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SUMMARY
Co-transcriptional R loops arise from stalling of RNA polymerase, leading to the formation of stable DNA:RNA
hybrids. Unresolved R loops promote genome instability but are counteracted by helicases and nucleases.
Here, we show that branchpoint translocases are a third class of R-loop-displacing enzyme in vitro. In cells,
deficiency in the Fanconi-anemia-associated branchpoint translocase FANCM causes R-loop accumulation,
particularly after treatment with DNA:RNA-hybrid-stabilizing agents. This correlates with FANCM localization
at R-loop-prone regions of the genome. Moreover, other branchpoint translocases associated with human
disease, such as SMARCAL1 and ZRANB3, and those from lower organisms can also remove R loops
in vitro. Branchpoint translocases are more potent than helicases in resolving R loops, indicating their evolu-
tionary important role in R-loop suppression. In human cells, FANCM, SMARCAL1, and ZRANB3 depletion
causes additive effects on R-loop accumulation and DNA damage. Our work reveals a mechanistic basis
for R-loop displacement that is linked to genome stability.
INTRODUCTION

R loops form when RNA anneals within duplex DNA and dis-

places a corresponding single-strand DNA (ssDNA) patch. R

loops can arise directly from transcription of difficult to transcribe

regions or by enzyme-driven integration of RNA, such as R loops

created by the Cas9 protein during CRISPR1,2 or RAD51AP1

protein during recombination.3 Persistent R loops can be a threat

to genome stability because the displaced ssDNA within an R

loop is prone to cleavage by nucleases (creating DNA breaks),4

recombination with distant DNA sequences (creating chromo-

some rearrangements)5 and atypical modification by ssDNA viral

defense proteins such as APOBEC enzymes (creating base

substitutions).6

R-loop formation in cells can be counteracted by multiple

mechanisms. For example, topoisomerase 1 inhibits annealing

of RNA to DNAby preventing local unwinding of DNAduring tran-

scription.7 If RNA does anneal, it can be directly unwound by one

of several RNA helicases associated with transcription, such as

Senataxin,8 UAP569 or Aquarius.10 In certain circumstances of

persistent R-loop formation, RNase H1 can also remove R loops

by specifically degrading trapped RNA.11 However, these pro-

cesses do no entirely prevent R-loop formation. In particular,

several studies have shown that DNA-replication-dependent
C
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genome instability is partially prevented when the rate of tran-

scription is reduced, indicating that R loops cause DNA damage

predominantly during S phase.12–14

One S-phase-activated pathway of R-loop response is pro-

vided by the Fanconi anemia (FA) DNA repair pathway, which

culminates in formation of monoubiquitinated FANCD2 at

R-loop-rich regions.14–16 FANCM is a component of the FA

pathway that is essential for activation of FANCD2 ubiquitina-

tion17 in response to the stalling of replication. Stalled replication

forks also activate the DNA-structure-specific binding and

ATPase activities of FANCM. ATP hydrolysis is coupled tomove-

ment of the junction by FANCM across regions of homology to

move the branchpoint and, subsequently, remodel the fork by

annealing the nascent DNA strands.18

Human cells contain multiple other ‘‘fork remodeler’’ proteins

associatedwith humandisease. These includeSMARCAL1 (asso-

ciated with Schimke immuno-osseous dysplasia19), ZRANB3

(associatedwith type2diabetes20), andHLTF (associatedwithco-

lon carcinogenesis21). Fork remodelers do not generate ssDNA as

an intermediate but take advantage of the complementarity of

DNA on either side of a junction (such as those found at stalled

DNA replication or transcription bubbles)17 to displace and rean-

neal sequences to effect outcomes on DNA junctions. Fork re-

modelers therefore act by a fundamentally different mechanism
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to helicases, and we previously showed that FANCM acts by

branchpoint translocation in the unwinding of oligonucleotide-

based Flap structures that partially resemble R loops.14

Here, we show using bona fide R-loop structures that branch-

point translocation is a highly efficient mechanism of R-loop

displacement that is affected by multiple enzymes. Human

FANCM, SMARCAL1, or ZRANB3 specifically displace RNA

from these synthetic R loops and reduce R-loop burden in cells.

We show that R-loop removal is an evolutionarily conserved

property of the orthologs of fork remodelers in lower eukaryotes

(Mph1 from baker’s yeast or FmlI from fission yeasts) and bacte-

ria (RecG proteins).22–24 Our findings confirm that fork remodel-

ers play a major primary role in R-loop removal that is indepen-

dent of their role in replication fork remodeling.

RESULTS

In vitro unwinding of co-transcriptional R loops by
FANCM:FAAP24 complex
Most previous studies of R-loop-metabolizing enzymes,

including our own,14,25,26 utilized small oligonucleotide-based

structures composed of short regions of RNA annealed to DNA

flaps as R-loop mimics. But such structures do not truly

resemble co-transcriptional R loops that are known to contain

the high GC skew, closed triplex structure, and longer length

of native R loops.27 To establish an ‘‘ideal R loop’’ that does

incorporate these features of physiological R loops, we used a

pUC19 plasmid containing the mouse immunoglobulin class-

switch recombination sequence (Sm region) in between a T7 pro-

motor and terminator (Figure S1A). Using T7 polymerase and
32P-UTP, we generated co-transcriptional R loops using tech-

niques previously described by Roy et al.28 where the formation

of R loops can bemeasured by both a change in plasmidmobility

(see on the DNA-stained gels) and retention of the radiolabeled

nascent RNA (seen as a slow migrating form on autoradiograph

gels) (Figures 1A and 1B). Treatment with RNase H, but not

RNase A, led to loss of the R-loop structure on the stained gel

and concomitant signal loss on autoradiographs, confirming

the presence of RNA-DNA hybrids within the plasmids. RNase

H degraded the RNA molecule down to nucleotide-sized frag-

ments (Figure 1B, lane 4).

In contrast to RNase H-mediated RNA degradation, addition

of FANCM (as a heterodimer with its stabilization partner

FAAP24 in all experiments shown throughout the article) led to

release of the RNA transcript without degradation (Figure 1C).

This process was ATP dependent: the R loop remained intact

when wild-type FANCM-FAAP24 was added in the absence of

ATP (Figure 1C, lane 3) or when an ATPase dead FANCMK117R

mutant was used (Figure 1C, lane 4).

FANCM unwinds R loops independent of topology,
sequence, or replication protein A (RPA) coating
To determine whether specific properties of an R loop governed

its ability to be unwound by FANCM, we cloned several se-

quences previously identified as strongly R-loop prone in vivo2

into our R-loop test plasmid (Figure S1B) and measured their

R-loop-forming potential in vitro. The human APOE- or SNRPN-

and mouse Airn-genomic loci all formed stable R loops through
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purification. These regions were assessed for their percentage of

GC skew using genskew.csb.univie.ac.at (Figure 1D). In all

cases, addition of FANCM:FAAP24 led to rapid and efficient

release of the RNA component from the DNA:RNA hybrids

without degradation (Figure 1D).

Because RNA bound within an R loop creates underwound or

overwound (supercoiled) regions, we also tested the ability of

FANCM to displace the RNA from R loops generated with

different topological states. First, we used linearization by re-

striction digestion to remove all covalent topology from the

plasmid DNA. This treatment caused no effect on R-loop stability

(Figure S2A). Second, we treated R loops with E. coli Topo1 or

human TopoIIIa to generate covalently closed circular (ccc)

structures with net zero supercoiling (Figure S2A). Together,

these data show that once formed, co-transcriptional ideal

R-loop structures are stable regardless of changes in DNA topol-

ogy. Importantly, FANCM unwound supercoiled, linear, or ccc R

loops at essentially equal rates (Figure 1E). This suggests that

DNA topology does not affect unwinding activity against native

R-loop structures.

We also tested whether RPA influences FANCM activity

against R loops (Figure 1G). This is because in vivo, the ssDNA

displaced within an R loop is most likely bound by ssDNA-bind-

ing proteins such as RPA to protect it from attack by DNA-modi-

fying enzymes.11 As expected, a uniform shift in electrophoretic

mobility was observed when the displaced DNA strand in the R

loop became bound by RPA (Figure S2B). After the addition of

FANCM-FAAP24, RPA-bound R loops were also efficiently un-

wound, albeit at a moderately slower rate than RPA-free sub-

strates (Figure 1G and see also Figure S2C).

Collectively, these data indicate that FANCM-FAAP24 acts in

an efficient manner on naked or protein-coated R loops of

different sequences and topologies.

FANCM associates with and counteracts excessive R
loops in response to transcription stalling agents
To determine whether FANCM is required in cells for suppress-

ing physiological or chemical-induced R-loop formation, we

exposed isogenic FANCM-knockout (KO) or parental HCT116

cells (previously characterized by Wang et al.29) to inhibitors of

the spliceosome (that promote R loops through retention of in-

tronic sequences) and the topoisomerase 1 inhibitor topotecan

(that promotes R loops by stalling transcription).14,30,31 Using

slot blots of genomic DNA probed with the DNA:RNA-hybrid-

specific antibody S9.6, we found a �30% increase in total

R-loop levels in FANCM-deficient cells, similar to that previously

observations in HEK293 cells depleted of FANCM by small inter-

fering RNA (siRNA) (Schwab et al.14). Strikingly, even low con-

centrations of the two R-loop-promoting compounds dramati-

cally increased the total R-loop levels in FANCM-deficient cells

relative to parental cells by up to 600% (Figures 2A, 2B, 2D,

and 2E). Moreover, we found that FANCM-deficient cells are

particularly sensitive to topotecan and the spliceosome inhibitor

pladienolide B (Figures 2C and 2F). In contrast, cells deficient in

another FA gene, FANCL (which shared a similar hypersensitivity

to the DNA interstrand crosslink-inducing drug acetyl aldehyde

with FANCM-deficient cells), were not hypersensitive to these

drugs (Figure S3).



Figure 1. FANCM displaces RNA from R

loops of different sequences or structures

(A) Schematic of method used to generate and

unwind Sm R loops of different topological states.

DNA is colored black and RNA orange.

(B) Plasmid based R loops observed by gel elec-

trophoresis. Sybr gold stain of plasmid DNA mole-

cules reveals the topological changes to the

plasmid DNA upon R-loop formation. Right panel

is an autoradiograph identifying 32P-UTP incorpo-

ration into R loops, transcripts, or post-RNAse

treatment.

(C) Autoradiograph showing FANCM-FAAP24

(0.25 nM) unwinding purified R loops (1 nM) in an

ATP-dependent manner. FANCMK117R is a trans-

locase-activity-deficient mutant.

(D and E) Autoradiographs showing activity FANCM

(0.25 nM) on R loops of a different sequence (%

indicates GC skew) (D) or topological state (E).

(F and G) Quantification of unwinding activity on

different topological states or replication protein A

coating (±SE) from n > 3 experiments.

See also Figures S1 and S2.
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We noticed that sensitivity to both topotecan and pladienolide

B correlated with sharp increases in total cellular R-loop levels in

response to these drugs (Figure 2). R-loop levels and LD50

dosage were highly related (compare Figures 2B and 2C and

Figures 2D and 2E), suggesting that cellular viability in response

to these compounds correlates with a threshold R-loop level.

Altogether, these results indicate that FANCM activity in

R-loop metabolism is independent of the canonical FA inter-

strand crosslink (ICL) repair mechanism to catalytically displace

RNA from R loops formed under both physiological and drug-

induced conditions.

From these results, two important questions follow: do all

R-loop sequences increase after drug treatment, and is

FANCM directly associated with specific R-loop-prone loci in
Ce
cells? To directly answer this question,

we used two different techniques (Fig-

ure 2G). First, we used DNA:RNA hybrid

immunoprecipitation (DRIP) with the S9.6

antibody and targeted PCR amplification

with the S9.6 antibody. At multiple gene

promoters, FANCM-deficient cells consis-

tently displayed a 2- to 4-fold increase in

DNA:RNA hybrid formation (Figure S3D).

This includes at the SNRPN, APOE, and

RPN gene promoters that have high GC

skew and for which we had shown

FANCM activity in vitro (Figure 1D). Sec-

ond, we used chromatin immunoprecipita-

tion (ChIP) with a monoclonal anti-FANCM

antibody in wild-type cells after short

exposure to topotecan. At the APOE and

SNRPN promoters, both the DRIP signal

and the FANCM-ChIP signal showed sub-

stantial and consistent increases after

drug treatment (Figure 2H).
Together, these findings support the hypothesis that FANCM

accumulates at regions of the genome that are prone to R-loop

formation. When FANCM is absent, these regions, which include

several promoter sequences previously described to be regu-

lated by R-loop levels,2 then accumulate to deleterious levels,

in turn leading to reduced viability.

R-loop displacement is a conserved feature of fork
remodeler proteins
FANCM is a large 230 kDa fork remodeler protein with an N-ter-

minal translocase and branched DNA-binding (junction recogni-

tion) domain, a C-terminal ERCC4 structure-specific DNA-bind-

ing domain, andmultiple protein:protein interaction domains that

recruit additional DNA repair factors17,32,33 (Figure 3A). These
ll Reports 41, 111749, December 6, 2022 3



Figure 2. FANCM is necessary for suppres-

sion of R-loop formation in cells and resis-

tance to R-loop-promoting agents

(A) Total DNA:RNA hybrid levels in slot blot of

HCT116 gDNA after exposure to increasing top-

otecan. Measured using S9.6 anti-DNA:RNA hybrid

or F7-26 anti-DNA. RNase H-treated gDNA was

used as a control for S9.6 specificity.

(B) Quantification of S9.6 versus F7-26 slot blot

signal from n = 3 experiments ± SE is shown in

graphed form (all values normalized to parental

untreated).

(C) Dose-response curves of parental and

FANCM�/� HCT116 cell lines exposed to

topotecan.

(D–F) As in (A)–(C) but after pladienolide B treatment.

(G) Schematic of DRIP and ChIP technique.

(H) Enrichment of R loop (S9.6) or FANCM (CE56.1)

at APOE or SNRPN promoters compared with an

intergenic region after topotecan treatment on n = 4

independent experiments (*p % 0.05, **p %

0.01,***p % 0.001, ****p % 0.0001).

Article
ll

OPEN ACCESS
C-terminal parts of the protein are essential for activation of the

FA ICL repair pathway but not for cell viability.34 Because we

showed that FANCM’s role in R-loop suppression is indepen-

dent of FANCL and the FA ICL repair pathway, we tested the ca-

pacity of the FANCM N-terminus (FANCM1-800) to unwind R

loops. We found FANCM1-800 to be sufficient for in vitro R-loop

removal (Figure 3B), confirming that C-terminal parts of the pro-

tein are not required for RNA displacement.

The N-terminal translocase domain of FANCM is also

conserved in its orthologs from lower eukaryotes, such as

Mph1 from Saccharomyces cerevisiae and Fml1 from

S. pombe.24 Similarly, in bacteria, RecG is a fork remodeler pro-

tein that is thought to be the closest prokaryote relative of
4 Cell Reports 41, 111749, December 6, 2022
FANCM/Mph1/Fml1.18,35 RecG also con-

sists of just a translocase and a junction-

recognition domain. Based on our findings

with FANCM1-800, we tested the related

homologs, and also found that R-loop un-

winding is a conserved feature of yeast

and bacterial fork remodelers. Recombi-

nant Mph1, Fml1, or Thermatoga maritima

RecG all displaced the co-transcriptional R

loops with potent activity, indicating a

conserved function of FANCM-family pro-

teins (Figure 3C).

But is this R-loop displacement a general

property of all helicases and translocases?

To begin to answer this question, we tested

a panel of human enzymes that had previ-

ously been demonstrated to have activity

against branched DNA structures. From

this panel, two enzymes, ZRANB3 and

SMARCAL1, were able to catalyze the

displacement of RNA from the R loop with

similar efficiency to FANCM protein

(Figures 3D and S4). Surprisingly, the
related branchpoint translocase HLTF, three junction-specific

helicases (BLM, FANCJ, and RECQL4), and a phage replicative

helicase (gp4) did not show appreciable capacity to unwind the

R-loop substrate (Figure 3D). The capacity of each of these en-

zymes to branch migrate (for translocases) or unwind (for heli-

cases) branched DNA-DNA structures was confirmed in parallel

assays (Figure S5 and Castillo-Tandazo et al.36 and Duderstadt

et al.36,37). We did observe very weak activity of the BLM helicase

and HLTF translocase toward R loops at high enzyme:substrate

ratios. For BLM, this is concordant with published studies

using oligonucleotide-based DNA:RNA hybrids38 but appears to

be �400-fold less efficient than for FANCM, ZRANB3, and

SMARCAL1 in our comparative assays (Figures S5B and S5C).



Figure 3. R-loop displacement is a conserved feature of branchpoint translocases

(A) Domain organization of branchpoint translocases showing conserved domains and truncation mutants used in experiments.

(B and C) R-loop displacement assays with (B) FANCM-T (1 nM) and (C) full-length Mph1, Fml1, and RecG (1 nM).

(D) Average unwinding activity in 10 min reactions with indicated translocase/helicase enzymes. BLM shown at 1 or 40 nM, all other enzymes at 1 nM.

(E) R-loop displacement assays with a short time course indicate R-loop-unwinding rates of 10 nM FANCM, SMARCAL1, ZRANB3, or HLTF on plasmid R loops.

Results are average ±SE for n = 3 independent experiments.

(F and G) Representative examples (from >3 independent experiments) of experiments conducted with (F) ZRANB3 and ZRANB3 truncations and (G) SMARCAL1

and SMARCAL1 truncations.
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In time course experiments, HTLF has negligible activity at con-

centrations where SMARCAL1, ZRANB3, and FANCM are highly

active (Figure 3E). The weak activity of HLTF’s branchpoint trans-

locase on R loops may be linked to its unique HIRAN domain,

which recognizes the 30-deoxyribose of nascent DNA and may

limit its activity to DNA-only structures.39

We further tested the active branchpoint translocases on RPA-

coated R loops. We found that RPA mildly, but reproducibly,

activated R-loop displacement by BLM and SMARCAL1, which
contain RPA-binding domains.40,41 Conversely, RPA inhibited

the activity of ZRANB3, which does not contain an RPA-binding

domain (Figure S4D). These findings mirror experiments using

purely DNA-based junctions.42

Effective R-loop translocation requires ATPase and
junction-recognition domains
While FANCM is thought to be targeted to junction DNA by a

junction-recognition insert between its RecA1 and RecA2 folds43
Cell Reports 41, 111749, December 6, 2022 5



Figure 4. FANCM, SMARCAL1, and ZRANB3

removeR loops by branchpoint translocation

and not helicase unwinding

(A) Schematic of how P1 nuclease alters R-loop

structure with S9.6 slot blot demonstrating

DNA:RNA hybrid is retained after P1 nuclease

treatment.

(B) Example activity assays (from >n = 3) of 1 nM

FANCM, ZRANB3, or SMARCAL1 on P1 nuclease-

modified R loops compared with unmodified R

loops.

(C) Schematic of how helicase activity is necessary

for removal of RNA from a static flap structure.

(D) Example activity assays (from n = 3 independent

experiments) of ZRANB3, SMARCAL1, BLM,

FANCM, and Senataxin incubated with static

junctions at increasing concentration (1, 5, or

20 nM) ±1 mM ATP and separated by PAGE. Only

BLM and Senataxin helicases can disrupt this

structure. *, truncated Flap structures.
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(Figure 4A), SMARCAL1 and ZRANB3 both contain junction-

specificity domains outside of their translocase domains44,45

as shown in Figure 3A. For SMARCAL1, the junction specifica-

tion is located in N-terminal HARP domains between residues

226 and 398.44 Inclusion of this region together with the core

ATPase domain preserved SMARCAL1 activity on both DNA

junctions and R loops, while a shorter SMARCAL1 fragment

that lacked residues 226–398 was incapable of resolving R loops

(Figures 3A, 3E, and S4E).

For ZRANB3, it was previously shown that fusion of

this junction-specific domain onto the core translocase re-

gion restored branch migration activity.45 Using such a

fusion, we confirmed this observation on DNA junctions (Fig-

ure S4F); however, the same junction was incapable of

restoring the activity of truncated ZRANB3 in R-loop dissoci-

ation (Figures 3A and 3F). This suggests that an additional

domain of ZRANB3 may be required for its activity on

DNA:RNA junctions that is not required on purely DNA

junctions.

Branchpoint unwinding is dependent upon the existence
of a displaced strand
Branchpoint translocation requires the DNA sequences on both

sides of a junction to be complementary in order for branch

migration to occur.46 To confirm that FANCM, ZRANB3, and

SMARCAL1 displace RNA solely by branchpoint translocation

(and not helicase activity), we used a previously published

approach to remove the displaced ssDNA strand within the co-

transcriptional plasmid R loops using P1 nuclease (Figure 4A).

P1 specifically degrades ssDNA but leaves the double-stranded

DNA (dsDNA) and DNA:RNA hybrid component intact.47 After

treatment with this nuclease, the R loops became resistant to

the unwinding activity of FANCM, ZRANB3 or SMARCAL1

(Figure 4B).
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Finally, none of the branchpoint translocase enzymes could

act on non-migratable ‘‘static’’ Flap structures created from

DNA and RNA oligonucleotides (Figures 4C and 4D). This is

because the displacement of RNA by branchpoint translocation

must be coupled to DNA reannealing, which is not possible

when the DNA strands are mismatched (Figure 4C). BLM or

Senataxin, enzymes that act instead by a helicase mechanism,

can remove RNA from these structures because they do not

require unwinding to be coupled with DNA reannealing (Fig-

ure 4D). This is a similar result to that observed for purely

DNA-based junctions: FANCM, ZRANB3, or SMARCAL1 are

not capable of unwinding a non-migratable DNA junction, in

contrast to BLM helicase, which can still unwind such struc-

tures (Figure S4A).

Combined deletion of branchpoint translocases causes
R-loop-dependent genome instability and is deleterious
to cellular fitness
Because we discovered that ZRANB3 and SMARCAL1 are

similar to FANCM in their activity toward in vitro R loops, we

used siRNA to deplete these enzymes from cells and examined

R-loop accumulation using immunofluorescence. Like we had

observed using slot blot experiments for FANCM KO (Figure 2),

knockdown of ZRANB3 or SMARCAL1 in HeLa cells resulted in

increased R-loop levels (Figure 5A). Moreover, the level of R

loops increased further, and was additive on a per cell basis,

when ZRANB3 or SMARCAL1 siRNAs were combined with

FANCM depletion (Figure 5A). Similar increases in R-loop levels

were seen when ZRANB3 or SMARCAL1 siRNAs were used in

FANCM-KO HCT116 cells, and DNA:RNA hybrid levels were

measured by genomic DNA isolation to exclude the possibility

of dsRNA contamination (Figure 5B).

To determine whether these observed synergistic effects on

R-loop accumulation also resulted in DNA damage, we



Figure 5. Fork remodelers work cooperatively to suppress R loops and associated markers of genome instability and cell-cycle arrest

(A and B) Example immunofluorescent analysis and quantitative results from 3 independent experiments show (A) elevated R-loop levels detected with S9.6 anti-

DNA:RNA hybrid antibody and (B) total DNA:RNA hybrid levels in slot blot of HCT116 gDNA 48 h after indicated siRNA transfection. Measured using S9.6 anti-

DNA:RNA hybrid or F7-26 anti-DNA. Results show individual values and averages ±SE from 3 independent experiments. RNase H-treated gDNA was used as a

control for S9.6 specificity.

(C and D) Elevated DNA damage detected with H2AX antibody (C) and elevated 53BP1-OPT domains after HeLa cells were treated with indicated siRNAs (D).

Quantifications are shown from overlapping data of 3 independent experiments. A two-tailed Mann-Whitney test was employed to directly compare two groups,

(with ⍺ = 0.003 where Bonferroni correction for 15 multiple comparisons and ***p % 0.001, ****p % 0.0001).
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examined several markers. Depletion of any one of the branch-

point translocases caused a 30%–60% increase in the average

intensity of gH2A.X, a marker of double-strand break formation

(Figure 5C). The increase in damage was independent of any

exogenous DNA-damaging agents. Importantly, co-depletion

of FANCM and SMARCAL1 (although not ZRANB3) caused a cu-

mulative average increase in levels of this marker (Figure 5C).

The number of intensely stained cells (>25 a.u.) was higher in

all the co-depletion conditions. The co-depletion of FANCM

and other branchpoint translocases also synergize to increase

53BP-OPT domains, which mark persistent unrepaired DNA

damage transmitted to daughter cells during mitosis (Figure 5D).

These findings are consistent with other reports of R-loop in-

creases directly leading to double-strand breaks in DNA.6
DISCUSSION

In this work, we describe branchpoint translocation by fork re-

modelers as a general mechanism for R-loop removal in eukary-

otes. R loops that persist during DNA replication present as a

potent barrier to the progression of DNA replication.13 The fork

remodelers FANCM, SMARCAL1, and ZRANB3 play an overlap-

ping role in the remodeling of replication forks at other types of

replication barriers, primarily through translocating the DNA

branchpoint of stalled forks to influence replication fork regres-

sion and/or restart.44,45,48,49 However, our data indicate that

these enzymes also share the capacity to directly remove R

loops through a similar mechanism of branchpoint translocation.

This dual role in displacing R loops and replication fork
Cell Reports 41, 111749, December 6, 2022 7



Figure 6. Mechanistic difference between

branchpoint translocation and helicase un-

winding

(A and B) By analogy with a zipper, branchpoint

translocases ‘‘zip up’’ the DNA and thereby indi-

rectly remove RNA (A), whereas helicases ‘‘unzip’’

the DNA:RNA hybrid to achieve the same outcome

(B). Location of enzyme action shown by blue arrow.

DNA strands shown in green, and RNA strand in red.
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remodeling could potentially allow the enzymes to coordinate

the prevention of genome instability caused by collisions be-

tween replication and transcription.

Other studies also point to direct influences of fork remodelers

on transcription. In particular, cells from patients with

Schimke immuno-osseous dysplasia (SIOD) (with homozygous

SMARCAL1 deficiency) show genome-wide transcriptional

changes19 and increased DNA:RNA hybrid levels,50 and

genome-wide ChIP studies revealed that nearly 40% of genomic

regions occupied by SMARCAL1 are close to a transcription

start site.51 In mice, SMARCAL1 or ZRANB3 deficiency can alter

the transcriptional program (and cancer spectrum) of mice that

over-express the c-Myc transcription factor.52 R loops have

also been shown to accumulate at telomeres after FANCM or

SMARCAL1 depletion, particularly in cells that utilize the ALT

pathway of telomere maintenance.53–55 In C. elegans, deletion

of the SMRC-1 homolog of SMARCA1 leads to an accumulation

of DNA:RNA hybrids, which is associated with an altered tran-

scription profile and an increase in demethylated histones.56 In

fruit flies, yeast or bacteria deletion of fork remodelers also leads

to elevated R-loop levels associated with both altered transcrip-

tion and genome instability.23,57,58 It is likely that all these

phenotypes are associated with the inherent R-loop displace-

ment activity we observed for these enzymes.
8 Cell Reports 41, 111749, December 6, 2022
We favor the hypothesis thatmuch of the

R-loop regulation by branchpoint translo-

cases may be associated with R-loop

removal ahead of, or when encountered

by, the replication fork. FANCM and the

other fork remodelers are enriched in chro-

matin at sites of ongoing replication,32,59

but DNA:RNA hybrids were also recently

shown to form by transcription emanating

from dsDNA breaks during resection

when RNA polymerases become loaded

onto broken DNA ends.60,61 Fork

remodelers may play some role in

displacing such hybrids in prevention of

over-resection, another phenotype of

FANCM-, SMARCAL1-, or ZRANB3-defi-

cient cells.32,62 As yet, we also do not

know if FANCM, SMARCAL1, and

ZRANB3 all act on the same or different

R-loop structures. They may act in a com-

mon pathway or have substrate prefer-

ence. For example, on DNA-only-based

structures, SMARCAL1, ZRANB3, and
FANCM have somewhat different specificities relating to

whether the branchpoint is adjacent to either 50 or the 30 sin-
gle-stranded regions or with or without ssDNA-binding proteins

associated.63

The maintenance of genome stability by R-loop removal is

regulated by several different RNase nucleases and helicases,

which act directly on the DNA:RNA hybrid. Our study identifies

another enzyme activity that instead acts on branchpoint trans-

location of dsDNA adjacent to anR loop to evict trappedRNA. By

analogy, we can use zippers to understand the mechanistic dif-

ference between branchpoint translocases and helicases (Fig-

ure 6). Similar to the opening of a zipper, helicases ‘‘unzip’’

directly the DNA:RNA hybrid, which indirectly allows the DNA

to reanneal. In contrast, branchpoint translocases act to ‘‘rezip’’

or ‘‘zip up’’ the DNA—indirectly displacing the RNA as they do

so. Because they act on the DNA, branchpoint translocases

can simultaneously displace RNA, protein, and annealed DNA

(for example, in the recently identified class of pro-recombino-

genic molecules called DR loops3) while also reannealing the

dsDNA to allow further renewed transcription or DNA replication.

A helicase unwinding such structures could potentially leave

protein-coated ssDNA regions or topological barriers in its

wake. This makes branchpoint translocation a fundamentally

more efficient reaction than helicase unwinding. Branchpoint
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translocation could allow the RNA displacement to be coupled to

other enzymatic activities, making it superior to nuclease degra-

dation (which wastes the RNA transcript).

Although branchpoint translocation is a highly processive

property of FANCM, SMARCAL1, and ZRANB3, many other

transcription factors and genome-stability proteins contain

ATPase and junction-specific DNA- or ssDNA-binding domains.

For example, there is emerging evidence that chromatin remod-

elers are targeted by R loops to regulate the exchange or move-

ment of nucleosomes.64,65 It will be interesting to investigate

whether these and other enzymes use branchpoint translocation

of R loops as a more targeted mechanism of transcription regu-

lation or genome-stability maintenance.

Limitations of the study
While we were able to show co-localization of FANCM and

R-loop-prone regions of the genome using ChIP, we were unable

to do this for SMARCAL1 or ZRANB3.We tested several commer-

cial antibodies to these proteins and could not find one suitable

for the ChIP technique. We have also not tested whether

gH2AX observed after translocase knockdown is localized to

where R loops accumulate. Future studies could identify whether

particular genome locations or R-loop-prone sequences are

regulated uniquely by FANCM, SMARCAL, and ZRANB3 by per-

forming whole-genome ChIP sequencing with novel antibodies,

or endogenously tagged versions of these proteins, and deter-

mining whether signals co-localize with R loop and gH2AX peaks.

While we observe total R-loop levels increase on a per-cell ba-

sis in all cells (Figure 5A), we have also not determined whether

these R loops originate in S phase or whether they accumulate

specifically at only one stage of the cell cycle. Future experiments

could examine the cell-cycle origin of R loops in translocase-defi-

cient cells by cell synchronization or methods that incorporate

cell-stage-specific markers together with R-loop analysis.
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Antibodies

Mouse monoclonal anti- FANCM CV5.1 Inhouse,66 Clone CV5.1

Mouse monoclonal anti- FANCM CE53.1 Inhouse,66 Clone CE53.1

Mouse monoclonal anti- DNA:RNA hybrid S9.6 Purified in house from

ATCC hybridoma S9.6

Clone S9.6, RRID: AB_2810829

Mouse monoclonal anti- Flag M2 Sigma Aldrich Cat # F3165, RRID: AB_259529

Mouse monoclonal anti-SMARCAL1 Santa cruz Cat# sc376377

RRID: AB_10987841

Rabbit polyclonal anti-ZRANB3 Bethyl Cat# A303-033A

RRID: AB_10773114

Bacterial and virus strains

NEB-10-beta E.coli New England Biolabs Cat#C3019H

Multibac E.coli Berger et al.67 N/A

BL21-DE3 New England Biolabs Cat#C2527H

Chemicals, peptides, and recombinant proteins

Recombinant Flag-FANCM:FAAP24 This paper N/A

Recombinant Flag-SMARCAL1 This paper N/A

Recombinant Flag-ZRANB3 This paper N/A

Recombinant Flag-MPH1 This paper N/A

Recombinant MBP-BLM Hodson et al.68 N/A

Recombinant Flag-HLTF This paper N/A

Recombinant RecG Singleton et al.69 N/A

Recombinant gp4 Duderstadt et al.37 N/A

Recombinant TopIII alpha complex Hodson et al.68 N/A

Recombinant RecQL4 Castillo-Tandazo et al.36 N/A

Recombinant RPA trimer This paper. N/A

E.coli Topoisomerase I New England Biolabs Cat # M0301S

T7 polymerase New England Biolabs Cat # M0251L

P1 nuclease New England Biolabs Cat # M0660S

Proteinase K New England Biolabs Cat # P8107S

RNAse H New England Biolabs Cat # M0297L

RNAse A Epicentre Cat #MRNA092

Experimental models: Cell lines

HCT116 human colorectal carcinoma cell line ATCC Cat#CCL-247

HCT116 FANCL�/� Huang et al.70 N/A

HCT116 FANCM�/� Wang et al.29 N/A

High Five Trichoplusia ni cells, also known

as BTI-Tn-5B1-4.

Invitrogen Cat# B85502

Sf9 Spodoptera Frugiperda cells Cancer Research UK cell line

repository

N/A

HeLa human cervical adenocarcinoma cell line ATCC Cat#CCL-2

HEK293 human embryonic kidney cell line ATCC Cat#CRL-1573

Oligonucleotides

DsiRNA sequence targeting ZRANB3:

UCAAAGCAUGGAUCAGACAUCACdAdC

IDT (Singapore) N/A

DsiRNA sequence targeting SMARCAL1:

GCAGAAGAUCUACGACCUAUUCCdAdG

IDT (Singapore) N/A
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DsiRNA sequence targeting HLTF:

AAGGAAUAUAAUGUUAACGAUGAdCdT

IDT (Singapore) N/A

DsiRNA NC1 non-targetig control sequence IDT (Singapore Cat# 51-01-14-04

DNA oligo XOm1 for non-migratable flap structure:

ACGCTGCCGAATTCTACCAGTGCCTTGCTAGGACA

TCTTTGCCCACCTGCAGGTTCACCC

IDT (Singapore) N/A

DNA oligo XOm4 for non-migratable flap structure:

CGATAGTCGGATCCTCTAGACAGCTCCATG

TAGCAAGGCACTGGTAGAATTCGGCAGCGT

IDT (Singapore) N/A

RNA oligo XOFlap5R: GGGUGAACCUGCAGG

UGGGCAAAGAUGUCC

Bioneer (Australia) N/A

DNA oligos used for target amplification in ChIP

experiments, see Table S1.

IDT (Singapore) N/A

Recombinant DNA

pUC19-Mu-switch-R-loop This paper Deposited at Addgene #134899

pUC19-mAirn-R-loop This paper Deposited at Addgene #134900

pUC19-hAPOE-R-loop This paper Deposited at Addgene #134901

pUC19-hSNRPN-R-loop This paper Deposited at Addgene #134902

pFL-EGFP-3xFlag-DEST This paper Deposited at Addgene #134903

pDONR223-HLTF Horizon discovery Clone 100070304

pFL-EGFP-3xFlag-HLTF This paper Deposited at Addgene #193055

pADC10-SETXhel This paper Deposited at Addgene #193056

pDONR221-Mph1 DNASU plasmid repository clone 25139

pFL-EGFP-3xFlag-Fml1 This paper Deposited at Addgene #193058

pET11d-RPA Henricksen et al.71 Addgene # 102616

pFastbac-dual-Flag-FANCM-FAAP24 Coulthard et al.17 N/A

pFastbac-dual-Flag-FANCM (K117R)-FAAP24 Coulthard et al.17 N/A

pFastbac1-SMARCAL1 and derivatives Ciccia et al.72 N/A

pFastbac1-ZRANB3 and derivatives Ciccia et al.72 N/A

Software and algorithms

ImageStudio Lite for collection and analysis of LiCor

Oddyssey images

Li-COR Biosciences https://www.licor.com/bio/image-studio-lite/

GraphPad Prism for macOS, used for graph generation

and statistical analysis

V9.0.1 from GraphPad. http://graphpad.com
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Andrew

Deans (adeans@svi.edu.au).

Materials availability
Plasmids generated in this study have been deposited to Addgene (see key resources table). Other reagents generated in this study

will be made available on request, but we may require a completed Materials Transfer Agreement if there is potential for commercial

application.

Data and code availability
d Data is available, where not included in the main or supplementary figures, from the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human cell lines (HCT116 and derivatives, HEK239 and HeLa) were cultured in DMEM+10%fetal bovine serum, on tissue culture

plasticware, in a humidified chamber at 370C, 5% CO2. Cell lines were authenticated by G-banding (Victorian Cytogenetics Service)

and STR profiling (Australian Genome Research Facility).

METHOD DETAILS

Co-transcriptional R-loop plasmid design and construction
Co-transcriptional R-loop sequences for the human APOE or SNRPN promoter sequences or murine m-switch repeat or AIRN pro-

moter sequences were synthesized with a 50-flanking T7 promotor and 30-T7-terminator sequence and cloned into the EcoRI and

HindIII sites of pUC19 (followed by sequence verification) by Gene Universal (Sequences are provided in Figure S1). Plasmids

were transformed into NEB 10-beta cells (NEB), plated andmidi prepped (Qiagen). DNA concentration was established by nanodrop.

R-loop forming plasmids have been deposited at Addgene.

R-loop generation and purification
2 mg of plasmid DNAwas incubated in a final reaction volume of 200 mL containing 1x T7 polymerase reaction buffer (NEB), 25 units of

T7 polymerase (NEB), 2.25mMof each nucleotide CTP, GTP, ATP and 825 nMUTP-ɑ-32P 3000Ci/mmol (PerkinElmer) for 1 h at 37�C.
The reaction was stopped by heat denaturation at 65�C for 20 mins. 100 mL of 1.05 M NaCl and 0.03 M MgCl2 buffer was added to

each reaction plus 2.5 mg of Rnase A (EpiCentre) for 1 hr at 37�C. R-loops where then purified by 2x phenol/chloroform using phase

lock tubes (Quanta Bio), precipitated in a final concentration of 0.3 M Na Acetate and 70% ethanol at �20�C overnight. Next day the

samples were centrifuged at 13,000 x g in table top centrifuge for 30 min. Supernatant was removed and samples were washed with

70% ethanol and centrifuged for a further 10 min. Supernatant was removed and pellets were left to air dry. R-loops were resus-

pended in 10 mM Tris pH8, then ran through 2x S-400 columns (GE Healthcare) to remove unincorporated nucleotides, quantified

using nanodrop and stored at 4�C.

Protein purification
The following protein expression protocols were used as previously described:

FLAG-FANCM-FAAP24 and FLAG-FANCMK117R-FAAP24
17: Sf9 insect cells (400 mL) were infected with baculoviruses (MOI = 3)

for 60 hr and pelleted at 500 x g, 4�C. Pellets were washed with 1xPBS. Cells were lysed on ice in 0.5 M NaCl, 0.02 M TEA pH 7.5,

1 mM DTT, 10% glycerol plus mammalian protease inhibitors (Sigma P8340-5 mL) and sonicated on ice 5 3 10 sec bursts. Lysates

was clarified by centrifugation at 35,000G for 40 minutes at 4�C. Clarified supernatant was then incubated with equilibrated Flag M2

resin (Sigma) for 1 hr on a roller at 4�C. Flag resin was then subjected to 3x batch washes with lysis buffer (without mammalian pro-

tease inhibitors) with 5 minutes on a roller at 4oc between each spin and 1x wash with lysis buffer containing 1 mM ATP and 3 mM

MgCl2. The resin was then placed into gravity flow column for a final wash and protein was eluted with 100 mg/ml Flag peptide. Flag

elutions containing FANCMwere pooled and diluted to have a final concentration of 100 mMNaCl, 20 mM TEA pH7.5, 10% glycerol,

1 mM DTT (buffer B) and added to 400 mL ssDNA resin overnight on a roller at 4�C. The resin was then placed down gravity flow col-

umn and washed with 10CV of buffer B. FANCM-FAAP24 complexes were eluted with buffer B containing 0.5 M NaCl.

RPA,71 1 L of induced E.coli BL21-DE2 carrying pETd-RPA were lysed in buffer HI 50 mM KCl, 0.5 M NaSCN + protease

inhibitors +800 mM NaCl, followed by centrifugation at 35,000G for 40 minutes at 4�C. Protein was first purified via Affi-Gel blue

peak fractionation, then concentrated and applied to hydroxylapatite purification. Protein was then eluted with 4 column volumes

of HI buffer containing 80 m� potassium phosphate. The resultant peak fraction was applied to a Mono-Q column in H1 buffer

with 100 mM KCl, washed with 3 mL of HI buffer+ 200 mM KCl, and eluted with a gradient of 200-400 nm KC1. Peak fractions

were flash frozen and stored at �80C.

MBP-BLM68: High Five insect cells (200 mL) were infected with baculoviruses (MOI = 3) for 72 hr and pelleted at 500 x g, 4�C. Pel-
lets were washed with 1xPBS. Cells were lysed on ice in 0.5 M NaCl, 0.02 M TEA pH 7.5, 1 mM DTT, 10% glycerol plus mammalian

protease inhibitors (Sigma P8340-5mL) and sonicated on ice 53 10 sec bursts. Lysates was clarified by centrifugation at 35,000G for

40 minutes at 4�C. Clarified supernatant was then incubated with equilibrated amylose affinity resin (NEB) for 1 hr on a roller at 4�C.
Amylose resin was then subjected to 4x batch washes with lysis buffer (without mammalian protease inhibitors). The resin was then

placed into gravity flow column for a final wash and protein was eluted with 20 mMmaltoase. Maltose elutions containing BLMwere

pooled and diluted to have a final concentration of 100 mM NaCl, 20 mM TEA pH7.5, 10% glycerol, 1 mM DTT (buffer B). Peak frac-

tions were flash frozen and stored at �80C.

Flag-Topoisomerase IIIa-RMI1-RMI268 was purified as for Flag-FANCM:FAAP24 but without the ssDNA affinity resin step. Protein

was further purified on a Sepax SRT-SEC300 column in 0.5 M NaCl, 0.02 M TEA pH 7.5, 1 mM DTT as the size exclusion running

buffer. Peak fractions were concentrated using Viacon filters, flash frozen and stored at �80C.

Flag-SMARCAL1 and Flag-ZRANB3 and their ATPase defective derivatives (D549A/E550A and D157A/E158A respectively) were

also purified as described above for FANCM, but without the ssDNA affinity purification step.72
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Gateway entry vectors (pDONR) for HLTF (Orfeome v8.1 #100070304), Mph1 (DNASU clone 25,139) and Fml1 (cloned inhouse

from S.Pombe cDNA) expression vectors were subcloned into pFL-EGFP-3xFlag-DEST baculovirus vectors (Addgene: Plasmid

#134903) using Gateway LR clonase II (Thermo). Plasmids were then subsequently integrated into the Multibac Bacmid.67 For these

proteins, 0.4 L High 5 Trichoplusia ni cells (1 3 106/mL, Invitrogen) were infected with P2 virus (MOI = 2.5). Cells were harvested 72

hours after infection at 500 x g, 4�C and pellets washed with 1xPBS. Cells were lysed on ice in 0.5 M NaCl, 0.02 M TEA pH 7.5, 1 mM

DTT, 10% glycerol plus mammalian protease inhibitors (Sigma P8340-5 mL) and sonicated on ice 5 3 10 sec bursts. Lysates was

clarified by centrifugation at 35,000G for 40 minutes at 4�C. Clarified supernatant was then incubated with equilibrated Flag M2 resin

(Sigma) for 1 hr on a roller at 4�C. Flag resin was then subjected to 4x batch washes with lysis buffer (without mammalian protease

inhibitors) with 5 minutes on a roller at 4oc between each spin. The resin was then placed into gravity flow column for a final wash and

protein was eluted with 100 mg/ml Flag peptide. Flag-Mph1 and Flag-FANCM-FAAP24 complexes were subjected to further purifi-

cation by ssDNA affinity resin (Sigma): Flag elutions containing FANCM were pooled and diluted to have a final concentration of

100 mM NaCl, 20 mM TEA pH7.5, 10% glycerol, 1 mM DTT (buffer B) and added to 400 mL ssDNA resin overnight on a roller at

4�C. The resin was then placed down gravity flow column and washed with 10CV of buffer B. FANCM-FAAP24 complexes were

eluted with buffer B containing 0.5 M NaCl.

Senataxin-helicase domain (residues 1720–2559) was codon-optimised for expression in Spodoptera frugiperda downstream of

a dual-insect/human expression promoter (p10-CMV) and the polyhedron 50-UTR, to generate pADC10-SETXhel (synthesized by

Gene Universal). This plasmid was transferred into Multibac bacmid and baculovirus generated. 0.4 L High 5 Trichoplusia ni cells

(13 106/mL, Invitrogen) were infected with P2 virus (MOI = 3). Cells were harvested 68 hours post infection at 500 x g, 4�C and pellets

washed with 1xPBS. Cells were lysed on ice in 50 mM NaCl, 50 mM KCl, 20 mM HEPES pH7.5, 1 mM DTT, 10% glycerol plus

mammalian protease inhibitors (Sigma P8340-5 mL) and sonicated on ice 53 10 sec bursts. Lysates was clarified by centrifugation

at 35,000 x g for 30minutes at 4�C. Clarified supernatant was then incubated with equilibrated FlagM2 resin (Sigma) andwashed and

eluted as for proteins above.

Proteins were quantified using BSA titrations on SDS-PAGE gels. All proteins were flash frozen in their final buffers and stored at

�80�C. Example Coomassie blue stained SDS-PAGE gels of the purified proteins used in the study are shown in Figure S7. Topo-

isomerase I from E.coli, P1 nuclease and all restriction enzymes were purchased from New England Biolabs.

R-loop unwinding assays
R-loop unwinding reactions (10 mL) contained 0.25 nM of R-loop, 1 mM ATP, 2 mL of protein (protein concentrations stated in main

text) in R-loop buffer (6.6 mM Tris pH7.5, 3% glycerol, 0.1 mM EDTA, 1 mM DTT, 0.5 mM MgCl2) and incubated at 37�C for time as

shown in figures. Reactions were stopped by adding 2 mL of stop buffer (10 mg.mL�1 proteinase K (NEB), 1%SDS) and incubated for

15 min at 37�C. 2 mL of 50% glycerol was added to samples prior to loading onto 1% or 0.8% agarose TAE gels, run at 100 V in TAE

buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA) for 60–90 min. Gels were then crushed between precut biodyene B membranes

(Pall) for 1 hour, exposed overnight to a GE phosphor-screen and imaged on a Typhoo scanner (GE Biosciences). To visualize DNA,

agarose gels were post stained with Sybr gold (Thermofisher) 1 in 10,000 in TAE.

Quantification of R-loop unwinding was performed using Image J and Prism software.

Branch migration of RNA flap structures
Migratable or non-migratable RNA flap structures were generated by annealed oligonucleotides, as in,14 except that DNA was

50labelled with IRDye-800 (Integrated DNA Technologies), instead of 32P and results were imaged using LiCor Odyssey.

Cell based assays
HCT116- or FANCM�/� and FANCL�/� derivatives were provided by Lei Li (University of Texas MD Anderson). HEK293 and HeLa

cells were from ATCC. Cell lines were authenticated by G-banding (St Vincent’s Cytogenetics) and maintained in DMEM + 10% fetal

bovine serum at 370C, 5% CO2 in a humidified chamber. siRNA was transfected at 10 nM using Dharmafect, 48 hr prior to assay.

Sequences corresponding to ZRANB3, (SMARCAL1, HLTF, non-targeting control were purchased from IDT (Singapore).

For drug sensitivity assays, cells were plated in 96-well plates at 1,500 cells/well, then treated 24 hrs later with various concentra-

tions of topotecan (aka Hycamptin�, GSK) or pladienolamide B (Calbiochem). After 72 hr, survival was measured using sulforhod-

amine B assay read at 550 nm on a EnSpire Plate reader (Perkin Elmer).

Tomeasure total cellular R-loop levels, HCT116 cells were treated with drug or vehicle for 4 hr, or siRNA transfection for 48 hr. Total

genomic DNA was extracted using Isolate II kit (Bioline). 1 mg of genomic DNA was slot blotted, using a BioRad Microfiltration appa-

ratus, onto Biodyne B Nylonmembrane (Thermo Fisher), which was then air-dried and blocked in Odyssey blocking buffer (LiCor). As

a control, some samples were treated for 30 mins with RNAse H (NEB) prior to blotting. The membrane was then probed with

0.5 mg/mL S9.6 anti-DNA:RNA monoclonal antibody (produced and purified in house from S9.6 hybridoma (ATCC)) and 10 ng/ml

anti-DNA (F7-26, Millipore). Atto800-anti-mouse (LiCor) and Cy5-conjugated anti-IgM antibody (Millipore) were used to visualize

the level of DNA:RNA hybrids and total DNA detected by the primary antibodies, and visualized and quantified using Odyssey LiCor

dual color imaging system and accompanying software.
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Chromatin and DNA:RNA immunoprecipitation (ChIP and DRIP)
HCT116 cells (or FANCM-knockout derivatives) were cultured to 70% confluence in 15 cm tissue culture dishes, then treated with

topotecan (100 nM or control) for 90 mins. Media was removed and cells fixed in 1% formaldehyde in PBS in situ for 30 min.

Cross-linking was quenched by incubating cells with 0.125 M glycine diluted in PBS for 10 min at room temperature. After 2x

PBS wash, cells were scraped and snap frozen as pellets at �80�C until use. Cell pellets were diluted in 300 mL sonication buffer

per 106 cells (1%SDS, 10 mMEDTA, 50 mMTris-HCl pH 8.1with complete protease inhibitors (Sigma-Aldrich)) and the DNA sheared

to lengths between 200 and 800 bp using a UCD-200 Bioruptor (Diagnenode, Denville, NJ, USA) on high at 4�C for a total shearing

time of 15 min (90 min of 10 s on and 50 s off). Sonicated lysates were centrifuged to remove cell debris and diluted 10-fold in ChIP

dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM ETA, 16.7 mM Tris-HCl pH 8.1, 200 mM NaCl) with protease inhibitors fol-

lowed by pre-clearancewith Protein A beads (Invitrogen) equilibratedwith ChIP dilution buffer + 10mg/ml BSA and 20 mg/mL of yeast

tRNA (Sigma Aldrich, R5636) for 1 h at 4�C on rocker. Supernatants were then separated from beads and a fraction of material re-

tained for input. Chromatin immunoprecipitation was performed using 5 mg mouse anti-FANCM (clone CE56.1,66) overnight at 4�C
with gentle mixing. DNA:RNA hybrid immunoprecipitation was performed using 10 mg anti-DNA:RNA hybrid (clone S9.6) for 2 hr at

4�C with gentle mixing. A separate control was pre-treated with RNAseH (NEB) for 1 hr at 370C. Beads were washed one time each

with Low Salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8.1, 150 mM NaCl), High Salt buffer (0.1% SDS,

1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8.1, 500 mM NaCl) and LiCl buffer (0.25 M LiCl, 1% NP40, 1% deoxycholate,

1 mM EDTA, 10 mM Tris-HCl pH 8.1), followed by two washes with TE buffer. Protein-DNA complexes were eluted from the beads

(0.1 MNaHCO3, 1%SDS) at RT for 30 minwith two rounds of elution. Protein was digested by incubationwith 50 mg/mL of proteinase

K at 45�C for 1 hr. DNA was purified by two extractions with phenol:chloroform:isoamyl alcohol and ethanol precipitation. FANCM

and S9.6 bound and input samples were analysed by qPCR using primers that amplify R-loop prone regions of the genome or a nega-

tive control region (Table S1).

Immunofluorescence
For the R-loops detection cells were grown on coverslips overnight before siRNA transfection. Cells were washed with PBS, fixed

with ice-cold methanol for 10 min, permeabilized with ice-cold acetone for 1 min, washed with PBS and blocked for 1 h at RT in

3% BSA and 0.1% Tween 20 in 4x SSC buffer. For primary immunolabeling, cells were incubated in blocking buffer with S9.6 anti-

body (1:500; mouse) for 3 h at RT. Cells were then washed three times with PBS followed by incubation with Alexa Fluor

555-conjugated secondary antibody (1:500, Invitrogen) in blocking buffer for 1 h at RT followed by 3 washes of PBS. Once dried,

Vectashield (with DAPI staining) on coverslip were applied. Images were acquired using Leica SP8 laser scanning confocal micro-

scope with LasX software on 63x objective. Image analysis was carried out with FIJI (ImageJ) software.

To visualize gH2AX and 53BP1 foci, cells were fixed with 4% paraformaldehyde for 10 min and permeabilized with 0.2% Triton

X-100 for 10 min. After blocking in 10% FBS in PBS, cells were incubated with anti-gH2AX (1:500, mouse, Millipore) or anti-

53BP1 (1:1000, mouse Millipore), followed by incubation with the secondary antibody and then mounted.

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphing and statistical analysis was performed using Graphpad Prism software. Statistical details of experiments can be found in

the figure legends of relevant results. Significance was defined in all experiments with an alpha of 0.05, except when multiple com-

parisons were performed in non-parametric tests and Bonferroni corrections were used.
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