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ABSTRACT

Transcription-coupled nucleotide excision repair
(TC-NER) is a dedicated DNA repair pathway that
removes transcription-blocking DNA lesions (TBLs).
TC-NER is initiated by the recognition of lesion-
stalled RNA Polymerase Il by the joint action of
the TC-NER factors Cockayne Syndrome protein A
(CSA), Cockayne Syndrome protein B (CSB) and UV-
Stimulated Scaffold Protein A (UVSSA). However, the
exact recruitment mechanism of these factors toward
TBLs remains elusive. Here, we study the recruit-
ment mechanism of UVSSA using live-cell imaging
and show that UVSSA accumulates at TBLs indepen-
dent of CSA and CSB. Furthermore, using UVSSA
deletion mutants, we could separate the CSA interac-
tion function of UVSSA from its DNA damage recruit-
ment activity, which is mediated by the UVSSA VHS
and DUF2043 domains, respectively. Quantitative in-
teraction proteomics showed that the Spt16 subunit
of the histone chaperone FACT interacts with UVSSA,
which is mediated by the DUF2043 domain. Spt16 is
recruited to TBLs, independently of UVSSA, to stim-
ulate UVSSA recruitment and TC-NER-mediated re-
pair. Spt16 specifically affects UVSSA, as Spt16 de-
pletion did not affect CSB recruitment, highlighting
that different chromatin-modulating factors regulate
different reaction steps of the highly orchestrated
TC-NER pathway.

INTRODUCTION

Eukaryotic gene transcription by RNA Polymerase II (Pol
I) is crucial for proper cell function. However, differ-
ent types of DNA lesions can damage the Pol II tem-

plate, thereby severely impeding or even stalling the pro-
gression of elongating Pol II. These transcription-blocking
DNA lesions (TBLs) can originate from endogenous or ex-
ogenous sources; for example, metabolic byproducts may
induce oxidative DNA damage or ultraviolet (UV)-light-
induced helix-distorting lesions such as cyclobutane pyrim-
idine dimers (CPDs) (1-3). TBLs pose a direct problem
for cellular homeostasis due to a lack of newly synthesized
RNA or to the formation of mutant RNA molecules. In ad-
dition, prolonged stalling of Pol IT may result in collisions
with advancing replication forks and may induce R-loop
formation (4). TBLs can therefore cause genome instability,
severe cellular dysfunction, premature cell death and senes-
cence, which finally may result in DNA damage induced,
accelerated aging (5-7).

To overcome these cytotoxic TBLs, cells are endowed
with transcription-coupled nucleotide excision repair (TC-
NER). TC-NER is a dedicated branch of the nucleotide ex-
cision repair pathway that specifically repairs TBLs in the
transcribed strand of active genes, thereby resolving lesions
that stall RNA Pol I and subsequently allowing transcrip-
tion to restart (4,8). The importance of TC-NER is best
shown by its causative link with the Cockayne Syndrome
(CS) and the UV-sensitivity syndrome (UVSS) (6,9,10). CS
is caused by mutations in Cockayne Syndrome protein A
(CSA) and Cockayne Syndrome protein B (CSB) (11,12),
while mutations in UVSSA give rise to UVSS (13-15).
Despite a similar deficiency in the repair of UV-induced
TBLs, the CS and UVSS phenotypes are strikingly differ-
ent (6,9,10). CS is characterized by photosensitivity, growth
failure, progressive neurodevelopmental defects and prema-
ture aging (10,16), while UVSS has a far less severe pheno-
type, which is restricted to cutaneous photosensitivity, such
as freckling and pigmentation abnormalities (9).

The recognition of lesion-stalled Pol II by CSB is as-
sumed to be the initiating signal for TC-NER (17-19). In
unperturbed conditions, the transcription elongation factor
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CSB transiently interacts with elongating Pol II; however,
this interaction becomes more stable when Pol II is stalled
ata TBL (18,20). In line with this, recent cryo-EM studies of
Rad26, the yeast homolog of CSB, show that it binds DNA
upstream of Pol 11, where it has a key role in lesion recog-
nition (19). Through its adenosine triphosphatase activity,
Rad26 facilitates forward translocation of Pol II over nat-
urally occurring pause sites or less bulky lesions. However,
Rad26 cannot translocate Pol IT over bulky TBLs (19). This
prolonged binding of CSB to lesion-stalled Pol II is thought
to be one of the first steps in the assembly of the TC-NER
complex, as for example shown by the CSB-dependent CSA
translocation to the nuclear matrix following UV-induced
DNA damage (21). CSA forms an E3-ubiquitin ligase com-
plex with DDBI, Cul4A, ROC1/Rbx1 (22,23), and is in-
volved in the ubiquitylation and subsequent degradation
of CSB upon UV irradiation (24). The UV-induced degra-
dation of CSB is counteracted by the deubiquitylating en-
zyme USP7, which is recruited by the TC-NER factor UV-
Stimulated Scaffold Protein A (UVSSA) (13,14). Further-
more, UVSSA plays a role in the restoration of the hypo-
phosphorylated form of Pol II (Pol ITa) (13) and in UV-
induced ubiquitin modifications of Pol II (15), but both
effects might be indirect. Recently, it was suggested that
UVSSA also plays an important role in the recruitment
of the transcription factor II H (TFIIH) via a direct in-
teraction with P62 (15,25). TFIIH subsequently unwinds
a stretch of ~30 nt surrounding the damage site and is, in
combination with XPA and RPA, responsible for damage
verification and the orientation of the XPF/ERCCI1 and
XPG endonucleases, thereby playing an important role in
the DNA strand specificity. Following excision of the dam-
aged DNA, the resulting single-stranded gap is filled by
DNA synthesis and sealed by DNA ligases (6).

Despite significant advances, the regulation and recruit-
ment mechanisms of TC-NER factors to lesion-stalled Pol
IT are thus far not fully understood and such understand-
ing is required for proper comprehension of the TC-NER
mechanism and its disease etiology. For example, the exact
recruitment mechanism of UVSSA remains under debate.
Like CSB, UVSSA has affinity for Pol II in unperturbed
conditions (14,18,26), and it has been suggested that this
interaction is stabilized following DNA damage (13). Al-
though UVSSA interacts with CSA (27), UVSSA accumu-
lation at sites of UV-induced DNA damage is a CSA- and
CSB-independent process (14). In contrast, the UV-induced
UVSSA translocation to chromatin observed in cell frac-
tionation assays was shown to depend on CSA (27).

To increase our understanding of the spatiotemporal
build-up of the TC-NER complex and its molecular mech-
anism, we compared the accumulation kinetics of different
TC-NER factors in living cells and studied the UVSSA re-
cruitment in TC-NER-deficient cells in a quantitative man-
ner. Our analysis showed that UVSSA recruitment to DNA
damage occurs in a CSA- and CSB-independent manner.
In addition, UVSSA deletion mutants showed that UVSSA
binding to CSA and recruitment to TBLs are mediated
by distinct domains: the Vps/Hrs/STAM (VHS) domain

and the domain of unknown function 2043 (DUF2043), re-
spectively. Using these separation-of-function mutants of
UVSSA, in combination with quantitative interaction pro-
teomics, we identified the Spt16 subunit of the H2A/H2B
chaperone FACT (facilitates chromatin transcription) to be
involved in the UVSSA recruitment. Spt16 is recruited early
in the TC-NER reaction in a UVSSA-independent manner,
thereby stimulating excision of the TBLs and subsequent
transcription restart after DNA damage removal. Our work
establishes Spt16 as an important regulator of TC-NER-
mediated repair and provides new insights into the different
mechanisms involved in the recognition of lesion-stalled Pol
IT and how the remodeling of chromatin fine-tunes the reg-
ulation of the different stages of TC-NER.

MATERIALS AND METHODS
Plasmid constructs

GFP-tagged UVSSA deletion mutants of the DUF2043
and nuclear localization signal (NLS) domains amino
acids 495-709 (ADUF), DUF2043 domain amino acids
495-605 (ADUFonly), C-terminal NLS amino acids
645-709 (ANLS) and VHS domain amino acid 1-152
(AVHS) domain were made by polymerase chain reaction
(PCR) amplification on pLenti CMV Hygro vector (28),
containing either a full length CI-UVSSA construct or
an N2-UVSSA (for AVHS) construct, with Phusion
High-Fidelity DNA polymerase (M0530, New England
Biosciences) using the following primers: ADUF Forward
5-CACCATGGTGAGCAAGGGCGAG-3/, ADUF
Reverse 5'-CTATGCTGCCAGCTTCTGGGCCTC-
3, AVHS Forward 5-CACCATGTTTCAAGAC
ACGAATGCTCGGAGT-3, AVHS  Reverse 5-
TTACTTGTACAGCTCGTCCAT-3, ANLS Forward
5-CACCATGGTGAGCAAGGGCGAG-3 and ANLS
Reverse 5-GCTGTACCTGGATGAGCCGAGAT-3'.
PCR products were gel purified, to prevent contamination
of later PCR reactions with template DNA, and sub-
sequently subcloned into pENTR™/D-TOPO® vector
using the pENTR™ directional TOPO® Cloning kit
(Invitrogen). To generate the ADUFonly mutant the
following primers were used to amplify the complete
GFP-UVSSA construct in pENTR4-GFP-C1 (w392-1)
lacking the DUF2043 domain: ADUFonly Forward 5'-
phos-AGGGCTCGTGAGCAGCGGCG-3 ADUFonly
Reverse 5'-phos-TGCTGCCAGCTTCTGGGCCTCC-3'.
The obtained PCR fragment was used in a subsequent T4
ligation reaction to reassemble the ADUFonly mutant in
pENTR4-GFP-C1. All constructs were cloned by recom-
bination into the pLenti CMV Hygro destination vector
(Addgene, plasmid ID: #17454) using the Gateway LR
Clonase II Enzyme Mix (Invitrogen).

Cell line generation

Full length GFP-UVSSA (14) or UVSSA deletion mutants
(GFP-UVSSA ADUF, ADUFonly, ANLS and UVSSA
AVHS-GFP) expressing cell lines were generated by lentivi-
ral transduction of the indicated constructs. To that
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end, third-generation lentiviruses were made in HEK293T
cells and were used to transduce UVSS-A (TA24) SV40-
immortalized cells. Fibroblasts originating from NER pa-
tients (SV40 transformed) were complemented with the re-
spective deficient NER protein as described: GFP-CSB in
CS-B (CST1AN) (18), CSA-Flag-GFP in CS-A (CS3BE)
(29), XPC-GFP in XP-C (XP4PA) (30), GFP-XPA in XP-A
(XP20S) (31), GFP-XPB in XP-B (XPCS2BA) (32). Vh10
(hTert) cells stably expressing GFP-DDB2 were described
before (33). The generation of U20S cells stably express-
ing GFP-tagged Spt16 or SSRP1 was described before (34),
UVSS-A (TA24) cells expressing GFP-tagged Spt16 were
generated in a similar approach. TA24 GFP-Sptl6 cells
were complemented with FLAG-tagged UVSSA by lentivi-
ral transduction. Gateway LR Clonase (Invitrogen) was
used to recombine UVSSA-Flag from pENTR4 no ccDB
(6861, Addgene, plasmid ID: #17424) (14) to pLenti CMV
Puro Dest (w118-1, Addgene, plasmid ID: #17452). The
generated, rescued cell line was subjected to a combination
of selection by Puromycin (2.5 pg/ml) for UVSSA-Flag and
Hygromycin (5 pg/ml) for Spt16-GFP. GFP-H2A (34) was
stably expressed in HeLa cells (34) or in UVSS-A (TA24)
cells by transfection using X-treme Gene HP (Roche) ac-
cording to the manufactures protocol. Cells stably express-
ing GFP-H2A were selected using 0.5 mg/ml G418 and
FACS sorting.

Cell culture

TA24 (UVSS-A), CSIAN (CS-B), CS3BE (CS-A), XP4PA
(XP-C), XP20S (XP-A), XPCS2BA (XP-B), HeLa, Vh10
and U20S cell lines were cultured in a 1:1 ratio of Dul-
becco’s modified Eagle’s medium (DMEM) and Ham’s F10
(Invitrogen) containing 10% fetal calf serum (FCS, Biow-
est) and antibiotics at 37°C and 5% CO,. For SILAC la-
beling, cells were cultured for 2 weeks in DMEM without
lysine, arginine or leucine (AthenaES) supplemented with
antibiotics, 10% dialyzed FCS (Invitrogen) and 105 pg/ml
leucine (Sigma) and either 73 pg/ml light [!>Cg]-lysine and
42 wg/ml [2Cs,'#Ny]-arginine (Sigma) or with heavy ['3Cg]-
lysine and ['*Cg,' Ny]-arginine (Cambridge Isotope Labo-
ratories) at 37°C and 5% COa,.

RNA interference

Transient siRNA-mediated knock-down was achieved
using Lipofectamine RNAIMAX (Invitrogen) trans-
fection, according to the manufacturer’s instruction.
The siRNA oligonucleotides used, (Thermo Fisher
Scientific) were as follows: CTRL (D-001210-05-20)
5-UGGUUUACAUGUCGACUAA-3, Spt16 (L-
009517-00) 5-AGUCUAAUGUGUCCUAUAA-3, 5'-
GCAUAUACCAUCGCUGUAA-3, 5-ACACGGAUGU
GCAGUUCUA-3, 5-GUACAGCAAUUGGCGGAAA-
3, SSRP1 (L-011783-00), 5-GCUCUGGGCCAU
GGACUUA-3, 5-GGAGUUCAACGACGUCUAU-
3, 5-CGAUGAAUAUGCUGACUCU-3, 5'-
AAGAAGAACUAGCCAGUAC-3, UVSSA (J-0243197-
23-0002) 5-GCUCGUGGAUCCAGCGCUU-3, Napl
L1 (L-017274-01-0005), 5-UAACCAUAGUUCAUCG
AAAUU-3, 5-GCGUAUAAUCCCAAGAUCAUU-
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3, 5-GUUAAGGCAUAUUGAGUUAUU-3, 5'-
GGAACGAGAUGCUAUACU-¥

Clonogenic survival assay

Cells were seeded in triplicate in 6-well plates (300
cells/well) and treated with a single dose of the indicated
UV-C dose (254 nm; Philips TUV lamp) 1 day after seed-
ing. After 1 week, colonies were fixed and stained in 50%
methanol, 7% acetic acid and 0.1% Coomassie blue and
subsequently counted with the Gelcount (Oxford Optronix,
Software Version 1.1.2.0). The survival was plotted as the
mean percentage of colonies detected following the indi-
cated UV-C dose compared to the mean number of colonies
from the non-irradiated samples.

Live-cell confocal laser-scanning microscopy

Confocal laser-scanning microscopy images were obtained
with a Leica SP5 confocal microscope using a 100x quartz
objective for local UV-damage induction. Local DNA dam-
age infliction for kinetic studies of GFP-tagged protein ac-
cumulation was performed using a 266 nm UV-C (2 mW
pulsed (7.8 kHz) diode pumped solid-state laser (Rapp Op-
toElectronic, Hamburg) as described previously (14,35).
Briefly, cells were grown on quartz cover slips and were im-
aged and irradiated through a 100 x 1.2 numerical aperture
(NA) Ultrafluar quartz objective. During microscopy, cells
were kept at 37°C and 5% CO,. Images were acquired using
the LAS AF software (Leica) and the fluorescence intensity
at the damage area was recorded over time, background cor-
rected and normalized to pre-damage fluorescence levels to
quantify accumulation kinetics. H2A exchange on UV-C in-
duced DNA damage was performed as described previously
(34). In short, half of the nucleus was photobleached by a
488 nm laser and local UV-C damage was subsequently in-
duced in the bleached area. The recovery of fluorescence,
representing histone exchange, on the UV-C damaged area
and non-damaged area was quantified. Fluorescence inten-
sities were background corrected and the fluorescence on
the UV-C damaged area was normalized to the fluorescence
for the non-damaged area. The indicated number of cells
originate from at least two experiments and the results were
pooled and plotted as the mean fluorescence intensity +
SEM.

Immunofluorescence

Cells were grown on 24-mm coverslips and fixed using 2%
paraformaldehyde supplemented with triton X-100. Subse-
quently cells were permeabilized with phosphate buffered
saline (PBS) containing 0.1% triton X-100. Coverslips were
washed with PBS containing 0.15% glycine and 0.5% bovine
serum albumin (BSA) and incubated with primary anti-
body, FLAG M2 (1:1000) for 1-2 h at room tempera-
ture. Cells were washed three times and two times for 10
min with 0.1% triton X-100 and once with PBS contain-
ing 0.15% glycine and 0.5% BSA. To visualize primary an-
tibodies, coverslips were incubated for 1 h with secondary
antibodies labeled with ALEXA fluorochrome 594 (Invit-
rogen). Again cells were washed with 0.1% Triton X-100

6102 AINe 21 uo Jasn wepisnoy AlsieAiun snwses Aq G0Z90ES/ 1L L0Y/8/LAoBSqe-aoie/ eu/woo dnooiwspeoe//:sdiy woll pspeojumoq



4014 Nucleic Acids Research, 2019, Vol. 47, No. 8

and PBS+. Subsequently coverslips were embedded in 4,6-
diamidino-2-phenylindole (DAPI) containing Vectashield
mounting medium (Vector Laboratories). Images were ob-
tained using a Zeiss LSM700 microscope equipped with a
63 x oil Plan-apochromat 1.4 NA oil immersion lens (Carl
Zeiss Microimaging Inc.).

TC-NER specific unscheduled DNA synthesis

The amplified unscheduled DNA synthesis (UDS) assay
was performed as described (36). Briefly, XP186LV, XPC-
deficient cells, seeded on 24-mm coverslips 4 days prior to
the experiment were transfected with siRNA 2 days later.
One day following transfection the medium was replaced by
low-serum containing medium (Ham’s F10 supplemented
with 0.5% FCS) to reduce the number of cells in S-phase.
For global UV-C irradiation (8 J/m?), a 254 nm germi-
cidal lamp (Philips) was used. Following irradiation, cells
were labeled with medium (Ham’s F10 supplemented with
0.5% dialyzed FCS) containing 5-ethynyl,2’-deoxyuridine
(EdU, 20 pM, ThermoFisher Scientific) and 2’-Deoxy-5-
fluorouridine (Floxuridine, 1 pM, Sigma-Aldrich) for 7
h. Subsequently, cells were fixed in 3.6% formaldehyde
(Sigma-Aldrich) in PBS with 0.5% Triton X-100 (Sigma-
Aldrich). EAU incorporation was visualized using a com-
bination of the Click-iT reaction (Invitrogen) and Tyra-
mide Signal Amplification (ThermoFisher Scientific). The
Click-it reaction was performed as described in the manu-
factures protocol using Azide-PEG3-Biotin Conjugate (20
M in Dimethylsulfoxide (DMSO), Jena Bioscience), 1x
Click-it reaction buffer (ThermoFisher Scientific), Cop-
per(Ill)sulphate (0.1 M) and 10x Reaction buffer additive
(ThermoFisher Scientific). The tyramide-based amplifica-
tion was conducted as described in the manufactures pro-
tocol by using the HRP-Streptavidin conjugate (500 pg/ml,
ThermoFisher Scientific) and Alexa-Fluor 488 nm labeled
tyramide (ThermoFisher Scientific). Cover slips were em-
bedded in DAPI containing Vectashield mounting medium
(VectorLaboratories) and sealed using nail polish, and vi-
sualized using a Zeiss LSM700 microscope equipped with
a 40x oil Plan-Apochromat 40 0.6-1.3 NA oil immersion
lens (Carl Zeiss Micro imaging Inc.). TC-NER-UDS sig-
nal was quantified by analyzing at least six fields for each
condition Mean nuclear fluorescence signals were quanti-
fied using ImagelJ software (Version 1.48) (37). Sample anal-
ysis was performed as described (36). The mean nuclear flu-
orescence signal & standard error of the mean is shown.

In vivo cross-linking and immunoprecipitation

The cross-linked immunoprecipitation procedure has been
described previously (14,34). Briefly, in vivo cross-linking
was performed by adding 1% formaldehyde to the culture
medium for 10 min at 4°C. Cross-linked cells were scrapped
and chromatin was purified. Finally, the nuclear suspension
was sonicated using the Bioruptor Sonicator (Diagenode)
with 6 cycles of 30 s on and 60 s off. For immunoprecipi-
tations, equal amounts of cross-linked chromatin from all
samples were incubated in Radioimmunoprecipitation as-
say buffer (RIPA) with 30 pl GFP-Trap-A agarose bead
slurry (ChromoTek), overnight at 4°C. Beads were collected

by centrifugation, washed five times with RIPA buffer and
GFP-tagged proteins were de-crosslinked and eluted by in-
cubation at 95°C for 30 min in 2x Laemmli sodium dode-
cylsulphate (SDS) sample buffer. Samples were analyzed by
western blot and loaded to 4-15% Mini-PROTEAN TGX™
Precast Protein Gels (BioRad). Gels were fixed and stained
by Roti-blue (Carl Roth GmbH) according to the manufac-
turer’s protocol.

For native IP with Benzonase, cells were lysed in IP
buffer (30 mM hydroxyethyl-piperazinecthane-sulfonic acid
(HEPES) pH 7.5, 130 mM NaCl, 1 mM MgCl,, 0.5% Triton
X-100 and protease inhibitor cocktail) for 10 min at 4°C.
Subsequently, cells were sonicated using the Bioruptor Son-
icator (Diagenode) with 10 cycles of 15 s on and 45 s off,
and 500 U of Benzonase (Sigma) was added to the lysates.
Following 1 h of incubation, the lysates were cleared by cen-
trifugation and the supernatants were subjected to immuno-
precipation with GFP-Trap-A agarose beads overnight at
4°C. Beads were collected by centrifugation, washed five
times with IP buffer and GFP-tagged proteins were eluted
by incubation at 95°C for S min in 2x Laemmli SDS sample
buffer.

Western blot and antibodies

Lysates were separated by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to a Polyvinylidene difluoride (PVDF) membrane
(0.45 pm). Membranes were blocked with 5% milk in
PBS for 1 h at room temperature and incubated with pri-
mary antibodies raised against GFP (Roche, 11814460001),
CSA/ERCCS8 (Abcam, ab137033), USP7 (Bethyl, A300-
033A), Spt16, SSRP1 (Santa Cruz Biotechnology, sc-28734
and sc-74536, respectively), Spt16 (Abcam, Ab56855) or
Tubulin (Sigma Aldrich, clone B-5-1-2). Secondary anti-
bodies coupled to IRDyes (LI-COR) were used to visualize
proteins using an Odyssey CLx infrared scanner (LiCor).

Mass spectrometry

SDS-PAGE gel lanes were cut into 2-mm slices and sub-
jected to in-gel reduction with dithiothreitol, alkylation
with iodoacetamide and digestion with trypsin (sequencing
grade; Promega), as described previously (14). Nanoflow
liquid chromatography tandem mass spectrometry (nLC-
MS/MS) was performed on an EASY-nLC coupled to a
Q Exactive mass spectrometer (Thermo) or to an Orbitrap
Fusion Tribid mass spectrometer (Thermo), both operat-
ing in positive mode. Peptide mixtures were trapped on a
ReproSil C18 reversed phase column (Dr Maisch; 1.5 cm x
100 pm) at a rate of 8 wl/min. Peptides were separated on
a ReproSil-C18 reversed-phase column (Dr Maisch; 15 cm
x 50 wm) using a linear gradient of 0-80% acetonitrile (in
0.1% formic acid) for 170 min at a rate of 200 nl/min. The
elution was directly sprayed into the electrospray ionization
source of the mass spectrometer. Spectra were acquired in
continuum mode; fragmentation of the peptides was per-
formed in data-dependent mode by HCD (Q Exactive) or
CID (Orbitrap Fusion).

Raw mass spectrometry data were analyzed using the
MaxQuant software suite (version 1.4.1.2) (38). A false dis-
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covery rate of 0.01 for proteins and peptides and a min-
imum peptide length of seven amino acids were set. The
Andromeda search engine was used to search the MS/MS
spectra against the Uniprot database (taxonomy: Homo
sapiens, release June 2013). A maximum of two missed
cleavages was allowed. The peptide tolerance was set to 10
ppm and the fragment ion tolerance was set to 20 mmu for
HCD spectra (Q Exactive) or to 0.6 Da for CID spectra (Or-
bitrap Fusion). The enzyme specificity was set to ‘trypsin’,
and cysteine carbamidomethylation was set as a fixed mod-
ification. SILAC protein ratios were calculated as the me-
dian of all peptide ratios assigned to the protein. In addi-
tion, a posterior error probability for each MS/MS spec-
trum below or equal to 0.1 was required. In case the identi-
fied peptides of two proteins were the same or the identified
peptides of one protein included all peptides of another pro-
tein, these proteins were combined by MaxQuant and re-
ported as one protein group. Before further statistical anal-
ysis, known contaminants and reverse hits were removed.

RESULTS

UVSSA accumulates independently of CSA and CSB on UV-
C induced DNA damage

To acquire more insights into the recruitment mechanism
of UVSSA, we first quantified its accumulation at sites of
DNA damage and compared this to the recruitment kinet-
ics of the other TC-NER initiating factors, CSA and CSB.
For this purpose, we used TC-NER-deficient patient cell
lines that are mutated in either CSA, CSB or UVSSA and
are functionally complemented by the stable expression of
GFP-tagged versions of the respective full-length TC-NER
factors (14,18,29) (Supplementary Figure SIA and B). Ac-
cumulation kinetics of these TC-NER factors at sites of lo-
cal UV-C laser-induced (266 nm) DNA damage were de-
termined using quantitative live-cell confocal imaging (35).
GFP-UVSSA and GFP-CSB recruitment at sites of locally
UV-induced DNA damage (LUD) was clearly visible and
showed a similar, swift, 2-fold accumulation (Figure 1A and
B). Interestingly, despite the fact that CSA is a crucial TC-
NER factor (5) and has been shown to directly interact
with both UVSSA and CSB (13,24,27) (Figure 2C), its ac-
cumulation at sites of LUD was barely detectable (Figure
1A and B). This might be explained by a transient bind-
ing of CSA to the TC-NER complex. Furthermore, the al-
most complete absence of CSA at LUD makes it unlikely
that UVSSA recruitment to the TC-NER complex is medi-
ated via a direct protein—protein interaction with CSA. In
line with this assumption, we have previously shown that
UVSSA accumulation can still be detected at sites of UV-
C-induced DNA damage in the absence of functional CSA
and CSB (14). However, as these experiments do not rule
out that CSA or CSB might have more subtle effects on
UVSSA recruitment kinetics, for example, reduced accu-
mulating rates or levels, we determined the accumulation
of GFP-UVSSA in time in a quantitative manner in CSA-
and CSB-deficient cells and compared this to that in TC-
NER -proficient cells (complemented UVSS-A patient cell
line) (Figure 1C and D). GFP-UVSSA was recruited with
the same kinetics in TC-NER-proficient cells as in CSA- or
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CSB-deficient cells, indicating that UVSSA accumulation is
not influenced by CSA or CSB activities.

The VHS and DUF2043 domains of UVSSA have distinct
functions and are both required for TC-NER

To gain insight into the mechanism of UVSSA recruit-
ment to TBLs, we tested which domain of UVSSA is in-
volved in this process. Therefore, we stably expressed two
GFP-tagged UVSSA deletion mutants in UVSSA-deficient
TA24 cells, in which either the C-terminal DUF2043 do-
main (ADUF) or the N-terminal VHS domain (AVHS)
(15) was deleted (Figure 2A). In contrast to expression of
the full-length GFP-UVSSA (wt), cells expressing either
ADUF or AVHS UVSSA mutants showed similar UV-
hypersensitivity as UVSSA-deficient cells (Figure 2B), indi-
cating that both the DUF2043 and VHS domains are essen-
tial for TC-NER. In line with previous data that mapped the
CSA interaction domain to the N-terminus of UVSSA (27),
immunoprecipitation experiments showed that the deletion
of the N-terminal VHS domain resulted in the complete
loss of CSA interaction, while this interaction remained
unaffected in the ADUF mutant (Figure 2C and Supple-
mentary Figure S2A). Of note, the AVHS mutant could
still interact with the known UVSSA interaction partner
USP7, indicating that the AVHS mutant is at least par-
tially functional. Like the wt UVSSA, the AVHS mutant
showed strict nuclear localization (Figure 2D). However,
the ADUF mutant featured an additional cytoplasmic lo-
calization, which may have been caused by the deletion of
the predicted C-terminal NLS (15). Despite its partial cy-
toplasmic localization, a significant fraction of the ADUF
mutant remained present in the nucleus, in line with the re-
tained interaction with the nuclear TC-NER factor CSA
(21) (Figure 2C). Subsequently, we quantified the recruit-
ment kinetics of these UVSSA mutants to DNA damage.
While the AVHS mutant accumulated to the same level
as wt UVSSA, the recruitment of the ADUF mutant to
sites of local DNA damage was severely reduced (Figure
2D and E). To test whether the partial cytoplasmic localiza-
tion of the ADUF mutant influences the UVSSA accumula-
tion at DNA lesions, we generated two additional mutants
in which either the DUF2043 domain alone (ADUFonly)
or the C-terminal-predicted NLS domain (ANLS) was re-
moved (Supplementary Figure S2B and C). In contrast to
the ADUF mutant, the ADUFonly mutant was specially lo-
calized to the nucleus (Supplementary Figure S2D). How-
ever, deletion of the DUF2043 domain still severely reduced
the accumulation of UVSSA at DNA damage (Supple-
mentary Figure S2E). Deletion of the NLS alone (ANLS)
did not affect the UVSSA accumulation. Surprisingly, this
ANLS mutant was also localized mainly in the nucleus, sug-
gesting that the region that is deleted in the ADUF mu-
tant, located between the DUF2043 domain and the pre-
dicted NLS sequence, is important for the nuclear localiza-
tion of UVSSA (Supplementary Figure S2B and D). To-
gether our data show a clear separation-of-function of the
UVSSA domains; the VHS domain is crucial for CSA in-
teraction, while the DUF2043 domain plays an important
role during the UVSSA recruitment to DNA damage. Im-
portantly, in line with the unaffected UVSSA accumulation
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Figure 1. Accumulation kinetics of TC-NER factors reveal a CSA independent UVSSA recruitment. (A) Representative images of live cell imaging analysis
of GFP-UVSSA, GFP-CSB or CSA-GFP at the indicated time points following local UV-C laser (266 nm) induced damage (LUD) in a sub-nuclear region
(indicated by a white arrow); scale bar: 7.5 wm. (B) Relative accumulation of the indicated GFP-tagged TC-NER factors. GFP fluorescence intensity at
LUD was quantified over time and normalized to pre-damage intensity set at 100 at z = 0 (n = 25 cells of two independent experiments, mean + SEM).
The moment of damage induction is indicated with a black arrow. A one-way Anova test was performed and P-values <0.001 (***) are depicted. (C)
Representative images of GFP-UVSSA accumulation at the indicated time points at LUD (indicated by a white arrow). GFP-UVSSA is expressed to
functionally complement UVSS-A cells (TC-NER proficient cells) or GFP-UVSSA expressed in CS-A and CS-B cell lines; scale bar: 7.5 pm. (D) Relative
accumulation of GFP-UVSSA in the indicated cell lines. GFP fluorescence intensity at LUD of was quantified over time and normalized to pre-damage
intensity set at 100 at 7 = 0 (n = 30 cells, two independent experiments, mean £ SEM). The moment of damage induction is indicated with a black arrow.

in CS-A cells, these data further show that UVSSA recruit-
ment to TBLs is a CSA-independent process.

Identification of UVSSA-interacting proteins

To identify proteins that are involved in recruiting UVSSA
to DNA damage, we set out to identify UVSSA-interacting
proteins using SILAC-based quantitative interaction pro-
teomics. UVSSA-containing protein complexes were iso-
lated using GFP-nanotrap pulldowns (39) in UVSS-A cells
stably complemented with GFP-UVSSA. UVSS-A cells ex-
pressing free GFP were used as a control for non-specific
binding proteins. All experiments were conducted in du-
plicates with a label swap and only proteins identified in
both independent experiments (forward and reverse) with
a log, SILAC ratio of GFP-UVSSA/GFP above 0.6 were
considered as specific UVSSA-interacting proteins. Results
were visualized by plotting the logy SILAC ratios of pro-
teins of the two independent experiments (Figure 3A and
Supplementary Table S1). In total, 66 specific UVSSA in-
teractors were identified (Figure 3A, indicated in blue and
orange). The bait UVSSA was identified with the highest
SILAC ratio followed by USP7, a known UVSSA interac-
tor (13,14.,40), confirming the validity of our approach. To
identify biological processes associated with these UVSSA-
interacting proteins, we performed a Gene Ontology (GO)
enrichment analysis. As expected, the biological process of
DNA repair was among the top enriched GO annotations

(Figure 3B). In addition, several of the top enriched GO
terms were proteins involved in chromatin remodeling, sug-
gesting that UVSSA interactors are involved in this process.
Chromatin remodeling has been shown to play an impor-
tant role in TC-NER (41-43), for example by enhancing the
recruitment of TC-NER factors to DNA damage (44).

To pinpoint which proteins, from the 66 identified
UVSSA interactors, are involved in the recruitment of
UVSSA to DNA damage, we hypothesized that these pro-
teins would retain their interaction with the AVHS mutant
(the mutant that can localize to DNA damage), but might
have lost binding with the ADUF mutant (the mutant that
is not recruited to damage). Therefore, we performed quan-
titative proteomics experiments to map which of the iden-
tified UVSSA interactors are lost in the respective UVSSA
deletion mutants (Supplementary Table S2). We compared
proteins interacting with GFP-UVSSA (wt) to proteins in-
teracting with GFP-UVSSA AVHS (Figure 3C) or GFP-
UVSSA (wt) to GFP-UVSSA ADUF (Figure 3D). Log,
SILAC ratios around 0 indicate that proteins are equally
bound to wt UVSSA as they are bound to the respective
deletion mutant, while a positive log, SILAC ratio indicates
that the interaction with the tested deletion mutant is re-
duced compared to that with the wt UVSSA. Remarkably,
only a few interactions were lost in the AVHS deletion mu-
tant (Figure 3C, marked in blue), while numerous protein
interactions with UVSSA were lost in the ADUF mutant
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Figure 2. CSA interaction and recruitment to DNA damage is mediated by distinct UVSSA domains. (A) Schematic overview of the protein domains
present in UVSSA and the used UVSSA deletion mutants that either lack the VHS domain (AVHS) or the DUF2043 domain (ADUF). NLS: nuclear
localization signal. (B) UV sensitivity of UVSS-A cells (-) and UVSS-A cells complemented with GFP-UVSSA (wt), GFP-UVSSA ADUF (ADUF) or
UVSSA AVHS-GFP (AVHS) was determined by their colony-forming ability, following irradiation with the indicated UV-C doses. The percentage of
surviving colonies is plotted against the UV-C dose. The number of colonies counted at 0 J/m? is set as 100% survival. Data represents the experiment
conducted in triplicate and error bars represent SEM. (C) Whole-cell extracts (WCE) of UVSS-A patient cells stably expressing the indicated constructs
were subjected to GFP immunoprecipitation. Western blot analysis of the immunoprecipitated proteins was performed using GFP, CSA or USP7 anti-
bodies. WCE: whole-cell extract, IP: Immunoprecipitate. (D) Representative images of live cell imaging analysis of GFP-UVSSA or ADUF and AVHS
mutants following local UV-C laser (266 nm) induced damage (indicated by a white arrow); scale bar: 7.5 wm. Right panel: 4x zoomed image to visualize
accumulation at 3 s post-damage induction. (E) GFP fluorescence intensity of the indicated constructs at LUD was quantified over time and normalized to
pre-damage intensity set at 100 at 7 = 0 (n = 30 cells of two independent experiments, mean + SEM). A one-way Anova test was performed and P-values
< 0.001 (***) are depicted. The moment of damage induction is indicated with a black arrow.

(Figure 3D). This shows, in contrast to the interaction of
the VHS domain with CSA (Figure 2C), that the majority of
the identified UVSSA interactors depend on the DUF2043
domain.

Of the 66 proteins identified as UVSSA interactors (Fig-
ure 3A, indicated in blue), 45 proteins were detected in all
three proteomic screens. The SILAC ratio of 25 of these pro-
teins remained unchanged (SILAC ratio <1.2) in the AVHS
mutant, indicating that the interactions between those pro-
teins and UVSSA were similar for the wt UVSSA and
the AVHS mutant. Since we hypothesized that proteins in-
volved in the UVSSA recruitment to DNA damage would
bind specifically to the DUF2043 domain (Figure 3D, indi-
cated in blue), we sorted these remaining 25 proteins with
descending wt/ ADUF SILAC ratios (Supplementary Ta-

ble S2). Interestingly, both the Spt16 and SSRP1 subunits
of the histone chaperone complex FACT were identified as
UVSSA interactors whose binding was lost most upon dele-
tion of the DUF2043 domain.

FACT complex interaction with UVSSA is mediated by the
DUF2043 domain

The H2A /H2B histone chaperone FACT is an interesting
interaction partner of UVSSA, as it was originally discov-
ered as an essential factor for productive in vitro Pol 11
transcription on chromatinized DNA (45) and plays essen-
tial roles in histone H2A /H2B exchange during DNA tran-
scription and replication (46,47). Interestingly, recent stud-
ies have shown that FACT is involved in several DNA repair
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absence of the VHS domain. (D) Scatter plot of log, SILAC ratios of proteins identified in the GFP-pulldowns of wt UVSSA versus ADUF only proteins
that were also identified in the GFP-UVSSA versus GFP proteomics experiment are depicted. The experiment was conducted in duplicate, including a
label swap. The log, SILAC ratios of proteins identified in the forward experiment (wt versus ADUF, H/L, x-axis) are plotted against the logy SILAC ratio
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A patient cell line (TA24), stably expressing the indicated constructs were subjected to GFP immunoprecipitation. Non-complemented UVSS-A patient
cell line (-) was used as negative binding control. WCE: whole-cell extract, IP: Immunoprecipitation. Western blot analysis of the co-immunoprecipitated
proteins was performed for GFP, Spt16, SSRP1, USP7 and CSA.
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pathways (34,48-53). More specifically, Spt16 was shown
to stimulate histone H2A/H2B exchange at sites of UV-
induced DNA damage and to play an important role dur-
ing the cellular response to TBLs by facilitating efficient
restart of transcription following DNA damage removal
(34). However, its exact mode of action and whether Spt16
is involved in TC-NER remains thus far unknown.

To test whether the role of Sptl6 in transcription
restart might be mediated via its identified interaction
with UVSSA, we first confirmed the interaction between
the FACT complex and UVSSA. Cross-linked immuno-
precipitation experiments verified the interaction of the
FACT complex with UVSSA and, as expected, with the
known UVSSA interaction-partners CSA (27) and USP7
(13,14,40) (Figure 3E). This identified UVSSA-Spt16 in-
teraction is strongly reduced when immunoprecipitation ex-
periments are performed without cross-linking in the pres-
ence of benzonase, which degrades DNA and RNA (Sup-
plementary Figure S3A). This indicates that the UVSSA in-
teracts with Spt16 in a very transient manner, or that this
interaction depends on the presence of RNA or DNA. In
line with our proteomics data, we confirmed that FACT
binding is mediated by the DUF2043 domain of UVSSA,
as upon immunoprecipitation of the ADUF mutant Spt16
and SSRP1 could not be detected, whereas the interaction
was present in the wt and AVHS mutant. Of note, the USP7
interaction with ADUF was significantly reduced, in agree-
ment with our proteomics data (Figure 3D). However, the
USP7 interaction was not completely lost, indicating that in
addition to the DUF2043 domain, other UVSSA domains
are also involved (40).

Spt16 enables efficient UVSSA recruitment and stimulates
TC-NER-mediated damage excision

The identified UVSSA interaction with the FACT subunits
SSRPI and Sptl6, together with the previously identified
role of Spt16in transcription restart, indicate that the FACT
complex is involved in the function of UVSSA at sites of
DNA damage. To test this, we quantified the UVSSA accu-
mulation to sites of DNA damage in cells following siRNA-
mediated knockdown of the FACT complex. Simultane-
ous knockdown of both FACT subunits significantly re-
duced the accumulation of UVSSA at LUD (Figure 4A
and B). It is noteworthy that while knock down of Sptl6
alone resulted in a comparable reduction of UVSSA accu-
mulation, depletion of its canonical binding partner SSRP1,
did not affect the accumulation of UVSSA, even though
SSRPI1 was efficiently depleted following siRNA transfec-
tion (Figure 4C). It should be noted, as is commonly ob-
served for heterodimeric protein complexes, that siRNA-
mediated knockdown of SSRPI also results in the reduc-
tion of Spt16 protein levels, but not to the same extent as
Spt16 knockdown itself (Supplementary Figure S3B). The
remaining Sptl6 protein levels after SSRP1 depletion are
apparently sufficient to allow UVSSA recruitment. Further-
more, Spt16 knockdown also reduced the UVSSA accumu-
lation in CSA-deficient patient cells (Supplementary Figure
S3C and D), indicating that the residual UVSSA accumu-
lation in TC-NER-proficient cells upon Spt16 depletion is
not mediated by CSA.

Nucleic Acids Research, 2019, Vol. 47, No. 8 4019

To test whether Sptl6 depletion specifically affects
UVSSA recruitment, or whether its absence inhibits the TC-
NER complex assembly in general, we tested whether Spt16
depletion has a similar effect on CSB recruitment. In con-
trast to UVSSA, siRNA-mediated depletion of FACT did
not affect CSB accumulation on UV-induced DNA damage
(Figure 4D and Supplementary Figure S3E). As CSB is re-
cruited to lesion-stalled Pol 11 (18), the absence of an effect
of UVSSA on CSB recruitment suggests that the effect of
Spt16 on UVSSA accumulation is not caused by a general
effect on transcription or chromatin state. In line with this,
the depletion of another H2A/H2B chaperone, the nucle-
osome assembly protein 1-like 1 (NAP1L1), did not inter-
fere with UVSSA accumulation (Figure 4E; Supplementary
Figure S3Fand G), indicating that UVSSA accumulation is
not influenced by histone chaperones in general.

In accordance with the SSRP1-independent role of Spt16
in UVSSA recruitment, Spt16 was also shown to be specif-
ically involved in transcription restart (34). This might sug-
gest that the observed inhibition of transcription resump-
tion is caused by a reduced UVSSA recruitment to sites
of DNA damage, thereby inhibiting TC-NER efficiency
and the subsequent transcription restart. To quantify TC-
NER activity, we measured UDS by quantifying the DNA
damage-induced EdU incorporation during gap-filling syn-
thesis, which represents the last step of NER (36). To specif-
ically quantify the TC-NER-mediated UDS, this assay was
performed in non-cycling GG-NER-deficient cells (XP-C)
and combined with a signal amplification step (36). In con-
trol siRNA-transfected cells, a clear UV-induced and TC-
NER-specific UDS signal was observed, which was severely
reduced following CSB depletion (Figure 4F). Interestingly,
also upon siRNA-mediated knockdown of Spt16, the TC-
NER-mediated UDS was significantly reduced. This indi-
cates that Spt16 plays an important role in TC-NER by en-
hancing UVSSA recruitment, thereby subsequently stimu-
lating transcription restart.

Spt16 function in TC-NER

Previously, we have shown that Sptl6 stimulates accel-
erated exchange of histones H2A/H2B at sites of UV-
induced damage (34). The identified interaction of Sptl6
with UVSSA (Figure 3) together with the finding that both
factors are recruited to DNA damage sites (14,34) (Fig-
ures 4A and 5D) prompted us to test whether UVSSA is
involved in damage-induced accelerated exchange of his-
tones H2A /H2B. Hence, we compared the UV-induced hi-
stone H2A exchange in UVSSA-proficient and -deficient
cells. Histone exchange at DNA damage was determined
in living cells by inducing local UV-C damage in a pho-
tobleached area of cells stably expressing GFP-H2A (34).
Areas in the photobleached half of the nucleus that fea-
ture a higher histone exchange rate are characterized by an
increased local GFP-H2A fluorescence due to eviction of
photobleached GFP-H2A followed by incorporation of flu-
orescent (non-photobleached) GFP-H2A (Figure SA). Hi-
stone exchange was quantified by comparing the recovery
of GFP-H2A signal at sites of LUD with an undamaged re-
gion in the bleached part of the nucleus (Figure 5B). Both
in UVSS-A (TA24) and TC-NER-proficient cells (HeLa),
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was assessed by measuring the fluorescently labeled, incorporated EAU into the DNA. Amplified UDS signals were quantified (upper panel) by confocal
microscopy measurement of the total nuclear fluorescence (Alexa-Fluor 488 nm, n > 170 cells for each condition, two independent experiments, mean +
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fluorescence intensity at LUD was measured over time using live-cell confocal imaging and was normalized to pre-damage intensity at z = 0, which was set
to 100 (n = 30 cells, two independent experiments, mean == SEM). The moment of damage induction is indicated with a black arrow. (D) Representative
images of live-cell imaging analysis of Spt16-GFP expressed in either UVSS-A deficient or in UVSSA complemented (UVSSA-Flag) cells (lower panel).
The white arrow indicates areas of UV-C laser (266 nm) induced DNA damage; scale bar: 7.5 wm. (E) Quantification of the GFP fluorescence intensity of
cells stably expressing the indicated GFP-tagged NER proteins, GFP-tagged Spt16 or SSRP1. Cells subjected to local UV-C laser (266 nm) induced DNA
damage were imaged over time. All cells were imaged and damaged under the exact same conditions. Fluorescence at LUD was normalized to pre-damage
fluorescence at # = 0, which was set to 100 (rz = 20 cells, two independent experiments, mean & SEM). The moment of damage induction is indicated with a
black arrow. Right graph shows zoomed graph of the indicated box, to clearly illustrate the kinetics of TC-NER factors. Representative images are shown
in Supplementary Figure S4D.

a comparable UV-induced H2A exchange was observed. tained in U20S cells stably expressing Spt16-GFP in which
This indicates that the Sptl6-mediated H2A exchange at UVSSA was depleted using siRNA (Supplementary Fig-
sites of DNA damage is independent of UVSSA. Together ure S4B and C). The observation that Spt16 enhances the
with the Sptl16-dependent UVSSA accumulation, this sug- UVSSA accumulation to TBLs (Figure 4B), but not vice-

gests that the Spt16 recruitment acts in parallel or prior to versa, indicates that the activity of Spt16 is needed prior to
UVSSA recruitment. To verify this, we compared the accu- the UVSSA recruitment during TC-NER.
mulation of stably expressed GFP-Spt16 to LUD in UVSS- To test whether Spt16 is indeed a factor that is recruited

A patient cells with UVSS-A complemented cells (Figure 5C at the early stages of the TC-NER reaction, we directly
and D; Supplementary Figure S4A). No difference could be compared its recruitment with the accumulation kinetics
observed in Spt16 accumulation. Similar results were ob- of a panel of GFP-tagged NER factors that are active
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at different stages in the NER reaction (Figure 5E and
Supplementary Figure S4D). In line with previous stud-
ies (14,54), the DNA damage-recognizing GG-NER fac-
tors XPC and DDB2 showed a swift and robust accumu-
lation (>6-fold change), while the core NER factors (XPA
and XPB) involved in the more downstream damage verifi-
cation step of NER featured slower accumulation kinetics
with a more modest accumulation (1.5-to 3-fold change).
The TC-NER-specific CSB and UVSSA proteins showed
a quick but very modest accumulation (~1.2-fold change).
In line with a Spt16 recruitment upstream of UVSSA re-
cruitment, Spt16 showed a very rapid accumulation. Re-
markably, Spt16 showed a more pronounced accumulation
(~5-fold change) than UVSSA and CSB (~1.2 fold) (Figure
SE), which might indicate a different mode of damage re-
cruitment for Spt16 compared to TC-NER factors. Of note,
even though not essential for UVSSA recruitment, SSRP1
showed similar accumulation as Spt16 (34).

Together, our data show that Spt16 functions as an early
factor in the UV-DNA damage response (UV-DDR) and
plays an important role in the recruitment of UVSSA,
thereby stimulating efficient transcription-coupled repair
and subsequent transcription resumption.

DISCUSSION

Recognition of lesion-stalled Pol I is a crucial initiating step
for damage removal by TC-NER and its tight regulation is
expected to be critical for correct spatiotemporal formation
of the TC-NER complex, remodeling of lesion-stalled Pol
11, and for the subsequent recruitment of downstream NER
factors enabling efficient excision of TBLs (8,55). To gain
further insight into this regulation, we investigated in de-
tail the spatiotemporal behavior of the TC-NER initiating
proteins CSA, CSB and UVSSA. We found that in living
cells, the accumulation kinetics of CSB and UVSSA were
strikingly similar, which might suggest similar modes of re-
cruitment. Both proteins have been reported to have affinity
for Pol I in unperturbed conditions, and their interaction is
stabilized or their affinity is increased when bound to lesion-
stalled Pol 11 (14,18,19). Despite their highly similar recruit-
ment kinetics, UVSSA was recruited in a CSB-independent
manner. Conversely, while CSB accumulation is reduced in
the absence of UVSSA (13,14), this is most likely caused not
by a direct effect of UVSSA on the initial CSB recruitment
but rather by the stabilization of CSB via the deubiquitylat-
ing activity of the UVSSA binding partner USP7 (13,14).
Interestingly, even though the crucial TC-NER factor CSA
has been shown to directly interact with both UVSSA (27)
and CSB (24), it could hardly be detected at sites of UV-
induced DNA damage. This absence might be explained by
the fact that CSA binds transiently to the TC-NER com-
plex. This is in line with the general highly dynamic nature
of interactions of E3 ligases with their substrates. Further-
more, this suggests that, in contrast to CSB and UVSSA,
CSA has no structural or scaffold-like function in the TC-
NER complex. Of note, the expected short residence time
of CSA on TBLs makes it unlikely that CSA is responsible
for recruiting UVSSA to UV-induced DNA damage via a
direct protein interaction, as previously suggested based on
cellular fractionation assays (13,27).

In this study, we precisely determined the accumulation
kinetics of different TC-NER factors in living cells and
show that UVSSA accumulation is similar in TC-NER-
proficient and CSA- and CSB-deficient cells, indicating that
the recruitment of UVSSA to sites of DNA damage is not
influenced by CSA or CSB. The CSA-independent accumu-
lation of UVSSA was further shown by the use of UVSSA
deletion mutants lacking either the N-terminal VHS or the
C-terminal DUF2043 domain. Of note, deletion of either
domain resulted in a severe UV sensitivity and a reduced
transcription resumption following irradiation (15). Inter-
estingly, while deletion of the VHS domain resulted in the
complete loss of CSA interaction (27), this mutant was re-
cruited to DNA damage with exactly the same kinetics as
full-length UVSSA. Conversely, deletion of the DUF2043
domain resulted in a severe reduction of UVSSA recruit-
ment, without affecting the CSA interaction. These exper-
iments show that the UVSSA recruitment at sites of TBLs
can be separated from its interaction with CSA.

A plausible explanation for the apparent contradicting
results on the role of CSA and CSB in the UVSSA re-
cruitment (13,14,27,56) could be that the initial UVSSA
recruitment to lesion-stalled Pol II, as determined in live-
cell imaging experiments, is completely independent of CSA
and CSB. However, the direct interaction between CSA
and UVSSA, or another activity of CSA, might play an
important role in the subsequent stabilization of the TC-
NER complex. This complex-stabilizing function of CSA
might explain the loss of UVSSA near TBLs in the ab-
sence of CSA (13,27), as weak or transient interactions
might be lost during fractionation or immunoprecipita-
tion assays. The CSA-independent UVSSA accumulation
during live-cell experiments is also in line with previous
studies. For example, the adenosine triphosphate (ATP)-
dependent chromatin remodeler SWI/SNF-related matrix-
associated actin-dependent regulator of chromatin subfam-
ily A member 5 (SMARCAYS) stimulates CSB (and pre-
sumably CSA) recruitment to UV-induced DNA damage,
but does not affect UVSSA recruitment (44). Furthermore,
while CSA is dispensable for the recruitment of TFIIH to
lesion-stalled Pol 11 (57), functional TFIIH is essential for
the CSA translocation to damaged chromatin (58). This
data, together with the recent suggestion that UVSSA re-
cruits TFIIH (25), supports a model in which UVSSA is re-
cruited prior to and independent of CSA. This model raises
an interesting question regarding the physiological function
of the observed CSA-UVSSA interaction that can be de-
tected even in unperturbed conditions (13,15,27,29). A spe-
cific mutation in CSA (W361C), which abolishes the inter-
action with UVSSA, results in the development of UVSS
(27), indicating the importance of the CSA-UVSSA inter-
action for efficient TC-NER. It is tempting to speculate that
the intrinsic affinity of UVSSA for CSA might be involved
in the recruitment of the CRL45A E3 ligase to DNA dam-
age. Otherwise, as CSA has affinity for CSB as well (24), it
may play an important role in the stabilization or proper
conformation of the TC-NER complex.

To identify proteins involved in the recruitment of
UVSSA, we performed interaction proteomics. Among the
top interacting proteins were the established UVSSA bind-
ing partners USP7 and the DDBI1 and CUL4B subunits
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of the CRL4%SA complex (13,14,27), showing the validity
of our approach (Figure 3A). To identify factors involved
in UVSSA recruitment, we assumed that their interaction
would be dependent on the DUF2043 domain, which is cru-
cial for its localization to TBLs. Interestingly, in addition
to the loss of interaction with the FACT subunits Sptl6
and SSRP1, many other interactions were lost upon dele-
tion of the DUF2043 domain, suggesting that this domain
is a hotspot for interactions. For example, our MS anal-
ysis shows that the DUF2043 domain is essential for the
UVSSA interaction with the U2 and U5 snRNP splicing
factors SF3B1, SF3B2 and PRPFS. The interactions with
these U2 and U5 snRNPs might be explained by the affin-
ity of UVSSA for elongating Pol II in both unperturbed or
DNA damage conditions (14). These late-stage splicing fac-
tors have been shown to be displaced from the chromatin
following TBL induction, thereby increasing R-loop forma-
tion and activation of ATM signaling (59). The identified
interaction with these splicing factors might indicate a role
for UVSSA in these transcription-coupled processes during
the DNA damage response.

In this study, we focused on the role of Spt16 in the regula-
tion of UVSSA and TC-NER, as we have previously identi-
fied this subunit of the H2A /H2B histone chaperone FACT
to be involved in the UV-induced H2A /H2B exchange and
to stimulate transcription restart following DNA damage
(34). However, thus far, the exact mechanism of how Spt16
regulates TC-NER remains unknown. In line with the in-
teraction of Sptl6 being dependent on the DUF2043 do-
main of UVSSA, we found that Sptl6 is required for the
recruitment of UVSSA to damaged DNA. The ~50% re-
duction of UVSSA recruitment following SPT16 depletion,
caused severe effects on the TC-NER-mediated repair, as
shown by a strong impediment of the TC-NER -specific gap-
filling synthesis. This reduced repair efficiency can explain
the previously observed inhibition of transcription restart
and UV sensitivity upon Spt16 knockdown (34). However,
additional effects of Spt16 on the transcription restart pro-
cess independent of repair, as shown for Dot1L (60), cannot
be excluded. As Spt16 depletion (Figure 4B), or deletion of
the DUF2043 domain (Figure 2E), does not result in a full
loss of UVSSA recruitment at sites of DNA damage, it is
likely that additional mechanisms and factors are involved
in the recruitment of UVSSA.

The effects of Spt16 on UVSSA recruitment, as well as
transcription restart and UV sensitivity (34), are indepen-
dent of SSRPI, its canonical binding partner in the FACT
complex. Despite being not essential for TC-NER, SSRP1
interacts with UVSSA and has similar accumulation kinet-
ics at DNA damage sites as Spt16. Spt16 seems to be the
driving force of the FACT accumulation, as the SSRP1 ac-
cumulation at UV-induced DNA damage depends on the
presence of Sptl6 (34). Together, this suggests that un-
der normal conditions, the complete FACT heterodimer
is present at sites of DNA damage, but in the absence of
SSRP1, Sptl6 can be recruited and function during TC-
NER independently of SSRP1. Although, thus far, it re-
mains unknown how Spt16 and SSRP1 are exactly recruited
to sites of DNA damage, Spt16 accumulation occurs early
during the repair reaction and independently of other TC-
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NER-initiating factors (Figure 5C-E) (34). In addition,
Spt16 and SSRP1 showed, in comparative DNA damage ac-
cumulation experiments, a striking pattern. Similar to TC-
NER factors, FACT accumulated almost instantancously
following DNA damage infliction. However, while CSB
and UVSSA only showed a modest ~1.2-fold accumula-
tion, FACT subunits showed a 5-fold accumulation, almost
to the same extent as the highly efficient DNA damage-
recognizing GG-NER factors DDB2 and XPC. This might
suggest that Spt16 has, in addition to what is described for
SSRP1 (50,53), damage-recognizing capabilities, either by
directly recognizing the lesion, or indirectly, for example
by sensing damage-induced transcription impediment. Fur-
thermore, these differences in fold accumulation might in-
dicate that a multitude of Spt16 molecules are present near
TBLs compared to the TC-NER proteins CSB and UVSSA.

We found that H2A/H2B exchange at sites of DNA
damage was independent of UVSSA. This indicates that
UVSSA interaction with Spt16 is not needed to induce ac-
celerated histone exchange at TBLs, but rather suggests
that Sptl6-mediated histone exchange mediates efficient
UVSSA recruitment or, alternatively, that it is important for
the stable incorporation of UVSSA in the TC-NER com-
plex. However, this effect is not caused by a general inhi-
bition of histone turnover, as knockdown of NAP1L1, an-
other H2A /H2B chaperone, did not affect UVSSA recruit-
ment (Figure 4E).

Although transcription and thus also TC-NER, oc-
curs in a more open and therefore accessible chromatin
state, several chromatin-remodeling enzymes were shown
to be necessary for efficient repair and transcription restart
(4,42). For example, Nap1L1 stimulates the ATP-dependent
chromatin-remodeling activity of CSB (61). In addition, in
our UVSSA interaction screen, we also identified CHD4
as a putative TC-NER-involved chromatin remodeler (Sup-
plementary Table S1). While CHD4 has been reported
to be involved in DDR (62,63), it is currently unknown
whether it is involved in TC-NER. Thus far, the only
two chromatin-modifying factors shown to influence ac-
cumulation of TC-NER factors are Spt16, which stimu-
lates UVSSA recruitment, and the ATP-dependent chro-
matin remodeler SMARCAS5, which facilitates recruitment
of CSB (44). Interestingly, both factors act at specific TC-
NER reaction steps; SMARCAS does not affect UVSSA
recruitment and Spt16 is not involved in the CSB recruit-
ment. This suggests that the involvement of these chromatin
modifiers in TC-NER is not restricted simply to making
the chromatin accessible. The need for different chromatin-
modifying enzymes for recruitment of CSB and UVSSA
strengthens our observation that despite their similar accu-
mulation kinetics, these TC-NER-initiating factors are in-
dependently recruited (14) to damaged chromatin. Further-
more, this suggests that both SMARCAS and Spt16 stimu-
late specific changes in the chromatin, for example, nucleo-
some sliding or histone exchange, that are important during
different TC-NER reaction steps. In line with this notion,
distinct functions for CSB and UVSSA during TC-NER
have been described. CSB was suggested to stimulate Pol
II forward translocation, analogous to the action of Mfd
in prokaryotes (64), thereby discriminating between lesion-
stalled Pol II and other non-forward translocating Pol 11
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complexes, for example, Pol IT stalled on naturally occurring
pause sites (19). UVSSA was shown to recruit TFIIH via a
direct interaction with P62 in a similar manner as XPC re-
cruits TFIIH in GG-NER (65). Collectively, these observa-
tions would suggest that SMARCAS is involved in remodel-
ing lesion-stalled Pol I1, while Spt16 either recruits or allows
TFIIH to properly function during the TC-NER reaction.
In summary, this study provides important new insight into
the regulation of TC-NER and, more specifically, into the
assembly of the TC-NER complex. Furthermore, these re-
sults highlight that different chromatin-modulating factors
regulate distinct steps of the highly orchestrated TC-NER
pathway.
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Supplementary Data are available at NAR Online.
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