequencing (Sanz et al., 2016) or RNA:DNA immunoprecipitation
followed by cDNA sequencing (Nojima et al.,, 2018), can suffer
from significant caveats due to RNA binding by $9.6 (Chédin
et al., 2021; Hartono et al., 2018). To circumvent this problem,
we developed a new DRIP-based methodology that enables high-
resolution, strand-specific R-loop mapping but for which

Smolka et al.
Recognition of ribosomal RNAs by S9.6

sequencing libraries are built from immunoprecipitated DNA
material, significantly lessening concerns regarding RNA con-
tamination. The technique relies on an initial sonication step to
fragment the genome, which permits higher-resolution map-
ping. Sonication also results in the breakage of the displaced
single strand of R-loops, producing two-stranded RNA:DNA hy-
brids. Sequencing libraries are then built off the DNA strand of
these hybrids in a stranded manner. To validate that sDRIP-seq
maps are derived from genuine RNA:DNA hybrids, we subjected
the sonicated materials to pretreatment with RNase Hl. In par-
allel, we also performed RNase T1, RNase III, and combined
RNase T1/III pretreatments to test the potential impacts of con-
taminating RNA. sDRIP-seq genome-wide maps obtained from
human NTERA-2 cells showed predominantly genic, strand-
specific signals associated with the direction of transcription
(Fig. 5 A), consistent with prior R-loop mapping in this cell line
(Sanz et al., 2016). Additionally, sDRIP-seq signal was nearly
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Figure 4. Cytological evaluation and biochemical assay of ribosomal RNA binding by $9.6. (A) Representative image of Hela cells treated with 100 pM
PladB for 4 h to induce the formation of splicing speckles. Splicing speckles were revealed using an antibody targeting SF3B4, a component of the U2
spliceosome (red). Cells were costained with S9.6 (green). The inset highlights a representative cell with clearly demarcated SF3B4 and S9.6 signals.
(B) Representative image of Hela cells stained with the anti-rRNA antibody Y10b (green, left panel). Cells were costained with an engineered rabbit $9.6
antibody (red, middle panel). A merged image with DAPI staining is shown at right. Scale bar, 10 um for A and B. (C) Quantification of whole cell mean Y10b
intensities for individual cells that were mock- or enzyme-treated. Boxplots represent combined data from two biological replicates (n indicates the number of
cells quantified). (D) Native gel shift assays using purified human 405 (left) and 60S (right) ribosomes. Purified ribosomes (100 nM) were incubated for 10 min
with increasing concentrations of $9.6 and Y10b, subjected to gel electrophoresis, and visualized with ethidium bromide staining. Red lines mark the ap-

proximated center of each band.

abrogated by RNase Hl treatment, supporting that sDRIP re-
covers genuine transcription-dependent RNA:DNA hybrids.
Genome-wide correlation analysis showed that samples pre-
treated with RNase T1, RNase III, or a combination of the two
enzymes were highly correlated (average correlations of 20.8)
with the mock-treated control (Fig. 5 B). By contrast, RNase H1
treatment, and the associated loss of sDRIP signal, significantly
reduced the average correlation (P value: 0.0009). These trends
were further reflected in aggregate analyses of sDRIP signal over
known R-loop hot spots such as transcription start sites, gene
bodies, and transcription termination sites of human genes.
These regions showed stereotypical enrichments and profiles
that were not altered significantly by pretreatments with RNase
T1 and/or RNase III but were lost with RNase H1 pretreatment
(Fig. 5 C). In summary, sDRIP-seq permits strand-specific map-
ping of R-loops at high resolution in a manner that circumvents
issues caused by the affinity of $9.6 for cellular RNAs.

In conclusion, we find that images obtained through IF mi-
croscopy using the S9.6 antibody predominantly reflect cellular
RNA content in normally cultured human cells, not RNA:DNA
hybrids. These findings are consistent with evidence that the
$9.6 antibody has significant affinity for dsRNA (Hartono et al.,
2018; Phillips et al., 2013) and therefore is not strictly RNA:DNA
hybrid specific. However, our data suggest that the affinity of
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S9.6 for RNA does not apply uniformly across all RNA species.
Unlike nucleoli, nuclear splicing speckles enriched for pre-
mRNAs are not appreciably labeled by S9.6. Instead, we ob-
serve that 59.6 has a strong affinity for rRNAs and produces
predominantly cytoplasmic and nucleolar IF signals highly
concordant with the anti-rRNA antibody Y10b. While this work
used normally cultured, unperturbed human cells, an array of
gene perturbations and drug treatments have been reported to
cause altered R-loop or RNA:DNA hybrid metabolism at least in
part on the basis of changes in S9.6 IF staining patterns or in-
tensity (Abakir et al., 2020; Bhatia et al., 2014; De Magis et al.,
2019; Hodroj et al., 2017; Marinello et al., 2013; Mersaoui et al.,
2019; Nguyen et al., 2018; Nguyen et al., 2017; Sollier et al., 2014).
Many of the genes that have been ascribed roles in R-loop reg-
ulation participate in diverse RNA metabolic processes like
transcription, RNA splicing, RNA processing, and RNA export
(Paulsen et al., 2009). Alterations in RNA metabolism have the
potential to impact the overall levels or subcellular distribution
of various RNA species, including rRNAs. Ribosome pools are
subject to tight regulation in response to various cellular
stresses, leading to rapid modulation of nucleolar transcription,
rRNA processing, and rRNA modifications (Yang et al., 2018).
Such responses, in turn, regulate nuclear RNA import/export
pathways, cell cycle and DNA repair mechanisms, as well as

Journal of Cell Biology
https://doi.org/10.1083/jcb.202004079

920z Arenuged 60 U0 3senb Aq 4pd 6.0%0020Z Al/EYL£28L/6.0¥002029/9/02Z/4Ppd-8[01e/qol/B10"sseidnu//:dny woy papeojumog

6 of 11


https://doi.org/10.1083/jcb.202004079

w

chr19:49,930,000-50,230,000 100 ks .
T2 Mock| « 1.0
)
" A P WU a Ab ey
25 +RNase T1| E
55 N a4 Ak .4 s Sl 8
SDRIP (+) +RNase lll| =
™ A 4 ad F e § .
25 +RNase T1 +Ill| =
" A AN A iack P 4
. +RNase H| ¢
§e]
T 06
RPL13A+8 FCGRTIH PRRG2+H--H SCAFT v~ ADM5 % —
ALDH16ATI-Hii#4H  RPST1IH RCN3 b PRR12t PRMTT M o
UCSsSC FLT3LG Hibtt BCL2L124HA CPT1C h-t-it-HH 5
Genes | " oulaemr T T T NoSPke T T T T T RRASWA  RF3Wm O
PIH1D1 B4l S
[15 9 04
J Mock 8
FYy
15 +RNase T1| &
15 —
sDRIP (-) J +RNase lll *%% p < 0.0005 Mock
_ad *% p<0.001
15 *RNase T1 + I * p<ooos A1
N y |
i3 +RNase H Ry
ETi+1
C s B Mock Promoter Gene body Terminal
§ = T1+lll
IS T
0 _ 64 =l
a3 = H1
o R
D =
BE ¢ M
o X 47
g
2
<
2
: (RNase H1) (RNase H1) ! (RNase H1)
—~f —
T U I T I 1 I T I 1 I T I U I
-5.0 -2.5 0.0 2.5 50 0 25 50 75 100-5.0 -2.5 0.0 2.5 5.0
kb from TSS % genebody kb from TTS

Figure 5. Evaluation of the RNase sensitivity of sDRIP-seq. (A) Genome browser tracks of a representative region of the human genome showing plus and
minus strand sDRIP-seq signal obtained from mock-, RNase Ill-, RNase T1-, T1 and lll-, and RNase H1-treated DRIP samples. (B) Boxplots showing the mean
Pearson’s correlations of sDRIP-seq signal between mock- and enzyme-treated samples. Correlation values were calculated from data from two replicates for
each condition, and P values were determined by a Wilcoxon Mann-Whitney test. (C) Metaplots of sDRIP-seq signal over the transcription start site (TSS), gene
body, and transcription termination site (TTS) of genes with RNA expression levels in the top 10% of expressed genes for mock- and enzyme-treated samples.
For the TSS and TTS, the signal was plotted over a £5-kb region. For gene bodies, the signal is shown as a percentile plot. Metaplots represent data from two
replicates for each condition. Lines represent trimmed means, and accompanying shaded areas represent SEM.

growth rates (Lindstrém et al.,, 2018; Németh and Grummit,
2018). Any perturbation leading to nucleolar stress may there-
fore alter rRNA loads or distributions, which in turn could
artifactually affect S9.6 staining due to the cross-reactivity of the
antibody with rRNAs. We suggest that, where warranted, the
controls outlined in this study should be used to validate pre-
vious observations made using S9.6 IF. It will be important to
understand if and how various changes in R-loop abundance
reported through S9.6 IF assays are influenced by changes in the
production and distribution of rRNAs.

Lower cytoplasmic S9.6 staining and differences in the dis-
tribution of nuclear S9.6 signal have been reported by some
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studies (De Magis et al., 2019; Nguyen et al., 2018; Nguyen et al.,
2017; Ross et al.,, 2020), differing from the observations made
here. These differences can potentially be attributed to the use of
various pre-extractions and washing steps before immunolab-
eling that may reduce the amounts of cellular RNAs. We chose
not to employ these strategies, opting to comprehensively
characterize the in situ reactivity of S9.6 in a manner unbiased
by the introduction of these additional variables. Regardless of
differences in sample preparation, the off-target binding of
RNA, particularly rRNA, appears to be an inherent biochemical
property of the $9.6 antibody that must be specifically controlled
for. We recommend using exogenous RNase H treatments, along
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with synthetic RNA:DNA hybrid transfections and RNA-specific
nucleases, to verify both the efficacy of RNase H treatment and
the specificity of $9.6 in situ. Additionally, imaging approaches
may not be the only assays vulnerable to the affinity of S9.6 for
RNA. We verified here that the mapping of R-loops in human
cells using sDRIP-seq is not significantly affected by off-target
recognition of RNA by S9.6. When sequencing libraries are built
from DNA, not RNA, such as in DRIP-seq (Ginno et al., 2012),
sDRIP-seq (this study), or the highly related quantitative DRIP
methodology (Crossley et al., 2020), the ability of RNA to con-
tribute off-target signal is essentially eliminated. However,
when sequencing libraries are built from RNA, significant cav-
eats can exist (Chédin et al., 2021). We suggest that, when pos-
sible, sequencing strategies that query R-loops through the DNA
moieties of RNA:DNA hybrids, rather than RNA, should be fa-
vored. The method described here, sDRIP-seq, is ideal and per-
mits high-resolution, strand-specific R-loop mapping. In all
cases, stringent controls to ensure the resulting maps are sen-
sitive to RNase H should be included. Coimmunoprecipitations
using S9.6 to assay RNA:DNA hybrid-protein interactions may
also be susceptible to isolating RNA-mediated interactions. An
S9.6-based proteomic screen aimed at immunopurifying RNA:
DNA hybrid-associated proteins overwhelmingly identified
RNA-binding proteins, including >100 factors involved in ribo-
some biogenesis, rRNA modification, and rRNA processing
(Cristini et al., 2018). While further biochemical characteriza-
tion may show that these candidates are capable of directly
recognizing RNA:DNA hybrids and/or R-loops, these results are
also congruent with off-target recognition of rRNA by S9.6.

Ultimately, to mitigate the ability of RNA to interfere with S9.6-
based approaches, degradation of cellular RNAs is critical. Using a
standard enzyme like RNase A is an intuitive solution. However, we
find that the RNA:DNA hybrid-degrading activity of RNase A makes
use of the enzyme a suboptimal and unreliable control. While the
use of RNase III rather than RNase A is an ideal way to specifically
degrade dsRNA, we find that RNase III alone does not degrade a
large portion of the RNAs that S9.6 can recognize in the context of
imaging. Thus, to specifically and maximally degrade RNA while
preserving RNA:DNA hybrids, we recommend systematic use of
RNase III and RNase T1 treatments, as RNase T1 appears to specif-
ically degrade a large portion of cellular RNAs that RNase III cannot.
These pretreatments, coupled with RNase H controls, should help
investigators use S9.6 in a thoroughly controlled manner that can
account for the capacity of S9.6 to recognize RNA. We hope that the
observations and controls established in this study can help ensure
robust and accurate insights into RNA:DNA hybrid metabolism
through informed use of the S9.6 antibody.

Materials and methods

Cell culture

U20S and Hela cells were obtained from American Type Cul-
ture Collection and grown in high-glucose DMEM supplemented
with 10% FBS and 1% penicillin/streptomycin. Samples were
seeded with cells at equal densities 1-2 d before experiments and
were grown to ~40-60% confluence. Cells were regularly tested
and verified to be negative for mycoplasma before experiments.
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Fixation and labeling for IF

All cell culture samples were grown, fixed, permeabilized, washed,
enzymatically treated, immunostained, and imaged in 35-mm
glass-bottom poly-p-lysine-coated dishes (P35GC-1.5-14-C; Mat-
Tek) using 2-ml volumes of medium and buffer solutions, unless
indicated otherwise. All steps for fixation and IF were performed at
room temperature, unless indicated otherwise. For methanol fix-
ation, cells were fixed with 2 ml of ice-cold, 100% methanol for
10 min at -20°C. Cells were then washed once with PBS before
subsequent preparation steps for IF. Permeabilization steps were
unnecessary and omitted for methanol-fixed samples. For form-
aldehyde fixation, cells were fixed in freshly prepared 1% formal-
dehyde in PBS for 10 min. Fixation solutions were quenched with
the addition of 200 pl PBS with 1 M glycine. Formaldehyde-fixed
samples were washed once with PBS and then incubated in per-
meabilization buffer (PBS with 0.1% Triton X-100) for 10 min. For
both methanol- and formaldehyde-fixed samples, samples were
then incubated in staining buffer (TBST with 0.1% BSA [A9647-
50G; Sigma-Aldrich]) for 10 min with rocking. Enzymatic treat-
ments were done in staining buffer supplemented with 3 mM
magnesium chloride with 1:200 dilutions of RNase T1 (ENO541;
Thermo Fisher Scientific), ShortCut RNase III (M0245S; New
England Biolabs), and/or recombinantly purified human RNase H1
(Loomis et al., 2014) and incubated with rocking for 1 h. Samples
were subsequently washed by incubating with staining buffer for
10 min with rocking. For primary immunolabeling, samples were
incubated in staining buffer with 1:1,000 dilutions of mouse S9.6
(purified from the HB-8730 hybridoma cell line), rabbit anti-HSP27
(06-478; Millipore) for cell body labeling, and/or rabbit anti-SF3B4
(sc365570; Santa Cruz; 1:200 dilution) for labeling splicing speck-
les. When indicated, an engineered rabbit $9.6 antibody (Ab01137-
23; Absolute Antibody) and/or the mouse anti 5.85 rRNA Y10b
antibody (NB100-662; Novus Biologicals) was used for staining at 1:
1,000 dilutions. In all cases, primary antibodies were incubated for
a minimum of 1 h at room temperature or overnight at 4°C with
rocking. Samples were then washed once with staining buffer and
incubated with 1:2,000 dilutions of secondary anti-mouse Alexa
Fluor 488 conjugate (A28175; Invitrogen) and/or anti-rabbit Alexa
Fluor 594 conjugate (A11037; Life Technologies) in the same man-
ner as for the primary antibody incubation, with samples kept
concealed from light from this step onward. Samples were then
incubated with a 2.5 pg/ml DAPI dilution in staining buffer for
1-2 min and washed in TBST for 10 min with rocking before being
stored in PBS at 4°C until imaging. Samples were imaged in PBS. To
label mitochondria, live cells were stained with 500 nM Mito-
Tracker Deep Red FM (Thermo Fisher Scientific) in complete
medium for 15 min at 37°C and then incubated in MitoTracker-free
complete medium for 15 min before fixation. For each experiment,
all samples were prepared, treated, and stained in parallel from one
master enzyme, antibody, and/or dye dilution to ensure uniform
treatment and staining efficiencies.

Oligonucleotide preparation and transfection

Oligos were synthesized and HPLC-purified by Integrated DNA
Technologies. Lyophilized DNA and RNA oligos were resuspended
in autoclaved nanopure water to make 100 pM stocks. To prepare
substrates for enzymatic tests and transfections, DNA and/or RNA
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oligos were annealed in TBST at 10 uM concentrations by heating
to 95°C for 3 min and then cooling to room temperature. Trans-
fections were performed using Lipofectamine 2000 (Thermo
Fisher Scientific) at a 1:50 dilution in 200 pl of Opti-MEM (Gibco)
with a 1:100 dilution of RNA:DNA hybrids. The lipofectamine/
RNA:DNA hybrid mix was then added dropwise to cells in 2 ml
complete medium. Transfections were performed for 3 h, and cells
were washed once with warm complete medium and incubated
for an additional 6 h before fixation. The following oligonucleotide
sequence, along with its complement and cognate RNA sequences,
was used to design all nucleic acid substrates used: 5'-AGCTAT
AGTGACTGACGTTATCATGATGCTAGAGTCTCGATCGATAGT
GTAGCT-3'.

Imaging and image analysis

Fixed cell imaging was performed using the spinning-disk
module of an inverted objective fluorescence microscope (Ma-
rianas spinning-disk confocal real-time 3D confocal total inter-
nal reflection microscope; Intelligent Imaging Innovations) with
a 63x or 100x objective. Image acquisition was done using Sli-
deBook software (3i). For each experiment, all conditions were
imaged in parallel, with identical exposure times and laser set-
tings. Images were analyzed and quantified using ImageJ/Fiji
programs, and statistics and data visualization were done using
RStudio. P values were determined by a Wilcoxon Mann-
Whitney test with the R wilcox.test() function. Whole-cell and
nuclear mean S9.6 intensities were determined from a single
plane for individual images. Whole-cell and nuclear regions
were defined by thresholding or manual tracing using HSP27
and DAP], respectively. For quantification of Cy5-associated S9.6
mean intensities, the Cy5 channel of each analyzed single-plane
image was manually thresholded to generate a binary image.
Analyze particles was applied to convert binary Cy5 images into
regions of interest used to quantify the S9.6 intensities of Cy5-
occupied regions of an image. Each region of interest was de-
fined as an individual Cy5 particle.

Enzyme validation and gel electrophoresis

Single- and double-stranded oligonucleotide substrates were
diluted in TBST with 0.1% BSA and 3 mM magnesium chloride to
1 uM final concentrations. Previously mentioned enzymes and
RNase A (EN0531; Thermo Fisher Scientific) were used at a 1:
200 final dilution and incubated with indicated nucleic acid
substrates for 1 h at room temperature. To test ShortCut RNase
IIT under manganese-supplemented conditions, reactions were
performed in 50 mM Tris-HCl, pH 7.5, 75 mM KCl, and 3 mM
MnCl, with 0.1% BSA. After incubation, a one-tenth volume of
50% glycerol was added to each sample before gel electropho-
resis through 10% polyacrylamide TBE gels run at 80 V for
45 min. Gels were poststained with ethidium bromide and
washed in TBE before imaging.

Native gel shifts with purified human ribosomal complexes

Purified human 40S and 60S ribosomes were a kind gift of Dr.
Christopher Fraser and purified essentially as described (Sokabe
and Fraser, 2014). In brief, constant amounts of ribosomes (100
nM) were incubated with increasing amounts of S9.6 or Y10b
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antibodies in binding buffer (20 mM Hepes, pH 7.5, 75 mM KCl,
2.5 mM MgCl,, 0.25 mM DTT, and 10% glycerol) for 10 min at
37°C. Samples were then loaded on 1% agarose gels prepared in
1x THEM buffer (66 mM Hepes, pH 7.5, 34 mM Tris-HCl, pH 7.5,
0.1 mM EDTA, pH 8, and 2.5 mM MgCl,) and run at 4°C for
60-90 min at 100 V in 1x THEM buffer. Gels were poststained
with ethidium bromide and imaged.

DRIP followed by DNA sequencing

DRIP was performed as previously described (Sanz and Chedin,
2019), with modifications. Briefly, nucleic acids gently extracted
from unfixed NTERA-2 cells were sheared by sonication (12 cycles
of 15 s on/90 s off at high power) with a Bioruptor (Diagenode).
4.4 g of sheared nucleic acids were incubated with 10 pg of
S9.6 antibody for immunoprecipitation overnight at 4°C. To build
strand-specific sequencing libraries, immunoprecipitated nucleic
acids were subjected to a second-strand DNA synthesis step in
which dUTP was used instead of dTTP. After verifying the quality
of immunoprecipitation using quantitative PCR at standard posi-
tive and negative loci (Sanz and Chedin, 2019), strand-specific li-
braries were constructed, and DNA was sequenced using the
HiSeq4000 platform. For RNase treatments, 15 pg of sheared DNA
was treated with RNase H1, RNase T1, and/or RNase III for 1 h at
37°C using a 1:100 dilution of the stock enzymes in treatment buffer
(50 mM Tris-HC, pH 7.5, 75 mM KCl, and 3 mM MgCl,). DNA was
then purified with phenol/chloroform and ethanol precipitated
before being used in S9.6 immunoprecipitations.

Normalization, peak calling, and data analysis for DRIP

Reads were mapped to the human genome using Bowtie2
(Langmead and Salzberg, 2012); only concordantly mapped
reads were considered in case of paired-end samples. Normali-
zation was performed based on total uniquely mapped reads
with background correction. The MACS algorithm was used to
call peaks with default parameters except for -nomodel (Zhang
et al., 2008). For comparison of DRIP signals across treatments,
read distributions were counted across 10-kb bins of the human
genome. Pearson correlations were then systematically per-
formed between each sample, excluding self-correlations. P
values were calculated using the Wilcoxon Mann-Whitney test
with the R wilcox.test() function. For XY plots, the averaged
DRIP signal was measured over 10-kb bins for each treatment
group (RNase T1, RNase III, RNase T1+III, and RNase H; y axis)
and compared with averaged DRIP signal observed in the mock-
treated samples (x axis). Linear regression values were then
calculated for each comparison using the R Im() function.

Online supplemental material

Fig. S1 shows biochemical assays of the activity and specificity of
all nucleases used and tested in this study using synthetic nu-
cleic acid substrates. Fig. S2 shows additional IF experiments,
including experiments using HeLa cells and formaldehyde-fixed
cells, testing the effects of nuclease pretreatments on S9.6 an-
tibody staining. Fig. S3 shows biochemical assays of the RNA:
DNA hybrid binding capacity of the S9.6 antibody compared to
the anti-ribosomal antibody Y10b, and IF images using both
antibodies.
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Figure S1. Biochemical verification of the activities and specificities of RNases T1, Ill, H1, and A. (A) Ethidium bromide-stained polyacrylamide gels
showing 54 nucleotide ssRNA and 54-bp dsRNA and RNA:DNA hybrid substrates of the same sequence untreated and treated with RNase T1 and RNase IIl.
Treatments were done for 1 h at room temperature. (B) RNA:DNA hybrids subjected to treatment with a combination of RNases T1and Ill and treatment with
RNase H1. (C) Treatment of RNA:DNA hybrid substrates with RNase A at 0.05 mg/ml. (D) Treatment of dsDNA, dsRNA, and RNA:DNA hybrids with ShortCut

RNase Ill under manganese-supplemented conditions.
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Figure S2. Effects of individual and combined nuclease pretreatments on $9.6 IF in HelLa and formaldehyde-fixed U20S cells.(A) Representative
images of single planes of HeLa cells that were mock-treated or pretreated with RNase H1, RNase Ill, and RNase T1 after fixation for 1 h at room temperature
and stained with 9.6 (green), anti-HSP27 (white), and DAPI (blue). (B) Quantification of whole cell and nuclear mean S9.6 intensities for individual cells that
were mock- or enzyme-treated. Boxplots represent combined data from two biological replicates (n indicates the number of cells quantified), and P values were
determined by a Wilcoxon Mann-Whitney test (***, P < 1e-10). (C) Representative images of single planes of formaldehyde-fixed U20S cells that were mock-
treated or pretreated with RNase Ill, RNase T1, or a combination of both enzymes after fixation for 1 h at room temperature and stained with S9.6 (green) and
anti-HSP27 (white). (D) Quantification of whole cell and nuclear mean $9.6 intensities for individual cells that were mock- or enzyme-treated. Boxplots
represent combined data from two biological replicates (n indicates the number of cells quantified), and P values were determined by a Wilcoxon Mann-
Whitney test (***, P < 1e-10; *, P < 0.01). (E) Images of single planes of methanol-fixed U20S cells labeled with $9.6 that were mock-treated or pretreated with
a combination of RNases T1and Ill and a combination of RNases T1, Ill, and H1. (F) Images of single planes of U20S cells transfected with 5’-Cy5-labeled ssDNA
and RNA:DNA hybrids (red) and then fixed and immunolabeled with S9.6 (green) and anti-HSP27 (white). Note that Cy5 signal displayed more efficient nuclear
accumulation with ssDNA than RNA:DNA hybrids. RNA:DNA hybrid-transfected cells were mock-treated and pretreated with RNase H1 and a combination of
RNases T1 and III.
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Figure S3. Assessment of Y10b RNA:DNA hybrid and RNA binding in vitro and in situ. (A) Left: 54-mer RNA:DNA hybrid oligonucleotide substrates (100
nM) were incubated with increasing concentrations of $9.6 and Y10b, and binding was evaluated after gel electrophoresis and ethidium bromide staining. Right:
Quantification of gel shift assays comparing the affinity of Y10b for RNA:DNA hybrids to that of $9.6. (B) Representative images of methanol-fixed Hela cells
that were mock-treated or pretreated with RNase T1 and RNase H for 1 h at room temperature before staining with the Y10b antibody. (C) Representative
images of methanol-fixed Hela cells stained with mouse S9.6 (green) and an engineered rabbit S9.6 (red). Scale bar, 10 um.
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