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Antibodies
Antibodies used

The genome-wide CRISPR/Cas9 screen data generated in this study are provided in the Supplementary data files. Source data are provided with this paper.

No statistical methods was used to predetermine sample size. In most experiments, like Western Blot, Slot Blot, CRISPR screening, cell
proliferation assay, FACS assay, and comet assay, at least three independent biological replicates were conducted, selected based on
standard practice in the field. For comet assay, more than 200 cells were examined for each independent experiments for statistical analyses.
Statistical analysis (as described in respective figure legends) was used to calculate statistical significance of obtained results. The individual p-
values are indicated in figures or in figure legends.

No data were excluded from the analyses.

All the experiments were repeated at least three times, and similar results were obtained from each independent experiments.

For comet assay, images were randomly taken from left to right of the slide, and all images taken were used for statistical analysis.

Randomization was not applicable to other studies as we only compare one factor in specific indicated cell lines at a time.

Blinding was applied to quantification of slot blot results, CRISPR/Cas9 screens data analysis, and comet assay images capture and analysis.
Blinding was not applied for other experiments as all data were obtained and presented in an unbiased way.

Primary antibodies used for western blot:

TOP1cc (Clone 1.1A, MABE1084; Millipore; 1: 1000 dilution),

dsDNA (ab27156; Abcam; 1: 5000 dilution),

phospho-DNA-PKcs (S2056, ab18192; Abcam; 1: 1000 dilution),

phospho-KAP1 (S824, 4127S; Cell Signaling Technology; 1: 2000 dilution),

phospho-ATM (S1981, ab81292; Abcam; 1: 1000 dilution),
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Validation

phospho-ATM (S1981, 13050S; Cell Signaling Technology; 1: 1000 dilution),

phospho-Chk2 (Thr68, 2661S; Cell Signaling Technology; 1: 1000 dilution),

phospho-H2AX (S139, 9718S; Cell Signaling Technology; 1: 1000 dilution),

phospho-Chk1 (Ser345, 2348S; Cell Signaling Technology; 1: 1000 dilution),

phospho-Chk1 (Ser317, 12302S; Cell Signaling Technology; 1: 1000 dilution),

phospho-RPA32 (S4/S8, A300-245A; Bethyl Laboratories; 1: 1000 dilution),

Chk2 (6334S; Cell Signaling Technology; 1: 1000 dilution),

KAP1 (A300-274A; Bethyl Laboratories; 1: 1000 dilution),

TDP1 (sc-365674; Santa Cruz Biotechnology; 1: 500 dilution),

TDP2 (sc-377280; Santa Cruz Biotechnology; 1: 500 dilution),

APEX1 (4128S; Cell Signaling Technology; 1: 1000 dilution),

XPF (A301-315A; Bethyl Laboratories; 1: 1000 dilution),

MUS81 (sc-53382; Santa Cruz Biotechnology; 1: 500 dilution),

SLX4 (in-house developed antibody against the antigen comprising SLX4231-460; 1: 1000 dilution),

EME1 (ab88878; Abcam; 1: 1000 dilution),

EME2 (NBP3-04534-100UL; Novus Biologicals; 1: 1000 dilution),

MRE11 (NB100-142; Novus Biologicals; 1: 1000 dilution),

CtIP (9201S; Cell Signaling Technology; 1: 1000 dilution),

DNA2 (ab96488, Abcam; 1: 1000 dilution),

H3 (ab1791; Abcam; 1: 2000 dilution),

Actin (A5441-100UL; Sigma-Aldrich; 1: 4000 dilution),

Vinculin (V9131; Sigma-Aldrich; 1: 4000 dilution),

Tubulin (T6199-200UL; Sigma-Aldrich; 1: 4000 dilution),

Primary and secondary antibodies used for FACS:

phospho-DNA-PKcs (S2056, ab18192; Abcam; 1: 1000 dilution),

phospho-H2AX (S139, 05-636l; Millipore; 1: 1000 dilution),

goat anti-rabbit IgG (H+L) cross-adsorbed secondary antibody, FITC (F-2765; Thermo Fisher Scientific; 1: 1000 dilution),

goat anti-mouse IgG (H+L) highly cross-adsorbed secondary antibody, and Alexa Fluor™ Plus 488 (A32723, Thermo Fisher Scientific; 1:
1000 dilution).

All commercial antibodies were validated by suppliers and/or prior references. In house using of the antibodies were validated
further by inhibitor treatment, siRNA or knockout studies.

TOP1cc (Clone 1.1A, MABE1084; Millipore). https://www.emdmillipore.com/US/en/product/Anti-Topoisomerase-I-DNA-Covalent-
Complexes-Antibody-clone-1.1A,MM_NF-MABE1084?ReferrerURL=https%3A%2F%2Fwww.google.com%2F&bd=1. Ref: Patel, A.G. et
al. Immunodetection of human topoisomerase I-DNA covalent complexes. Nucleic Acids Res 44, 2816-2826 (2016).

dsDNA (ab27156; Abcam). https://www.abcam.com/ds-dna-antibody-35i9-dna-bsa-and-azide-free-ab27156.html.

phospho-DNA-PKcs (S2056, ab18192; Abcam). https://www.abcam.com/dna-pkcs-phospho-s2056-antibody-ab18192.html. The
specificity of phospho-DNA-PKcs antibody was further confirmed in this study by Western Blot of DNAPK inhibitor treatment in Fig. 2a
and Supplementary Fig. 2b.

phospho-KAP1 (S824, 4127S; Cell Signaling Technology). https://www.abcam.com/kap1-phospho-s824-antibody-ab70369.html.

phospho-ATM (S1981, ab81292; Abcam). https://www.abcam.com/atm-phospho-s1981-antibody-ep1890y-ab81292.html. The
specificity of phospho-ATM antibody was further confirmed in this study by Western Blot of ATM inhibitor treatment in Fig. 2a and
Supplementary Fig. 2b.

phospho-Chk2 (Thr68, 2661S; Cell Signaling Technology). https://www.cellsignal.com/products/primary-antibodies/phospho-chk2-
thr68-antibody/2661.

phospho-H2AX (S139, 9718S; Cell Signaling Technology). https://www.cellsignal.com/products/primary-antibodies/phospho-histone-
h2a-x-ser139-20e3-rabbit-mab/9718.

phospho-Chk1 (Ser345, 2348S; Cell Signaling Technology). https://www.cellsignal.com/products/primary-antibodies/phospho-chk1-
ser345-133d3-rabbit-mab/2348.

phospho-Chk1 (Ser317, 12302S; Cell Signaling Technology). https://www.cellsignal.com/products/primary-antibodies/phospho-chk1-
ser317-d12h3-xp-rabbit-mab/12302.

phospho-RPA32 (S4/S8, A300-245A; Bethyl Laboratories). https://www.thermofisher.com/antibody/product/Phospho-RPA32-Ser4-
Ser8-Antibody-Polyclonal/A300-245A.

Chk2 (6334S; Cell Signaling Technology). https://www.cellsignal.com/products/primary-antibodies/chk2-d9c6-xp-rabbit-mab/6334.

KAP1 (A300-274A; Bethyl Laboratories). https://www.thermofisher.com/antibody/product/KAP-1-Antibody-Polyclonal/A300-274A.

TDP1 (sc-365674; Santa Cruz Biotechnology). https://www.scbt.com/p/tdp1-antibody-
c-3;jsessionid=fHiCkK68YwwfpBvQTSH0C20_eLj6iZe6Ei361JxF2mA3T5adVKgy!-730452933. The specificity of TDP1 antibody was
further confirmed in this study by Western Blot of knockout of TDP1 Supplementary Fig. 5a.

TDP2 (sc-377280; Santa Cruz Biotechnology). https://www.scbt.com/zh/p/tdp2-antibody-h-6. The specificity of TDP2 antibody was
further confirmed in this study by Western Blot of knockout of TDP2 in Fig. 6f.

APEX1 (4128S; Cell Signaling Technology). https://www.cellsignal.com/products/primary-antibodies/ape1-antibody/4128. The
specificity of APEX1 antibody was further confirmed in this study by Western Blot of knockout or knockdown of APEX1 in Fig. 5j, and
Supplementary Fig. 5a.

XPF (A301-315A; Bethyl Laboratories). https://www.thermofisher.com/antibody/product/XPF-ERCC4-Antibody-Polyclonal/
A301-315A. The specificity of XPF antibody was further confirmed in this study by Western Blot of knockout of XPF in Fig. 6a.

MUS81 (sc-53382; Santa Cruz Biotechnology). https://www.scbt.com/zh/p/mus81-antibody-mta30-2g10-3. The specificity of MUS81
antibody was further confirmed in this study by Western Blot of knockout or knockdown of MUS81 in Fig. 7a and Supplementary Fig.
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Eukaryotic cell lines
Policy information about cell lines

Cell line source(s)

Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

Flow Cytometry

Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

8a.

SLX4 (in-house developed antibody against the antigen comprising SLX4231-460). Ref: Zhang, H. et al. SLX4IP acts with SLX4 and XPF-
ERCC1 to promote interstrand crosslink repair. Nucleic Acids Res 47, 10181-10201 (2019). The specificity of SLX4 antibody was
further confirmed in this study by Western Blot of knockdown of SLX4 in Fig. 6b.

EME1 (ab88878; Abcam). https://www.abcam.com/eme1-antibody-ab88878.html. The specificity of EME1 antibody was further
confirmed in this study by Western Blot of knockdown of EME1 in Fig. 7b.

EME2 (NBP3-04534-100UL; Novus Biologicals). https://www.novusbio.com/products/eme2-antibody_nbp3-04534. The specificity of
EME2 antibody was further confirmed in this study by Western Blot of knockdown of EME2 in Fig. 7c.

MRE11 (NB100-142; Novus Biologicals). https://www.novusbio.com/products/mre11-antibody_nb100-142. The specificity of MRE11
antibody was further confirmed in this study by Western Blot of knockdown of MRE11 in Fig. 6c.

CtIP (9201S; Cell Signaling Technology). https://www.cellsignal.com/products/primary-antibodies/ctip-d76f7-rabbit-mab/9201. The
specificity of CtIP antibody was further confirmed in this study by Western Blot of knockdown of CtIP in Fig. 6d.

DNA2 (ab96488, Abcam). https://www.abcam.com/dna2-antibody-ab96488.html. The specificity of DNA2 antibody was further
confirmed in this study by Western Blot of knockdown of DNA2 in Fig. 6e.

H3 (ab1791; Abcam). https://www.abcam.com/histone-h3-antibody-nuclear-marker-and-chip-grade-ab1791.html.

Actin (A5441-100UL; Sigma-Aldrich). https://www.sigmaaldrich.com/US/en/product/sigma/a5441.

Vinculin (V9131; Sigma-Aldrich). https://www.sigmaaldrich.com/US/en/product/sigma/v9131.

Tubulin (T6199-200UL; Sigma-Aldrich). https://www.sigmaaldrich.com/US/en/product/sigma/t6199.

Primary and secondary antibodies used for FACS:

phospho-DNA-PKcs (S2056, ab18192; Abcam). https://www.abcam.com/dna-pkcs-phospho-s2056-antibody-ab18192.html.

phospho-H2AX (S139, 05-636l). https://www.emdmillipore.com/US/en/product/Anti-phospho-Histone-H2A.X-Ser139-Antibody-
clone-JBW301,MM_NF-05-636?ReferrerURL=https%3A%2F%2Fwww.google.com%2F&bd=1.

goat anti-rabbit IgG (H+L) cross-adsorbed secondary antibody, FITC (F-2765; Thermo Fisher Scientific). https://
www.thermofisher.com/antibody/product/Goat-anti-Rabbit-IgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/F-2765.

goat anti-mouse IgG (H+L) highly cross-adsorbed secondary antibody, and Alexa Fluor™ Plus 488 (A32723, Thermo Fisher Scientific).
https://www.thermofisher.com/antibody/product/Goat-anti-Mouse-IgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A32723.

HEK293A cells were purchased from ThermoFisher (R70507). HEK293T, and HeLa cells were purchased from the ATCC
(Manassas, VA). XPF-KO and MUS81-KO cells were generated by Huimin Zhang previously in the lab as described in Zhang H,
et al. Nucleic Acids Res 47, 10181-10201 (2019). Other knockout cell lines were generated in the lab by using CRISPR-Cas9 as
described in the material and methods.

HEK293T, and HeLa cell line were authenticated by STR profiling by ATCC. HEK293A cell line were authenticated by
morphology by ThermoFisher.CRISPR-Cas9 based generation of knockout cell lines were validated by western blot and
sequencing.

Cell lines were all tested negative for mycoplasma using PCR based mycoplasma detection method.

No commonly misidentified cell lines were used in this study.

Cells were pre-treated with indicated drugs as shown in each figure. After treatment, cells were collected and fixed with ice-
cold 70% ethanol at 4°C overnight. Cells were then washed with phosphate-buffered saline (PBS), and permeabilized with
0.5% Triton X-100/PBS at ambient temperature for 10 min. After washed with PBS, cells were blocked with 4% bovine serum
albumin (BSA)/PBS for 1 h, and incubated with phospho-DNA-PKcs (S2056, ab18192; Abcam) anitibody diluted in 4% BSA/PBS
for 1 h at ambient temperature. Cells were washed with PBS for three times, and incubated with fluorescently labeled
secondary antibodies diluted in 4% BSA/PBS for 1 h. Cells were stained with propidium iodide (PI; 20 !g/ml) and RNase A (10
!g/ml) before analysis. For two-color competitive growth assay, live cells were analyzed directly by Attune Flow cytometers
(ThermoFisher).




