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SUMMARY
TDP1 removes transcription-blocking topoisomerase I cleavage complexes (TOP1ccs), and its inactivating
H493R mutation causes the neurodegenerative syndrome SCAN1. However, the molecular mechanism
underlying the SCAN1 phenotype is unclear. Here, we generate human SCAN1 cell models using CRISPR-
Cas9 and show that they accumulate TOP1ccs along with changes in gene expression and genomic distri-
bution of R-loops. SCAN1 cells also accumulate transcriptional DNA double-strand breaks (DSBs) specif-
ically in the G1 cell population due to increased DSB formation and lack of repair, both resulting from abortive
removal of transcription-blocking TOP1ccs. Deficient TDP1 activity causes increased DSB production, and
the presence of mutated TDP1 protein hampers DSB repair by a TDP2-dependent backup pathway. This
study provides powerful models to study TDP1 functions under physiological and pathological conditions
and unravels that a gain of function of the mutated TDP1 protein, which prevents DSB repair, rather than a
loss of TDP1 activity itself, could contribute to SCAN1 pathogenesis.
INTRODUCTION

Accumulation of DNA breaks in post-mitotic neurons has been

associated with multiple neurodegenerative syndromes.1–4

DNA breaks can accumulate as a result of increased break pro-

duction and/or inability to repair. A key step in the repair of DNA

breaks is the processing of DNA ends to make them suitable for

gap filling and ligation. Mutations in several enzymes that pro-

cess DNA ends underlie neurodegenerative and neurodevelop-

mental diseases.1,3 A leading example is the autosomal reces-

sive mutation of tyrosyl DNA phosphodiesterase 1 (TDP1),

which causes the neurodegenerative syndrome spinocerebellar

ataxia with axonal neuropathy 1 (SCAN1).5,6 TDP1 processes a

broad spectrum of DNA lesions, especially 30-blocking lesions,

both in the nucleus and in mitochondria.7–12 However, its neuro-

protective function seems primarily related to the processing of

30-topoisomerase I cleavage complexes (TOP1ccs), which are

the preferred substrate of TDP1.11,13

TOP1ccs are TOP1-linked single-strand breaks (SSBs) that

form transiently as TOP1 relaxes DNA during transcription.14–16
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After DNA relaxation, TOP1ccs self-reverse, resulting in TOP1

release from chromatin. However, transient TOP1ccs can be

‘‘trapped’’ under physiological conditions by multiple DNA alter-

ations, giving rise to long-lived TOP1ccs.14,15 TOP1ccs are also

selectively trapped by camptothecins (CPTs),17 which tempo-

rarily prevent the TOP1 re-ligation reaction. Trapped TOP1ccs

can block the transcribing RNA polymerase II (Pol II), making

the TOP1ccs irreversible.18–22 TDP1 is the primary enzyme

involved in the removal of irreversible transcription-blocking

TOP1ccs.11,23,24 Following partial degradation of a TOP1cc by

the ubiquitin/proteasome system, TDP1 cleaves the phospho-

diester bond between the TOP1 peptide and the DNA in a two-

step catalytic reaction.18,25–28 First, TDP1 excises the TOP1 pep-

tide from DNA while forming a TDP1-DNA intermediate, called

TDP1cc. Then, TDP1cc self-reverses using its H493 residue, re-

sulting in TDP1 release from chromatin. Following TDP1 action, a

TOP1-free SSB is generated, which is resealed by the concerted

action of polynucleotide kinase 30-phosphatase (PNKP), X-ray

repair cross-complementing group 1 (XRCC1), and DNA ligase

III (LIG3).
May 28, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
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Transcription-blocking TOP1ccs can lead to the accumula-

tion and genomic redistribution of R-loops,29–31 structures

composed of an RNA/DNA hybrid and a displaced single-

strand DNA, and to the formation of DNA double-strand breaks

(DSBs).31–33 Mechanistically, these DSBs can arise from two

nearby SSBs on opposing DNA strands, both generated during

transcription. One SSB is produced during the removal of a

transcription-blocking TOP1cc by the TDP1 pathway, while

the other results from the nuclease-mediated cleavage of an

R-loop.31,32 These transcription-dependent DSBs can form in

non-replicating cells and trigger cell death.31–34

Homozygous TDP1 H493R mutation causes SCAN1 syn-

drome.5,6 Cells derived from SCAN1 patients show an approx-

imately 100-fold reduction in TDP1 activity due to the com-

bined effect of decreased enzyme activity and protein level

of mutant TDP1.23,35 Consistent with the role of H493 residue

in TDP1 removal from chromatin, SCAN1 cells accumulate

TDP1ccs.10,35,36 These cells also accumulate TOP1ccs,24

suggesting that the SCAN1 mutation also affects the first

step of TDP1 catalysis. Despite the knowledge on TDP1

biology, it remains unclear whether SCAN1 is caused by a

reduction of TDP1 activity, an accumulation of TOP1ccs or

TDP1ccs, or a combination of these events.

A major limitation in elucidating the molecular basis of SCAN1

disease is the availability of SCAN1models. TDP1 knockout (KO)

models do not allow to dissociate the consequences of TDP1

protein loss from the partial activity of mutated TDP1, while cells

fromSCAN1 patients are not isogenic and only allow comparison

of SCAN1 patients with healthy members from the same family.

To overcome these limitations, we generate human SCAN1 cells

with the same genetic background as parental cells using

CRISPR-Cas9 and characterize their phenotype compared to

TDP1KOcells.We show that SCAN1 cells accumulate transcrip-

tional DSBs due to increased DSB formation and lack of repair.

Increased DSB production results from deficient TDP1 activity,

whereas defective DSB repair is due to the presence of mutated

TDP1 protein, which hampers the action of a TDP2-dependent

backup pathway. This points to a gain of function of the mutated

TDP1 protein, rather than a loss of activity of TDP1 itself, as

responsible for the defective repair of transcriptional DSBs in

SCAN1 cells. Our study thereby provides a valuable cellular sys-

tem and insight into the mechanisms of SCAN1 pathogenesis.

RESULTS

Generation and validation of human SCAN1 cells
To generate SCAN1 cells bearing the same genetic background

as parental cells, we edited human U2OS cells using the

CRISPR-Cas9 technology to introduce in TDP1 genes the

A1478G mutation found in SCAN1 patients,5 resulting in TDP1

H493R mutated protein (Figure 1A). We obtained two clones,

SCAN1#1 and SCAN1#2, showing complete A1478G conversion

(Figure 1B), indicating that the mutation is homozygous. To

further test for homozygosity, we exploited that themutation cre-

ates a cleavage site by the BsaAI enzyme. PCR products sur-

rounding the mutation were entirely cleaved by BsaAI in

SCAN1 clones (Figure 1C), indicating that both TDP1 alleles

carry the mutation.
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SCAN1 U2OS cells showed an approximately 2.5-fold

decrease in TDP1 protein expression (Figure 1D), which is

consistent with reports in SCAN1 patient cells.35,37 SCAN1 mu-

tation decreased preferentially TDP1 mRNA level compared to

pre-mRNA level (Figure 1E), suggesting that a decrease in

TDP1 transcript stability rather than in TDP1 transcription could

account for the decreased expression of TDP1 protein in

SCAN1. However, these variations of TDP1 protein level did

not affect the cell cycle, determined by quantitative image-based

cytometry (QIBC) (Figure S1), a high-content automated micro-

scopy technique for assessing cell-cycle distribution at the sin-

gle-cell level.31,38–40 SCAN1 U2OS cells also displayed an accu-

mulation of endogenous TOP1ccs (Figure 1F), in agreement with

a previous report in SCAN1 patient cells.24 Thus, SCAN1 U2OS

cells recapitulate key features of SCAN1 patient cells, confirming

their robustness to study the molecular mechanism underlying

SCAN1 pathogenesis.

SCAN1 cells exhibit altered gene expression profiles
and R-loop redistribution at specific loci
High levels of TOP1ccs can inhibit global transcription, affect

gene expression,19,32,41,42 and induce R-loops both globally

and at specific genes.29–31,43–46 Therefore, we tested whether

the SCAN1mutation, which increases TOP1cc levels (Figure 1F),

affects gene expression and R-loop homeostasis.

Global nascent transcription, assessed by 5-ethynyl uridine

(EU) incorporation into newly synthesized RNA, was only slightly

decreased in SCAN1 cells (Figures 2A and 2B). Next, we

analyzed gene expression by RNA sequencing (RNA-seq). Prin-

cipal-component analysis (PCA) showed a greater similarity be-

tween the two SCAN1 clones than between SCAN1 clones and

parental cells (wild-type [WT]) (Figure S2A). Differential expres-

sion analyses identified many altered genes in both SCAN1

clones (Figures 2C and 2D; Table S1). In particular, 934 and

1,204 genes were upregulated in SCAN1#1 and SCAN1#2 vs.

WT, respectively, and 697 and 962 were downregulated

(Figures 2C and 2D; Table S1), with a high reproducibility be-

tween biological replicates (Figure S2B). In agreement with

mRNA and protein analyses (Figures 1D and 1E), RNA-seq

data confirmed a 2- to 2.4-fold reduction of TDP1 transcripts in

SCAN1 cells (Figure S2C). The overall gene expression changes

were significantly conserved between the two SCAN1 clones

(Figure S2D), suggesting that major changes are not related to

clonal selection. Consistently, many genes showing changes in

expression were found in both SCAN1 clones (705 upregulated

and 418 downregulated; Figure 2D). Gene set over-representa-

tion analysis (GSOA) of genes upregulated in both SCAN1 clones

showed a low but significant enrichment in terms of extracellular

matrix (ECM) organization and collagen formation in the Reac-

tome analysis (Figure 2E) and ECM- and collagen-related terms

in the Gene Ontology (GO) analysis (Figure S2E). Thus, SCAN1

mutation induces an alteration of gene expression, particularly

genes involved in ECM-related pathways, without major

changes in the expression of genes related to nuclear processes

and in overall nascent transcription.

R-loop homeostasis was investigated by assessing global

level of nuclear R-loops by slot blot with the S9.6 antibody, which

recognizes RNA/DNA hybrids.47,48 S9.6 signal increased in



Figure 1. Generation and characterization of U2OS cells with homozygous TDP1 H493R mutation

(A) Scheme for generation of homozygous point mutation in TDP1 genes.

(B) DNA sequencing showing introduction of SCAN1 mutation in two clones from U2OS cells.

(C) Agarose gel of DNA PCR fragments from TDP1 WT and SCAN1 cells exposed to BsaAI enzyme. FL, full length; CF, cleaved fragment.

(D) Western blot of TDP1 in TDP1WT and SCAN1 cells. Actin, loading control. Top: quantification of TDP1 normalized to actin (means ± SEM; n = 3). **p < 0.01,

***p < 0.001 (two-tailed unpaired t test).

(E) qRT-PCR of TDP1 transcripts in TDP1WT and SCAN1 cells (means ± SEM; nR 3). ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (two-

tailed unpaired t test). e, exon; i, intron.

(F) TDP1 WT and SCAN1 cells were stained for TOP1ccs. Left: representative images. Scale bars: 5 mm. Right: number of TOP1cc foci per nucleus in a

representative experiment out of R3. ****p < 0.0001 (two-tailed unpaired t test). See also Figure S1.
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SCAN1 cells compared to WT cells (Figure 2F), suggesting that

the SCAN1mutation causes an overall R-loop increase in the nu-

cleus. RNase H treatment suppressed S9.6 signal, confirming its

specificity for RNA/DNA hybrids (Figure 2F). To assess the over-

all level of R-loops in the nucleoplasmwhere the majority of Pol II

transcription takes place, we used immunofluorescence (IF) mi-

croscopy and quantified the nuclear S9.6 signal after subtracting

the nucleolar signal, as described.44,49,50 SCAN1 cells showed

no significant increase in S9.6 signal in the nucleoplasm (Fig-

ure 2G), suggesting that the global increase in the nucleus (Fig-

ure 2F) is likely due to an increase of R-loops in the nucleolus

rather than in Pol II-transcribed genes. Therefore, we examined

whether this unchanged S9.6 nucleoplasmic signal was related

to unchanged R-loop level or to concurrent R-loop increases

and decreases at Pol II-transcribed genes. To address this, we

performed RNA/DNA hybrid immunoprecipitation (DRIP)-seq

with the S9.6 antibody. We detected an average of 85,995
DRIP peaks in WT cells and 87,100 peaks in SCAN1#1 cells be-

tween the DRIP-seq replicates. Among them, 51,744 and

53,595 DRIP peaks mapped on annotated genes in WT and

SCAN1#1, respectively. Thus, SCAN1 cells display a similar

DRIP-peak number and genic distribution. As R-loop signal

has been positively correlated with gene expression,51 we

analyzed the relationship between R-loop signal and SCAN1-

gene expression changes identified by RNA-seq (Figures 2C

and 2D). Both SCAN1 clones showed a preferential increase

and decrease in DRIP signal at genes that were respectively up-

regulated and downregulated compared to WT cells (Figures 2H

and S3A). Representative single-gene results for ZNF114 and

CD70, genes upregulated in both SCAN1 clones, exemplified

the increased DRIP signal in SCAN1 cells compared to WT cells

(Figures 2I, S3B and S3C). Genes with unchanged expression

level between WT and SCAN1 cells (non-REG) showed no pref-

erential change in R-loop signal (Figures 2H and S3A). This
Cell Reports 43, 114214, May 28, 2024 3
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resulted from the concurrent presence of non-REG genes dis-

playing increased, decreased, or unchanged R-loop signal, as

shown for the NPM1 and TUFT1 non-REG genes presenting

increased and unchanged DRIP signal, respectively (Figures

S3D and S3F). DRIP-seq data were confirmed by gene-specific

DRIP-qPCR carried out in presence of Drosophila spike-ins con-

trols (Figures 2J, S3E, and S3G). RNase H treatment reduced the

DRIP signal in DRIP-qPCR thus, confirming R-loop specificity

(Figures 2J, S3E, and S3G). Next, we asked whether R-loops

accumulate over preferential genic regions in SCAN1-upregu-

lated genes. DRIP signal was increased throughout the gene re-

gion, from transcription start site (TSS) to transcription end site

(TES), with the most significant enrichment in the TSS-proximal

genic region (TSS to TSS + 2 kb vs. TSS + 2 kb to TES) in both

SCAN1 clones (Figures S3H–S3J). Together, these results sug-

gest that increased R-loop levels at specific loci could be corre-

lated, at least on SCAN1 upregulated genes, to their increased

expression.

Overall, the results from transcriptomic and R-loop analyses

indicate altered gene expression and R-loop redistribution at

specific Pol II-transcribed genes in SCAN1 cells, which is consis-

tent with elevated levels of TOP1ccs.

SCAN1 cells accumulate transcriptional DSBs due to
increased DSB production
Another consequence of high levels of TOP1ccs is the produc-

tion of DSBs, which can be replication dependent52,53 and/or

transcription dependent.31–33 Therefore, we tested whether

SCAN1 cells accumulate DSBs by analyzing nuclear foci of

gH2AX (phosphorylated H2AX at S139). SCAN1 U2OS cells are

cycling and thus, to assess the influence of transcription and

replication on DSBs, gH2AX was analyzed distinctly in the G1,

S, and G2 phases of the cell cycle. Cells were analyzed by

QIBC,31,38,39 which allows simultaneous assessment of cell-cy-

cle distribution and gH2AX foci counting at the single-cell level.

SCAN1 cells showed an increased number of gH2AX foci specif-

ically in the G1 phase (Figures 3A and S4A–S4C). Consistently,

the number of p53BP1 foci (phosphorylated 53BP1 at S1778)

was also increased in G1 (Figure S4D). In line with SCAN1 cells

showing no increased DSBs in S and G2 phases (Figures 3A
Figure 2. Mutated TDP1 affects gene expression and R-loop genomic

(A and B) TDP1WTand SCAN1 cells were incubated with EU (1mM; 30min) befor

nucleus; blue lines, nucleoli; arrows, nucleoplasm (1) and nucleoli (2). Scale bar: 10

significant; *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed unpaired t test).

(C) Volcano plot of differential expression analysis for SCAN1 vs. TDP1WT cells. G

(y axis, 10e�5). Red dots, genes exceeding the above-mentioned thresholds in

(D) Venn diagram of common genes upregulated (top) and downregulated (botto

(E) GSOA of upregulated (red) and downregulated (blue) genes in both SCAN1 clon

representation test.

(F) RNA/DNA hybrid slot blot of genomic DNA ±RNase H from TDP1WT and SCAN

normalized to dsDNA (means ± SEM; n = 5). *p < 0.05 (two-tailed unpaired t test

(G) TDP1 WT and SCAN1 cells were stained for S9.6, nucleolin, and DAPI. Left: r

normalized to TDP1 WT cells (means ± SEM; n = 4). ns, not significant; *p < 0.05

(H) Boxplots showing DRIP-seq signal changes in SCAN1#1 cells, log2 (SCAN1

regulated (Non-REG) in both SCAN1 clones compared to TDP1 WT cells in RNA

(I and J) DRIP analysis of ZNF114 andCD70 UP genes in TDP1WT and SCAN1 ce

(J) DRIP-qPCR analysis ± exogenous RNase H. The Drosophila ACT5C gene is u

*p < 0.05, **p < 0.01 (two-tailed paired t test). Gene diagrams with primer positio
and S4A–S4C), they also showed no increase in the number of

micronuclei (Figure 3B), which can form when cells with unre-

paired DSBs go through mitosis.54 These results indicate that

SCAN1 cells accumulate DSBs selectively in the G1 phase, sug-

gesting that these breaks may originate from transcription.

The increase in gH2AX and p53BP1 due to the SCAN1 muta-

tion is robust but relatively modest (Figures 3A and S4A–S4D).

Therefore, we monitored DSBs upon exposure to CPT, which

amplifies TOP1cc-dependent phenotypes by the rapid and se-

lective induction of high levels of TOP1ccs.17,23,24,31–33,35,36

Consistent with TOP1ccs causing G1-specific accumulation of

DSBs in SCAN1 cells (Figures 3A and S4A–S4D), a short CPT

treatment also increased gH2AX selectively in G1 (Figures 3C

and S4C) compared to S phase (Figures S4C and S4E-G).

gH2AX increase in G1 was suppressed by the Pol II inhibitor

5,6-dichlorobenzimidazole 1-b-D-ribofuranoside (DRB) (Fig-

ure 3C), indicating that DSBs depend on transcription. CPT-

induced transcriptional DSBs can originate from SSB intermedi-

ates generated downstream of TOP1 degradation during the

removal of transcription-blocking TOP1ccs by the TDP1

pathway.31,32 Hence, we inhibited TOP1cc degradation with

the proteasome inhibitor MG132 to prevent the generation of

these SSB intermediates, as reported.31,32 MG132 prevented

CPT-induced gH2AX foci in SCAN1 cells (Figure 3C), suggesting

that SSB intermediates generated during TOP1cc removal are

involved in DSB production. TOP1 proteolysis in SCAN1 cells

was similar to WT cells in response to CPT (Figure S4H),

excluding that changes in TOP1 proteolysis could account for

higher DSBs in SCAN1 cells. By contrast to G1, gH2AX induction

in S phase was not markedly affected in SCAN1 cells compared

to WT cells (Figures S4C and S4E–S4G) and was not prevented

by DRB and only partially by MG132 (Figures S4E and S4F). This

is in agreement with CPT primarily inducing replication-depen-

dent DSBs in S phase,52,53 which depend partially on TOP1

degradation at arrested replication forks.55 Intriguingly, CPT

induced a DRB- and MG132-dependent increase of gH2AX in

SCAN1 cells in G2 (Figure S4I), suggesting an increased produc-

tion of transcriptional DSBs in G2. However, in contrast to G1,

SCAN1 cells did not accumulate DSBs in G2 (Figures 3A and

S4A–S4C). This suggests that DSB accumulation in G1 may
distribution

e staining for EU, nucleolin, and Hoechst. (A) Representative images. White line,

mm. (B) EU intensity normalized to TDP1WT cells (means ±SEM; n = 4). ns, not

reen dots, genes exceeding thresholds for fold change (x axis, 1.5) and q value

both clones. The 10 most upregulated and downregulated genes are labeled.

m) in SCAN1 vs. TDP1 WT cells.

es tested on Reactome pathways. Bar heights indicate –log10(q value) of over-

1 cells. Left: representative slot blot. dsDNA, loading control. Right: values are

).

epresentative images. Scale bar: 10 mm. Right: S9.6 intensity per nucleoplasm

(two-tailed unpaired t test).
#1/WT), of genes that are upregulated (UP), downregulated (DOWN), or non-

-seq. Numbers are p values (unpaired Mann-Whitney test).

lls. (I) DRIP-seq profiles. Numbers in brackets indicate normalized read counts.

sed as spike-ins. Values represent percentage of input (means ± SEM; n = 3).

n used are shown at bottom. Rep1, replicate 1. See also Figures S2 and S3.
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Figure 3. Mutated TDP1 promotes accumulation of transcriptional DSBs in G1 cells due to increased DSB production

(A) TDP1WTand SCAN1 cells were incubated with 5-ethynyl-2’-deoxyuridine (EdU) (10 mM; 30min) before staining for EdU, gH2AX, and Hoechst. Left: number of

gH2AX foci per G1, S, and G2 nucleus. Right: fold induction of gH2AX foci normalized to TDP1WT cells (means ± SEM; n = 5). ns, not significant; ****p < 0.0001

(one-way ANOVA).

(B) Number of micronuclei per 100 cells (means ± SEM; n = 6). ns, not significant (two-tailed paired t test). Red arrow shows a micronucleus.

(legend continued on next page)
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not simply result from increased DSB production. To control that

the G1-specific increase of DSBs was strictly caused by the

TDP1 mutation, we engineered SCAN1 cells to induce TDP1

WT upon doxycycline treatment (Figure 3D). Expression of

TDP1 WT fully reversed the SCAN1-dependent induction of

gH2AX by CPT in G1 (Figure 3E).

The production of transcriptional DSBs induced by TOP1ccs

depends on R-loops,31,33 and SCAN1 cells displayed changes

in R-loop genomic distribution (Figures 2H–2J andS3).We there-

fore investigated whether R-loops are involved in theG1-specific

accumulation of DSBs in SCAN1 cells. We first tested TOP1cc

enrichment at R-loops by proximity ligation assay (PLA) using

TOP1 and S9.6 antibodies to visualize the close proximity of

TOP1 and RNA/DNA hybrids at chromatin. The number of PLA

foci increased in SCAN1 cells specifically in G1 (Figures 3F

and 3G) compared to S phase (Figure S4J), suggesting a G1-

specific increase of TOP1cc and R-loop proximity. To assess

the direct consequences of R-loops, we prevented their cleav-

age, which is necessary for the production of TOP1cc-induced

transcriptional DSBs in quiescent cells.31 Depletion of xero-

derma pigmentosum complementation group F (XPF), one of

the endonucleases responsible for R-loop cleavage,31,49,56 sup-

pressed the SCAN1-dependent increase of gH2AX by CPT spe-

cifically in G1 (Figures 3H and 3I) compared to S phase

(Figure S4K).

Together, these results suggest that increased R-loop-

dependent DSB production, resulting from abortive removal of

transcription-blocking TOP1ccs, contributes to accumulation

of transcriptional DSBs in SCAN1 cells in G1 phase.

SCAN1 cells accumulate transcriptional DSBs due to
defective DSB repair
Next, we assessed whether DSB accumulation in SCAN1 cells

also depends on defective DSB repair. To that end, we analyzed

the reversal kinetics of CPT-induced gH2AX and p53BP1 foci af-

ter drug wash-out, as reported.31,57 In TDP1 WT G1 cells, the

number of gH2AX and p53BP1 foci decreased rapidly after CPT

removal (Figures 4A–4D). By contrast, SCAN1 mutation sup-

pressed the reversal of gH2AX and p53BP1 (Figures 4A–4D), indi-

cating defective DSB repair. Analysis of S-phase cells showed

that the SCAN1 mutation did not affect the reversal kinetics of

gH2AX (Figure 4E), which is consistent with the lack of DSB accu-

mulation in SCAN1 cells in S phase (Figures 3A and S4A–S4C).
(C) TDP1 WT and SCAN1 cells were incubated with EdU (10 mM) ± DRB (50 mM

maintaining EdU, EdU/DRB, or EdU/MG312 in the media. Cells were then staine

Right: gH2AX foci in G1 nuclei normalized to CPT-treated TDP1 WT cells (means

(D and E) TDP1 WT and SCAN1 FLAG-TDP1 cells were induced with doxycycline

control. (E) Cells were incubated with EdU (10 mM; 30 min) before the addition o

gH2AX foci per G1 nucleus. Right: gH2AX foci in G1 nuclei normalized to CPT-

***p < 0.001, ****p < 0.0001 (two-tailed unpaired t test).

(F and G) TDP1 WT and SCAN1 cells were incubated with EdU (10 mM; 30 min)

Representative images of G1 cells. Dashed lines indicate nuclei. Scale bars: 10 mm

Number of PLA foci in the whole nucleus of G1 cells in a representative experimen

(two-tailed unpaired t test). Single-antibody controls from SCAN1#2 cells are sho

(H and I) TDP1WT and SCAN1 cells were transfected with siRNAs against XPF or

loading control. (I) Cells were incubated with EdU (10 mM; 30min) before the additi

gH2AX foci per G1 nucleus. Right: gH2AX foci in G1 nuclei normalized to CPT-trea

tailed unpaired t test). A representative experiment out of five (A; left), three (C, E
These results point to an essential role of TDP1 in the repair of

transcriptional DSBs. TDP1may promote non-homologous end-

joining (NHEJ),58–61 a prevalent pathway for DSB repair in

G0/G1.62 Alternatively, given the nature of TOP1cc-induced

transcriptional DSBs that are formed by two separate SSBs,31

TDP1 could promote DSB repair by repairing TOP1-linked

SSBs. To test these possibilities, we used quiescent WI38-

hTERT cells treated with CPT, which allow the specific and

unique induction of transcriptional DSBs.31,32

Depletion of two key NHEJ factors with small interfering RNAs

(siRNAs), XRCC4 or LIG4, did not affect the reversal kinetics of

p53BP1 foci after CPT removal in quiescent cells (Figures S5),

suggesting that TOP1cc-induced transcriptional DSBs are not

repaired byNHEJ. Therefore,we testedwhether TDP1could pro-

mote DSB repair by repairing TOP1-linked SSBs. TDP1 forms a

complexwithPNKP, XRCC1, LIG3a, andpoly-(ADP-ribose) poly-

merase 1 (PARP1) (Figure 5A). Following TDP1 action, a protein-

free SSB is generated, which is processed by PNKP before liga-

tion by LIG3a-XRCC1.11,12 PARP1 promotes the recruitment of

TDP1 along with XRCC1 at TOP1cc sites.63 Depletion of each

component of this pathway with siRNAs (i.e., PARP1, PNKP,

XRCC1, LIG3; Figure 5B) and TDP131 delayed the reversal of

p53BP1 foci after CPT removal in quiescent cells (Figures 5C–

5F).31 Similar results were obtained in U2OS cells in G1

(Figures 5G and 5H), indicating that TOP1cc-induced transcrip-

tional DSBs are repaired by the TDP1-mediated SSB repair

pathway, and all the proteins of the TDP1 complex (Figure 5A)

participate in it. Therefore, these findings can mechanistically

explain the inability of SCAN1cells to repair transcriptional DSBs.

SCAN1-mutated TDP1 hampers the repair of
transcriptional DSBs by a TDP2-dependent backup
pathway
In contrast to SCAN1 mutation, which completely prevents the

repair of transcriptional DSBs (Figure 4), siRNA-mediated deple-

tion of TDP1 pathway components only delays it (Figure 5).31

Although thismay be related to the partial knockdown of proteins

by siRNAs, another possibility is that the absence of TDP1 is

mechanistically different from the presence of the SCAN1

mutated TDP1 protein in the repair of transcriptional DSBs. To

investigate this, we generated TDP1 KO cells by CRISPR-Cas9

in U2OS (Figures 6A and S6A) and compared them with

SCAN1 cells.
) or MG132 (10 mM) for 1 h before the addition of CPT (25 mM) for 1 h while

d for EdU, gH2AX, and Hoechst. Left: number of gH2AX foci per G1 nucleus.

± SEM; n = 3). *p < 0.05, **p < 0.01, ****p < 0.0001 (two-tailed unpaired t test).

(DOX) to express FLAG-TDP1. (D) Western blot of FLAG-TDP1. Actin, loading

f CPT (25 mM; 1 h) and stained for EdU, gH2AX, and Hoechst. Left: number of

treated TDP1 WT cells (means ± SEM; n = 3). ns, not significant; **p < 0.01,

and stained for EdU, DAPI, and PLA between TOP1 and S9.6 antibodies. (F)

. Zoom shows that individual foci can also be counted in foci-dense regions. (G)

t (left) and three independent experiments (right: means ± SEM; n = 3). *p < 0.05

wn.

a firefly luciferase control sequence (siCtrl). (H) Western blot of XPF. aTubulin,

on of CPT (5 mM; 1 h) and stained for EdU, gH2AX, and Hoechst. Left: number of

ted TDP1WTcells (means ±SEM; n = 4). *p < 0.05, **p < 0.01, ***p < 0.001 (two-

, G; left), or four (I; left) is shown. See also Figure S4.
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Figure 4. Mutated TDP1 prevents the repair of transcriptional DSBs in G1 cells

TDP1 WT and SCAN1 cells were incubated with EdU (10 mM; 30 min) before the addition of CPT (25 mM; 1 h), washed, and cultured in CPT-free medium

(R, release) containing EdU (10 mM) for up to 6 h. Cells were then stained for EdU, gH2AX, p53BP1, and Hoechst.

(A and B) Analysis of gH2AX foci in G1 cells. (A) Representative images. Yellow lines indicate nuclei. Scale bars: 10 mm. (B) Left: number of gH2AX foci per G1

nucleus. Right: percentages of gH2AX foci remaining in G1 nuclei following CPT removal normalized to CPT-treated cells (means ± SEM; n R 3). ****p < 0.0001

(mixed-effects analysis, Tukey’s multiple comparisons test).

(C and D) Analysis of p53BP1 foci in G1 cells as in (A) and (B).

(E) Analysis of gH2AX intensity in S cells as in (B). Right: means ±SEM; nR 3. *p < 0.05, ****p< 0.0001 (mixed-effects analysis, Tukey’smultiple comparisons test).

A representative experiment out of four (B, D, E; left) is shown.
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As for SCAN1 cells (Figures 1, 2, 3, and 4), TDP1 KO cells dis-

played an increase of endogenous TOP1ccs (Figures 6B and

S6B), R-loops (Figures 6C and S6C), and gH2AX specifically in

G1 phase (Figures 6D, S6D and S6E). In response to CPT,

TDP1 KO further showed that TOP1 proteolysis (Figure S6F)

and a G1-specific increase of gH2AX (Figure 6E) were similar

to SCAN1 cells, suggesting that TDP1 loss of expression mimics

the SCAN1 mutation in the production of transcriptional DSBs.

Similar to cells depleted for TDP1 with siRNAs (Figures 5G and

5H),31 TDP1 KO cells showed a delay in DSB repair compared

to WT cells specifically in G1 (Figures 6E and S6G) compared
8 Cell Reports 43, 114214, May 28, 2024
to S phase (Figure S6H). However, unlike SCAN1 cells that did

not repair DSBs in G1 (Figures 4A–4D, 6E, and S6G), TDP1 KO

cells could ultimately repair them (Figures 6E and S6G). Expres-

sion of all components of the TDP1 repair complex was main-

tained in SCAN1 and TDP1 KO cells (Figures 6F and S7A), as re-

ported in SCAN1 patient cells,23 excluding that depletion of

proteins of the TDP1 complex could account for the differences

in DSB repair between these cells.

The ultimate repair of transcriptional DSBs in TDP1 KO but not

in SCAN1 cells could be due to a compensatory mechanism in

absence of TDP1 but not in presence of mutated TDP1 protein.



Figure 5. Depletion of components of the TDP1 repair complex delays the repair of transcriptional DSBs in quiescent and G1 cells

(A) Representation of the TDP1 repair complex.

(B–F) QuiescentWI38-hTERT cells were transfected with the indicated siRNAs. (B)Western blot probedwith the indicated antibodies. Actin, loading control. (C–F)

Cells were treated with CPT (25 mM; 1 h), washed, and cultured in CPT-freemedium (R, release) for up to 6 h. Cells were then stained for p53BP1 andHoechst and

analyzed for the number of p53BP1 foci per nucleus. Left: representative experiment out of three (C, D, and E) or four (F). Right: percentages of p53BP1 foci

(legend continued on next page)
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TDP2 can repair TOP1ccs in absence of TDP1,64,65 and, there-

fore, we tested the potential role of TDP2 in the repair of tran-

scriptional DSBs in TDP1 KO cells compared to SCAN1 cells.

First, TDP2 expression increased in TDP1 KO and SCAN1 cells

(Figures S7A and S7B), linking TDP2 expression to impaired

TDP1 activity. Next, we depleted TDP2 with siRNAs in TDP1

KO, SCAN1, and WT cells (Figure 6G) and analyzed DSB repair

upon CPT removal in G1. TDP2 depletion in TDP1 KO cells led

to persistent p53BP1 and gH2AX foci after CPT removal to the

same extent as the SCAN1 mutation (Figures 6G, S7C, and

S7D). By contrast, TDP2 depletion did not affect repair kinetics

in TDP1 WT cells (Figures 6G, S7C, and S7D).

To investigate the mechanism by which TDP2 compensates

for the loss of TDP1 but not formutated TDP1 protein in the repair

of transcriptional DSBs, we tested whether TDP2 is part of the

TDP1 repair complex (Figure 5A) in absence of TDP1 but not in

presence of mutated TDP1. To do this, we performed co-immu-

noprecipitation (coIP) experiments in HEK293T cells transfected

with plasmids expressing TDP2 and components of the complex

(XRCC1, LIG3a, PNKP) in presence or absence of TDP1 (WT or

H493R). IP of XRCC1 pulled down the whole complex but not

TDP2 in cells expressing TDP1 WT or TDP1 mutant (Figure 6H).

This suggests that, in SCAN1 cells, TDP1 mutant is part of the

complex, as reported,23 and that TDP2 is not. In absence of

TDP1, XRCC1 was also able to pull down the complex but was

not able to co-immunoprecipitate TDP2 (Figure 6H). As TDP1 in-

teracts directly with LIG3a in the complex,23,66 we then asked

whether, in cells lacking TDP1, the absence of TDP2 in the com-

plex could be related to the inability of TDP2 to interact with

LIG3a. Bioluminescence resonance energy transfer (BRET) ex-

periments showed that LIG3a interacted with both TDP1 WT

and TDP1 mutant but not with TDP2 (Figure 6I). BRET competi-

tion experiments further confirmed the specificity of LIG3a/TDP1

WT and LIG3a/TDP1 mutant interactions and showed that TDP2

did not affect these protein-protein interactions (Figures 6J, S7E,

and S7F). Together, these experiments indicate that TDP2 com-

pensates for the loss of TDP1 in the repair of transcriptional

DSBs without being recruited to the complex as a surrogate

component.

We therefore asked whether TDP2-mediated repair of tran-

scriptional DSBs in TDP1 KO cells still requires the action of

the repair complex downstream to TDP2 action. To address

this, we depleted XRCC1 in TDP1 KO, SCAN1, and WT cells

and analyzed DSB repair upon CPT removal in G1. Similar to

TDP2 depletion (Figures 6G, S7C, and S7D), XRCC1 depletion

in TDP1 KO cells led to persistent p53BP1 and gH2AX foci after

CPT removal (Figures 6K, S7G, and S7H), suggesting that, even

though TDP2 is not part of the complex, they both act in the same

pathway for the repair of transcriptional DSBs.

To get further insight into the mechanism by which mutated

TDP1 hampers TDP2 action in repairing transcriptional DSBs,

we depleted mutated TDP1 with siRNAs in SCAN1 cells (Fig-
remaining following CPT removal normalized to CPT-treated cells; means ± SEM;

way ANOVA).

(G and H) U2OS cells were transfected with the indicated siRNAs. (G) Western blo

incubated with EdU (10 mM; 30min) before treatment, staining, and analysis as in (C

See also Figure S5.
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ure 7A). This resulted in the ability of cells to reverse p53BP1

foci upon CPT removal in G1 (Figure 7B). By contrast, concurrent

depletion of TDP1 and TDP2 led back to defective repair in

SCAN1 cells (Figures 7A and 7B). Taken together, these results

indicate that the presence of mutated TDP1 hampers the repair

of transcriptional DSBs, likely by preventing TDP2 action, point-

ing to a gain of function of the mutated TDP1 protein, rather than

a loss of activity of TDP1 itself, as responsible for the defective

repair of transcriptional DSBs in SCAN1 cells.

DISCUSSION

SCAN1 is caused by the homozygous TDP1 H493R mutation,5

but it is unclear how this mutation initiates SCAN1 pathology.

The main limitation to study SCAN1 is the availability of models,

which are restricted to cells from patients.5 Other models consist

of ectopic expression of mutated TDP1 into TDP1-deficient hu-

man10 and yeast cells.67,68 Here, we generate a human model

of SCAN1 cells with the same genetic background as parental

cells, and we show that SCAN1 cells display elevated TOP1cc

levels, altered gene expression, genomic redistribution of

R-loops, and accumulation of transcriptional DSBs due to both

increased DSB production and defective repair. Mechanistically,

a TDP2-mediated compensatory pathway can repair DSBs in

absence of TDP1 but not in presence of mutated TDP1 H493R

protein.

Our findings reveal that SCAN1 cells accumulate TOP1ccs,

which have been reported to affect gene expression19,32,41,42

and R-loop homeostasis.29–31,43–46 In line with these TOP1cc-

associated phenotypes, SCAN1 cells display altered gene

expression, including changes in pathways related to ECM and

basal lamina components, which have been connected with

neurodegenerative diseases.69,70 Trapped TOP1ccs represent a

barrier to the elongating Pol II,18,21,22 and hence an early response

to CPT is a global inhibition of transcription.25,32 However, genes

are differentially affected, with a fraction of them, primarily the

short and low-expressed genes, being upregulated.41,42,71 CPT-

induced trapped TOP1ccs may increase gene expression indi-

rectly, such as by enhancing transcription initiation and enhancer

RNA (eRNA) transcription.42,72 This could explain why SCAN1

cells display an overall, albeit modest, decrease in transcription

but also the upregulation of some genes. We showed that

R-loops are redistributed in SCAN1 cells, with genes showing

increased R-loop level being preferentially upregulated genes.

Hence, this suggests a correlation between R-loop level and tran-

scriptional changes in SCAN1 cells, which is in agreement with

R-loops being positively correlated with gene expression.51 How-

ever, some genes that are not upregulated also display increased

R-loop level, suggesting that other mechanisms besides gene

expression might be involved in R-loop redistribution in SCAN1

cells. For instance, physical Pol II blockade by trapped TOP1ccs

could promote R-loop formation (Figure 7C) by displacing the
n = 3 (C, D, and E) or 4 (F). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (two-

t probed with the indicated antibodies. aTubulin, loading control. (H) Cells were

)–(F). Means ±SEM; n = 3; *p < 0.05, **p < 0.01, ***p < 0.001 (two-way ANOVA).
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spliceosome.73 Alternatively, enhanced TOP1cc trapping in

SCAN1 cells could lead to decreased TOP1 activity, which in

turn could promote R-loop formation because of accumulation

of negative supercoiling74 and/or interference with splicing.75,76

In line with this possibility, CPT decreases TOP1 activity17 and

TOP1 depletion triggers R-loop redistribution.77,78 These concur-

rent R-loop increases and decreases over distinct genic regions

could result in a global unchanged R-loop level at Pol II-tran-

scribed genes, as we measured in the nucleoplasm. Hence, the

increase in global R-loop signal detected by slot blot in SCAN1

cells may possibly reflect increased R-loop level at ribosomal

DNA (rDNA), albeit mitochondrial R-loop signal due to contamina-

tion during nuclei isolation cannot be completely excluded. The

increased R-loop level at rDNA genes is in agreement with a

well-established function of TOP1 in maintaining R-loop homeo-

stasis at these genes in both yeast and human cells77,79 and the

potential role of stabilized TOP1ccs in triggering increased

R-loop level at rDNA.29,80

SCAN1 patient cells display drastic reduction in TDP1 activ-

ity due to both decreased catalytic activity and protein level of

mutated TDP1.23,35 Decreased protein level could result from

its enhanced ubiquitylation and degradation due to downregu-

lation of the deubiquitylase UCHL3, as shown in SCAN1 pa-

tient cells,37 and/or from decreased transcript stability (this

study), which could be related to changed TDP1 mRNA

sequence as a result of the mutation.81 Because of the very

low activity of mutated TDP1, it was suggested that SCAN1

disease may result from a loss of function of TDP1.5 However,

our findings reveal that SCAN1 cells differ from TDP1 KO cells

in their ability to handle transcriptional DSBs in G1 phase,

pointing to a gain of function of the mutated TDP1 protein,

rather than a loss of function of TDP1 itself, as responsible

for the defective repair of transcriptional DSBs in SCAN1 cells.

The possibility that a gain of function of mutant TDP1 could

underlie SCAN1 neurodegenerative phenotype is in line with

several studies showing that TDP1 depletion in mice,36,82,83

flies,84,85 and zebrafish86 results in only moderate or no

neurodegeneration.
Figure 6. TDP2 compensates TDP1 loss for the repair of transcriptiona

(A) Western blot of TDP1 in TDP1 WT and KO U2OS cells. aTubulin, loading con

(B) Number of TOP1cc foci per nucleus in TDP1 WT and KO cells. ****p < 0.00

experiment as in Figure 1F.

(C) RNA/DNA hybrid slot blot of genomic DNA from TDP1WT and KO cells. Left: r

dsDNA (means ± SEM; n = 5). *p < 0.05 (two-tailed unpaired t test). Quantificatio

(D) TDP1WT and KO cells were incubated with EdU (10 mM; 30 min) before staini

shown.

(E) TDP1WT, KO, and SCAN1 cells were incubated with EdU (10 mM; 30 min) befo

(R, release) containing EdU (10 mM) for up to 6 h. Cells were then stained for EdU

percentages of p53BP1 foci remaining in G1 nuclei following CPT removal norm

(F) Western blot probed with the indicated antibodies in TDP1 WT, SCAN1, and

(G) TDP1WT, KO, and SCAN1 cells were transfected with siCtrl (�) or siTDP2 (+).

in (E) with 10 mM CPT and a release of 8 h. The number of p53BP1 foci per G1 n

(H) Cell extracts from HEK293T cells transfected with the indicated plasmids wer

ALFA IP). IP and input fractions were analyzed by western blotting with the indic

(I) BRET donor saturation assay between LIG3a (donor) and TDP1, TDP1H493R o

(J) BRET competition assays between LIG3a/TDP1 (top) or LIG3a/TDP1H493R (

(means ± SD; n = 3). ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p

(K) Same experiment as in (G) with siXRCC1 transfection. A representative experim

two (H) is shown. See also Figures S6 and S7.
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Our data indicate that transcriptional DSBs in SCAN1 and

TDP1 KO cells can arise from two nearby SSBs on opposing

DNA strands, one being produced by a transcription-blocking

TOP1cc peptide and the second by R-loop cleavage (Figure 7C),

as we previously described in non-replicating cells.31 Produc-

tion of transcriptional DSBs requires XPF-mediated R-loop

cleavage in CPT-treated quiescent cells,31 and XPF has been re-

ported to cleave R-loops in several other contexts.49,56,87 How-

ever, we cannot exclude that XPF-mediated cleavage of other

structures than R-loops88 could also be involved in XPF-depen-

dent production of transcriptional DSBs in CPT-treated SCAN1

cells in G1 phase. According to our model (Figure 7C), SCAN1

and TDP1 KO cells would display DSBs with 30-broken DNA

strands attached to TOP1 peptides, which need to be cleansed

to allow DSB repair. Our data showing that TDP2 promotes the

repair of transcriptional DSBs in TDP1 KO cells therefore sug-

gest that TDP2 can remove TOP1ccs in absence of TDP1, which

is consistent with other independent studies.64,65 However,

TDP1 and TDP2 exhibit little structural or sequence similarity,89

which may explain why, unlike TDP1,23,66 TDP2 does not bind to

LIG3a and is not recruited to the TDP1 repair complex in

absence of TDP1. Nevertheless, although TDP2 is not part of

the complex, it requires it to repair transcriptional DSBs. This

is consistent with TDP2 having, albeit weak, a 30-tyrosyl DNA
phosphodiesterase activity similar to TDP1,90 leading to a

TOP1-free SSB that would be resealed by the concerted action

of PNKP/XRCC1/LIG3a. Thus, our work raises the question of

why TDP2 does not remove TOP1ccs in SCAN1 cells to repair

transcriptional DSBs. As mutated TDP1 is part of the complex

(this study and El-Khamisy et al.23) but with very low activity,23,35

it is possible that the complex remains stalled on TOP1ccs,

physically hindering their access to TDP2.

Our findings point toward a repair of transcriptional DSBs

relying on the repair of two SSBs rather than on the repair of the

DSB itself by DSB repair pathways. This non-canonical mecha-

nismofDSB repairmay be related to the nature of these transcrip-

tional DSBs, which are formed by two SSBs on opposing DNA

strands.31 The lack of DSB accumulation in S and G2 phases
l DSBs

trol.

01 (two-tailed unpaired t test). Data with TDP1 WT cells are from the same

epresentative slot blot. dsDNA, loading control. Right: values are normalized to

n data with TDP1 WT cells are from the same experiment as in Figure 2F.

ng for EdU, gH2AX, and Hoechst. The number of gH2AX foci per G1 nucleus is

re the addition of CPT (25 mM; 1 h), washed, and cultured in CPT-free medium

, p53BP1, and Hoechst. Left: number of p53BP1 foci per G1 nucleus. Right:

alized to CPT-treated cells (means ± SEM; n = 3).

KO cells. Actin, loading control.

Top: western blot of TDP2. Actin, loading control. Bottom: cells were treated as

ucleus is shown.

e immunoprecipitated with nanobody ALFA-coupled agarose beads (XRCC1-

ated anti-tag antibody.

r TDP2 (acceptors) (means ± SD of quadruplicates).

bottom) interactions and TDP1, TDP1H493R, and TDP2 used as competitors

< 0.0001 (two-tailed unpaired t test).

ent out of four (B, F, andG bottom), five (C left, D), three (E left, I, K bottom), and
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further suggests that transcriptional DSBs could be repaired by

homologous recombination (HR), which is available in S and G2,

but not in G1 due to absence of sister chromatids for recombina-

tion. This scenario is further supported by the increased produc-

tion of transcriptional DSBs in G2 phase of SCAN1 cells, which

does not result in DSB accumulation. Therefore, it is plausible

that transcriptional DSBs formed in SCAN1 cells in G0/G1 may

be repaired in S phase. This possibility is in line, from a molecular

point of view, with increased HR in SCAN1 cells,23 and, from a

clinical point of view, with SCAN1 syndrome primarily affecting

non-replicating cells. Hence, these cells could accumulate unre-

paired transcriptional DSBs as they do not enter S phase.

The accumulation of transcriptional DSBs due to SCAN1 mu-

tation is relatively modest, which could be consistent with

SCAN1 syndrome appearing late in the teenage years.5,6 There-

fore, it is conceivable that these persistent DSBs could accumu-

late over time in neurons of SCAN1 patients, contributing to the

neurodegenerative phenotype. This could be due to a direct

DSB-mediated activation of cell death, as reported in non-repli-

cating cells.31,32 Alternatively, DNA damage could affect ECM

remodeling,91 thus indirectly affecting survival and apoptotic

pathways. Both scenarios point to a possible contribution of un-

repairable transcriptional DSBs in neurodegeneration. A further

connection between defective TOP1cc repair, transcriptional

DSBs, and neurodegeneration comes from other genetic defects

in the TOP1cc repair pathway, such as in PNKP and XRCC1,

which enhance transcriptional DSBs in non-replicating cells

(this study and Cristini et al.31) and underlie neurodegenerative

diseases.1,3,4,92,93 In addition, several genetic defects causing

R-loop deregulation, such as in SETX, RNASEH2, C9orf72,

SMN, FXN, and FMR1 genes, also underlie neurodegenerative

diseases.4,46,87,94–97 Neurons may be particularly prone to accu-

mulate transcriptional DSBs because of high rates of oxygen

consumption, which produces reactive oxygen species that

can trap TOP1ccs11,98 and induce other 30-DNA blocking le-

sions, such as 30-phosphoglycolate and 30-abasic site, all

requiring TDP1 for processing.9,99,100 Consistently, oxidative

stress has been implicated in several neurodegenerative dis-

eases.101 It has been recently reported that SCAN1 cells also

display mitochondrial dysfunction, which could further

contribute to the SCAN1 phenotype.10

In summary, our study provides robust models to study

SCAN1 syndrome at the molecular level, allowing key physiolog-

ical roles of TDP1 in gene expression, R-loop homeostasis,

and prevention of transcriptional DSBs in G0/G1 cells to be
Figure 7. Depletion of mutated TDP1 restores the repair of transcriptio
(A and B) TDP1 WT and SCAN1 cells were transfected with the indicated siRNAs

Actin, loading control. (B) Cells were incubated with EdU (10 mM; 30 min) before

(Release) containing EdU (10 mM) for 8 h. Cells were then stained for EdU, p53B

centages of p53BP1 foci remaining in G1 nuclei following CPT removal normaliz

**p < 0.01 (two-tailed unpaired t test).

(C)Model for accumulation of transcriptional DSBs in SCAN1 cells. A transcription

linked SSB. TDP1, which is part of a complex containing PARP1/PNKP/LIG3/XR

Right: TDP1 loss leads to the persistence of the TOP1 peptide-linked SSB, which f

reported.31 TDP2 excises the TOP1 peptide, generating a TOP1-free SSB that is

DSB repair. Left: mutated TDP1 (TDP1*) decreases TDP1 activity, leading to the pe

favor R-loop formation and DSBs harboring a 30-TOP1 peptide end (i) or a 30-
accumulation, which could contribute to SCAN1 phenotype.
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unraveled. Furthermore, these results uncover a potential func-

tion of TDP1 H493R mutated protein in the accumulation of un-

repairable DSBs thus, providing insight into the molecular mech-

anisms of SCAN1 pathogenesis.

Limitations of the study
A potential limitation is the use of U2OS cells when investigating

a neurodegenerative disease. We chose these cells because

they are widely used for both gene editing and DNA damage-

associated applications. This model cannot assess the SCAN1

mutation’s impact on DNA damage in the context of post-mitotic

(G0) cells, but nonetheless allows us to study it in the absence of

replication in G1. It also aids in understanding why SCAN1 syn-

drome does not affect replicating cells.

Although SCAN1 cells can accumulate both TOP1ccs and

TDP1ccs, we did not investigate TDP1ccs because their detec-

tion is not straightforward. Mutated TDP1 is only weakly ex-

pressed and, unlike TOP1ccs, there are currently no antibodies

available against TDP1ccs.

PLA experiments assessed proximity between TOP1ccs and

R-loops in both nucleoplasm and nucleoli. Because the anti-

RNA/DNA hybrid S9.6 antibody can recognize ribosomal

RNA,102,103 some PLA foci originating from nucleoli, possibly

the zoomed-in ‘‘dense regions,’’ may not be specific to TOP1cc

and RNA/DNA hybrid colocalization.
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Poly-L-lysine solution Sigma-Aldrich Cat# P4832; CAS: 25988-63-0

Protein A dynabeads Invitrogen Cat# 10002D
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Click-iT EdU Alexa Fluor 647 Imaging Kit ThermoFisher Scientific Cat# C10340
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Duolink PLA probe anti-rabbit plus Sigma-Aldrich Cat# DUO92002

Duolink In Situ Detection Reagents Green Sigma-Aldrich Cat# DUO92014
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iScript cDNA synthesis kit Bio-Rad Cat# 1708891
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NEBNext Ultra Directional RNA Library Prep Kit for Illumina NEB Cat# E7420S

QIAquick PCR purification kit QIAGEN Cat# 28104

RNeasy Plus Mini Kit QIAGEN Cat# 74134

Ribo-Zero rRNA Removal Kit Illumina Cat# 20040529

Deposited data

DRIP-seq datasets This paper GEO: GSE226263

RNA-seq datasets This paper GEO: GSE186693

Experimental models: Cell lines

Human: HEK293T cells ATCC Cat# CRL-3216;

RRID:CVCL_0063

Human: U2OS cells ATCC Cat# HTB-96;

RRID:CVCL_0042

Human: U2OS TDP1H493R cells (SCAN1#1, SCAN1#2) This paper; Olivier Sordet

laboratory

N/A

Human: U2OS TDP1 KO cells This paper; Olivier Sordet

laboratory

N/A

Human: U2OS cells inducible for 3xFLAG-TDP1 This paper; Olivier Sordet laboratory N/A

Human: U2OS TDP1H493R cells (SCAN1#1, SCAN1#2)

inducible for 3xFLAG-TDP1

This paper; Olivier Sordet laboratory N/A

Human: WI38-hTERT cells Carl Mann laboratory;

Jeanblanc et al.104
N/A

Drosophila melanogaster: Schneider 2 (S2) cells Luisa di Stefano laboratory N/A

Oligonucleotides

DNA ligase 3 (LIG3, DNL3) (human) SMARTpool siRNA Dharmacon/Horizon Discovery Cat# M-009227-02

DNA ligase 4 (LIG4) (human) SMARTpool siRNA Dharmacon/Horizon Discovery Cat# M-004254-00

PARP1 (human) SMARTpool siRNA Dharmacon/Horizon Discovery Cat# M-006656-01

PNKP (human) SMARTpool siRNA Dharmacon/Horizon Discovery Cat# M-006783-02

TDP1 (human) SMARTpool siRNA Dharmacon/Horizon Discovery Cat# M-016112-01

TDP2 (human) SMARTpool siRNA Dharmacon/Horizon Discovery Cat# M-017578-00

XPF (human) (ERCC4) SMARTpool siRNA Dharmacon/Horizon Discovery Cat# M-019946-00

XRCC1 (human) SMARTpool siRNA Dharmacon/Horizon Discovery Cat# M-009394-01

XRCC4 (human) SMARTpool siRNA Dharmacon/Horizon Discovery Cat# M-004494-02

Firefly luciferase control sequence Dharmacon/Horizon Discovery Cat# D-001400-01
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gRNA for ATP1A1 IDT; Sequence is reported in

Labrousse et al.105
N/A

gRNA TDP1 exon 5: 50- GTTTAACTACTGCTTTGACG -30 IDT; Sequence is reported

in Abo et al.106
N/A

gRNA TDP1 exon 14: 50-TATGTGGC

ATGGCATTGCTG-30
IDT; This paper N/A

ssODNs donor for ATP1A1-RD IDT; Sequence is reported in

Labrousse et al.105
N/A

ssODNs donor for TDP1 exon

14: 50-CTTCCCTATAGCATCCAGAC

AGCTGAAAAACAGAATTGGCTGCA

TTCCTATTTTCACAAATGGTCAGCTG

AGACGTCTGGTCGCAGCAATGCCA

TGCCACGTATTAAGACATATATGAG

GCCTTCTCCAGACTTCAGT-30

IDT; This paper N/A

ssODNs donor for TDP1 exon 5: 50- CTT
CTTTTCTCCCATCTAGTTTAACTACTGC

TTTGACGTAGACTGGCTCGTATAACAG

TATCCACCAGAGTTCAGGTGACGTCCT

CAGGGTGACAGACAACACTATAAACTGTAAA -30

IDT; This paper N/A

Primer qRT-PCR, TDP1 e3-e5 (F):50-
CCCCTTCCAGTTTTACCTCAC -30

Eurogentec; Sequence is

reported in Meisenberg et al.107
N/A

Primer qRT-PCR, TDP1 e3-e5 (R):50-
AGTCCACGTCAAAGCAGTAG -30

Eurogentec; Sequence is

reported in Meisenberg et al.107
N/A

Primer qRT-PCR, GAPDH (F):50-
ACATCAAGAAGGTGGTGAAG -30

Eurogentec; Sequence is

reported in Cristini et al.87
N/A

Primer qRT-PCR, GAPDH (R):50-
GGGTCTTACTCCTTGGAGGC -30

Eurogentec; Sequence is

reported in Cristini et al.87
N/A

Primer DRIP-qPCR, ACT5C-Drosophila

(F):50- CCACGAGACCACCTACAACT -30
Eurogentec; Sequence is

reported in Munden et al.108
N/A

Primer DRIP-qPCR, ACT5C-Drosophila

(R):50- TGATCTTCATGGTCGACGGT -30
Eurogentec; Sequence

is reported in108
N/A

See Table S2 for other primers used in this study. Eurogentec; This paper N/A

Recombinant DNA

Plasmid: eSpCas9(1.1)_No_FLAG_ATP1A1_

G3_Dual_sgRNA

Agudelo et al.109 Addgene; #86613

Plasmid: eSpCas9(1.1)_No_FLAG_ATP1A1_

G3_Dual_sgRNA_TDP1_exon14

This paper N/A

Plasmid: eSpCas9(1.1)_No_FLAG_ATP1A1_

G3_Dual_sgRNA_TDP1_exon5

This paper N/A

Plasmid: ATP1A1-RD Agudelo et al.109 Addgene; #86551

Plasmid: pLV-CMV-XRCC1-EGFP-Hygro Koczor et al.110 Addgene; #176062

Plasmid: pDONR223_PNKP_WT Kim et al.111 Addgene; #81801

Plasmid: pGEX4T-hLIG3 Weber et al.112 Addgene; #81055

Plasmid: TLCV2 Barger et al.113 Addgene; #87360

Plasmid: TLCV2-3xFLAG-TDP1 This paper N/A

Plasmid: pEF-3xFLAG-TDP1 This paper N/A

Plasmid: pEF-3xFLAG-TDP1H493R This paper N/A

Plasmid: pEF-GFP2-TDP1 This paper N/A

Plasmid: pEF-GFP2-TDP1H493R This paper N/A

Plasmid: pEF-TDP2-GFP2 This paper N/A

Plasmid: pEF-XRCC1-ALFA This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: pEF-HA-LIG3a This paper N/A

Plasmid: pEF-TDP2-myc This paper N/A

Plasmid: pEF-3xFLAG-PNKP This paper N/A

Plasmid: pEF-myc-cyto Invitrogen Cat# V89120

Plasmid: pEF-RLuc8-LIG3a This paper N/A

Software and algorithms

A plasmid Editor (ApE) software M.Wayne Davis https://jorgensen.biology.

utah.edu/wayned/ape/

RRID:SCR_014266

Bio-Rad CFX Manager 3.1 Bio-Rad Cat# 1845000 https://www.bio-

rad.com/fr-fr/sku/1845000-cfx-

manager-software?ID=1845000

RRID:SCR_017251

Columbus software (version 2.8.2) PerkinElmer N/A

GraphPad Prism 10 GraphPad Prism http://www.graphpad.com/;

RRID:SCR_002798

Harmony software (version 4.9) PerkinElmer RRID:SCR_023543

ImageJ software (version 1.53.o) National Institutes of Health https://imagej.nih.gov/ij/;

RRID:SCR_003070

ImageLab software (version 6.0.1) National Institutes of Health https://imagej.nih.gov/ij/;

RRID:SCR_003070

TIDE Brinkman et al.114 https://tide.nki.nl

RRID:SCR_023704

Other

AxioObserver Z1 fluorescence microscope ZEISS https://www.zeiss.com

4D-Nucleofector X Unit, FL1 Lonza Cat# AAF-1002B

4D-Nucleofector Core Unit, FL1 Lonza Cat# AAF-1002X

Bioruptor sonicator Diagenode Cat# B01020001

CellCarrier Ultra 96-well PerkinElmer Cat# 6005550

Phenoplate 96-well PerkinElmer Cat# 6055300

White 96-well plates, clear bottom PerkinElmer Cat# 6005181

ChemiDoc MP Imaging System Bio-Rad https://www.bio-rad.com

CLARIOstar microplate reader BMG Labtech https://www.bmglabtech.com

CFX96TM real-time system device Bio-Rad https://www.bio-rad.com

LSM 880 confocal microscope ZEISS https://www.zeiss.com

Eclipse 90i Microscope Nikon https://www.microscope.

healthcare.nikon.com/

Operetta CLS High-Content Imaging System PerkinElmer https://www.perkinelmer.com

Tetracycline-free FBS Takara Bio Cat# 631106

Schneider’s Drosophila Medium Gibco Cat# 21720024
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Olivier

Sordet (olivier.sordet@inserm.fr).

Materials availability
Engineered cell lines [U2OS TDP1H493R cells (SCAN1#1, SCAN1#2), U2OS TDP1 KO cells, U2OS cells inducible for 3xFLAG-TDP1,

U2OS TDP1H493R cells (SCAN1#1, SCAN1#2) inducible for 3xFLAG-TDP1] and plasmids [eSpCas9(1.1)_No_FLAG_ATP1A1_G3_

Dual_sgRNA_TDP1_exon14, eSpCas9(1.1)_No_FLAG_ATP1A1_G3_Dual_sgRNA_TDP1_exon5, pEF-3xFLAG-TDP1, pEF-3xFLAG-

TDP1H493R, pEF-GFP2-TDP1, pEF-GFP2-TDP1H493R, pEF-TDP2-GFP2, TLCV2-3xFLAG-TDP1, pEF-XRCC1-ALFA, pEF-HA-LIG3a,
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pEF-TDP2-myc, pEF-3xFLAG-PNKP, pEF-RLuc8-LIG3a] generated in this study will be available without restrictions upon request:

lead contact, Olivier Sordet (olivier.sordet@inserm.fr).

Data and code availability
d This paper generated RNA-seq datasets available at Gene Expression Omnibus GSE186693, and DRIP-seq datasets available

at Gene Expression Omnibus GSE226263.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cells and treatments
HumanU2OS cells (from a 15-year-old female) and human HEK293T embryonic kidney cells (from a female fetus) were obtained from

the American Type Culture Collection (ATCC), and grown in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10%

(v/v) fetal bovine serum and 1% (v/v) penicillin/streptomycin at 37�C in 5% CO2. Primary human lung embryonic WI38 fibroblasts

(from a 3-month-gestation aborted female fetus) immortalized with hTERT were obtained from Carl Mann (CEA, Gif-sur-Yvette,

France).104 Cells were grown in Modified Eagle’s Medium (MEM) supplemented with 10% (v/v) fetal bovine serum, 1 mM sodium py-

ruvate, 2 mM glutamine and 0.1 mM non-essential amino acids at 37�C in 5% CO2. To induce quiescence, cells were washed twice

with serum-free medium and cultured for 72 h in medium supplemented as described above but with 0.2% (v/v) serum, as previously

described.31,32 Drosophila Schneider 2 (S2) cells were obtained from Luisa Di Stefano (Centre de Biologie Intégrative, Toulouse) and

grown at 28�C in Schneider’s Drosophila Medium (#21720024; Gibco) containing 10% (v/v) heat-inactivated fetal bovine serum.

Drugs and chemicals used for treatments were ouabain (#O3125), CPT (#C9911), doxycycline (#D9891), DRB (#D1916) and

MG132 (#C2211) from Sigma-Aldrich and NU7441 from Tocris (#3712). All these agents were dissolved in DMSO except ouabain

and doxycycline, which were in water. In all the experiments, mock samples were treated with the vehicle only.

METHOD DETAILS

Generation of U2OS cells TDP1 H493R (SCAN1) and TDP1 KO
To generate U2OS cells carrying the TDP1H493Rmutation, we introduced the homozygous endogenous pointmutation in exon 14 of

TDP1 gene (A1478G) found in SCAN1 patients5 using CRISPR-Cas9 genome editing. To enrich for custom genetic modifications, the

strategy used was the targeting of TDP1 gene together with ATP1A1 gene, which makes cells resistant to ouabain after recombina-

tion with a donor DNA (ATP1A1-RD) containing ouabain-resistant mutations.109 The guide RNA (gRNA) targeting the protospacer of

exon 14 on TDP1 gene (50-TATGTGGCATGGCATTGCTG-30) was designed using CRISPOR (http://crispor.tefor.net) to produce a

DSB by Cas9 close to the A1478 residue. Then, two different transfection strategies were used to generate the two SCAN1 clones.

To generateU2OSSCAN1#2, cellswere co-transfected using jetPEI (#101000053; Polyplus Transfection) with i) a plasmid expressing

both the eSpCas9 and a gRNA targeting the protospacer on the ATP1A1 gene (eSpCas9(1.1)_No_FLAG_ATP1A1_G3_Dual_sgRNA

plasmid; #86613; Addgene),109 in which, the gRNA targeting TDP1 exon 14 was inserted (eSpCas9(1.1)_No_FLAG_ATP1A1_G3_

Dual_sgRNA_TDP1_exon14); ii) an ATP1A1-RD plasmid donor (#86551; Addgene),109 and iii) a single-stranded oligodeoxyribonucleo-

tides (ssODNs) donor for TDP1 exon 14 (50-CTTCCCTATAGCATCCAGACAGCTGAAAAACAGAATTGGCTGCATTCCTATTTTCA

CAAATGGTCAGCTGAGACGTCTGGTCGCAGCAATGCCATGCCACGTATTAAGACATATATGAGGCCTTCTCCAGACTTCAGT-3’; Ul-

tramer DNA oligonucleotides; IDT) with homology arms for the TDP1-targeted site and containing the mutations to substitute A1478

by G14785 and to mutate the PAM sequence after DSB repair by homologous recombination.

To generate U2OS SCAN1#1, cells were electroporated with the Amaxa Nucleofector system (Lonza) to codeliver i) CRISPR-Cas9

ribonucleoprotein complexes (Alt-R S.p. Cas9 Nuclease V3; #1081058; IDT) together with a gRNA for ATP1A1 gene (Alt-R CRISPR-

Cas9 sgRNA; IDT) and a gRNA for TDP1 exon 14 (Alt-R CRISPR-Cas9 sgRNA; IDT); ii) a ssODNs donor for TDP1 exon 14 (Ultramer

TM DNA oligonucleotides; IDT), and iii) ssODNs donor for ATP1A1-RD (Ultramer DNA oligonucleotides; IDT).109 Cells were cultured,

4 h before and 24 h after electroporation, in medium supplemented with 2 mM of the DNA-PK inhibitor NU7441 (#3712; Tocris) to

inhibit NHEJ repair.

To select cells in which genome editing has occurred, 0.7 mM ouabain (#O3125; Sigma-Aldrich) was added to the culture medium

three days after transfection or electroporation. The obtained ouabain-resistant cell clones were then screened by extracting

genomic DNAwith GenEluteMammalian Genomic DNAminiprep kit (#G1N70-1KT; Sigma-Aldrich). The targeted regionswere ampli-

fied by using the Phusion High-Fidelity DNA Polymerase (#M0530; ThermoFisher Scientific) with primers targeting TDP1 exon 14

(Table S2). The A1478G mutation generated a new restriction site for BsaAI restriction enzyme, and therefore, homozygosity was

assessed by digestion of the amplicons with BsaAI (#R0531S; NEB).

To generate U2OS TDP1 KO cells, TDP1 exon 5 was targeted using CRISPR-Cas9 genome editing, as previously described.106

Cells were transfected using jetPEI (#101000053; Polyplus Transfection) with i) a plasmid expressing both the eSpCas9 and a

gRNA targeting the protospacer on the ATP1A1 gene (eSpCas9(1.1)_No_FLAG_ATP1A1_G3_Dual_sgRNA plasmid; #86613;
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Addgene),109 in which the gRNA targeting TDP1 exon 5 (50-GTTTAACTACTGCTTTGACG-30)106 was inserted (eSpCas9(1.1)_No_-

FLAG_ATP1A1_G3_Dual_sgRNA_TDP1_exon5); ii) an ATP1A1-RD plasmid donor (#86551; Addgene),109 and iii) a ssODNs donor

for TDP1 exon 5 (50-CTTCTTTTCTCCCATCTAGTTTAACTACTGCTTTGACGTAGACTGGCTCGTATAACAGTATCCACCAGAGTT

CAGGTGACGTCCTCAGGGTGACAGACAACACTATAAACTGTAAA-30) with homology arms for the TDP1-targeted site and contain-

ing mutations to insert a stop codon and to mutate the PAM sequence after DSB repair by homologous recombination. Ouabain-

resistant cell clones were obtained and screened as described for SCAN1 clones, by using primers targeting TDP1 exon 5 (Table S2).

CRISPR editing was verified by chromatogram analysis using the ApE software (https://jorgensen.biology.utah.edu/wayned/ape/)

and TIDE (https://tide.nki.nl) analysis.

Molecular cloning
XRCC1 (Addgene plasmid #176062),110 PNKP (Addgene plasmid #81801),111 LIG3a (Addgene plasmid #81055),112 TDP1 and TDP2

(extracted directly from U2OS cells cDNA) were amplified by PCR and inserted into the appropriate plasmids. TDP1H493R was gener-

ated by PCR site-directed mutagenesis using wild-type TDP1 as template.

BRET vector construction

TDP1 and TDP1H493R were cloned between NotI/XbaI sites of the pEF-GFP2-MCS,115 and TDP2was cloned between NcoI/XhoI sites

in pEF-MCS-GFP2,115 to obtain pEF-GFP2-(GGGGS)1-TDP1/TDP1
(H493R) and pEF-TDP2-(GGGGS)2-GFP2, respectively. LIG3a was

inserted between NotI/XbaI sites of the pEF-RLuc8-MCS115 to obtain pEF-RLuc8-(GGGGS)2-LIG3a.

Tagged protein vector construction

TDP1, TDP1H493R and PNKP were cloned into the pEF-3xFLAG-MCS116 by PCR using NotI/XbaI sites. XRCC1 was cloned into pEF-

myc-cyto plasmid (#V89120; Invitrogen) between PmlI/XhoI sites and ALFA tag117 was added in fusion to XRCC1 by cloning between

XhoI/XbaI sites to make pEF-XRCC1-ALFA. TDP2 was inserted into pEF-myc-cyto plasmid between NcoI/XhoI sites to generate

pEF-TDP2-myc. LIG3a was cloned into pEF-myc-cyto between NotI/XbaI sites and HA tag was added in fusion to LIG3a by cloning

between PmlI/NotI sites and generate pEF-HA-LIG3a.

Lentivector construction

3xFLAG-TDP1 sequence was inserted between AgeI/NheI sites of TLCV2 lentivector (Addgene plasmid #87360)113 by PCR.

Generation of U2OS cells inducible for 3xFLAG-TDP1
Lentiviral particles production and transduction was adapted from.118 Briefly, 4.5 x 106 HEK293T cells were plated in a 100 mm dish

(2 dishes per virus production). 24 h later, cells were transfected with 6 mg of TLCV2-3xFLAG-TDP1, 4 mg of psPAX2 and 1.5 mg of

pMD2.G and 23 mL of JetPRIME transfection reagent (#101000046; Polyplus Transfection) (quantities for one 100 mm dish). The su-

pernatants were collected 48 h after transfection, centrifuged 5 min at 2,000 rpm, filtered (0.45 mm filter) and concentrated by centri-

fugation at 2,500 rpm using a 100 kDa cut-off Vivaspin 20 concentrator (Sartorius). U2OS cells (WT, SCAN1#1 and SCAN1#2) were

transduced with 3xFLAG-TDP1 lentivirus for 48 h in 6-well plate in 1 mL of medium containing 8 mg/mL of polybrene (#107689;

Sigma-Aldrich). Transduced cells were selected with 1 mg/mL puromycin (#ant-pr-1; InvivoGen). 0.1 mg/mL of doxycycline

(#D9891; Sigma-Aldrich) was added to the culture medium supplemented with 10% (v/v) tetracycline-free FBS (#631106; Takara

Bio) for 48 h to induce the expression of 3xFLAG-TDP1.

Cell extracts and immunoblotting
Cell extracts were obtained by lysing cells for 20 min at 4�C in buffer containing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% Triton

X-100, 1% sodium deoxycholate, 0.1% SDS, 5 mM EDTA, supplemented with protease and phosphatase inhibitors (Halt Prote-

ase & Phosphatase Inhibitor Cocktail; ThermoFisher Scientific). Samples were centrifuged at 16,000 x g for 15 min at 4�C and

supernatant was collected. For Figures 1D, 6F, S4H, S6F and S7B, cell extracts were obtained by lysing cells for 15 min at

4�C in buffer containing 10 mM Tris-HCl (pH 7.5), 1% SDS supplemented with protease and phosphatase inhibitors (Halt Prote-

ase & Phosphatase Inhibitor Cocktail; ThermoFisher Scientific). Viscosity of the samples was reduced by sonication. Proteins were

separated by SDS-PAGE and immunoblotted with the following antibodies at dilutions recommended by the manufacturer: anti-

pan-actin (#MAB1501; Merck-Millipore), anti-DNA ligase 3 (#A301-636A; Bethyl), anti-DNA ligase 4 (#14649; Cell Signaling Tech-

nology), anti-FLAG (#F1804; Sigma-Aldrich), anti-PARP1 (#9542; Cell Signaling Technology), anti-PNKP (#A300-257A; Bethyl),

anti-TDP1 (#ab224822; Abcam), anti-TDP2 (#A302-737A; Bethyl), anti-TOP1 (#ab109374; Abcam), anti-aTubulin (#T5168;

Sigma-Aldrich), anti-XPF (#A301315A; Bethyl); anti-XRCC1 (#A300-065A; Bethyl), anti-XRCC4 (#A1977; Abclonal), anti-GFP

(#NB100-1770; Novus Biologicals) and anti-c-Myc (#631206; Takara Bio). The membrane was then incubated with the appropriate

secondary antibody coupled to HRP (Bio-Rad, Cell Signaling Technology, ImmunoReagents) for 1 h, and immunoblotting was re-

vealed by chemiluminescence using a ChemiDoc MP Imaging System (Bio-Rad). Quantification of protein levels was done by us-

ing ImageLab software (version 6.0.1).

RNA analysis by qRT-PCR
Total RNA was isolated using RNeasy Plus Mini Kit (#74134; QIAGEN) according to the manufacturer’s instructions. 0.5–1 mg of total

RNA were reverse transcribed by using the iScript cDNA synthesis kit (#1708891; Bio-Rad) and analyzed by quantitative PCR on a

CFX96 real-time system device (Bio-Rad) by using IQ SYBR green Supermix (#1708880; Bio-Rad) according to the manufacturer’s
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protocol. Values are normalized to GAPDHmRNA, used as an endogenous control in the DDCT analysis with the Bio-Rad CFX Man-

ager 3.1. The primers used in this study are listed in Table S2.

Immunofluorescence microscopy of TOP1cc
TOP1cc staining was performed using a previously described method119 with modifications.120 Briefly, cells were seeded on cover-

slips in 6-well plates, washed twice with phosphate-buffered saline (PBS) and fixed with 10% formalin for 15 min at 4�C. After three
washes with PBS, cells were permeabilized with 0.2% Triton X-100 for 2 min on ice, followed by an incubation in 0.1% SDS for 5 min

at RT. Cells were then washed twice in PBS, incubated for 1 h in a blocking buffer containing 10% (w/v) skimmedmilk, 150 mMNaCl

and 10mM Tris–HCl (pH 7.4), and incubated with amouse anti-TOP1cc antibody (#MABE1084; Merck-Millipore) diluted at 1/1,000 in

5% (v/v) fetal bovine serum in PBS overnight at 4�C. Next, cells were washed five times for 4 min each with wash buffer (0.1% bovine

serum albumin (BSA) and 0.1% Triton X-100 in PBS) and incubated with an anti-mouse antibody coupled to Alexa Fluor 488

(#A-21202; ThermoFisher Scientific) diluted at 1/1,000 in 5% (v/v) fetal bovine serum in PBS for 1 h at RT. After five washes for

4 min each with wash buffer, coverslips were mounted in glass slides using Mowiol 4–88 (Merck-Millipore) containing 40,6-diami-

dino-2-phenylindole (DAPI) diluted at 1/2,000. Slides were visualized with an inverted confocal microscope (LSM 880; ZEISS) using

a 633 oil immersion objective. Nuclear foci were analyzed with ImageJ software (version 1.53o).

For graphical representation of foci distribution, we used box-and-whisker plots with GraphPad Prism 10 software with the

following settings: boxes: 25–75 percentile range; whiskers: 10–90 percentile range; horizontal bars: median number of foci; ‘‘+’’:

mean number of foci.

Quantification of global nascent RNA transcription
Cells were seeded in poly-L-lysine (#P4832; Sigma-Aldrich)-coated 96-well plates (CellCarrier Ultra: #6005550; PerkinElmer). Global

nascent RNA transcription was detected using Click-iT RNA Alexa Fluor 488 Imaging Kit (#C10329, ThermoFisher Scientific)

following manufacturer’s guidelines. After Click-iT reaction, cells were incubated with 8% (w/v) BSA in PBS for 1 h before incubation

with an anti-nucleolin antibody (#ab22758; Abcam) diluted at 1/1,000 in 1% BSA in PBS for 1 h at RT. After three washes with PBS,

cells were incubated with the secondary antibody coupled to Alexa Fluor 647 (#A-21245; ThermoFisher Scientific) diluted at 1/500 in

1% BSA in PBS for 1 h. After three washes with PBS, nuclei were stained with 1 mg/mL Hoechst 33342 (ThermoFisher Scientific) for

15 min, washed twice with PBS and stored at 4�C until analysis. Plates were scanned with a 203 objective using an Operetta CLS

High-Content Imaging System (PerkinElmer) with Harmony software (version 4.9). Analyses were performed with Columbus software

(version 2.8.2). Nucleoli were detected by using the ‘‘B’’ method. To compare independent experiments, the intensity of EU signal

was normalized in each individual experiment as indicated in the figure legends. Data were plotted by using GraphPad Prism 10

software.

RNA-seq and data analyses
RNA samples were depleted of ribosomal RNAs with Ribo-Zero rRNA Removal Kit (#20040529; Illumina) and libraries prepared with

NEBNext Ultra Directional RNA Library Prep Kit for Illumina (#E7420S; NEB) following manufacturer’s instructions. RNA sequencing

was performed on Illumina HiSeq4000 platform (pair-end 23 150 bp) at Biodiversa (Rovereto, TN, Italy). RNA-seq reads were quality

checked with FastQC and trimmed with Cutadapt121 using TrimGalore wrapper tool (Version 0.6.5). Libraries were then aligned to

human genome (hg38 version) with HISAT2 aligner,122 and read abundance over transcripts was computed with StringTie v2.0123

tool using GENCODE (v36) gene reference. 124 StringTie v2.0 transcript estimations were imported in R v4.0.0 and converted to

read count using Bioconductor tximport v1.16.1 package.125 Read counts were batch corrected using the R package limma

v3.44.3 library.126 Differential expression and PCA analyses were performed using Bioconductor DESeq2 v1.28.1 package127 with

default settings. Differentially expressed (DE) genes were selected by adjusted p-value <0.00001 and fold change threshold of

1.5. Gene set over-representation analysis (GSOA) was performed using Bioconductor clusterProfiler v4.2.0 package128 and

MSigDB gene set database (version 7.2)129 with default settings. Reactome and Gene Ontology terms from MSigDB were used in

the analysis. GSOA used as input common up-regulated and downregulated genes in both SCAN1 clones vs. WT contrasts. Data

plotting was performed using the Bioconductor tidyverse v1.3.0, enrichplot v1.8.1 packages and EnhancedVolcano v1.10.0

packages.

RNA/DNA hybrid slot blot
Slot blot experiments were performed as previously described.31 Genomic nucleic acid isolation and RNase H (#M0297; NEB) treat-

ment were carried out with the same procedure used for DRIP. Genomic nucleic acidswere spotted into aHybond-N+membrane and

UV-crosslinked. The membrane was saturated and probed with S9.6 antibody (#MABE1095; Merck-Millipore) to detect RNA/DNA

hybrids and an anti-dsDNA antibody (#ab27156; Abcam) to detect dsDNA, used as a loading control. Serial dilutions of genomic nu-

cleic acids from U2OS WT cells were used to control that slot blot quantifications matched nucleic acid content. Images were ac-

quired with a ChemiDoc MP Imaging System (Bio-Rad) and signals quantified using ImageLab software (version 6.0.1).
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RNA/DNA hybrid quantification by immunofluorescence microscopy
Cells were seeded in 24 3 24 mm coverslips in a 35 mm dish at 2 x 105 cells per well. RNA/DNA hybrid staining was performed as

described previously.44,50 Briefly, 24 h after seeding, cells were fixed with ice-cold methanol for 10 min at RT and then acetone was

added for 1min on ice. Cells were washed three timeswith cold PBS and incubated for 30min at RT in Block Buffer (4X Saline Sodium

Citrate (SSC), 0.1% Tween 20, 3% BSA) under gentle rocking. Coverslips were then incubated with S9.6 antibody to stain for

RNA/DNA hybrids (5 mg per coverslip), and anti-nucleolin antibody (#ab22758; Abcam) at 1/1,000 dilution for 2 h at RT. Glass slides

were washed three times with 4X SSC and then incubated with secondary antibody Alexa Fluor 488 (Goat anti-Mouse IgG Secondary

Antibody: #A-11001; ThermoFisher Scientific) and Alexa Fluor 594 (Goat anti-Rabbit IgG Secondary Antibody: #A-11037;

ThermoFisher Scientific) for 1 h at RT. Coverslips were then washed three times with 4X SSC, incubated with DAPI (3.3 mg/mL in wa-

ter) for 30 min and then mounted on microscope slides with Mowiol 4–88 (Merck-Millipore). Slides were imaged with a Nikon Eclipse

90i Microscope. Fluorescence quantification analysis was performed using ImageJ software (version1.53o). S9.6 intensity in the

nucleoplasmic compartment was calculated by subtracting the nucleolar S9.6 signal from the total nuclear S9.6 signal.

DNA/RNA immunoprecipitation (DRIP)
DNA/RNA immunoprecipitation was carried out as described previously.31,87,130 Briefly, non-crosslinked nuclei were isolated by

lysing cells (85 mM KCl, 5 mM Pipes pH 8.0, 0.5% NP-40) and then, subjected to nuclear lysis (50 mM Tris-HCl pH 8.0, 5 mM

EDTA, 1% SDS). Lysates were digested with proteinase K (#3115828001; Sigma-Aldrich) at 55�C for 3 h and genomic nucleic acids

were precipitated with isopropanol followed by a wash in 75% ethanol. Where relevant, samples were treated with 1.7 U of RNase H

(#M0297; NEB) per mg of genomic DNA for 5 h at 37�C. For spike-in controls in DRIP-qPCR, 6 mg of Drosophila S2 genomic nucleic

acids were added to 20 mg of U2OS genomic nucleic acids prior to RNase H digestion. Next, genomic nucleic acids were sonicated

with Bioruptor (Diagenode) in IP dilution buffer (16.7 mM Tris-HCl pH 8.0, 1.2 mM EDTA, 167 mM NaCl, 0.01% SDS, 1.1% Triton

X-100) to obtain DNA fragments of about 500 bp. Samples were then precleared in presence of protease inhibitors (1X Complete

mini EDTA-free protease; #11836170001; Sigma-Aldrich) with BSA-blocked protein A dynabeads (#10002D; Invitrogen). IP was per-

formed with 2.5 mg of S9.6 antibody (#MABE1095; Merck-Millipore) or no antibody using 12.5 mg of precleared samples (13 mg for

mixed U2OS and Drosophila S2 genomic nucleic acids) overnight at 4�C. Immunocomplexes were retrieved by incubation with

BSA-blocked protein A dynabeads. Beads were then washed once with buffer A (20 mM Tris-HCl pH 8.0, 2 mM EDTA, 0.1%

SDS, 1% Triton X-100, 0.15 M NaCl), once with buffer B (20 mM Tris-HCl pH 8.0, 2 mM EDTA, 0.1% SDS, 1% Triton X-100,

0.5 M NaCl), once with buffer C (10 mM Tris-HCl pH 8.0, 1 mM EDTA, 1% NP-40, 1% sodium deoxycholate, 0.25 M LiCl) and

then twice with buffer D (10 mM Tris-HCl pH 8.0, 1 mM EDTA). Beads were then eluted in 1% SDS and 0.1 M NaHCO3 and eluates

digested by proteinase K (#3115828001; Sigma-Aldrich) at 45�C for 2 h. DNAwas purified with QIAquick PCR purification kit (#28104;

QIAGEN) and analyzed by qPCR with IQ SYBR green Supermix (#1708880; Bio-Rad) in a CFX96 real-time system device (Bio-Rad).

Bio-Rad CFX Manager 3.1 software was used for qPCR analysis. At a certain gene region, the amount of immunoprecipitated ma-

terial was calculated as the percentage of input after subtracting the background signal (no antibody control). For DRIP-seq analysis,

multiple S9.6 IPs with 3 mg of S9.6 antibody (#MABE1095; Merck-Millipore, lot#3695302, #3774162 and #3910138) were pooled and

DNA was purified with MinElute PCR purification Kit (#28004; QIAGEN).

Library preparation and sequencing were performed by the Helixio company (Biopôle Clermont-Limagne, Saint-Beauzire, France)

by using AVITI (Element Biosciences) with 150 bp paired-end reads. The primers used in this study are listed in Table S2.

DRIP-seq data processing
Raw data quality was checked with FastQC (v0.11.5) and then aligned to the human hg38 reference genome with BWA-MEM

(v0.7.17).131 Supplementary alignments (flag 2048), reads with mapping quality lower than 25 and PCR duplicates were removed us-

ing the samtools suite (v1.9)132 and also for sorting and indexing BAMs. BamCoverage from Deeptools (v3.5.1)133 was used to

generate BigWig files with CPM normalization using the options: exactScaling, normalizeUsing CPM, binSize 1. First, we assessed

the quality of the DRIP-seq datasets by meta-analysis of the Z score distribution over R-loop-forming sequences (RLFS) for IP sam-

ples (positive R-loop mapping) and Input samples (negative control), as described in Miller et al.134 BigWig were first converted into

bedGraph using bigWigToBedGraph tool and then peak callingwas done usingMACS3bdgpeakcall (v3.0.0a6)135 with parameters -g

1000 -c 5. RLSeq (v1.6.0) was used to generate metaplots of the Z score distribution around RLFS. All IP samples showed a Z score

above 2 at 0 bp in the distribution, which was greater than both Z score at -5kb and +5kb, and had a permutation testing p-value

below 0.04. All Input samples did not meet these criteria with a Z score around 0 at 0 bp in the distribution, and a permutation testing

p-value above 0.38. The following p-values were obtained: Rep1: p < 0.0198 for WT S9.6 IP, p < 0.0198 for SCAN1#1 S9.6 IP,

p < 0.42574 for WT Input, p < 0.39604 for SCAN1#1 Input; Rep2: p < 0.0396 for WT S9.6 IP, p < 0.0099 for SCAN1#1 S9.6 IP,

p < 0.0099 for SCAN1#2 S9.6 IP, p < 0.44554 for WT Input, p < 0.47525 for SCAN1#1 Input, p < 0.38614 for SCAN1#2 Input.

MACS3 callpeak (v3.0.0a6) with parameters -q 0.01 -f BAMPE were used on DRIP-seq BAM files and their inputs. Peaks were an-

notated on RefSeq genes using plyranges library in R (v4.2.1).136 The following numbers of peaks were found: Rep1: 82,545 for WT

S9.6 IP, 63,456 for SCAN1#1 S9.6 IP; Rep2: 89,445 for WT S9.6 IP, 110,745 for SCAN1#1 S9.6 IP, 89,932 for SCAN1#2 S9.6 IP. The

following numbers of peaks overlapping annotated genes were: Rep1: 51,844 for WT S9.6 IP, 42,283 for SCAN1#1 S9.6 IP; Rep2:

51,645 for WT S9.6 IP, 64,908 for SCAN1#1 S9.6 IP, 51,932 for SCAN1#2 S9.6 IP.
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DRIP-seq profiles show the number of aligned reads per base normalized by the total number of aligned reads (CPM) (Figures 2I,

S3B–S3D and S3F). Read coverage is shown at different RefSeq gene loci, with only the first transcript variant per gene annotated.

For metagene profiles and boxplot analysis, the BED file used was downloaded using the AnnotationHub library and the id

"AH100419" (hg38 NCBI RefSeq containing 26,089 genes, excluding chr. Y genes) and processed using the plyranges library in

R. As the DRIP-seq experiments were not strand-specific, genes overlapping within a window of -1kb from their start to +1kb

from their end were filtered out. The 11,048 remaining RefSeq genes were assigned to a corresponding ENSEMBL gene ID and a

median FPKM for each condition (WT, SCAN1#1 and SCAN1#2), which was calculated from the 3 replicates of RNA-seq for each con-

dition. org.Hs.e.g.db 3.17.0 was used to retrieve ENSEMBL ID from RefSeq, through AnnotationHub137 and AnnotationDbi.138

RefSeq genes were filtered out if no ENSEMBL ID could be assigned or if several ENSEMBL IDs correspond to one single

RefSeq ID and conversely, giving 10,014 RefSeq genes left. Then, we filtered out genes with a median FPKM equal to 0 in all con-

ditions (7,755 genes left). The differential expression analysis in SCAN1#1 and SCAN1#2 vs. WT cells was assigned for each RefSeq

gene: Up-regulated (UP, 243) or Down-regulated (DOWN, 190) genes in both SCAN1 clones, and Non-regulated genes (Non-REG,

6,891) that were not differentially expressed in one and/or the other SCAN1 clones.

For Figures 2H andS3A, RefSeq geneswith a length >100 nt (7,708 genes, including 243UP, 190DOWNand 6,844Non-REG) were

kept. ComputeMatrix scale-regions fromDeeptools was usedwith parameters: binSize 100, regionBodyLength 10,000, afterRegion-

StartLength 2,000, beforeRegionStartLength 2,000. These parameters led to 20 bins between TSS-2kb to TSS, 100 bins on gene

body and 20 bins on TES to TES+2kb regions. For each bin, the mean number of normalized aligned reads per base was computed.

7,703 RefSeq genes, including 243 UP, 190 DOWN and 6,839 Non-REG, showed amean DRIP-seq coverage of all bins over the TSS

to TES region >0 in at least one replicate for bothWT IP andSCAN1#1 IP samples andwere further used. Outliers (10 genes) showing a

DRIP-seq mean coverage over the gene > to the 0.999% quantile in each IP sample were excluded. The final 7,693 analyzed genes

included 243 UP, 190 DOWNand 6,830 Non-REG. Their mean DRIP-seq coverage of all bins over the TSS to TES region was used for

Figures 2H and S3A.

For Figures S3H–S3J, RefSeq genes with a length >3 kb (7,115 genes, including 235 UP, 179 DOWN and 6,289 Non-REG) were

kept. ComputeMatrix scale-regions fromDeeptools was usedwith parameters: binSize 100, regionBodyLength 10,000, afterRegion-

StartLength 2,000, beforeRegionStartLength 4,000. These parameters led to 40 bins between TSS-2kb to TSS+2kb, 100 bins on

gene body and 20 bins on TES to TES+2kb regions. For each bin, the mean number of normalized aligned reads per base was

computed. 7,113 RefSeq genes, including 235 UP, 179 DOWN and 6,288 Non-REG, showed a mean DRIP-seq coverage of all

bins over the TSS to TES region >0 in at least one replicate for both WT IP and SCAN1#1 IP samples and were then used. Outliers

showing a DRIP-seq mean coverage over the gene > to the 0.999% quantile in each IP sample were excluded and corresponded

to 15 genes. The final 7,098 analyzed genes included 233 UP, 179 DOWN and 6,276 Non-REG. In Figure S3J, the metagene profiles

for the 233 UP genes were generated by plotting the mean DRIP-seq coverage within the gene population for each bin. For boxplot

analyses in Figures S3H and S3I, the mean DRIP-seq coverage of all bins over the described regions (TSS to TSS+2kb and TSS+2kb

to TES) was calculated for each gene.

For graphical representation of DRIP-seq signal changes (Log2(SCAN1/WT)) in Figures 2H, S3A, S3H and S3I, we used box-and-

whisker plots with GraphPad Prism 10 software with the following settings: boxes: 25–75 percentile range; whiskers: 5–95 percentile

range; horizontal bars: median.

Immunofluorescence microscopy of gH2AX, p53BP1 and micronuclei
For DSB immunostaining, cells were seeded in poly-L-lysine (#P4832; Sigma-Aldrich)-coated 96-well plates (CellCarrier Ultra,

#6005550 or Phenoplate, #6055300; PerkinElmer). To label newly synthesized DNA in replicating cells, cells were incubated with

10 mM EdU for 30 min. When treated with CPT, cells were first incubated with 10 mM EdU for 30 min or co-incubated with 10 mM

EdU with either 50 mMDRB or 10 mMMG132 for 1 h, then CPT (0.1, 5, 10 or 25 mM) was added for an additional hour while maintaining

EdU, EdU/DRB, or EdU/MG132 in the media. For the CPT release experiments, after 1 h CPT treatment, cells were washed four times

and incubated inmediumwith 10 mMEdU for the indicated times. Cells werewashed twicewith PBS and fixedwith 3.7% formaldehyde

for 15 min. After two washes with PBS, cells were permeabilized with 0.5% Triton X-100 for 20 min and washed twice with PBS. The

incorporated EdU into DNA was detected using the Click-iT reaction from the Click-iT EdU Alexa Fluor 647 Imaging Kit (#C10340;

ThermoFisher Scientific) according to the manufacturer’s protocol. After a wash with 3% BSA in PBS, cells were incubated with

8% BSA in PBS for 1 h. For gH2AX and/or p53BP1 staining, cells were incubated with a mouse anti-gH2AX antibody (#05–636;

Merck-Millipore) and/or a rabbit anti-p53BP1 antibody (#2675; Cell Signaling Technology) diluted at 1/500 in 1% BSA in PBS for

2 h. For gH2AX and CENPF co-staining, cells were incubated with a rabbit anti-gH2AX antibody (#9718S; Cell Signaling Technology)

and amouse anti-CENPFantibody (#135865; Santa CruzBiotechnology) diluted at 1/500 and 1/100, respectively, in 1%BSA in PBS for

2 h. After three washes with PBS, cells were incubated with the appropriate secondary antibody coupled to Alexa Fluor 488 or 594

(ThermoFisher Scientific) diluted at 1/500 in 1% BSA in PBS for 1 h. Cells were washed three times with PBS and nuclei were stained

with 1 mg/mL Hoechst 33342 (ThermoFisher Scientific) for 15 min, washed twice with PBS and stored at 4�C until imaging.

96-well plates were scanned with a 203 objective using an Operetta CLS High-Content Imaging System (PerkinElmer) with Har-

mony software (version 4.9). Analyses of gH2AX, p53BP1, CENPF andmicronuclei were performed with Columbus software (version

2.8.2). gH2AX and p53BP1 foci were detected with the function ‘‘Find spots’’ and the ‘‘C’’ method. Variations of the number of foci

between independent experiments can be related to experimental variabilities, which include the automatic counting of foci with
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Columbus software that depends on the ratio between the signal intensity of foci and background noise. To compare independent

experiments, the number of gH2AX or p53BP1 foci were normalized in each individual experiment as indicated in the figure legends.

Micronuclei were detected using the Hoechst 33342 staining with the function ‘‘Find Micronuclei’’ and the ‘‘B’’ method. Throughout

themanuscript, G1 cells were identified as EdU-negative and lowHoechst 33342, S cells as EdU-positive, andG2 cells as EdU-nega-

tive and high Hoechst 33342. When indicated, G1 cells were identified as EdU-negative and CENPF-negative, S cells as EdU-pos-

itive, and G2 cells as EdU-negative and CENPF positive. For the CPT release experiments to analyze DSB repair, the percentages of

gH2AX/p53BP1 foci or gH2AX intensity remaining following CPT removal were calculated by subtracting the number of foci or inten-

sity of untreated cells from that of treated cells and normalized to cells treated with CPT.

For graphical representation of foci or intensity distribution, we used box-and-whisker plots with GraphPad Prism 10 software with

the following settings: boxes: 25–75 percentile range; whiskers: 10–90 percentile range; horizontal bars: median number of foci; ‘‘+’’:

mean number of foci.

Proximity ligation assay (PLA)
Cells were seeded on 14 mm diameter coverslips. To label newly synthesized DNA, cells were incubated with 10 mMEdU for 30 min.

After two washes with PBS, cells were pre-extracted with cold 0.5% NP-40 for 3 min on ice to remove nucleosoluble proteins as

reported.139 After one wash in PBS, cells were fixed with 3.7% formaldehyde in PBS for 15min, washed twice with PBS and permea-

bilized with 0.2% Triton X-100 in PBS for 20 min. Cells were washed twice in PBS, then the incorporated EdU into DNA was detected

using the Click-iT reaction from the Click-iT EdU Alexa Fluor 647 Imaging Kit (#C10340, ThermoFisher Scientific) according to the

manufacturer’s protocol. Following two washes in PBS, cells were blocked with 8% BSA in PBS for 1 h. The following steps were

performed according to the Duolink (Sigma-Aldrich) manufacturer’s instructions. Cells were incubated with a rabbit anti-TOP1 anti-

body (#ab10937; Abcam) diluted at 1/250 in Duolink antibody dilution buffer and/or a mouse S9.6 antibody (#MABE1095; Merk-

Millipore) diluted at 1/200 in Duolink antibody dilution buffer overnight at 4�C. Then, cells were incubated in a solution containing

PLA probe anti-mouse minus (#DUO92004; Sigma-Aldrich) and PLA probe anti-rabbit plus (#DUO92002; Sigma-Aldrich) for 1 h at

37�C. TheDuolink In SituDetection Reagents Green (#DUO92014; Sigma-Aldrich) were then used to perform the PLA reaction. Slides

were mounted in Duolink In Situ Mounting Medium with DAPI (#DUO82040; Sigma-Aldrich) and images were acquired with an in-

verted microscope (AxioObserver Z1 fluorescence microscope; ZEISS) using a 403 oil immersion objective. The number of PLA

foci was quantified using ImageJ software (version 1.53o) in G1 cells identified as EdU-negative and low Hoechst 33342, and S cells

identified as EdU-positive.

Box-and-whisker plots with GraphPad Prism 10 software were used for graphical representation, with the following settings:

boxes: 25–75 percentile range; whiskers: 10–90 percentile range; horizontal bars: median number of foci; ‘‘+’’: mean number of foci.

siRNA transfections
WI38-hTERT cells were transfected with siRNA duplexes using Dharmafect 4 transfection reagent (#T-2004; Dharmacon/Horizon

Discovery) for 24 h before inducing quiescence for 72 h, as described previously.31 U2OS cells were transfected with siRNA duplexes

using Lipofectamine RNAiMAX transfection reagent (#13778075; ThermoFisher Scientific) for 72 h according to the manufacturer’s

instructions. siRNAs used are from Dharmacon/Horizon Discovery and are pools of 4 siRNAs per gene (DNA ligase 3: M-009227-02;

DNA ligase 4: M-004254-00; PARP1: M-006656-01; PNKP: M-006783-02; TDP1: M-016112-01; TDP2: M-017578-00; XPF:

M-019946-00; XRCC1: M-009394-01; XRCC4: M-004494-02), or are individual siRNAs (firefly luciferase control sequence:

D-001400-01).

Co-immunoprecipitation experiments
Co-immunoprecipitation (coIP) was performed as described previously.87 HEK293T cells were transfected in 6-well plates 24 h after

seeding with 2 mg of DNA plasmid mix containing 0.2 mg of each plasmid (as indicated in Figure 6H) and empty vector pEF-myc-cyto

(up to 2 mg) using JetPRIME (#101000046; Polyplus Transfection) manufacturer’s instruction. Cells were pelleted 24 h after transfec-

tion and incubated with lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% NP-40, 10% glycerol, 2.5 mMMgCl2) supplemented

with 1X Complete mini EDTA-free protease (#11836170001; Sigma-Aldrich) and 1X phosphatase (PhosSTOP: #04906845001;

Roche) inhibitors and 40 U benzonase (#E1014; Sigma-Aldrich) at 4�C for 30 min. Samples were diluted 1:2 in dilution buffer

(150 mM NaCl, 10% glycerol, 2.5 mM MgCl2) supplemented with 1X Complete mini EDTA-free protease (#11836170001; Sigma-

Aldrich) and 1X phosphatase (PhosSTOP: #04906845001; Roche) inhibitors after centrifugation to remove insoluble material. IP

was carried out from 500 mg of proteins with Nanobody ALFA-coupled agarose beads (ALFA Selector ST: #N1511; NanoTag Biotech-

nologies) or agarose beads without antibody (Selector Control: #N0010; NanoTag Biotechnologies) at 4�C on rotating wheel for 2 h.

Immuno-complexes were washed three times with IP buffer (1:1 lysis and dilution buffers) and three times with IP buffer without NP-

40, in presence of 1X Complete mini EDTA-free protease inhibitors (#11836170001; Sigma-Aldrich) and eluted in 1X LDS (Invitrogen)

with 100 mM DTT for 10 min at 70�C. Proteins were separated by SDS-PAGE and immunoblotted with the following antibodies at

dilutions recommended by themanufacturer: anti-ALFA (#N1501-HRP; NanoTag Biotechnologies), anti-FLAG (#MA1-91878; Invitro-

gen), anti-GFP (#ab290; Abcam), anti-HA (#2999; Cell Signaling) and anti-Myc (#13–2500; Invitrogen). Immunoblotting was revealed

by chemiluminescence using a ChemiDoc MP Imaging System (Bio-Rad).
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BRET2 titration curves and competition assays
For all BRET experiments (titration curves and competition assays), 650,000 HEK293T cells were seeded in eachwell of 6-well plates.

After 24 h at 37�C, cells were transfected with a total of 1.6 mg of DNA mix, containing the donor + acceptor ± competitor plasmids,

using JetPRIME transfection reagent (# 101000046; Polyplus Transfection). For the BRET donor saturation assays, cells were trans-

fected with 0.025 mg of donor (LIG3a) and with an increased amount of acceptor plasmid (0.025, 0.05, 0.1, 0.25, 0.375, 0.5 and

0.75 mg of DNA) equalized to a total amount of 1.6 mg of DNA with an empty vector pEF-myc-cyto. In dose-response competition

experiments, competitors were transfected with the following amount of DNA: 0.125, 0.5, and 1.25 mg with a 1:10 donor:acceptor

DNA plasmid ratio (i.e., 0.025 mg:0.25 mg of DNA plasmid). Cells were detached 24 h later, washed with PBS, and seeded in a white

96-well plate (clear bottom, #6005181; PerkinElmer) in Opti-MEMwithout phenol redmedium complemented with 4% FBS, and cells

were incubated for an additional 20 to 24 h at 37�C before the BRET assay reading. A step-by-step BRET protocol is provided

elsewhere.140

BRET2 measurements
BRET2 signal was determined immediately after injection of coelenterazine 400a substrate (10 mM final concentration) to cells

(#16157; Cayman Chemicals) using a CLARIOstar instrument (BMG Labtech) with a luminescence module. Total GFP2 fluorescence

was detected with excitation and emission peaks set at 400 ± 15 and 510 nm ± 20, respectively. Total RLuc8 luminescence was

measured with an emission peak set at 480 nm ± 80.

The BRET signal or BRET ratio corresponds to the light emitted by the GFP2 acceptor constructs (515 nm ± 30) upon addition of

coelenterazine 400a divided by the light emitted by the RLuc8-LIG3a donor construct (410 nm ± 80). The background signal is sub-

tracted from that BRET ratio using the donor-only negative control where only the RLuc8-LIG3a fusion plasmid is transfected into the

cells. The normalized BRET ratio is the BRET ratio normalized to the no competitor control during a competition assay.

QUANTIFICATION AND STATISTICAL ANALYSIS

Information on independent biological replicates (n), statistical tests, definition of center (mean, median) and dispersion (SD, SEM),

are indicated in the figure legends. For immunofluorescence microscopy experiments, an average ofR1,000 nuclei per experiment

and per condition were analyzed when using the Operetta/Columbus system and between 30 and 40 (Figures 3G and S4J), 45

(Figures 1F and S6B) and 100 nuclei (Figure 2G) when using ImageJ. Experimental differences were tested for significance by using

GraphPad Prism 10 software. Ns indicates not significant differences. p < 0.05 is considered significant. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001.
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