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Abstract

R loop, a transcription intermediate containing RNA:DNA hybrids and displaced single-stranded
DNA (ssDNA), has emerged as a major source of genomic instability. RNaseH1, which cleaves
the RNA in RNA:DNA hybrids, plays an important role in R loop suppression. Here, we show that
replication protein A (RPA), a sSDNA-binding protein, interacts with RNaseH1 and colocalizes
with both RNaseH1 and R loops in cells. In vitro, purified RPA directly enhances the association
of RNaseH1 with RNA:DNA hybrids and stimulates the activity of RNaseH1 on R loops. An RPA
binding-defective RNaseH1 mutant is not efficiently stimulated by RPA in vitro, fails to
accumulate at R loops in cells, and loses the ability to suppress R loops and associated genomic
instability. Thus, in addition to sensing DNA damage and replication stress, RPA is a sensor of R
loops and a regulator of RNaseH1, extending the versatile role of RPA in suppression of genomic
instability.

Introduction

Genomic instability arises from a variety of cellular processes in the genome, including
DNA replication and transcription. R loop is a transcription intermediate resulting from
stable RNA:DNA hybrids (Santos-Pereira and Aguilera, 2015; Skourti-Stathaki and
Proudfoot, 2014; Sollier and Cimprich, 2015). A typical R loop contains an RNA:DNA
hybrid and a displaced strand of single-stranded DNA (ssDNA). R loops have physiological
functions. For example, the R loops in switch regions of the immunoglobulin locus promote
class switch recombination (Yu et al., 2003). The R loops at promoters with high GC skew
protect these regions from DNA methylation (Ginno et al., 2012), and the R loops at
terminators of certain genes facilitate transcription termination (Sanz et al., 2016; Skourti-
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Stathaki et al., 2011, 2014). However, R loops are also associated with genomic instability,
especially when their levels and distributions are aberrant (Santos-Pereira and Aguilera,
2015; Skourti-Stathaki and Proudfoot, 2014; Sollier and Cimprich, 2015). The displaced
ssDNA in R loops is implicated in transcription-associated mutagenesis (Polak and Arndt,
2008). AID (activation-induced cytidine deaminase), which acts on R loops in the switch
regions, could trigger chromosomal translocation (Chiarle et al., 2011). The collision
between R loops and DNA replication forks gives rise to DNA double-strand breaks (DSBSs)
(Gan et al., 2011; Santos-Pereira and Aguilera, 2015; Tuduri et al., 2009; Wellinger et al.,
2006). R loops are also processed into DSBs by endonucleases (Sollier et al., 2014).
Consistent with their association with genomic instability, R loops are found at common
fragile sites (Helmrich et al., 2011). The negative impact of R loops on genomic stability
creates a demand for tight control of R loops in the genome.

Cells have evolved several mechanisms to down regulate R loops. The formation of R loops
is suppressed by Topoisomerase I, which removes the negative supercoils behind RNA
polymerases (Li et al., 2015; Tuduri et al., 2009). A number of factors involved in mMRNA
biogenesis, such as certain splicing factors and components of the RNA exosome complex,
are important for antagonizing R loop formation (Huertas and Aguilera, 2003; Li and
Manley, 2005; Paulsen et al., 2009; Stirling et al., 2012; Wahba et al., 2011). Many R loop
suppressors travel with the transcription complex through binding to RNA polymerase 11,
pre-mRNA, or their associated factors. BRCA2 and FANCD?2, which are required for R loop
suppression, interact with an mRNA export factor and colocalize with RNA polymerase II,
respectively (Bhatia et al., 2014; Garcia-Rubio et al., 2015; Schwab et al., 2015). Once R
loops are formed, they could be unwound by RNA:DNA helicases, such as SETX
(Senataxin) and AQR (Aquarius) (De et al., 2015; Hatchi et al., 2015; Mischo et al., 2011,
Skourti-Stathaki et al., 2011; Sollier et al., 2014). Additionally, the RNA in RNA:DNA
hybrids can be degraded by RNaseH1 and RNaseH2 (Cerritelli and Crouch, 2009; Wahba et
al., 2011). Both RNaseH1 and RNaseH2 contribute to the suppression of R loops in the
genome (Arora et al., 2014; Chan et al., 2014; Groh and Gromak, 2014; El Hage et al., 2014;
Helmrich et al., 2011; Lim et al., 2015), indicating non-redundant functions of these two
enzymes. Overexpression of RNaseH1 is sufficient to reduce R loops and associated
genomic instability (Paulsen et al., 2009; Stirling et al., 2012). Among the factors that
process R loops, SETX and RNaseH2 may travel with replication forks (Alzu et al., 2012;
Bubeck et al., 2011). The recruitments of SETX to R loops and RNA polymerase Il require
BRCAL and SMN, respectively (Hatchi et al., 2015; Yanling Zhao et al., 2015). Overall,
how R loop-processing enzymes recognize R loops and how they are regulated remains
poorly understood.

Replication Protein A (RPA), a ssDNA-binding heterotrimeric complex, is crucial for both
DNA replication and the DNA damage response (Maréchal and Zou, 2015). At stalled
replication forks and sites of DNA damage, RPA functions as a key sensor of ssDNA to
coordinate DNA damage signaling and DNA repair or recombination (Flynn and Zou, 2010;
Maréchal and Zou, 2015; Zeman and Cimprich, 2014; Zou and Elledge, 2003). Interestingly,
RPA is also detected in transcribed regions, suggesting the presence of ssDNA during
transcription (Sikorski et al., 2011). RPA was shown to interact with AID, which may
facilitate the action of AID during the transcription of immunoglobulin genes (Chaudhuri et
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al., 2004). In Arabidopsis, the ssDNA-binding protein AtNDX was shown to stabilize the R
loops at a promoter (Sun et al., 2013). These tantalizing links among transcription, R loops,
ssDNA and ssDNA-binding proteins raise the interesting question as to whether RPA is a
sensor of R loops.

In this study, we show that RPA interacts with RNaseH1 and colocalizes with RNaseH1 at R
loops in cells. In vitro, RPA directly stimulates the binding of RNaseH1 to RNA:DNA
hybrids and enhances its activity on R loops. When the interaction of RNaseH1 with RPA is
compromised, RNaseH1 is no longer efficiently stimulated by RPA in vitro, fails to
accumulate at R loops in cells, and is unable to suppress R loops and associated genomic
instability. Notably, RNaseH1 relies on its interaction with RPA to suppress R loops in
multiple pathological or therapeutic contexts, including (1) loss of SETX (Moreira et al.,
2004), (2) inhibition of MRNA splicing by pladienolide B (Kotake et al., 2007; Lagisetti et
al., 2009; Yokoi et al., 2011), and (3) expression of the cancer-associated U2AF1 mutant
(Graubert et al., 2011; llagan et al., 2015). These results reveal that RPA is not only
important for sensing DNA replication stress but also R loops, highlighting the role of RPA
as a master sensor of genomic stress arising from diverse sources.

RPA interacts with RNaseH1

In a previous study, we have used RPA-coated ssSDNA (RPA-ssDNA) as bait to identify
proteins involved in the DNA damage response (Maréchal et al., 2014). In addition to a
number of known and previously uncharacterized RPA-interacting proteins, we identified
RNaseH1 as a potential interactor of RPA-ssDNA (Fig. S1A). Immunoprecipitation of GFP-
tagged nuclear RNaseH1 (RNaseH1-GFP), but not GFP alone, captured endogenous RPA
from cell extracts (Fig. 1A). Immunoprecipitation of SFB (S, Flag, and Biotin-binding
peptide)-tagged RPA70, but not RPA32, also captured RNaseH1-GFP (Fig. 1B), suggesting
that RNaseH1 interacts with the RPA complex through RPA70. Treatment of cell extracts
with DNasel or RNaseA did not disrupt the interaction between RPA and RNaseH1,
suggesting that DNA and RNA are not essential for this interaction (Fig. S1B). Consistent
with our results, the interaction between RPA and RNaseH1 was detected using a fragment
of RNaseH1 as bait (Bhatia et al., 2014). In contrast to RNaseH1, no interaction was
detected between RPA and the three subunits of RNaseH2 (data not shown). Given the
known function of RNaseH1 in R loop suppression, the interaction between RPA and
RNaseH1 raises the possibility that RPA is involved in the regulation of R loops.

RPA colocalizes with RNaseH1 and R loops

To determine if RPA is present at R loops, we used the monoclonal antibody S9.6, which
specifically recognizes RNA:DNA hybrids, to detect R loops in cells (Boguslawski et al.,
1986). Using a previously described protocol (Wan et al., 2015), we detected nuclear foci in
HeLa cells with the S9.6 antibody (Fig. 1C). Knockdown of AQR, a putative RNA:DNA
helicase (Paulsen et al., 2009; Sollier et al., 2014), increased the foci detected by S9.6 (Fig.
1C). As reported, AQR knockdown also elevated the phosphorylation of KAP1 and H2AX,
consistent with the R loop-associated genomic instability (Fig. S1C) (Sollier et al., 2014). To
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verify whether the foci detected by S9.6 are R loops, we generated a stable cell line that
inducibly expresses RNaseH1 (Fig. S1D). Induction of RNaseH1 in cells suppressed the
baseline S9.6 staining (Fig. S1E). Upon AQR knockdown, RNaseH1 induction also
substantially reduced S9.6 foci (Fig. 1C, S1F). Furthermore, induction of RNaseH1
diminished the p-KAP1 in AQR knockdown cells (Fig. S1G). Together, these results confirm
the induction of R loops by AQR knockdown, the suppression of R loops by RNaseH1, and
the detection of R loops by the S9.6 antibody.

Next, we tested whether RPA and RNaseH1 are both present at R loops. Because wild-type
RNaseH1 actively removes R loops (Fig. 1C), we used a catalytically inactive RNaseH1
mutant, RNaseH1P210N.GFP, to examine the localization of RNaseH1 (Wu et al., 2001).
Consistent with the interaction of RNaseH1 with RPA, RNaseH1P210N colocalized with
endogenous RPA32 in AQR knockdown cells (Fig. 1D). RNaseH1P210N also colocalized
with S9.6 foci, confirming the presence of RNaseH1 at R loops (Fig. 1E). Finally, a
phosphorylated form of RPA32 (RPA32 p-S33) was detected in the R loop foci in AQR
knockdown cells (Fig. 1F). The phosphorylation of RPA32 at S33 is likely mediated by the
ATR-ATRIP kinase complex, which directly interacts with RPA (Shiotani et al., 2013; Zou
and Elledge, 2003). The three-way colocalization of RPA, RNaseH1, and R loops suggests
that both RPA and RNaseH1 are present at R loops (Fig. 1G).

To corroborate the immunostaining experiments, we used chromatin immunoprecipitation
(ChIP) to analyze the association of RNaseH1P210N and RPA with the termination pause
sites of B-ACT/INand GEMIN7 genes, two loci known to form R loops (Hatchi et al., 2015;
Skourti-Stathaki et al., 2011). In cells induced to express RNaseH1P210N  the RNaseH1
protein was enriched at both termination pause sites compared to nearby control loci (Fig.
1H, S1H). In addition, endogenous RPA was also specifically enriched at the pause sites
(Fig. 11, S1I). These results confirm the colocalization of RNaseH1 and RPA at two R loop-
forming loci.

The colocalization of RPA and R loops suggests that RPA may recognize the sSDNA in R
loops. Alternatively, RPA may be recruited by R loop-derived structures, such as those
induced by the collision of R loops with replication forks. To determine if DNA replication
is required for the localization of RPA to R loops, we analyzed the staining of RPA and R
loops in S-phase (EdU-positive) and non-S-phase (EdU-negative) cells. Knockdown of AQR
increased S9.6 staining in both S-phase and non-S-phase cells (Fig. 1J). AQR knockdown
also elevated p-RPA staining in both S-phase and non-S-phase cells (Fig. 1K, S1J).
Induction of RNaseH1 in AQR knockdown cells suppressed p-RPA staining, confirming that
it arises from R loops (Fig. 1K). These results suggest that R loop formation is not restricted
to S phase, and that RPA localizes to R loops independently of DNA replication.
Nonetheless, the levels of p-RPA staining were higher in S-phase cells than in non-S-phase
cells (Fig. 1K). It is possible that the collision of R loops with replication forks further
induces ssDNA in R loops, stalled replication forks, or even DSBs, leading to elevated p-
RPA staining. Alternatively, DNA replication may contribute to p-RPA staining
independently of R loops. Thus, RPA is likely able to recognize the ssDNA in R loops
independently of DNA replication, but its recruitment may be enhanced by R loop-derived
structures during S phase.
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RPA stimulates the activity of RNaseH1 on R loops

To investigate whether and how RPA regulates RNaseH1 at R loops, we purified both human
RPA heterotrimer complex and RNaseH1 from £. coli and tested them in biochemical assays
(Fig. S2A). Using a substrate that contains a 25-bp RNA:DNA hybrid and a 65-nt sSSDNA
overhang (R:D+ssDNA), we confirmed that wild-type human RNaseH1 (RNaseH1WT), like
E. coliRNaseH1, was capable of cleaving the RNA in RNA:DNA hybrid efficiently (Fig.
S2B, left panel). In contrast, the catalytically inactive RNaseH1 mutant, RNaseH1DP210N,
was unable to cleave the RNA in R:D+ssDNA (Fig. S2C). Furthermore, RNaseH1WT was
not active on a substrate containing double-stranded DNA and a ssDNA overhang,
confirming the specificity of RNaseH1 towards RNA:DNA hybrids (Fig. S2B, right panel).
These experiments established an in vitro assay for human RNaseH1.

We next tested if RPA affects the activity of RNaseH1. RPA alone did not display any RNase
activity on R:D+ssDNA (Fig. S2D). However, in the presence of RNaseH1, RPA stimulated
the cleavage of substrate in a concentration-dependent manner (Fig. 2A). Additionally, RPA
accelerated the cleavage of R:D+ssDNA by RNaseH1 in time courses (Fig. 2B). To test
more rigorously if RPA stimulates RNaseH1 on R loops, we generated an “R loop-like”
substrate that contains two arms of dsDNA (30-bp), a bubble of sSDNA (31-nt) in the
middle, and an RNA:DNA hybrid (25-nt) in the bubble (this substrate is referred to as the R
loop) (Fig. S2E). The predicted structural features of the R loop substrate were verified by
mobility in native gels, heat denaturation and restriction digestion (Fig. S2E). Both human
and £. coliRNaseH1, but not RPA, were able to cleave the RNA in the R loop substrate
(Fig. S2F-G). Again, RPA stimulated the activity of human RNaseH1 on the R loop
substrate in a concentration-dependent manner (Fig. 2C). Furthermore, RNaseH1 cleaved
the R loop substrate more rapidly in the presence of RPA (Fig. 2D). These results
demonstrate that RPA directly stimulates the activity of RNaseH1 on R loops in vitro.

To further assess the specificity of the stimulation of RNaseH1 by RPA, we compared the
abilities of human RPA and £. ¢oli SSB to stimulate human RNaseH1 (Fig. S2H). Both RPA
and SSB bound ssDNA efficiently (Fig. S2I, see Fig. S3A). However, only RPA but not SSB
was able to stimulate the activity of human RNaseH1 (Fig. 2E). Moreover, RPA only
stimulated the activity of human RNaseH1, but not £. co/iRNaseH1 (Fig. 2F). Thus, the
stimulation of RNaseH1 by RPA is species-specific, lending further support to the specificity
of this RPA function.

RPA promotes the association of RNaseH1 with RNA:DNA hybrids

RPA may stimulate RNaseH1 through several possible mechanisms. For example, RPA may
recruit RNaseH1 to the ssDNA in R loops, thereby increasing the local concentration of
RNaseH1. Indeed, only RPA but not RNaseH1 has the ability to bind ssDNA (Fig. S3A).
However, even on a substrate consisting of RNA:DNA hybrid but not ssSDNA (R:D), RPA
still stimulated RNaseH1 in a concentration-dependent manner (Fig. 3A, S3B). RPA also
accelerated the cleavage of R:D by RNaseH1 (Fig. 3B). Furthermore, although we captured
RNaseH1 from nuclear extracts in our RPA-ssDNA pulldown (Fig. S1A), a tertiary complex
of ssDNA, RPA, and RNaseH1 was barely detectable in EMSA (Fig. S3C). Thus, RPA is
able to stimulate RNaseH1 on a substrate without ssDNA, and the tertiary complex of RPA,
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RNaseH1 and ssDNA appears to be unstable, suggesting that the main function of RPA in
RNaseH1 stimulation is unlikely to bring RNaseH1 to the ssSDNA exposed in R loops. These
results do not exclude the possibility that RPA binds to the sSDNA generated during the
action of RNaseH1 on RNA:DNA hybrids, which may allow RPA to stimulate the RNaseH1
already on substrates.

A second possible mechanism by which RPA stimulates RNaseH1 is to enhance the
association of RNaseH1 with RNA:DNA hybrids. Consistent with this possibility, RPA
stimulated formation of the RNaseH1-RNA:DNA complex in a concentration-dependent
manner (Fig. 3C). In contrast to RPA, £. coli SSB failed to stimulate the binding of
RNaseH1 to RNA:DNA hybrids (Fig. S3D). Additionally, while only RNaseH1 but not RPA
was able to bind RNA:DNA hybrids in EMSA (Fig. S3E), the presence of both RNaseH1
and RPA led to formation of a tertiary complex (Fig. 3D). These results show that RPA
directly interacts with RNaseH1 and promotes the association of RNaseH1 with RNA:DNA,
providing a mechanistic explanation of how RPA stimulates RNaseH1.

If RPA binds to the displaced ssDNA in R loops, the binding of RPA to ssDNA may affect
its ability to stimulate RNaseH1 either positively or negatively. We pre-incubated RPA with
saturating amounts of sSDNA to form RPA-ssDNA, and then added it to RNaseH1 and the
R:D substrate (Fig. 3E). Compared to free RPA, RPA-ssDNA displayed a similar activity in
RNaseH1 stimulation. We also compared the stimulation of RNaseH1 by RPA on R:D,
which contains no ssDNA, and R:D+ssDNA, which carries a sSDNA overhang (Fig. S3F).
RPA simulated RNaseH1 on both substrates similarly regardless of the presence or absence
of ssDNA. These results suggest that ssDNA-bound RPA is capable of stimulating
RNaseH1, and that the specific activity of RPA in RNaseH1 stimulation is not significantly
affected by ssDNA binding. While RPA does not need to bind ssDNA to stimulate
RNaseH1, the binding of RPA to the ssDNA in R loops in cells may increase the local
concentrations of RPA, allowing it to stimulate RNaseH1 more efficiently.

The basic ridge of RNaseH1 is critical for RPA binding but not catalytic activity

The human RNaseH1 contains an RNA:DNA hybrid-binding (HB) domain, an
interconnecting domain, and a catalytic domain (Fig. 4A) (Cerritelli and Crouch, 2009). To
map the region of RNaseH1 that interacts with RPA, we generated a series of GFP-tagged
RNaseH1 fragments and tested their binding to RPA by coimmunoprecipitation. The
interconnecting and catalytic domains of RNaseH1 were dispensable for RPA binding,
whereas the HB domain was required (Fig. 4A-B). Crystal structure of the HB domain has
revealed a positively charged surface adjacent to the RNA:DNA-binding pocket, which was
termed basic ridge (Fig. 4C) (Nowotny et al., 2008). Alanine substitutions of several
positively charged residues on this surface, including R32 and R33 (RR32AA), or R72 and
K73 (RK72AA), did not affect RPA binding (Fig. 4D). However, when the R57 of RNaseH1
was singly mutated to alanine (RNaseH1R>7A) or mutated in combination with RR32AA
(RNaseH13RA) the binding of RNaseH1 to RPA was largely disrupted (Fig. 4D). The
RNaseH1R57A mutant was previously shown to have intact abilities to bind and cleave
RNA:DNA hybrids in vitro (Nowotny et al., 2008). Consistently, we found that purified
RNaseH1R57A was slightly more active than RNaseH1WT in cleaving R loop and R:D
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substrates (Fig. S2A, Fig. S4A-B). Purified RNaseH13RA was also more active than
RNaseH1WT on R:D (Fig. S4C-D). We conclude that R57A and 3RA mutations specifically
disrupt the RPA binding of RNaseH1 without compromising its intrinsic activity on
RNA:DNA hybrids.

RNaseH1R57A and RNaseH13RA are compromised for RPA-mediated stimulation in vitro

We next used the RNaseH1R37A and RNaseH13RA mutants to test if the interaction between
RNaseH1 and RPA is required for the stimulation of RNaseH1 by RPA. Since RNaseH1R>7A
and RNaseH13RA mutants are more active than RNaseH1WT, we first normalized the
amounts of RNaseH1WT, RNaseH1R57A and RNaseH13RA to achieve similar cleavage of
the R:D substrate (Fig. 4E, lanes 2 and 6; Fig. S4E, lanes 2 and 6). We then titrated RPA into
the reactions and followed its effects on the cleavage of R:D by RNaseH1WT,
RNaseH1R57A and RNaseH13RA (Fig. 4E, S4E). At all concentrations tested, RPA
stimulated RNaseH1WT more efficiently than RNaseH1R57A and RNaseH13RA, Moreover,
we determined the RPA:RNaseH1 ratios in reactions, and compared the RPA stimulation of
RNaseH1WT and RNaseH1R57A at the same ratios. Again, RPA stimulated RNaseH1WT
more efficiently than RNaseH1R57A at the same RPA:RNaseH1 ratios (Fig. S4F). Consistent
with the experiments using the R:D substrate, the stimulation of RNaseH13RA by RPA on
the R loop substrate was also compromised (Fig. S4G). Furthermore, compared to that of
RNaesH1WT, the binding of RNaseH1R%7A to RNA:DNA hybrids was stimulated by RPA
less efficiently (Fig. S4H). It should be noted that the stimulation of RNaseH1 by RPA was
only partially reduced but not eliminated by R57A and 3RA mutations. Thus, although the
basic ridge of RNaseH1 is required for RPA binding and contributes to RPA-mediated
stimulation, another surface of RNaseH1 may transiently interact with RPA and be
responsible for the remaining RPA-mediated stimulation when the basic ridge is disrupted.

RNaseH1R57A fajls to associate with R loops in cells

Given that RPA promotes the association of RNaseH1 with RNA:DNA hybrids in vitro, we
asked whether the interaction between RPA and RNaseH1 is important for the recognition of
R loops by RNaseH1 in cells. We generated stable lines that express RNaseH1P210N.GFp
and RNaseH1RS7A/D210N_GEPp at similar levels (Fig. S41). Both RNaseH1P210N-GFP and
RNaseH1RS7AD210N_GFP entered the nucleus efficiently (Fig. 4F, left panel). After removal
of non-chromatin-bound GFP-tagged proteins by triton extraction, only RNaseH1P210N-GFp
but not RNH1R57A/D210N_GFEP colocalized with R loop foci in AQR knockdown cells (Fig.
4F, middle panel). When measured quantitatively, the signals of RNaseH1R57A/D210N_GFp
in R loop foci were significantly lower than those of RNaseH1P210N-GFP (Fig. 4F, right
panel). Thus, the RPA-RNaseH1 interaction mediated by the basic ridge is critical for
RNaseH1 to recognize R loops in cells.

RNaseH1R57A fails to suppress R loops and associated genomic instability

To investigate the functional impact of RPA on RNaseH1 in cells, we generated a cell line
that inducibly expresses RNaseH1WT-GFP and two other inducible lines expressing
RNaseH1R57A-GFP (Fig. S5A-B). All of these cell lines expressed GFP-tagged RNaseH1
proteins at similar levels, and all the RNaseH1 variants entered the nucleus efficiently. As
expected, induction of RNaseH1WT significantly reduced R loop and p-RPA foci in AQR
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knockdown cells (Fig. 5A, top panel). In marked contrast, the RNaseH1R%7A mutant lost the
ability to suppress foci of R loops and p-RPA in two independent cell lines (Fig. 5A, middle
and bottom panels). When AQR knockdown cells were plotted in 2D according to their S9.6
and p-RPA staining, the majority of the cell population ended up in an upper right area (Fig.
5B). Expression of RNaseH1WT shifted the majority of cells leftward and downward in 2D
plots, showing that RNaseH1WT suppressed R loops and p-RPA simultaneously in most of
the cells. In contrast, induction of RNaseH1R>7A in two independent cell lines failed to shift
AQR knockdown cells significantly. These results show that the interaction with RPA is
critical for RNaseH1 to suppress R loops in cells.

If RPA binding is important for RNaseH1 to remove R loops, the RNaseH1R57A mutant is
expected to be defective for suppressing R loop-induced genomic instability. In AQR
knockdown cells, the signals of p-KAP staining were significantly elevated compared to
control knockdown cells (Fig. 5C), indicating R loop-induced genomic instability.
Expression of RNaseH1WT but not RNaseH1R57A in AQR knockdown cells effectively
reduced p-KAP signals. Similarly, the levels of phosphorylated H2AX (yH2AX) were
significantly increased by AQR knockdown (Fig. 5D). Again, in contrast to RNaseH1WT,
RNaseH1R57A failed to suppress the R loop-induced yH2AX in two independent cell lines
(Fig. 5D, lanes 3, 6, 9). Together, these results demonstrate that RPA plays a key role in
regulating RNaseH1 for the suppression of R loop-induced genomic instability.

While the reduced ability of RNaseH1R57A to interact with RPA is likely responsible for its
functional defects in cells, we wanted to exclude the possibility that the basic ridge of
RNaseH1 is important for R loop suppression for reasons other than RPA binding. Fusion of
the RPA-binding domain of ATRIP to the N terminus of RNaseH1R57A restored its
interaction with RPA (Fig. 5E). Furthermore, the RPA-binding domain of ATRIP also
largely restored the ability of RNaseH1R>"A to suppress the yH2AX in AQR knockdown
cells (Fig. 5F). These results strongly suggest that the defect of RNaseH1R57A in RPA
binding is the responsible for its functional loss in cells.

A general role of the RPA-RNaseH1 interaction in R loop suppression

The importance of the RPA-RNaseH1 interaction for the suppression of R loops in AQR
knockdown cells prompted us to investigate whether this interaction has a general role in R
loop suppression in various pathological and therapeutic contexts. Ataxia with oculomotor
apraxia type 2 (AOA2) has been linked to SE7.X' mutations (Moreira et al., 2004). Similar to
AQR knockdown, depletion of SETX by siRNA elevated levels of R loops and yH2AX (Fig.
6A-B). Expression of RNaseH1WT, but not RNaseH1R%7A, suppressed the yH2AX in SETX
knockdown cells (Fig. 6B), suggesting that the RPA-RNaseH1 interaction is required for
suppressing the R loops arising from SETX loss.

Given the link between R loops and defects in splicing factors, we also asked if
pharmacological inhibition of mRNA splicing is sufficient to induce R loops. The antitumor
drug pladienolide B (Plad-B) induces splicing defects, such as intron retention, by targeting
the splicing factor SF3b (Kashyap et al., 2015; Kotake et al., 2007). Treatment of cells with
Plad-B increased both S9.6 and yH2AX staining (Fig. 6C-D), suggesting that inhibition of
splicing leads to R loop accumulation. Compared to RNaseH1WT, RNaseH1R>7A suppressed
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the yH2AX in Plad-B-treated cells less efficiently (Fig. 6D), which suggests that the RPA-
RNaseH1 interaction is important for suppressing the R loops resulting from splicing
inhibition.

Finally, we tested if a prevalent splicing factor mutation in cancers induces R loops. The
UZAF1-534F mutation is frequently found in myelodysplastic syndromes (MDS) and acute
myeloid leukemia (AML), and it affects the alternative splicing of a number of genes
(Graubert et al., 2011; llagan et al., 2015). Since UZAF1 mutations are always heterozygous
and accumulate at codons S34 and Q157, the U2AF1 mutant proteins are believed to cause
gain of function (llagan et al. 2015). When U2AFIWT and U2AF1S34F were expressed in
K562 cells at similar levels, U2AF1534F induced higher levels of S9.6 staining than
U2AF1IWT (Fig. 6E, S6A), suggesting that the splicing defects caused by U2AF1534F lead to
R loop accumulation. Similar observations were made in HeLa-derived cell lines expressing
U2AFIWT and U2AF1534F (Fig. S6B-C). Compared to RNaseH1WT, RNaseH1R57A
displayed a reduced ability in suppressing R loops in U2AF1534F-expressing cells (Fig. 6F),
suggesting that the RPA-RNaseH1 interaction is important for suppressing R loops in this
oncogenic context.

Collectively, the results above suggest that the interaction between RPA and RNaseH1 plays
a general role in R loop suppression in various pathological and therapeutic contexts,
thereby highlighting the critical functions of RPA as a general sensor of R loops and a
regulator of RNaseH1.

Discussion

RPA as a regulator of RNaseH1

In this study, we show that RPA interacts with RNaseH1 and colocalizes with it at R loops in
cells. Furthermore, RPA promotes the accumulation of RNaseH1 at R loops in cells and
directly stimulates its activity on R loops in vitro. The ability of RPA to regulate RNaseH1 is
not simply attributed to the binding of RPA to sSDNA because £. coli SSB lacks this activity
(Fig. 2E). Importantly, RPA directly interacts with RNaseH1 and promotes the association of
RNaseH1 with RNA:DNA hybrids (Fig. 3C-D), providing a mechanistic explanation of how
RPA facilitates the recognition of R loops by RNaseH1 in cells. In addition, these results
suggest that RPA may stimulate the activity of RNaseH1 by enabling the catalytic domain to
engage RNA:DNA more efficiently.

Our results show that the interaction between RPA and RNaseH1 is important for the
regulation of RNaseH1 by RPA. The R57A mutation in the basic ridge of RNaseH1
significantly weakened the interaction between RNaseH1 and RPA, and drastically reduced
the localization of RNaseH1 to R loops in cells (Fig. 4F) (Nowotny et al., 2008).
Nonetheless, disruption of the basic ridge by R57A or 3RA mutations only reduced but did
not eliminate the stimulation by RPA in vitro (Fig. 4E, S4E). It is possible that RNaseH1
uses its basic ridge to engage RPA, which allows RPA to transiently interact with a second
surface of RNaseH1 and stimulate its activity. When RPA is present at high concentrations
in vitro, the role of basic ridge in engaging RPA may be partially alleviated. Notably, fusion
of the RPA-binding domain of ATRIP with RNaseH1R57A Jargely restored its localization to
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R loops and its function in suppressing R loop-associated genomic instability (Fig. 5E-F),
confirming that the reduced ability of RNaseH1R>7A to interact with RPA is indeed
responsible for the defects of this mutant in cells. A recent study showed that £. coli SSB
also stimulates the £. co/iRNaseH1 in vitro (Petzold et al., 2015), suggesting that the
regulation of RNaseH1 by ssDNA-binding proteins is evolutionarily conserved.

RPA as a sensor of R loops

RPA is a crucial sensor of DNA replication stress and DNA damage in eukaryotic cells
(Maréchal and Zou, 2015). At stalled replication forks and resected DSBs, RPA-ssDNA acts
as a key platform to recruit the ATR kinase and its regulators and substrates. RPA also
directly participates in DNA repair by interacting with sSDNA and a humber of repair
proteins. Like replication forks and repair intermediates, R loop is a ssDNA-containing
structure. In this study, we present evidence that RPA is present at R loops in cells. The
recognition of sSDNA in R loops by RPA is likely influenced by the length of sSDNA,
duration of sSDNA exposure, and secondary DNA structures such as G quadruplexes
(Maizels and Gray, 2013). The size and dynamics of R loops are variable at different sites in
the genome, and in different physiological or pathological contexts (Sanz et al., 2016;
Santos-Pereira and Aguilera, 2015; Skourti-Stathaki and Proudfoot, 2014; Sollier and
Cimprich, 2015). Some R loops, such as those at class switch regions, are >1 kb long and
stable (Yu et al., 2003). Non-denaturing bisulfite footprinting of several other genomic loci
with R loops detected >600 bp of ssDNA (Ginno et al., 2012). These long and persistent R
loops may be particularly detrimental to genomic stability, and also likely recognized by
RPA.

How exactly RPA recognizes the ssSDNA at R loops remains to be elucidated. R loop-
induced p-RPA foci were detected in non-S-phase cells (Fig. 1K, S1J), suggesting that RPA
can recognize R loops independently of DNA replication. The RPA-RNaseH1 interaction is
required for the suppression of R loop-associated DNA damage (Fig. 5C-D), suggesting that
RPA recognizes R loops before they are converted to DSBs. The most straightforward
possibility is that RPA directly recognizes the displaced ssDNA in R loops. However, our
results do not exclude the possibility that R loops need to be processed by certain repair or
recombination factors to be recognized by RPA. Notably, R loop-induced p-RPA staining
was higher in S-phase cells than in non-S-phase cells (Fig. 1K), suggesting that DNA
replication contributes to the recognition of R loops by RPA. During S phase, the collision
between replication forks and R loops may increase the ssSDNA in R loops, and/or induce
ssDNA at the forks stalled by R loops (Gan et al., 2011). Furthermore, the encounter of
replication forks and transcription complexes may give rise to additional R loops (Helmrich
etal., 2011). Such inductions of ssDNA at or near R loops may allow RPA to sense the
increase of genomic stress during replication, helping remove R loops in front of replication
forks.

A general role of RPA in R loop suppression

Our results suggest that RPA is important for R loop suppression in a variety of cellular
contexts. For example, in cells lacking AQR or SETX, the RPA binding-defective
RNaseH1R57A mutant is compromised for R loop suppression (Fig. 5A-B, Fig. 6B). We also
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present evidence that pharmacological inhibition of mMRNA splicing and a cancer-associated
splicing factor mutation induce R loop accumulation (Fig. 6C, 6E, S6C). These results raise
the possibility that R loop formation may contribute to both cancer development and
therapeutic responses in specific contexts. Again, the RPA-RNaseH1 interaction is important
for R loop regulation in these contexts (Fig. 6D, 6F). It is tempting to speculate that RPA is a
key sensor of R loops in addition to its role in sensing DNA replication stress and DNA
damage. While our current data are limited to the interplays between RPA and RNaseH1,
RPA may regulate additional factors involved in R loop metabolism. The induction of
ssDNA by alterations in transcription or mMRNA biogenesis may enable RPA to sense a much
broader spectrum of genomic stress and suppress genomic instability in previously
unappreciated contexts.

STAR~ METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Please direct any requests for further information or reagents to the lead contact, Professor
Lee Zou (zou.lee@mgh.harvard.edu), Massachusetts General Hospital Cancer Center,
Harvard medical School, Boston, MA 02129, USA.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—HelLa and HEK293T cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2mM Glutamine, and
1% penicillin/streptomycin. The transfection reagent Lipofectamine RNAIMAX
(ThermoFisher Scientific) was used for siRNA transfection. Transfection of plasmid DNA to
HEK?293T cells was carried out by the calcium phosphate transfection method. The HeLa-
derived cell lines that inducibly express GFP-tagged nuclear RNaseH1 or its mutant
derivatives were generated by lentiviral infection and neomycin selection. All HeL a-derived
cell lines were cultured in medium supplemented with G418 (600 ug/ml). RNaseH1-GFP
expression was typically induced by doxycycline (200 ng/ml) for 48 h. Viruses expressing
Flag-tagged U2AF1WT and U2AF1534F were used to infect HeLa and HeLa-derived
RNaseH1-GFP-expressing cell lines. The plasmids expressing U2AF1WT and U2AF1534F
contain an IRES-GFP, which is used to sort for infected cells.

Plasmids and siRNAs—The plasmid containing GFP-tagged RNaseH1 (the M27 form)
under the control of a CMV promoter was kindly provided by Dr. Robert Crouch. The M27
form of RNaseH1 primarily localizes to the nucleus (Suzuki et al., 2010). Various RNaseH1
mutations were generated using the Infusion HD Cloning Kit (Clontech). For lentiviral
expression, RNaseH1-GFP coding sequence was cloned into the pDONR221 Gateway
vector and transferred into the pINDUCERZ20 vector for viral packaging. For recombinant
protein expression, RNaseH1 coding sequence was cloned into the pDONR221 vector and
transferred into a destination vector carrying a N-terminal 6xHis tag. The plasmids
containing N-terminally GFP-tagged RNaseH2 subunits (A-C) were kindly provided by Dr.
Min Ae Lee-Kirsch.
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Silencer Select pre-designed siRNAs targeting Aquarius (AQR) [siAQR-1 (ID # s18725),
SIAQR-2 (ID # s18726), and siAQR-3 (ID # s18727)] were purchased from ThermoFisher
Scientific and used at a final concentration of 4 nM.

METHOD DETAILS

Immunoprecipitation—HET293T cells were transfected with various plasmids (10-15
ug) with calcium phosphate and collected in 72 h. Cell pellets were lysed in lysis buffer (50
mM Tris-HCI pH 7.5, 150 mM NacCl, 0.5% lgapel-60, 1mM DTT, 1mM Na3zVOy, 1x
Protease inhibitors). SFB- or GFP-tagged proteins were immunoprecipitated using anti-
FLAG or anti-GFP antibodies pre-conjugated with Protein G Dynal beads for 2 h.
Subsequently, immunoprecipitates were washed three times with lysis buffer and once with
lysis buffer containing 250 mM NaCl.

Immunofluorescence—For immunofluorescence using the S9.6 antibody alone or
combinations of S9.6 with phospho-RPA32 pS33 or GFP antibodies, samples were prepared
using a previously described protocol (Wan et al., 2015). Briefly, HeLa cells were
trypsinized and pelleted in 15 ml Falcon tube (1,000 rpm, 5 min, 25°C). Media was aspirated
down to approximately 300-500 pl, and cell pellets were resuspended. Pre-warmed 75 mM
KCI solution at 37°C was added to cells in a drop-wise manner while the cells were agitated
on a vortex at low speed. Cells were then incubated at 37°C for 12 min, 5-6 drops of freshly
made, ice-cold methanol:acetic acid (3:1) were added to cells in a drop-wise manner while
the cells were agitated. Cells were pelleted (1,000 rpm, 5 min, 25°C) and supernatants were
aspirated down to 300-500 pl. Cells were resuspended in methanol:acetic acid (3:1, 5 ml),
which was added in a drop-wise manner while the cells were agitated. Cells were fixed in
methanol:acetic acid on ice for 20 min. Cells were washed once with methanol:acetic acid
before being spotted onto slides. Slides were left to dry and immediately treated with
blocking buffer (1x PBS, 5% BSA, 0.5% Triton X-100) for 1 h at room temperature,
followed by incubation with primary antibody overnight at 4°C. Cells were washed three
times with wash buffer (1x PBS + 0.1% Triton X-100) and subsequently incubated with
appropriate secondary antibodies conjugated with fluorophores (Cy3 or Alexa-488) for 1 h
at room temperature. After three washes with wash buffer, cells were stained with 4,6-
diamidino-2-phenylindole (DAPI) and mounted using Vectorshield (Vector Laboratories).

For immunofluorescence using phospho-KAP1 pS428 antibody, cells were extracted with
PBS containing 0.25% Triton X-100 prior to fixation with 3% paraformaldehyde/2%
sucrose. Subsequently, cells were permeabilized with 1x PBS containing 0.5% Triton X-100,
and treated in blocking buffer (1x PBS, 3% BSA, 0.05% Tween-20, and 10% milk) prior to
primary antibody incubation for 2 h at room temperature. After the incubation in primary
antibody, cells were washed three times with 1x PBS containing 0.05% Tween-20 and
incubated with Cy3 conjugated anti-rabbit secondary antibody for 1 h. To visualize nuclei,
cells were stained with DAPI after the final wash in PBS.

Immunofluorescence using phospho-RPA32 pS33 antibody alone was performed as
described previously (Shiotani et al., 2013). To identify S-phase cell, cells were pulsed-
labeled with 10 mM EdU for 30 min and processed with the Click-1T EdU Alexa Fluor 488
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Imaging kit according to manufacturer’s manual (ThermoFisher Scientific). All images were
captured using Nikon 90i microscope and analyzed using Image J software.

Chromatin Immunoprecipitation (ChlP)—Chromatin Immunoprecipitation was carried
out as previously described (Giri et al., 2015) with modifications to the sonication protocol.
Briefly, 5-6 million HeLa cells (in 10 cm plates) were fixed by addition of Formaldehyde
(Sigma) to the culture medium to a final concentration of 1%. The crosslinking was carried
out at room temperature for 10 min followed by quenching with glycine (final concentration:
0.125 M). Two washes with ice-cold PBS were then carried out followed by the following
extraction steps. First extraction step (10 min at 4°C) was with Buffer 1 (50 mM
Hepes/KOH pH 7.5; 140 mM NaCl; 1 mM EDTA,; 10% Glycerol; 0.5% NP-40; 0.25%
Triton) followed by the second extraction step with Buffer 2 (200 mM NaCl; 1mM EDTA,;
0.5mM EGTA; 10 mM Tris pH 8). Nuclei were then pelleted by centrifugation, resuspended
in SDS lysis buffer (1% SDS, 10mM EDTA, 50mM Tris pH 8.0) and subjected to sonication
with Q800R2 sonicator (Qsonica) generating genomic DNA fragments with an average size
of 200-600 bp. Chromatin (100 pug) was pre-cleared with protein G Dynabeads (Invitrogen)
for 1 h at 4°C followed by immunoprecipitation (overnight at 4°C) with 5 pg of either GFP
or RPA antibody. This was followed by pulldown with BSA-pretreated protein G Dynabeads
(Invitrogen) and incubated for 2 h at 4°C. Beads were washed once with Low salt buffer
(0.1% SDS; 1% Triton; 2 MM EDTA; 20 mM Tris pH 8; 150 mM NacCl), once with High
salt buffer (0.1% SDS; 1% Triton; 2 mM EDTA; 20 mM Tris pH 8; 500 mM NaCl), once
with LiCl wash buffer (10 mM Tris pH 8.0; 1% sodium deoxycholate; 1% NP- 40, 250 mM
LiCl; 1 mM EDTA) and twice with TE . Elution of the beads (to recover immune
complexes) was then carried out twice (10 min each) in TE + 1% SDS + 0.1% NaHCO3 at
65°C and followed by reverse crosslinking overnight at 65°C. The eluted DNA was then
subjected to RNaseA treatment (10 pg/ml) for 1 h at 37°C followed by Proteinase K
treatment (4 pl 0.5M EDTA, 8 pl 1M Tris pH 6.9, 2 pl Proteinase K 20 mg/ml) for 1 hour at
45°C. DNA isolation was then carried out by using QIAquick PCR purification kit (Qiagen),
resuspended in elution buffer and g-PCR performed using Faststart Universal SYBR Green
mix - Rox added (Roche) and analyzed on a LightCycler 48011 machine (Roche). ChlP-
gPCR results were analyzed and plotted as either fold change over 1gG or percentage (%) of
IP/input signal (% input). Significance (p-value) was calculated using Student’s t test.

Protein Purification—\Various N-terminally 6xHis-tagged human RNaseH1 proteins
(wild-type and mutants) were purified from £. Coli. Plasmids were transformed into BL21
derivative Rosetta (DE3) cells. Cells were grown at 37°C to ODggg = 0.8, and protein
expression was induced by 0.3 mM IPTG at 30°C for 3 h. Cell pellets (8 g) were suspended
in 40 ml of T-buffer (25 mM Tris-HCI pH 7.5, 0.5 mM EDTA, 10% glycerol, 1 mM DTT,
0.1% Igepal-60) containing 1 mM PMSF, 500 mM KCI and protease inhibitor cocktail
(Sigma). Cell lysates were sonicated (30 seconds on/off for 10 cycles), and clarified by
centrifugation (16,000 x g for 60 min). The supernatants were diluted 5 times to reach the
final concentration of 200 MM KCI and allowed to bind SP-Sepharose resin (10 ml) in T-
buffer containing 100 mM KCI. The resin was washed with 50 ml T-buffer containing 100
mM KCI and eluted with 100 ml linear gradient from 100 to 800 mM KCI using FPLC.
RNaseH1 was eluted at ~450 mM KCI, the peak fractions were collected and added to

Mol Cell. Author manuscript; available in PMC 2017 July 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nguyen et al.

Page 14

Nickel-NTA resin (5 ml) with T-buffer containing 500 mM KCI and 10 mM Imidazole for 2
h. Resin was washed with 50 ml of T-buffer with 500 mM KCI and protein was eluted with
50 ml gradient of 10 to 250 mM Imidazole. RNaseH1 was eluted at ~150 mM Imidazole.
Peak fractions were pooled together, dialyzed against T-buffer containing 300 mM KCI and
passed through Superose-12 column in T-buffer containing 300 mM KCI. RNaseH1
fractions were pooled and concentrated using Ultracel-30K centrifugal filters and stored at
-80°C in small aliquots. RNaseH1 R57A, 3RA and D210N mutant proteins have been
purified as WT purification. £. co/i RNaseH1 was purchased from New England BioLabs.

Human RPA complex (containing the 70, 32 and 14 kDa subunits) was overexpressed in
Rosetta (DE3) cells with 0.1 mM IPTG for 14 h at 16°C. The cell pellets (~30 g) were
resuspended in 150 ml T-buffer (25 mM Tris-HCI pH 7.5, 0.5 mM EDTA, 10% glycerol,
1mM DTT, 0.1 % Igepal-60) with 1 mM PMSF, 100 mM KCI and protease inhibitor cocktail
(Sigma), and lysed by sonication (1 min on/off, 12 cycles). Lysed solution was cleared by
centrifugation (16,000 g for 1 h) and loaded on Affi-gel blue resin (15 ml) with T-buffer
containing 100 mM KCI. Affi-gel blue resin was washed by 30 ml of T-buffer containing
100 mM KCI, followed by 60 ml of T-buffer containing 800 mM KCI. Protein was eluted
from resin by a NaSCN gradient from 0.5 M to 2.5 M (100 ml). Eluted fractions containing
RPA were pooled together and dialyzed against T-buffer with 50 mM KCI and 20% sucrose.
After dialysis, sample was allowed to bind Hydroxyapatite beads in T-buffer with 50 mM
KCl and 10 mM KH,POy4. Resin was washed with 80 ml of the same buffer and protein was
eluted by 100 ml of gradient (10 to 300 mM KH,PO,). Eluted fraction containing RPA were
collected and allowed to bind on a MonoQ column (1 ml). The column was washed with 10
ml of T-buffer with 50 mM KCI and eluted with a KCI gradient from 50 to 500 mM.
Fractions containing purified RPA were collected and stored in — 80°C. £. coli SSB was
purchased from Abcam.

RNA:DNA hybrid substrates—The list of oligonucleotide sequences used in this study
is shown below. To prepare the substrates, the indicated RNA or DNA oligos were 5’-labeled
with ATP-[y32P] (PerkinEImer Life Sciences) using T4 polynucleotide kinase (New
England BioLabs). Radiolabeled oligos were separated from free ATP-[y32P] by passing
through a 1 ml bio-spin column (Bio-Rad), containing Tris buffer. Radiolabeled oligos were
then annealed to a complementary strand by heating to 95°C and slow cooling over a long
period of time in buffer H (90 mM Tris-HCI pH 7.5, 10 mM MgCl,, 50 mM NacCl).
Annealed substrates were separated on a 10% native PAGE in Tris acetate/ EDTA buffer at
4°C. The gel band corresponding to the annealed substrate was excised, purified, and finally
eluted. The eluted substrates were further concentrated using a micro-concentrator. The
concentrated substrates were ready to use in 7 vitro assays or stored at —20°C. For the R:D
+ssDNA substrate, the RNA oligo was annealed with oligo 5. Oligos 3 and 5 were used to
make double-stranded DNA with ssDNA overhang. For the R loop substrate, the RNA oligo
was annealed with oligos 1 and 2. For the R:D substrate, the RNA oligo was annealed with
oligo 4.

RNA:DNA hybrid and R loop resolution by RNaseH1 and RPA—Indicated
concentration of RNaseH1 was pre-incubated with varying amounts of RPA on ice for 10
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min in buffer A (25 mM Tris-HCI pH 7.5, 1 mM DTT, 5 mM MgCl, 50 pg/ml BSA, 50 mM
KCI), followed by the addition of indicated substrates in the reaction. The reactions were
incubated at 30°C for indicated time and halted by addition of proteinase K (0.5 mg/ml), 5
mM EDTA and SDS (0.5% final concentration) for 10 min at 37°C. The reaction mixtures
were resolved on 10% native polyacrylamide gel in 1X TBE buffer (45 mM Tris-borate, 1
mM EDTA, pH 8.0) at 4°C. Gels were dried, exposed on X-ray film scanned and analyzed
with Image Lab (Bio-Rad).

Electrophoresis mobility shift assay (EMSA)—RNA:DNA hybrid substrates
containing 5’-32P-labelled RNA were incubated with various amounts of RNaseH1 and/or
RPA at 30°C for 15 min in buffer B (25 mM Tris-HCI pH 7.5, 1 mM DTT, 10 mM EDTA,
50 pg/ml BSA, 50 mM KCI). The resulting protein-substrate complexes were resolved on
6% polyacrylamide gels using 1X TBE buffer (Yadav et al., 2012). Gels were dried, exposed
to X-ray film, and analyzed using Image Lab (Bio-Rad).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters are described in the Figures and the Figure Legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. RPA interacts with RNaseH1 and colocalizes with RNaseH1 and R loops
(A) RNaseH1-GFP (the mitochondrial localization signal of RNaseH1 was removed) or

SFB-GFP was expressed in HEK293T cells and immunoprecipitated using anti-GFP
antibody. Endogenous RPA32 associated with RNaseH1-GFP was detected by Western blot.

Cell lysates (1%) were loaded as input. (B) RNaseH1-GFP was expressed in HEK293T cells

either alone or in combination with SFB-RPA70 or SFB-RPA32 and immunoprecipitated
using anti-Flag antibody conjugated to agarose beads. Indicated tagged proteins were
detected by Western blot. (C) HeLa-derived RNaseH1 inducible cells were transfected with
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control or AQR siRNA and cultured for 60 h. RNaseH1 expression was induced by
doxycycline for 48 h. R loop levels in individual cells were analyzed using the S9.6
antibody. Representative images for each condition are shown. S9.6 intensity quantification
and expression of RNaseH1-GFP are shown in Fig. SLIE-F. (D-G) Pair-wise colocalization
of RNaseH1P210N_GFP, endogenous RPA32 (or RPA32 p-S33), and R loops (S9.6 foci)
were analyzed in AQR knockdown cells as indicated in D, E, and F. RNaseH1P210N_GFp
was induced in D and E similar to C. A summary of the three-way colocalization is shown
in G. (H-1) HeLa-derived RNaseH1P210N_GFP cells were induced with doxycycline for 48 h
prior to fixation and fragmented. Chromatin was immunoprecipitated using anti-GFP (in H)
and anti-RPA32 (in 1). The association of RNaseH1P210N and RPA with the indicated loci
was analyzed by ChIP-gqPCR (n=3). Asterisks indicate p<0.05. (J) HeLa cells were
transfected with control or AQR siRNA and cultured for 48 h. S-phase and non-S-phase
cells were distinguished by 30-min EdU labeling. R loop levels in individual cells were
analyzed with the S9.6 antibody (n=50). Red bars represent the mean S9.6 intensities of the
indicated cell populations. (K) HeLa-derived cells were transfected with control or AQR
siRNA and induced to express RNaseH1-GFP as indicated. S-phase and non-S-phase cells
were distinguished by EdU labeling as in J. Levels of RPA32 p-S33 in individual cells were
analyzed with the RPA p-S33 antibody (n>100). Red bars represent the mean RPA32 p-S33
intensities of the indicated cell populations. See also Fig. S1.
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Fig. 2. RPA stimulates the activity of RNaseH1 on R loops
(A) The R:D+ssDNA substrate with 32P-labeled RNA (25 nM) was incubated with

RNaseH1 (2 nM) and increasing concentrations of RPA (0, 12.5, 25, 50, 100, 200 nM) for 5
min. The fractions of substrate cleaved by RNaseH1 were quantified. Data are presented as
mean + SD (n=3). (B) The R:D+ssDNA substrate (100 nM) was incubated with RNaseH1 (5
nM), RPA (100 nM), or both for the indicated amounts of time. Data are presented as mean
+ SD (n=3). (C-D) In C, the R loop substrate (25 nM) was incubated with RNaseH1 (2 nM)
and increasing concentrations of RPA (0, 12.5, 25, 50, 100, 200 nM) for 5 min. In D, the R
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loop substrate (100 nM) was incubated with RNaseH1 (2 nM) in the presence or absence of
RPA (100 nM) for the indicated amounts of time. Data are presented as mean = SD (n=3).
(E) Left panel, RNA:DNA hybrid (25 nM) was incubated human RPA (0, 12.5%*, 25, 50, 100
nM) or E. coli SSB (0, 12.5, 25, 50, 100 nM) in the presence or absence of human RNaseH1
for 5 min. *: only used in the presence of RNaseH1. Right panel, the cleavage of substrate
was quantified, and the fold of simulation by RPA was determined. Data are presented as
mean + SD (n=3). (F) Left panel, RNA:DNA hybrid (25 nM) was incubated with human (2
nM) or E. coliRNaseH1 (0.05 nM) and increasing concentrations of human RPA (0, 25, 50,
100 nM). Right panel, the fold of stimulation by RPA was measured as in E. Data are
presented as mean + SD (n=3). See also Fig. S2.
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Fig. 3. RPA promotes association of RNaseH1 with RNA:DNA hybrids
(A-B) In A, the R:D substrate (25 nM) was incubated with RNaseH1 (2 nM) and increasing

concentrations of RPA (0, 6.25, 12.5, 25, 50, 100 nM) for 5 min. In B, the R:D substrate
(100 nM) was incubated with RNaseH1 (5 nM) in the presence or absence of RPA (100 nM)
for the indicated amounts of time. The cleavage of substrate was quantified. Data are
presented as mean £ SD (n=3). (C) A 25-bp probe of RNA:DNA hybrid (25 nM) was
labeled with 32P and incubated with increasing concentrations of RPA (0, 25, 50, 100, 200,
400 nM) in the presence or absence of RNaseH1P20IN (50 nM). The RNaseH1D210N.
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RNA:DNA complex was detected on a native polyacrylamide gel. (D) The RNA:DNA probe
(20 nM) was incubated with RNaseH1P210N (100 nM) and increasing concentrations of RPA
(0, 50, 100, 200, 400, 800 nM). The tertiary RPA-RNaseH1P210N_RNA:DNA complex was
detected on a native polyacrylamide gel. (E) Increasing concentration of RPA (12.5, 25, 50
and 100 nM) were incubated without or with 80-nt ssDNA (1, 2, 4 and 8 nM, respectively)
for 5 min (to form fully covered RPA-ssDNA complex) and RNaseH1WT (2 nM) was
incubated for 5 min. Then after R:D substrate (25 nM) was incubated for 5 min in Buffer A
with 50 mM KCI. See also Fig. S3.
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Fig. 4. RNaseH1R37A is compromised for RPA binding and RPA-mediated regulation
(A) A schematic representation of the domain structure of the nuclear RNaseH1. A summary

of the RNaseH1 fragments tested in this study and their abilities to interact with RPA is
shown on the right. (B) GFP-tagged RNaseH1 and the indicated mutant derivatives were
expressed in HEK293T cells and immunoprecipitated using anti-GFP antibody. GFP and
RPA32 in the immunoprecipitates were analyzed by Western blot. Cell lysates (0.5%) were
loaded as input. (C) A structural image of the hybrid domain of human RNaseH1 (Nowotny
et al., 2008) with a modeled RNA:DNA hybrid substrate was generated using the UCSF
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Chimera software (PDB ID: 3BSU) (Pettersen et al., 2004). Positively charged residues R32
and R33 are colored in blue, and R57 is highlighted in red. (D) GFP-tagged RNaseH1 and
the indicated mutants were expressed in HEK293T cells and tested for RPA binding as in B.
Cell lysates (0.5%) were loaded as input. (E) The R:D substrate (25 nM) substrate was
incubated with RNaseH1WT (2 nM) or RNaseH1R%7A (1 nM) and increasing concentrations
of RPA (0, 25, 50, 75 nM) for 5 min in Buffer A with 150 mM KCI. The cleavage of
substrate was quantified, and the fold of stimulation by RPA was determined. Data are
presented as mean + SD (n=3). (F) Left panel, induction of RNaseH1P210N-GFP and
RNaseH1R57AD210N_GFP was confirmed using anti-GFP antibody. Cells were not extracted
with triton, and soluble GFP proteins were detected. Middle panel, localizations of GFP-
tagged RNaseH1 proteins and R loops were analyzed with GFP and S9.6 antibodies. Cells
were extracted and fixed with methanol/acetic acid, and only chromatin-bound proteins were
detected. Right panel, intensities of S9.6 and GFP foci were quantified in individual cells,
and GFP/S9.6 ratios were determined (n=100). Red bars represent the mean GFP/S9.6 ratios
of the indicated cell populations. See also Fig. S4.
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Fig. 5. RNaseH1R57A fails to suppress R loops and associated genomic instability
(A-B) Inducible cell lines of RNaseH1WT-GFP or RNaseH1R5/A-GFP were transfected with

control or AQR siRNA and cultured for 60 h. GFP-tagged RNaseH1 proteins were induced
by doxycycline for 48 h. Cells were analyzed by immunofluorescence using RPA32 p-S33
and S9.6 antibodies. Representative images are shown in A. Intensities of p-RPA32 and S9.6
staining were quantified in individual cells and plotted in 2-dimensional blots in B (n=80).
Induction of RNaseH1WT and RNH1R%7A was confirmed by immunofluorescence and
Western blot in Fig. S5A and S5B. (C) Inducible cell lines of RNaseH1WT and RNH1R57A
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were transfected with control or AQR siRNA and induced by doxycycline for 48 h. Levels of
Kapl p-S824 in individual cells were analyzed by immunofluorescence (n>150). Red bars
represent the mean p-Kap1 intensities of the indicated cell populations. AQR knockdown
cells with p-Kap1 signals above the control cells are colored in orange, and the percentages
of these cells in their respective cell populations were quantified. (D) Inducible cell lines of
RNaseH1WT and RNH1R57A were treated as in C. Levels of yH2AX and other indicated
proteins were analyzed by Western blot. (E) ATRIP43-107_RNaseH1R57A-GFP and
RNaseH1R57A-GFP was expressed in HEK293T cells and immunoprecipitated using anti-
GFP antibody. Endogenous RPA32 associated with RNaseH1-GFP was detected by Western
blot. (F) Inducible cell lines of RNaseH1WT-GFP or RNaseH1R>’A-GFP were treated as in
D. Levels of yH2AX and other indicated proteins were analyzed by Western blot. See also
Fig. S5.
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Fig. 6. RNaseH1R7A fails to suppress R loops in a variety of contexts
(A-B) Inducible cell lines of RNaseH1WT-GFP or RNaseH1R5’A-GFP were transfected with

control or SETX siRNA and cultured for 60 h. GFP-tagged RNaseH1 proteins were induced
by doxycycline for 48 h. In A, levels of indicated proteins were analyzed by Western blot. In
B, levels of yH2AX in individual cells were analyzed by immunofluorescence (n>180). Red
bars represent the median yH2AX intensities of the indicated cell populations. (C) HelLa
cells were either treated with DMSO or 1nM Plad-B for 24 h. Left panel, intensities of S9.6
staining in individual cells were analyzed by immunofluorescence (n>50). Red bars

Mol Cell. Author manuscript; available in PMC 2017 July 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nguyen et al.

Page 30

represent the mean S9.6 intensities of the indicated cell populations. Percent of S9.6 positive
cells were calculated and plotted on the right panel (n=3). (D) Inducible cell lines of
RNaseH1WT-GFP or RNaseH1R>7A-GFP were either treated with DMSO or Plad-B for 24h.
RNaseH1-GFP proteins were expressed 24 h prior to and the whole duration of Plad-B
treatment. Levels of yH2AX in individual cells were analyzed by immunofluorescence
(n>60). Red bars represent the median yH2AX intensities of the indicated cell populations.
(E) K562-derived cells stably expressing different levels of either U2AF1WT or U2AF1534F
were seeded for 48h prior to analysis by immunofluorescence using S9.6 antibody.
Representative images are shown on the top panel. Bottom panels, intensities of S9.6
staining in individual cells were analyzed by immunofluorescence (n>130). Red bars
represent the mean S9.6 intensities of the indicated cell populations. Protein expression
levels of U2AF1WT and U2AF1534F are shown in Fig. S6A. (F) Inducible cell lines of
RNaseH1WT-GFP or RNaseH1R>"A-GFP were stably expressing either U2AF1WT or
U2AF1534F for 60 h. RNaseH1-GFP proteins were expressed by addition of doxycycline.
Intensities of S9.6 staining in individual cells from two experiments were combined and
analyzed by immunofluorescence (n>100). Red bars represent the mean S9.6 intensities of
the indicated cell populations. Protein expression levels of U2AF1WT and U2AF1534F are
shown in Fig. S6B. See also Fig. S6.
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Table 1
Primers for gRT-PCR of the ChIP experiment
BActin Pause Fp GGGACTATTTGGGGGTGTCT
BActin Pause Rp TCCCATAGGTGAAGGCAAAG

BActin Control Fp (GFP ChIP)

CAGTGGTGTGGTGTGATCTTG

BActin Control Rp (GFP ChIP)

GGCAAAACCCTGTATCTGTGA

BActin Control Fp (RPA ChIP)

GATGCCACCACATCTGACTAA

BActin Control Rp (RPA ChIP)

GGGAGACAGACCCTGTTATATTG

Gemin7 Pause Fp

AGCTCACGCTGGTTCTTTCTT

Gemin7 Pause Rp

GAAATTCCAAAGGCGAGAGAC

Gemin7 Control Fp

GATTCTATTTGGGCCACCTATG

Gemin7 Control Rp

GGGAGGCATCTAAACCTCATC
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Table 2

List of oligonucleotides used in vitro substrates

RNA oligo | 5’GCAGCUGGCACGACAGGUAUGAAUC

Oligo 1 5’GCCAGGGACGAGGTGAACCTGCAGGTGGGCGGCTACTACTTAGATGTCATCCGAGGCTTATTGGTAGAATTCGGCAGCGTCATGCGACGGC
Oligo 2 5’GCCGTCGCATGACGCTGCCGAATTCTACCACGCGATTCATACCTGTCGTGCCAGCTGCTTTGCCCACCTGCAGGTTCACCTCGTCCCTGGC
Oligo 3 5’GCAGCTGGCACGACAGGTATGAATC

Oligo 4 5’GATTCATACCTGTCGTGCCAGCTGC

Oligo 5 5’GCAGTAGCATGACGCTGCTGAATTCTACCACGCTATGCTCTCGTCTAGGTTCACTCCGTCCCTGCGATTCATACCTGTCGTGCCAGCTGC
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

AQR Bethyl A302-547A-T

Flag Sigma F7425

Anti-Flag M2 affinity gel Sigma A2220

GAPDH Millipore ABS16

YH2AX-pS139 Cell Signaling 9718S

YH2AX-pS139 Millipore 05-636

GFP Thermo Fisher Scientific A11122

Kapl-pS428 Bethyl A300-767A

Ku70 GeneTex GTX70271

RPA32 Thermo Fisher Scientific MA1-26418

RPA32-pS33 Bethyl A300-246A

S9.6 Dr. Stephen Leppla; Antibodies Protein A purified from hybridoma S9.6
Incorporated

SETX Novus Biologicals NB100-57542

U2AF1 Abcam ab197591

Chemicals, and Recombinant Proteins

T4 polynucleotide Kinase NEB MO0201S

Proteinase K Thermo Fischer 25530049

E.coliRNase H NEB M0297S

E. coliSSB Abcam ab123224

BSA NEB B9000S

ATP gamma P32 Perkin Elmer NEG002250uc

IPTG CalBiochem 420322

Ni*t*-NTA beads Qiagen 30230

Affi-Gel Blue Gel BioRad 1537301

SP Sepharose GE Healthcare 17-0729-01

DNase | Qiagen 79254

RNase A ThermoFisher Scientific 12091021

Sequence-Based Reagents

Primers for ChIP This Study Table 1

Oligos for /n vitro substrates This study Table 2

preparation

Software and Algorithms

Image Lab BioRad http://www.bio-rad.com/en-us/product/image-lab-software

ImageJ https://imagej-nih-gov.ezp-prod1.hul.harvard.edu/ij/index.html

Prism 5 http://www.graphpad.com/scientific-software/prism/
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