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A B S T R A C T   

Transcription–blocking lesions are specifically targeted by transcription-coupled nucleotide excision repair (TC- 
NER), which prevents DNA damage-induced cellular toxicity and maintains proper transcriptional processes. TC- 
NER is initiated by the stalling of RNA polymerase II (RNAPII), which triggers the assembly of TC-NER-specific 
proteins, namely CSB, CSA and UVSSA, which collectively control and drive TC-NER progression. Previous 
research has revealed molecular functions for these proteins, however, exact mechanisms governing the initia-
tion and regulation of TC-NER, particularly at low UV doses have remained elusive, partly due to technical 
constraints. In this study, we employ knock-in cell lines designed to target the endogenous CSB gene locus with 
mClover, a GFP variant. Through live cell imaging, we uncover the intricate molecular dynamics of CSB in 
response to physiologically relevant UV doses. We showed that the DNA damage-induced association of CSB with 
chromatin is tightly regulated by the CSA-containing ubiquitin-ligase CRL complex (CRL4CSA). Combining the 
CSB-mClover knock-in cell line with SILAC-based GFP-mediated complex isolation and mass-spectrometry-based 
proteomics, revealed novel putative CSB interactors as well as discernible variations in complex composition 
during distinct stages of TC-NER progression. Our work not only provides molecular insight into TC-NER, but 
also illustrates the versatility of endogenously tagging fluorescent and affinity tags.   

1. Introduction 

Irradiation, toxic chemicals and endogenously produced metabolites 
can damage DNA and potentially disturb cell hemostasis. Multiple repair 
pathways can remove different types of DNA lesions and ensure that 
crucial cellular processes such as DNA replication and gene transcription 
can be preserved [1]. A large variety of helix-destabilizing DNA lesions 
are recognized and removed by nucleotide excision repair (NER), which 
comprises two distinct sub-pathways, Global Genome (GG)-NER and 
Transcription-Coupled (TC)-NER. While lesions across the genome are 

detected and repaired by GG-NER, transcription-blocking lesions (TBLs) 
require an intricate interplay between the lesion-stalled RNA polymer-
ase II (RNAPII) and TC-NER specific factors, consisting of Cockayne 
Syndrome protein B (CSB), Cockayne Syndrome protein A (CSA) and 
UV-stimulated scaffold protein A (UVSSA) [2]. During transcription 
elongation, RNAPII encounters and stalls at sites of DNA damage, which 
triggers CSB to bind the DNA at the backside of RNAPII. CSB’s trans-
locating activity promotes the forward movement of the transcription 
machinery over the stalling site [3–6]. However, when bulky lesions are 
encountered that prevent bypassing of RNAPII, CSB bends the 
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downstream DNA thereby creating a stable CSB-RNAPII interaction [3]. 
In parallel, CSA is recruited to the damaged DNA site. CSA is a substrate 
adaptor for Cullin 4-RBX1-DDB1-E3 ubiquitin ligase complexes 
(CRL4CSA) which targets the substrate(s) for ubiquitylation [7,8]. 
Different factors within the TC-NER process have been proposed to be 
ubiquitylated by CRL4CSA, including CSB [9,10] and RPB1, the largest 
subunit of RNAPII [8]. Generally, CRLs are activated by a structural 
change, initiated by the covalent attachment of the ubiquitin-like acti-
vator NEDD8 to the Cullin backbone [11]. The ubiquitylation activity of 
CRLs is kept on leach by the COP9 signalosome, which removes NEDD8 
[12]. Additionally, stalled RNAPII-induced ubiquitylation of CSB is 
counteracted by the recruitment of UVSSA that binds the Ubiquitin 
carboxyl-terminal hydrolase 7 (USP7), a deubiquitylating enzyme 
[13–15]. UVSSA’s significance extends further by aiding the recruitment 
of transcription factor TFIIH to the emerging TC-NER complex [14,16, 
17]. Recently, RNAPII elongation complex structures containing CSB, 
CRL4CSA and UVSSA were resolved using cryo-electron microscopy 
(cryo-EM), providing important structural basis for coupling transcrip-
tion to DNA repair in human cells [10]. The TC-NER process is likely 
controlled by an intricate dynamic molecular interplay between TC-NER 
factors and stalled RNAPII, this includes the dynamic ubiquitylation of 
RNAPII and other TC-NER components, recently identified as key steps 
in TC-NER in which CSA, UVSSA and CSB are thought to play a prom-
inent role to coordinate repair, fate of lesion-stalled RNAPII, and sub-
sequent transcriptional restart [8,18]. These dynamic interactions, 
short-lived transactions and TC-NER factor handovers are, however, 
difficult to capture in these cryo-EM studies and require additional 
approaches. 

While extensive genetic and biochemical research had identified the 
core NER proteins and defined their biochemical properties, the dy-
namic assembly and organization of this multi-step repair process 
remained elusive for several years, until the introduction of green 
fluorescent protein (GFP) [19]. The ectopic expression of NER factors 
fused to GFP, in association with live cell imaging experiments, revealed 
the dynamics of the NER proteins in living cells [20,21]. Most of the 
dynamic parameters of GFP-tagged NER factors are deduced from 
fluorescence redistribution after photobleaching (FRAP) assays and ex-
periments using local infliction of DNA damage in living cultured cells 
[20,21]. In FRAP assays, fluorescent proteins are photobleached in a 
narrow strip spanning the cell nucleus by a high-intensity laser pulse. 
The subsequent fluorescence redistribution is monitored in time, 
providing a measure for the protein’s mobility and potential binding to 
damaged chromatin. To locally inflict DNA damage a UV-C (266 nm) 
laser device is applied to generate clean NER-specific lesions, allowing 
the visualization of NER factor recruitment within living cells [22]. 

GFP-tagging provided tremendous opportunities to gain insight into the 
molecular mechanism of several GG-NER and core NER proteins [20, 
23–27]. Although, live cell studies with the TC-NER protein CSB have 
been performed and provided information on its dynamic association 
with lesion-stalled RNAPII [5], the majority of live cell imaging studies 
on TC-NER factors were hampered by the combination of altered 
physiological protein expression level and small amount of TBLs. Likely, 
only a minor fraction of TC-NER factors binds to lesion-stalled RNAPII 
complexes, and this specific interaction remains intricate to discern. 

Most intricate cellular processes, including TC-NER, require physi-
ological stoichiometry of molecular machines [10], which may get 
disturbed by ectopic expression of fluorescently tagged factors. The 
significance of endogenous expression of GFP-tagged repair factors was 
already described by the generation of an XPB-YFP knock-in mouse 
model [28]. XPB is an essential subunit of the transcription initiation 
and NER factor TFIIH. With the advent of the CRISPR/Cas9 gene-editing 
technology [29], it has now become possible to incorporate fluorescent 
proteins into endogenous gene loci in somatic cells, which likely avoids 
collateral perturbations by overexpression [30–32]. Indeed, the gener-
ation of GFP-RPB1 knock-in cells provided an important tool to study the 
steady-state kinetics of endogenous RNAPII and its degradation after 
DNA damage [33,34]. Dissecting TC-NER specific dynamic parameters 
in live cell analyses, however, is complicated by the confounding dy-
namics of RNAPII at non-damaged genes. 

To directly monitor live cell TC-NER kinetics, we generated a CSB 
knock-in cell line that expresses CSB fused to mClover (CSB-mC KI), a 
brighter derivate of GFP, from the endogenous ERCC6/CSB gene locus. 
Strikingly, live cell confocal imaging experiments revealed a consider-
able CSB immobilization to damaged chromatin following irradiation 
with physiologically low doses of UV-C. With this optimized TC-NER 
imaging tool, we elucidated new aspects of TC-NER dynamics related 
to the highly cooperative organization of TC-NER proteins and the role 
of the dynamic ubiquitylation in regulating the progression of DNA 
repair. Implementing the results obtained by FRAP, we developed a 
fluorescence-based single-cell assay that detects in a highly sensitive, 
quantitative and robust manner whether TC-NER is compromised. In 
addition, we used this cell line for mass spectrometry (MS)-based pro-
teomics analysis, by employing the mClover tag fused to CSB as an af-
finity enrichment bait to specifically immuno-precipitate CSB and its 
interacting proteins. We further discuss the application and potential of 
this versatile imaging tool to dissect complex biological processes. 

2. Material and methods  

REAGENT or RESOURCE SOURCE IDENTIFIER 

Oligonucleotides 
sgCSB exon 21 (5’-AATGTTGTTTAGCAGTATTC-3’) Integrated DNA technologies N/A 
CSB KI forward primer (5’-GTGCACTTTCCATAGAACTTCTGGTGG-3’) Integrated DNA technologies N/A 
CSB KI reverse primer (5’-CAGGTCTTACATTCAGTCAGACCTGTTC-3’) Integrated DNA technologies N/A 
mClover reverse primer (5’-GCCATGTGTAATCCCGGC-3’) Integrated DNA technologies N/A 
sgCSB exon 2 [8] N/A 
sgCSA exon 3 (5’-ATTATCAGCATGTTATCAGG-3’) Integrated DNA technologies N/A 
sgCSA exon 7 (5’-GCCAAGATATAGTCATAACG-3’) Integrated DNA technologies N/A 
CSA KO exon 3 forward primer (5’-AACTTGCCCAGAGCCAAATA-3’) Integrated DNA technologies N/A 
CSA KO exon 3 reverse primer (5’-TTGCTTTGGGGAAGACACAT-3’) Integrated DNA technologies N/A 
CSA KO exon 7 forward primer (5’-CCCCTGTAAACTTCACATTAGC-3’) Integrated DNA technologies N/A 
CSA KO exon 7 reverse primer (5’-GGATGCCCTGTAATCACTGATT-3’) Integrated DNA technologies N/A 
sgXPA exon 1 (5’-GGCGGCTTTAGAGCAACCCG-3’) Integrated DNA technologies N/A 
XPA KO forward primer (5’-CCTTCTCCCGGATGACAAGA-3’) Integrated DNA technologies N/A 
XPA KO reverse primer (5’-CTTCTTCGCTGCACCTCG-3’) Integrated DNA technologies N/A 
sgUVSSA exon 3 (5’-GTCTCACCAGTTCCGGATGC-3’) Integrated DNA technologies N/A 
UVSSA KO forward primer (5’-ATGAAGATGGGAAGGCAGTG-3’) Integrated DNA technologies N/A 
UVSSA KO reverse primer (5’-TCAGCTCCACCCACACATAA-3’) Integrated DNA technologies N/A 
Antibodies 

(continued on next page) 
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(continued ) 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Donkey-anti-goat CF™ IRDye 770 Sigma-Aldrich CAT#sab4600375 
Goat anti-DDB1 Abcam ab9194 
Goat anti-mouse CF™ IRDye 680 Sigma-Aldrich CAT#sab4600199 
Goat anti-rabbit CF™ IRDye 770 Sigma-Aldrich CAT#sab4600215 
Mouse anti-CSA Santa Cruz SC-376981 
Mouse anti-Tubulin (B512) Sigma-Aldrich CAT#T5168 
Rabbit anti- Rpb1 NTD Cell Signaling Techn #14958 
Rabbit anti-CSA Abcam ab240096 
Rabbit anti-CSA Abcam ab137033 
Rabbit anti-CSB antibodies-online.com ABIN2855858 
Rabbit anti-DDB1 Novus biologicals NBP2–75465 
Rabbit anti-H2B Merk Millipore 07–371 
Rabbit anti-XPA Genetex CAT#GTX103168 
Rabbit anti-XPB Santa Cruz CAT#sc-293 
Bacterial strains 
One Shot™ Top10 Chemically competent cells Invitrogen CAT#C4040–06 
Chemicals 
[12C6,14N4]-arginine Silantes CAT#201003902 
[12C6]-lysine Silantes CAT#211004102 
[13C6,15N4]-arginine Cambridge Isotope Laboratories CAT#CNLM-539-H-1 
[13C6]-lysine Cambridge Isotope Laboratories CAT#CNLM-291-H-1 
2 × Laemmli sample buffer Sigma-Aldrich CAT#S3401 
4′,6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich CAT#D9542 
5-Ethynyl-uridine (5-EU) Axxora JBS-CLK-N002 
Acetic acid Sigma-Aldrich 33209-M 
Aqua-Poly/Mount Polysciences, Inc. CAT#18606–20 
Ascorbic Acid Sigma-Aldrich CAT#209198 
Atto 594 Azide Atto Tec CAT#AD594–105 
Benzonase® Nuclease Novagen/Millipore CAT#70664 
Bovine Serum Albumin (BSA) Sigma-Aldrich A3294 
Briljant Blue R Sigma-Aldrich B-0149 
CuSO4 * 5 H2O Sigma-Aldrich CAT#A0278 
Dialyzed fetal calf serum Gibco CAT#26400044 
DMEM for SILAC ThermoScientific 15786803 
DMEM, high glucose, HEPES, no phenol red Gibco™ 21063045 
Dulbecco’s modified Eagle’s medium (DMEM) Gibco™ 11965084 
EDTA-free Protease Inhibitor Cocktail Roche 11836170001 
Fetal calf serum (FCS) Capricorn FBS-12A 
Flavopiridol hydrochloride hydrate Sigma-Aldrich F3055 
Formaldehyde solution Sigma-Aldrich 47608 
HEPES Gibco™ 15630080 
Hoechst 34580 Life Technologies H21486 
JetPEI Transfection reagent Polyplus 101–10 N 
L-Proline Sigma-Aldrich P0380–100 G 
Magnesium chloride (MgCl2) Fluka 63072 
Methanol Honeywell 32213 
MG132 Enzo BML-PI102 
MLN4924 (NAE1i) Boston Biochem I-502 
Nonidet P 40 Substitute (NP40) Fluka 74385 
Sodium chloride (NaCl) Sigma-Aldrich 71380-M 
Penicillin/streptomycin (PS) Sigma-Aldrich P0781 
Puromycin InvivoGen CAT#ant-pr-1 
PVDF Membrane Merk Millipore IPVH00010 
Sodium dodecyl sulfate (SDS) Sigma-Aldrich 71729 
Spironolactone Sigma-Aldrich CAT#S3378 
Sucrose Sigma-Aldrich 84100 
THZ1 Xcessbio.com M60214–2S 
Triton™ X-100 Sigma-Aldrich T8787 
Trizma® base Sigma-Aldrich T6066 
TWEEN® 20 Sigma-Aldrich P1379 
Commercial kits 
4D-Nucleofector™ X Kit Lonza V4XC-1024 
PureLink® Genomic DNA Mini Kit Invitrogen K182001 
Experimental models: cell lines 
HCT116 Wild type [8] N/A 
HCT116 CSB KO This paper N/A 
HCT116 CSB-mClover (clone #1) This paper N/A 
HCT116 CSB-mClover (clone #2) This paper N/A 
HCT116 CSB-mClover CSA KO (clone #1) This paper N/A 
HCT116 CSB-mClover CSA KO (clone #2) This paper N/A 
HCT116 CSB-mClover XPA KO (clone #1) This paper N/A 
HCT116 CSB-mClover XPA KO (clone #2) This paper N/A 
HCT116 CSB-mClover UVSSA KO This paper N/A 
U2OS CSB-mClover This paper N/A 
U2OS CSB-mClover CSA KO This paper N/A 
U2OS CSB-mClover UVSSA KO This paper N/A 

(continued on next page) 
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2.1. Generation of CSB-mClover knock-in cell lines and culture conditions 

HCT116 colon cancer or U2OS osteosarcoma cells were co- 
transfected with LentiCRISPR-V2 puro plasmid encoding a sgRNA tar-
geting the last protein-coding base pairs in exon 21 of ERCC6/CSB and 
with a designed donor plasmid containing two 300 bp homology regions 
enclosing the cut site, introducing a 15 amino acid linker, two TEV 
cleaving sites [37] and mClover3 [38] (gene synthesis services Gen-
Script, sequence upon request, Fig. 1A and Supplementary Fig1 A). Cells 
were co-transfected following either the jetPEI protocol (for HCT116) or 
the SE Cell Line 4D-Nucleofector™ X Kit protocol (for U2OS), according 
to manufacturer instructions. Two days post-transfection, cells were 
either selected with 2 ug/ml puromycin or sorted for mClover-positive 
cells by FACS. Single clones were isolated and screened by immuno-
blotting, PCR and sequencing. For PCR, genomic DNA was isolated using 
PureLink® Genomic DNA Mini Kit and primer combinations for which 
the amplicon changes in size upon integration of mClover and which 
were tag specific. Cells were either cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) or in phenol red-free DMEM for live imaging 
experiment, supplemented with 10 % fetal calf serum, 1 % pen-
icillin/streptomycin. The cells were kept in a humidified incubator at 
37 ◦C and 5 % CO2. 

2.2. Generation of knockout cells 

For generating the CSA, XPA or UVSSA knockouts (KO’s) and the 
CSB-mClover knock-ins (HCT116: CSB-mC KI; U2OS: CSB KI) cells were 
transfected with a LentiCRISPR-V2 puro plasmid containing specific 
sgRNAs, using the jetPEI protocol and puromycin selection as described 
above. While ERCC8/CSA was targeted by two sgRNAs in exon 3 and 
exon 7, XPA and UVSSA were targeted by a single sgRNA, cutting either 
in the first or third exon of the gene, respectively. Single clones were 
expanded and KO’s were verified by immunoblotting. For PCR, genomic 
DNA was isolated as previously described and for each exon a specific 
primer combination was used. The amplicon was sequenced and inser-
tion/deletion (indel) frequency was analyzed by Tracking of Indels by 
DEcomposition (TIDE) using the TIDE web tool. 

2.3. UV-C survival assay 

1000 cells were seeded in 10 cm dishes in duplicate, or 750 cells 
were seeded in 6-well in triplicate, and were either mock or UV-C- 

irradiated with 4, 8 or 12 J.m-2 24 h after seeding (254 nm). 7–10 
days post-UV, cells were fixed and stained with 50 % methanol, 10 % 
acetic acid, and 0.1 % Brilliant Blue R. After colony counting using 
GelCount, each cell line was normalized to the mock-treated condition, 
which was set to 100 % survival. 

2.4. RNA synthesis recovery assay 

250.000 cells were seeded on glass coverslips two days prior to UV-C 
(10 J.m-2) treatment. 24 h post-UV, nascent RNA was labeled with 
0.2 mM 5-Ethynyl-uridine (5-EU) in culture medium for 1 h. Cells were 
fixed with 4 % formaldehyde in PBS, permeabilized with 0.1 % Triton X- 
100 in PBS and blocked with 1.5 % BSA in PBS at room temperature 
(RT). Next, ATTO 594 Azide was coupled to 5-EU by Click-it®. In short, 
cells were incubated with Click-it® solution (50 mM Tris-HCl pH 7.6; 
60 µM ATTO 594 Azide; 4 mM CuSO4 *5H2O; 10 mM Ascorbic Acid) for 
1 h in the dark at RT, washed 3 times with 0.1 % Triton X-100 in PBS, 
followed by two PBS washes and DAPI staining. Coverslips were 
mounted using Aqua-Poly/Mount and cells were imaged using an 
LSM700 microscope equipped with a 40x Plan-apochromat 1.3 NA oil 
immersion lens (Carl Zeiss). Nuclear DAPI and ATTO 594 intensities 
were determined using Fiji and an ImageJ macro. 

2.5. Whole-cell extract 

Cell pellets were lysed in denaturing lysis buffer (2 % SDS, 1 % NP- 
40, 150 mM NaCl, 50 mM Tris pH 7.5) with additional 50 U Benzonase® 
nuclease for 10 min at RT in rotation. Lysates were centrifuged at 
maximum speed for 10 min and equal volumes of supernatant and 2x 
Laemmli-SDS sample buffer were heated at 98 ◦C for 5 min 

2.6. Fractionation 

Cells were either mock or UV-C irradiated (30 J.m-2), collected at the 
indicated time points and lysed in cold IP buffer (30 mM HEPES pH 7.5; 
130 mM NaCl; 1 mM MgCl2; 0.5 % Triton X-100; 1x EDTA-free Protease 
Inhibitor Cocktail) for 10 min on ice. Lysates were cleared by centrifu-
gation at 21000xg 10 min at 4 ◦C, separating the supernatant (soluble 
fraction) from the cell pellet (chromatin-containing fraction), which was 
lysed using the denaturing lysis buffer, described in Section 2.5. Equal 
volumes of 2x Laemmli-SDS sample buffer were added to both fractions 
in a 1:1 ratio and samples were heated at 98 ◦C for 5 min, followed by 

(continued ) 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Recombinant DNA 
Lenti-CRISPRv2 Addgene CAT#52961 
Software and algorithms 
Fiji ImageJ https://imagej.net/Fiji N/A 
LAS AF (version 3.3.0.16799) Leica Microsystems N/A 
MaxQuant software suite (1.6.3.3) [35] N/A 
Opera Phenix PerkinElmer N/A 
Perseus (version 1.6.14.0) [36] N/A 
Prism GraphPad (version 8.2.1) GraphPad software Inc. N/A 
Tracking of Indels by DEcomposition (TIDE) http://shinyapps.datacurators.nl/tide/ N/A 
Other 
4D-Nucleofector® Core and X unit Lonza AAF-1003B and AAF-1003X 
Bioruptor Sonication System Diagenode N/A 
GelCount Oxford Optronix N/A 
GFP-Trap-A® agarose bead slurry ChromoTek CAT#gta-100 
Mass spectrometer Orbitrap Lumos™ Tribrid™ ThermoScientific N/A 
Mini-PROTEAN TGX™ Precast Protein Gels BioRad CAT#456–1084 
NuPAGE™ 4–12 % Precast Protein Gels Invitrogen NP0321BOX 
NuPAGE™ MOPS SDS running buffer Invitrogen NP0001 
Odyssey® Imaging System LI-COR N/A 
SensoPlate™, 96 well, glass bottom Greiner 655892 
TUV lamp (UV-C) Phillips N/A   
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SDS-PAGE separation as described in Section 2.7. 

2.7. Immunoprecipitation and immunoblotting 

Cells were either mock or irradiated with 30 J.m-2 of UV-C and lysed 
after 30 min in cold IP buffer (30 mM HEPES pH 7.5; 130 mM NaCl; 
1 mM MgCl2; 0.5 % Triton X-100; 1x EDTA-free Protease Inhibitor 
Cocktail) for 10 min on ice. After 10 cycles of sonication using the 
Bioruptor Sonicator (15 s on; 45 s off) at 4 ◦C, cold IP buffer supple-
mented with 500 U Benzonase® nuclease was added and samples were 
kept in rotation for 1–2 h at 4 ◦C. Following a centrifugation step at 
21000xg for 10 min at 4 ◦C, the supernatants were collected and are 
here after called whole-cell extract. 

CSB-mClover complexes were pulled down from whole-cell extracts 
during a 1 h incubation with GFP-Trap®A beads, in rotation at 4 ◦C. The 
beads were subsequently washed 3 times with cold IP buffer and isolated 
by centrifugation at 700xg. For immunoblotting, proteins were dena-
tured by boiling the beads in 2x Laemmli-SDS sample buffer at 98 ◦C for 
5 min 

Proteins were separated by SDS-PAGE using either 4–12 % Bis-Tris 
NuPAGE® gels with MOPS running buffer, Mini-PROTEAN TGX™ gels 
or hand casted 6 % acrylamide gels with a Tris-Glycine-SDS buffer. 
Separated proteins were transferred onto PVDF membranes (0.45 µm) 

overnight at 4 ◦C, which were blocked in 5 % BSA in PBS and probed 
with the appropriate primary antibodies (resources table). Next, mem-
branes were washed with PBS containing 0.05 % Tween-20 and incu-
bated with IRDye-conjugated secondary antibodies (resources table). 
Proteins were visualized by the Odyssey® Imaging System. 

2.8. Fluorescence recovery after photobleaching 

Fluorescence recovery/redistribution after photobleaching (FRAP) 
experiments were performed as described previously [33,34] using an 
Leica SP5 or SP8 confocal laser-scanning microscope with a 40 × /1.25 
NA HC PL APO oil immersion lens, in a controlled environment at 37 ◦C 
and 5 % CO2. HCT116 CSB-mC KI or U2OS CSB-mC KI cells, as well as the 
generated CSA KO, XPA KO or UVSSA KO cells, were seeded on glass 
coverslip two days prior to live imaging experiments and were treated 
with indicated UV-C doses and/or incubated with transcription inhibitors 
THZ1 (1 µM) or Flavopiridol (1 µM) or with TFIIH inhibitor spi-
ronolactone (10 µM) 1 h prior to UV-C irradiation or with CRL inhibitor 
MLN4924 (NAE1i) (10 µM) 30 min before UV-C treatment and imaging 
(resources table). Cells were maintained with inhibitors during imaging. 
To measure CSB-mClover mobility, GFP fluorescence was first monitored 
every 200 ms at 400 Hz with a zoom of 8x in a strip of 512 × 16 pixels 
across the nucleus until reaching steady state of the signal (pre-bleach), 

Fig. 1. Generation and validation of CSB-mC KI 
cells. (A) Schematic representation of the 
resulting fusion protein CSB-mClover: grey/ 
black boxes represent important functional do-
mains in CSB; blue box is the linker amino acid 
sequence between CSB and the added tags; red 
box are the two TEV protease recognition se-
quences; green, represents the mClover coding 
sequence. (B) Immunoprecipitation of CSB- 
mClover from whole cell protein extracts of 
HCT116 or CSB-mC KI, either mock treated or 
collected 30 min after 30 J.m-2 UV-C irradia-
tion, followed by immunoblot analysis of the 
indicated proteins. (C-D) Immunoblotting of 
CSB, CSA and XPA in soluble and chromatin 
fractions, in response to UV-C irradiation from 
(C) CSB-mC KI and (D) HCT116 cells. Cells were 
mock treated or exposed to 30 J.m-2 of UV-C 
and collected after the indicated time points. 
Tubulin and H2B antibodies were used as 
markers for the soluble and chromatin fraction, 
respectively.   
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then photobleached at maximum laser intensity, and lastly, fluorescence 
recovery was followed every 200 ms using low laser intensity (post--
bleach). Fluorescence intensity was background-corrected, normalized to 
the average of the last 30 pre-bleach frames and set to 100 %. During one 
experiment for each condition at least 10 cells were measured. The 
immobile fraction (Fimm) represents the ratio between the post-bleach 
fluorescence intensity of mock and either inhibitor-treated, UV-C-irra-
diated or KO cells. Fimm was calculated as described in [26] with the 
formula: Fimm = 1 – (Ifinal, treat – I0, treat)/(Ifinal, untr – I0, treat). 

2.9. Fluorescence-based single-cell assay 

8000 U2OS wild type (hereafter called U2OS), CSB KI cells, as well as 
the corresponding CSA KO or UVSSA KO cells were seeded in triplicate 
in a 96 well SensoPlate™ suited for fluorescent imaging two days prior 
to UV-C (6 J.m-2). Cells were allowed to recover from irradiation either 1 
or 7 h. Each well was washed with PBS, followed by pre-extraction with 
room temperature CSK buffer (20 mM HEPES pH 7.6; 0.5 % Triton X- 
100; 50 mM NaCl; 3 mM MgCl2; 300 mM sucrose) for 3 min, fixation 
with 4 % formaldehyde in PBS for 5 min and two PBS washes. Next, the 
cells were treated with 0.1 % Triton X-100 in PBS for 5 min and washed 
3 times with PBS within 10 min. Cells were kept in PBS with Hoechst, 
protected from light at 4 ◦C, and imaged within 1 week using the 
automated spinning disk confocal HCS system (Opera) equipped with a 
40 × 1.1 NA Plan Apochromat water immersion objective and two 
sCMOS cameras (0.3 µm ×0.3 µm pixel size). Nuclei were identified by 
Hoechst staining, followed by the quantification of the mClover signal, 
which was background-corrected via U2OS cells and normalized to the 
non-irradiated CSB-mClover condition (set to 1). 

2.10. SILAC labelling, chromatin fraction and mass spectrometry 

For mass spectrometry experiments, proteins were labeled with 
stable isotope labeling of amino acids in culture (SILAC) for at least 5 
passages. Cells were cultured in DMEM for SILAC supplemented with 10 
% dialyzed FBS, 1 % penicillin/streptomycin and 0.2 mg/ml L-Proline. 
In addition, either unlabeled L-arginine-HCl and L-lysine-HCL (Light 
medium) or 13C6,15N4 L-arginine-HCl and 13C6,15N2 L-lysine-2HCL 
(Heavy medium) was added. 

Equal number of cells were either mock or UV-C irradiated (30 J.m-2) 
and collected after 30 min. Cell pellets were lysed in cold IP buffer 
(30 mM HEPES pH 7.5; 130 mM NaCl; 1 mM MgCl2; 0.5 % Triton X-100; 
1x EDTA-free Protease Inhibitor Cocktail) for 10 min on ice. Lysates 
were cleared by centrifugation at maximum speed for 10 min at 4 ◦C. 
The obtained cell pellets were lysed in cold IP buffer a second time for 
10 min on ice. Next, DNA was fragmented by sonication (15 s on; 45 s 
off) using the Bioruptor Sonicator at 4 ◦C, followed by the addition of 
cold IP buffer supplemented with 500 U Benzonase® nuclease. The 
samples were kept in rotation for 1 h at 4 ◦C and cleared by centrifu-
gation at 21000xg for 10 min at 4 ◦C. The supernatants were collected 
and are hereafter referred to as chromatin fraction. 

CSB-mClover protein complexes were pulled down from chromatin- 
enriched protein extracts with GFP-Trap®A beads as described previ-
ously [39]. Eluted proteins in Laemmli-SDS sample buffer were sepa-
rated on 4–12 % Bis-Tris NuPAGE® gels with MOPS running buffer and 
visualized with Coomassie staining. After cutting the gel lanes into 
2-mm slices, the proteins were in-gel reduced with dithiothreitol, alky-
lated with iodoacetamide and digested with trypsin. Nanoflow liquid 
chromatography tandem mass spectrometry (LC-MS/MS) was per-
formed with an EASY-nLC™ 1200 capillary liquid chromatography 
system connected to an Orbitrap Lumos™ Tribrid™ mass spectrometer 
operating in positive mode. Peptide samples were retained on a ReproSil 
C18 reversed phase column (1.5 cm × 100 µm) with a flow rate of 
8 μL/min. Separation was achieved by gradually increasing the amount 
of acetonitrile (in 0.1 % formic acid) from 0 % to 80 % over a period of 
60 min and a flow rate of 200 nL/min using a splitter, and samples were 

sprayed into the electrospray ionization (ESI) source of the machine. 
Mass spectra were collected in continuum mode, and peptide fragmen-
tation was performed in data-dependent mode. Raw data analysis was 
conducted using MaxQuant software (1.6.3.3) and further analysis was 
performed using Perseus (1.6.14.0). 

2.11. Statistical analysis 

Mean values, as well as each individual value and S.D. (in red) or S.E. 
M. (in black) error bars are shown for each experiment. Multiple t-tests 
(unpaired, two-tailed) were used to determine statistical significance 
between groups, followed by multiple comparison correction with the 
Holm-Sidak method without assuming a consistent standard deviation. 
For the analysis of Supplementary Fig. 2D and E, a nested t-test was 
performed with significance levels set to 0.05. For the statistical sig-
nificance analysis of IF data, we applied a nested One-Way ANOVA using 
the Brown-Forsythe and Welch ANOVA tests, followed by post-hoc 
analysis with the Games-Howel method. All analyses were performed 
using Graph Pad Prism version 8.2.1 for Windows (GraphPad Software, 
La Jolla California USA). P values expressed as *P < 0.05; **P < 0.01, 
***P < 0.001, *** *P < 0.0001 were considered to be significant, 
otherwise as non-significant (n.s.). 

3. Results 

3.1. Generation and validation of endogenously tagged CSB 

With the emergence of CRISPR-Cas9 mediated genome editing, we 
were able to generate homozygous knock-in cell lines that express a 
fluorescently tagged version of CSB under its endogenous promoter. The 
DNA sequence of the mClover was inserted at the 3’ end of the CSB gene 
and sequence verified (Fig. 1A; Supplementary Fig. 1A). The expression 
of CSB-mClover remains under the control of its native promoter, 
resulting in a physiologically relevant expression of the fusion protein 
(CSB-mClover) that closely mirrors that of non-tagged CSB in wild type 
cells (HCT116) (Fig. 1B; Supplementary Fig. 1B). To investigate whether 
mClover interferes with CSB function in TC-NER, we irradiated the cells 
with UV-C and performed colony survival and recovery of RNA synthesis 
(RRS) assays after UV-irradiation. Two independent CSB-mClover 
knock-in clones (hereafter, CSB-mC KI and CSB-mC KI #2) were simi-
larly UV-resistant as the parental cell line expressing endogenous non- 
tagged CSB, in contrast to CSB KO cells that were highly UV-sensitive 
(Supplementary Fig. 2A-C). Additionally, CSB-mC KI cells equally 
recovered RNA synthesis 24 h after UV-irradiation as parental HCT116 
cells, while CSB KO cells were unable to resume RNA synthesis (Sup-
plementary Fig. 2D-E). To further validate the CSB-mC KI cells, we 
examined the subcellular distribution of CSB in UV-C-irradiated cells 
after cell lysate fractionation and its complex composition by immuno-
precipitation (IP) using GFP-Trap beads. Immunoblot analysis showed 
that CSB-mClover mainly relocated to the chromatin-containing fraction 
after UV-C irradiation similar as non-tagged CSB (Fig. 1C-D). Moreover, 
CSB-mClover IP confirmed the previously found association with RNA-
PII and with the CRL4CSA complex (CSA and DDB1) (Fig. 1B). Together, 
these data showed that the endogenously expressed mClover-tagged CSB 
remains fully functional in TC-NER and thus validate the CSB-mC KI cell 
line as a bona fide tool for further analysis. 

3.2. CSB knock-in cells enable in-vivo imaging of TC-NER reaction at a 
physiological UV dose 

Previous results, using stably overexpressing GFP-CSB, indicated that 
CSB dynamically associates with the transcription machinery [5] and 
that after a relatively high dose of UV-C (16 J.m-2) only a minor fraction 
of CSB becames immobilized in a transcription-dependent manner. 16 h 
after UV treatment, when the majority of UV lesions were repaired and 
transcription had fully recovered, GFP-CSB mobility reverted to the 
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undamaged situation, suggesting that GFP-CSB immobilization reflects 
its binding to UV-damaged chromatin and its involvement in TC-NER. 
However, this limited dynamic window of GFP-CSBs mobility in 
response to TC-NER induction hampered further in-depth mechanistic 
analysis. Given that non-physiological CSB expression may affect the 
FRAP assay, we speculated that endogenously expressed of CSB-mClover 
would be more suitable for this analysis. In agreement with this hy-
pothesis, FRAP experiments conducted in CSB-mC KI cells demonstrated 
that the majority of CSB became chromatin bound after 8 J.m-2 UV-C 

irradiation, whereas the same live cell imaging conditions applied to 
GFP-CSB-overexpressing cells did not yield the same chromatin binding 
outcome (Supplementary Fig. 3A). 

FRAP experiments showed a marked CSB immobilization of ~40 % 
at physiologically relevant low dose of 4 J.m-2 UV-C. Importantly, this 
immobilization was reversible, as CSB mobility partially recovered 4 h 
after UV-C irradiation and fully returned to normal after 16 h (Fig. 2A). 
Moreover, the extent of immobilization appeared to be UV dose- 
dependent, with a larger fraction of about 60 % of the total CSB 

Fig. 2. Transcription- and dose-dependent CSB immobilization to UV-C-induced TBLs determined by Fluorescence Recovery After Photobleaching (FRAP) analysis. 
(A-C) Left panels: Fluorescence redistribution curves of CSB-mC KI cells (A) mock or UV-C irradiated with 4 J.m-2; (B) mock or UV-C irradiated with 4, 8, or 12 J.m-2; 
(C) mock or UV-C irradiated with 4 J.m-2 in presence or absence of THZ1. Fluorescence redistributions were measured at the indicated time points. Fluorescence 
redistribution was measured during 30 s after bleaching and normalized to average pre-bleach intensities (100 %). Right panels: Percentage of CSB-mClover 
immobile fraction in CSB-mC KI cells calculated from FRAP analyses shown in the left panel, see methods. Graphs and FRAP curves depict the mean & S.E.M. of 
≥ 30 cells from at least three independent experiments. * * P < 0.01, * ** P < 0.001, * ** * P < 0.0001, n.s. non-significant, analyzed by unpaired, two-tailed t-test 
(adjusted for multiple comparisons, see “Methods”). 
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protein pool becoming immobilized which reached saturation around 
this dose (Fig. 2B). To prevent RNAPII from encountering TBLs, CSB-mC 
KI cells were incubated with the transcription inhibitors, THZ1 and 
Flavopiridol, which respectively inhibit CDK7 and CDK9. FRAP analysis 
on cells treated with these transcription inhibitors prior to UV- 
irradiation resulted in the absence of CSB immobilization, confirming 
that CSB binding is transcription-dependent (Fig. 2C; Supplementary 
Fig. 3B). To assess whether this phenotype was not a clonal peculiarity, 
the results were confirmed in a second independent CSB-mC KI clone 
(Supplementary Fig. 3C). Previous studies[9] have shown that CSB gets 
degraded after higher doses of UV. To examine whether the observed 
apparent CSB-mClover immobilization is not influenced by its degra-
dation, we determined the protein levels in cells irradiated with 4, 8 and 
12 J.m-2 of UV-C by immunoblotting (Supplementary Fig. 3D) and 
measured the fluorescent intensity of CSB-mClover during FRAP ex-
periments at 4 J.m-2 (Supplementary Fig. 4A). Indeed, under those 
conditions we observed some reduction in CSB protein levels, although 
only to a minor extent. These results are in line with other previous 
studies, observing marginal CSB degradation following UV-C irradiation 
[40,41]. Importantly, these observations suggest that the observed 
UV-induced CSB immobilization, as deduced from the incomplete fluo-
rescence recovery in the FRAP analysis, is not strongly affected by 
fluorescence loss due to CSB-mClover degradation. 

Our findings suggest that fluorescently tagged CSB, expressed from 
the endogenous promoter is a powerful and unprecedented highly sen-
sitive tool for studying the TC-NER process at physiological UV doses by 
live cell imaging. 

3.3. CRL4CSA ubiquitin ligase activity affects CSB mobility 

Although the protein function of CSB [3] has been characterized and 
structural insight has been obtained how CSB and CRL4CSA bind to 
RNAPII [10], it remains unknown how CSB is controlled and inter-
connected in vivo with CSA. CSA is a component of the CRL4CSA complex 
and coordinates the successive molecular interactions during TC-NER by 
ubiquitylation. To uncover the importance of CRL4CSA ubiquitylation 
activity on CSB dynamics during TC-NER, we made use of the specific 
inhibitor MLN4924 (NAE1i). MLN4924 inhibits the neddylation of 
Culin4, which is required for the activation of the CRL4CSA complex 
[42]. FRAP experiments revealed no difference in CSB mobility between 
mock and cells treated with NAEi (0.5 and 4.5 h) in absence of DNA 
damage as well as within 1 h after UV irradiation (4 J.m-2, Fig. 3A, 
Supplementary Fig. 4B). However, while the control cells showed 
resumption of mobility 4 h after UV irradiation, no recovery and even 
more immobilization of CSB was detected in presence of NAE1i 
(Fig. 3A). These data indicate that CSB remains bound to UV-damaged 
chromatin and that the release, rather than the recruitment of CSB is 
affected by inhibiting neddylation and subsequent ubiquitylation. 

We questioned if CRL4CSA is the main ubiquitin ligases responsible 
for CSB dissociation since NAE1i may act on multiple CRL complexes. To 
this end, we knocked out CSA by CRISPR/Cas9-editing in the CSB-mC KI 
cell line (Supplementary Fig. 1C) and validated TC-NER parameters. As 
expected, CSA knockout (KO) cells were unable to resume RNA synthesis 
and showed strong UV sensitivity (Supplementary Fig. 2B-C,E). 
Furthermore, the CSB-mClover protein levels in CSA KO were similar to 
the parental wild-type (WT) cell line (Supplementary Fig. 4A,C), and the 
loss of CSA did not affect CSB ability to translocate to the chromatin- 
containing fraction after UV-C irradiation (Supplementary Fig. 4D). 
FRAP analysis revealed that UV-induced CSB immobilization was 
equally affected in CSA KO as in WT cells treated with NAE1i (Fig. 3B; 
Supplementary Fig. 4E). Additionally, we did not observe any additive 
effect on CSB mobility by FRAP in CSA KO cells treated with NAE1i, 
suggesting CRL4CSA is the main player coordinating CSB recycling 
(Supplementary Fig. 4F). Further investigation is needed to determine 
whether the release of CSB from lesion-stalled RNAPII is a direct 
consequence of CRL4CSA-mediated CSB ubiquitylation [9,10], an 

indirect effect of ubiquitylating other TC-NER targets, such as RPB1 [8], 
or simply due to the TC-NER progression being halted in the absence of 
CSA. 

3.4. CSB degradation upon loss of UVSSA 

To investigate whether absence of further downstream TC-NER fac-
tor UVSSA has a similar effect on CSB dissociation as absence of CSA 
[17], we generated UVSSA KO in CSB-mC KI cell line. The homozygous 
deletion was validated through sequencing, and TC-NER deficiency was 
confirmed by UV survival (Supplementary Fig. 5A-B). UVSSA is essential 
for TC-NER as it protects CSB from UV-induced degradation by 
recruiting the de-ubiquitylating enzyme USP7 and facilitates the loading 
of the downstream TFIIH complex. In the absence of UV-induced DNA 
damage, the lack of UVSSA had no impact on the mobility of CSB. 
Surprisingly, in response to 4 J.m-2 UV-C, we noticed an even stronger 
CSB immobilization in UVSSA KO as compared to WT cells, when 
measured within the first hour after irradiation (Supplementary Fig. 5C). 
However, at later time points post UV, the FRAP assay could not be 
performed due to the virtual complete degradation of CSB in UVSSA KO 
cells, which occurred already within the first 2 h after UV-treatment in 
UVSSA KO cells (Supplementary Fig. 5D). These data further confirm 
that UVSSA is indeed needed for the stabilization of CSB during active 
TC-NER [13–15]. The protein level of CSB was rescued by the treatment 
of NAE1i before UV-irradiation in UVSSA KO cells (Supplementary 
Fig. 5E), suggesting a direct role of CRL4CSA in the degradation process 
of CSB. However, in line with the previous FRAP experiments, NAE1i 
prevented the resumption of the mobility of CSB (Fig. 4A) and could thus 
not be used to study the TC-NER dynamics in the absence of UVSSA. The 
data on chromatin-binding and protein breakdown of CSB were 
confirmed by immunoblot analysis. CSB translocated rapidly from the 
soluble fraction to the chromatin upon UV-C irradiation (30 J.m-2) and, 
in absence of UVSSA, CSB protein degradation was evident after 4 h and 
rescued by NAEi (Supplementary Fig. 5F). Together the data suggest that 
the mobility and degradation of CSB are coordinated by both UVSSA- 
and CSA-containing complexes, in which ubiquitylation plays a crucial 
role. 

3.5. TC-NER progression affects molecular dynamic of CSB 

To explore whether persistent binding of CSB to TBL-stalled RNAPII 
is a direct consequence of the absence of CRL4CSA-mediated ubiq-
uitylation or results from a TC-NER progression defect, we knocked out 
XPA (XPA KO) in the CSB-mC KI cell line (Supplementary Fig. 1D). XPA 
is essential for both GG-NER and TC-NER by assisting TFIIH in damage 
verification and its key role in the assembly and stabilization of the pre- 
incision complex [2,43]. Cells that lack XPA are unable to excise the 
damaged strand and as a consequence do not complete the NER 
pathway. Two independent XPA KO clones were validated by colony 
survival and RRS analysis (Supplementary Fig. 2B-C,E). Moreover, XPA 
KO did not affect ability of CSB and CSA to translocate to the 
chromatin-containing fraction after UV-C irradiation (Supplementary 
Fig. 6A). FRAP analysis revealed that neither the CSB mobility in 
non-irradiated cells nor CSB immobilization 1 h after 4 J.m-2 was 
affected by the loss of XPA. However, CSB remained immobilized 4 h 
post UV (Fig. 4B, Supplementary Fig. 6B). Similar to what was found in 
WT cells, only a small reduction on CSB protein levels in XPA KO cells 
was observed after UV damage by fluorescent intensity analysis (Sup-
plementary Fig. 6C), suggesting that the observed CSB mobility is not 
dependent on its degradation. 

Since XPA interacts and cooperates with the multi-protein complex 
TFIIH during damage verification in NER, we investigated whether the 
loss of TFIIH would induce a similar phenotype on CSB mobility as loss 
of XPA. To address this, we treated CSB-mC KI cells with spironolactone, 
a mineralocorticoid and androgen receptor antagonist found to degrade 
XPB [44,45]. While spironolactone-treated cells showed no aberrant 
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behavior in the non-irradiated or 1 h after UV irradiation, release of CSB 
4 h after UV irradiation was strongly impaired, indicating that TFIIH as 
well as XPA are essential for the proper release of CSB from TBLs 
(Fig. 4C). 

Importantly, we did not observe any further increase of immobilized 
CSB at longer time points after irradiation in XPA KO cells nor after 
spironolactone treatment, in contrast to the still increasing amount in 
CSA KO cells and in cells treated with CRL-activity inhibitor NAE1i. 
These observations suggest that part of the time-dependent dissociation 
is achieved by an active CSA-dependent process, which is most likely 
mediated by its ubiquitylation activity. 

3.6. Development of fluorescence-based single-cell assay 

Several labs, including our own (see also below), have conducted a 
variety of screens to identify factors associated with TC-NER [13,17, 
46–50]. These endeavors have created a wealth of potential TC-NER 
regulating factors, some of which have been characterized, though a 
large number await further validation. Our data illustrate that the 
generated fluorescently-tagged CSB KI cell line, in combination with 
FRAP-analysis to monitor chromatin binding of CSB, provides an un-
precedented highly sensitive method to study TC-NER kinetics in living 
cells. Unfortunately, however, FRAP analysis is not particularly suited for 
high-throughput analyses to assess the significance for TC-NER of newly 
identified factors. Therefore, we developed a user-friendly, fluo-
rescence-based single-cell assay in a 96-well format to measure TC-NER 

performance (see methods and Fig. 5A). This assay is evolved from our 
obtained knowledge on CSB’s dynamic binding/dissociation to TBL- 
containing chromatin, in which we measure the DNA damage-induced 
nuclear retention of CSB-mClover after pre-extraction of non-bound 
molecules. 

For this assay we first generated CSB-mClover KI in U2OS cells (CSB 
KI), as these adhere more effectively to 96-well plates than HCT116 
cells. CSB KI and the corresponding KO cell lines were confirmed by 
immunoblot analysis, sequencing, and subsequently by FRAP assays 
(Supplementary Fig. 7A-D). The data corroborated and validated the 
results on CSB mobility in a different cell line, with even a greater dy-
namic window of immobilization. Chromatin-binding of CSB was 
determined using an automated reader for the 96-well plate format at 1 
and 7 h after UV-irradiation in WT, CSA and UVSSA KO cell lines. Pro-
longed nuclear retention of CSB-mClover was evident in TC-NER defi-
cient CSA KO cells. In contrast, loss of UVSSA triggered depletion of the 
CSB-mClover derived fluorescence, due to absence of recruitment of 
USP7 that protects CSB from degradation (Fig. 5B-C). This newly 
developed assay provides a highly reproducible, quantitative and sen-
sitive readout to monitor UV-damage-induced TC-NER progression. 
Additionally, this assay can be extended to other DNA-damaging agents 
and the study of new candidate genes by knockdown (KD) or KO. This 
assay holds potential as a diagnostic tool for NER-related disorders and 
as a research tool for obtaining new insights into the mechanism and 
regulation of TC-NER. 

Fig. 3. TBL release of CSB is CRL4CSA-dependent. (A-B) Left panels: FRAP analysis of CSB-mC KI cells. (A) WT KI cells mock (grey shades) or 10 μM NAE1i-treated 
(green shades). (B) Comparison of WT (grey shades) and CSA KO (blue shades). Cells were either mock or UV-C-irradiated (4 J.m-2) and measured at the indicated 
time points. Fluorescence recovery was measured and normalized as described in Fig. 2. Right panels: Percentage of CSB-mClover immobile fraction in CSB-mC KI 
cells calculated from FRAP analysis shown in the left panel, as described in Fig. 2. Graphs and FRAP curves depict the mean ± S.E.M. of 30 cells from three in-
dependent experiments. * * P < 0.01, * ** P < 0.001, * ** * P < 0.0001, n.s. non-significant, analyzed by unpaired, two-tailed t-test. 
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3.7. Interaction partners of CSB in deficient and proficient cells for TC- 
NER 

Our live studies revealed different kinetic behavior of CSB-mClover in 
terms of chromatin binding in the absence of downstream TC-NER factors 
CSA (Fig. 3B), UVSSA (Fig. 4A), or XPA (Fig. 4B), respectively. This likely 
reflects divergent fates of TBL-stalled RNAPII when TC-NER progression is 
compromised at different stages. Transitions between different reaction 
steps were commonly regulated by transient protein-protein interactions 

and post-translational modifications, which are intrinsically difficult to 
capture by classical biochemical, cell fraction and live cell studies. 
Therefore, we further exploited our versatile CSB-mC KI cell line tool and 
its cognate CSA, UVSSA and XPA KO cell lines to identify interacting 
factors, including more transient interactors, that may be trapped by the 
absence of TC-NER progression. To that aim we used the mClover tag as 
bait to specifically purify CSB-mClover-interacting proteins through an 
established GFP-Trap [51] immuno-affinity pull down procedure, coupled 
to quantitative mass-spectrometry (MS) using Stable Isotope Labelling by 

Fig. 4. UVSSA protects CSB from CRL-dependent degradation, and impaired TC-NER progression affects CSB release. (A-C) Left panels: FRAP analysis of CSB-mC KI 
cells. (A) WT KI (grey shades) and 10 μM NAE1i- treated UVSSA KO (turquoise shades). (B) Comparison of WT (grey shades) and XPA KO (orange shades). (C) WT 
cells mock (grey shades) and spironolactone-treated (lilac shades). Cells were mock or UV-C-irradiated (4 J.m-2) and measured at the indicated time points. CSB- 
mClover fluorescence recovery was measured and normalized as described in Fig. 2. Right panels: Percentage of CSB-mClover immobile fraction in CSB-mC KI 
cells calculated from FRAP analysis shown in the left panel, as described in Fig. 2. Graphs and FRAP curves depict the mean ± S.E.M. of 30 cells from three in-
dependent experiments. * * P < 0.01, * ** P < 0.001, * ** * P < 0.0001, n.s. non-significant, analyzed by unpaired, two-tailed t- test (adjusted for multiple com-
parisons, see “Methods”). 
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Amino acids in Cell culture (SILAC) [39] to compare the persistent pres-
ence of non-functional protein complexes at TBLs in knock-out to profi-
cient TC-NER cells. The experiment was conducted in duplicate with a 
label swap (see Fig. 6A and Methods for SILAC labeling). CSB has been 
found to reside in different protein complexes and cellular compartments 
with other suggested cellular functions not related to TC-NER [52], which 
may mask the TC-NER dedicated function. For that reason, cellular frac-
tionation was applied to limit the assessment of the formation and acti-
vation of the multi-protein complex to the chromatin context in which 
TC-NER is acting. CSB-complexes were immunoprecipitated (GFP-Trap) 
from the chromatin fraction of cell lysates 30 min after 30 J.m-2 UV-C 
irradiation, since CSB is strongly bound to chromatin without significant 
degradation (even in UVSSA KO cells) at this time point (Fig. 1C, Sup-
plementary Fig. 4D,5F,6A). 

MS analysis identified several known CSB-specific interacting pro-
teins in WT cells, including CRL4CSA, UVSSA, RNAPII, TFIIH, the PAF- 

complex, DCLRE1A and other previously found interacting proteins 
[46,50,53], validating our approach (Fig. 6B and Table S1). Excitingly, 
several interesting interactions emerged as strongly bound to CSB in the 
different KO cells (Fig. 6C-E; Table S1). Since this manuscript is not 
about dissecting the TC-NER proteome, but is merely illustrating the 
far-reaching versatility of our developed tool for live cell imaging, only a 
few of them will be shortly discussed. In CSA KO, multiple proteins were 
detected to stably bind CSB upon DNA damage (Fig. 6C; Table S1). 
Among them several factors, previously described to act in other DDR 
processes: MCM9 DNA helicase (MCM9), which is involved in the 
removal of double strand breaks and is important for DNA mismatch 
repair [54,55]; PSMB4 and ATP2C1, which are both linked to DDR [56]. 
Interestingly, ACTN1, ACTN4, PPP1R18, MYO6, DBN1, CRACD, SATB2, 
SSFA2, ZMYM3 were also strongly recruited. These proteins are related 
to nuclear actin filaments and proposed to contribute to the chromatin 
structure which may be affected after DNA damage induction and 

Fig. 5. Fluorescence-based single-cell assay. 
(A) Scheme depicting the workflow with ex-
pected retained nuclear fluorescence in the 
different genetic backgrounds. (B) Representa-
tive images and (C) quantification of endoge-
nous CSB-mClover-derived fluorescence in 
U2OS CSB KI (WT, CSA or UVSSA KO), at the 
indicated time points after UV irradiation (6 J. 
m-2). Data were normalized to nuclear back-
ground and to non-irradiated condition. Mean 
nuclear fluorescence intensities were provided 
in numbers above each condition ± S.D. of, 
respectively, n = 2771, 2449, 1889, 984, 793, 
945, 1701, 1000, 1199 cells from 3 independent 
experiments. * * P < 0.01, * ** P < 0.001, 
* ** * P < 0.0001, n.s. non-significant, 
analyzed by a nested one-way ANOVA 
(adjusted for multiple comparison, see 
“Methods”).   
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Fig. 6. Quantitative CSB-mClover interaction proteomics. (A) Schematic representation of the SILAC experiments including the label swap (Forward/Reverse). (B-E) 
Interaction proteomics in CSB-mC KI cells (B) WT; (C) CSA KO; (D) XPA KO; and (E) UVSSA KO. Scatter plot of log2 SILAC ratios of proteins isolated by GFP- 
pulldown, conducted in duplicate with a label swap. Cells were UV-C irradiated with 30 J.m-2 and collected 30 min after irradiation. The (-) log2 SILAC ratios of 
proteins identified in the forward experiment (x-axis) are plotted against the (-) log2 SILAC ratios of proteins identified in the reversed experiment (y-axis), as 
indicated on the axes. Proteins were classified as specific CSB interactors (marked in color and assigned to a category according to the color legend) when log2 (SILAC 
ratio) > 0.6 (indicated by gray line) in both replicates. 
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arrested TC-NER. 
We note that also in XPA KO actin related proteins MARCKS, DBN1 

and ZNF185 showed strong interactions with CSB (Fig. 6D; Table S1). 
ZNF185 was recently described as p53 target after DNA damage [57]. 
Furthermore, MEN1 was markedly recruited to CSB after UV irradiation 
as well. MEN1 is a component of a histone methyltransferase complex, 
which interacts with FANCD2 [58]. 

Similarly, we examined the changes in the CSB interactome upon UV 
irradiation in UVSSAKO cells and surprisingly, the predominant CSB- 
specific interacting proteins were lost (Table S1). For example, in-
teractions with RNAPII, TFIIH and PAF complex, along with several 
partners of CSB upon UV-irradiation were markedly reduced, supporting 
the idea that UVSSA is important to stabilize the TC-NER complex at 
TBLs. Similar to the CSA and XPA KO cells, we also detected CTTN, 
MYOC1 and CORO1C factors, which are required for actin rearrange-
ment and contribute to the DDR [59,60]. Surprisingly, PCLAF was 
strongly recruited in UVSSA KO, which is related to DNA damage bypass 
and UV-C sensitivity [61,62]. 

Although further mechanistic studies will be required, the identifi-
cation of these CSB-associated proteins under different conditions, 
illustrate the utility of the fluorescent protein (here mClover) tag 
inserted at, and expressed from, the endogenous gene locus of interest. 
An additional advantage of using the same tag for imaging and protein- 
association studies, is that the effect of newly identified TC-NER inter-
actors can be directly monitored in live cell imaging mode in the same 
cell line through e.g., depletion, knockdown or knockout of the newly 
identified factor. 

4. Concluding remarks 

Previous knock-in strategies to study live cell DNA repair dynamics 
of endogenously expressed fluorescently-tagged DNA repair proteins 
were built on laborious gene targeting and tedious selection procedures 
in mouse embryonic stem cells. These studies have provided important 
novel information on repair protein dynamics and DDR kinetics [63] and 
cell-type specific repair activity and protein concentrations [28,64]. 
With the advent of CRSIPR/Cas9-mediated genome editing, live cell 
DDR imaging has entered a new era by allowing a more straight-forward 
generation of knock-in fluorescently tagged proteins expressed from 
their endogenous gene locus in different somatic cells and model ani-
mals [27,30–34,65–67]. 

Here we discuss the generation and application of endogenously 
tagged CSB, with the fluorescent protein (mClover), knock-in cell line. 
We showed that this cell line represents a unique and powerful tool with 
unprecedented sensitivity to monitor the action of the TC-NER process in 
living cells using relative very low doses of UV and thus provides an 
important advance in dissecting this process in different cellular 
systems. 

The persistent stalling of RNAPII at TBLs triggers a strong DNA 
damage response, which coordinates several cellular processes by post- 
translational protein modifications, including the dynamic ubiq-
uitylation [8,18]. Recently, ubiquitylation of RNAPII was identified as a 
crucial step in the TC-NER process, in which CSB, CSA and UVSSA were 
crucial to coordinate the ubiquitylation dynamics that drive this repair 
mechanism [8]. Despite the knowledge that CSB and CSA are associated 
with RNAPII at TBLs and that the CSA recruitment is completely 
dependent on CSB [17,68], a major unresolved question is whether the 
ubiquitin ligase activity of CRL4CSA could modulate functional charac-
teristics of CSB. Strikingly, we found that the immobile fraction of CSB 
was markedly increased at 4 h after UV irradiation in cells treated with 
NAE1i and in CSA KO cells, to a larger extent than in XPA KO cells, 
suggesting that the CRL4CSA activity orchestrates the CSB binding at 
UV-induced DNA damage. 

CSB was identified as one of the CRL4CSA targets of UV-induced 
ubiquitylation and the subsequent degradation by the ubiquitin- 
proteasome pathway [9]. We also found a strong UV-induced CSB 

degradation in the absence of UVSSA, but only marginally in 
TC-NER-proficient cells. These data are in line with the proposed role of 
UVSSA in recruiting the USP7 deubiquitylase to counteract CSB ubiq-
uitylation and its consequent degradation [13,15]. Together these data 
suggest that CSA-dependent release of CSB from TBL-stalled RNAPII as 
we observe here is mainly derived from other ubiquitin-mediated pro-
cesses that drive TC-NER progression rather than from CRL4CSA-induced 
proteasomal degradation of CSB. 

Here we summarize the versatile applications of CSB-mClover KI 
cells, which are a highly sensitive tool to monitor TC-NER kinetics in 
living cells. In addition, we showed that these mClover KI cell lines were 
also valuable to investigate the composition of the TC-NER complex by 
mass spectrometry using affinity purification. The proteomic approach 
provided a comprehensive view of the protein network triggered by UV 
irradiation in knockout cell lines for TC-NER factors. Intriguing con-
nections to nuclear architecture and genome organization, involving 
actin and its associated proteins were prominent identified in knockout 
cells. These proteins participate in a continuously expanding list of core 
processes within eukaryotic nuclei, including the maintenance of 
genomic integrity [69]. In response to DNA damage, nuclear actin and 
associated proteins are involved in the repair of damaged DNA through 
incompletely defined mechanisms. Future experiments are required to 
reveal the significance of these nuclear structural elements in the DDR. 
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