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Abstract

Cells employ transcription-coupled repair (TCR) to eliminate transcription-
blocking DNA lesions. DNA damage-induced binding of the TCR-specific repair
factor CSB to RNA polymerase II (RNAPII) triggers RNAPII ubiquitylation of lysine
K1268 by the CRL4A®SA ubiquitin ligase. How CRL4%SA is specifically directed
toward K1268 is unknown. Here, we identify ELOF1 as the missing link that
facilitates RNAPII ubiquitylation, a key signal for the assembly of downstream
repair factors. This function requires its constitutive interaction with RNAPII
close to K1268, revealing ELOF1 as a specificity factor that binds and positions
CRL4%S? for optimal RNAPII ubiquitylation. Drug-genetic interaction screening
also reveals a CSB-independent pathway in which ELOF1 prevents R-loops in
active genes and protects cells against DNA replication stress. Our study offers key
insights into the molecular mechanisms of TCR and provides a genetic framework
of the interplay between transcriptional stress responses and DNA replication.

Introduction

Transcription of protein-coding and non-coding genes requires RNA polymerase
II (RNAPII), which synthesizes RNA transcripts complementary to the DNA tem-
plate strand. The presence of DNA lesions in the template strand causes stalling
of elongating RNAPII (RNAPIIo) leading to a genome-wide transcriptional arrest
[2-4]. Tt is essential that cells overcome this arrest and restore transcription. The
transcription-coupled repair (TCR) pathway efficiently removes transcription-
blocking DNA lesions through the CSB, CSA, and UVSSA proteins [5-7]. Inacti-
vating mutations in CSB and CSA cause Cockayne syndrome (CS), which is char-
acterized by severe neurological dysfunction related to persistent RNAPII arrest
at DNA lesions [3, 8].

The sequential and cooperative actions of CSB, CSA, and UVSSA recruit TFITH
to DNA damage-stalled RNAPII to initiate DNA repair [7]. In addition to protein-
protein contacts, efficient transfer of TFIIH onto RNAPII requires ubiquitylation
of a single lysine on the largest subunit of RNAPII (RPB1-K1268), which is essential
for efficient TCR [3]. This DNA damage-induced modification of RNAPII is
dependent on cullin-ring type E3-ligases (CRLs) and strongly decreased in CSA-
deficient cells [3], indicating that the CRLASA E3 ligase complex drives RNAPII
ubiquitylation.

CSB binds to DNA upstream of RNAPII [9] (Supplementary Fig. 1a) and
recruits the CRLA®A complex through an evolutionary conserved motif in its C-
terminus [7]. However, how the CRL4%5A ubiquitin ligase activity is specifically
directed toward the K1268 site remains to be elucidated.

Results

A CRISPR screen identifies ELOFI as a putative TCR gene

To identify unknown TCR genes, we performed a genome-wide CRISPR screen
in the presence of the compound Illudin S, which induces transcription-blocking
DNA lesions that are eliminated by TCR [10]. RPE1-iCas9 cells were transduced
with the pLCKO-TKOv3 library containing 70,948 ORF-targeting sgRNAs [11] and
cultured for 12 population doublings after which sgRNA contents were analyzed
(Supplementary Fig. 1b).
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Fig. 1: RNAPII-associated ELOF1 is a putative TCR gene. (a) Volcano plot depicting gene-knockouts
sensitizing (red) or conferring resistance (blue) to Illudin S. Fold changes (log,) are plotted on the
x-axis and significance (-log;o(P value)) is plotted on the y-axis. (b) Network analysis of highly
significant hits representing genes essential for Illudin S resistance. Grey lines reflect known protein-
protein interactions (Cytoscape, BioGRID). (c) Drug sensitivity assays (72 h) of indicated RPE1-iCas9
cells. Each symbol represents the median of 6 technical replicates of an independent experiment
(n=2). (d) Western blot analysis of U20S (FRT) ELOFI-KO cells complemented with inducible GFP-
tagged versions of ELOF1. (e) Side-view of the structure (PDB: 5XOG) of K. pastoris ELF1 (orange)
bound to RNAPII (grey) with RPB2 in purple. Residues important for the ELF1-RNAPII interaction
are indicated. (f-g) Volcano plots depicting the statistical differences between 4 replicates of the MS
analysis after GFP immunoprecipitation of mock treated cells comparing (f) ELOF1T-GFP with GFP-
NLS (g) ELOF1WT-GFP with ELOF1572K/D73K_GEP, The fold change (log,) is plotted on the x-axis and
the significance (t-test -logjo (P value)) is plotted on the y-axis. RNAPII subunits are indicated in red,
elongation factors are indicated in blue, and GFP is indicated in green. (h) Endogenous RNAPIIo Co-
IP on U20S (FRT) ELOFI-KO cells complemented with ELOF1WI-GFP and ELOF1572K/D73K_GFp, (i)
Clonogenic Illudin S survival of U20S (FRT) WT, ELOFI1-KO, and GFP-tagged ELOF1 rescue cell lines.
Each symbol represents the mean of 2 technical replicates of an independent experiment (n=2). d, h
representative figure of at least three independent experiments.
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Using an FDR cutoff of 0.01, we found 104 sensitizer hits and 18 hits conferring
resistance to Illudin S (see source data). The strongest resistance was conferred
by gRNAs targeting PTGR1, in line with its known role in bio-activating Illudin [12]
(Fig. 1a, Supplementary Fig. 1c). Nine known core TCR genes, including CSB, CSA
and UVSSA, but also genes connected to transcription recovery after UV (HIRA
[13], DOTIL [14], and STK19 [15]; Fig. 1a, b) were required for Illudin S tolerance.
Consistent with known effects of [lludin S on replication [10], we found the 9-1-1
complex, translesion synthesis and sister-chromatid cohesion components (Fig.
1b). Our screen also identified the uncharacterized ELOFI gene as a top hit, which
we decided to study in detail (Fig. 1a, b).

We generated single PTGRI, ELOFI and CSB knockouts in RPE1-iCas9 cells
(Supplementary Fig. 1d) and exposed these to compounds that generate
transcription stress. Drug-sensitivity assays confirmed that single ELOF1-KO and
CSB-KO clones were highly sensitive to Illudin S, Irofulven, and cisplatin, while
PTGRI-KO cells were resistant to [lludin S and Irofulven (Fig. 1c, Supplementary
Fig. 1le). Clonogenic survival experiments confirmed that ELOFI-KO cells are
nearly as sensitive to Illudin S as CSB-KO cells (Supplementary Fig. 1f). Re-
expression of GFP-tagged ELOF1 in ELOFI-KO U20S cells completely restored
their [lludin S tolerance (Fig. 1d, Supplementary Fig. 2a, b).

ELOF1 interacts with RNAPII through conserved residues

ELOF1 is a small zinc-finger protein that is evolutionary conserved across
eukaryotes, except for its C-terminal acidic tail, which is absent in metazoan
orthologues (Supplementary Fig. fig:ELOF1FS2c) [16]. ELF1, the yeast orthologue
of ELOF1, is a putative transcription elongation factor that interacts with RNAPII,
through a central RNAPII-binding helix (Fig. 1e), and promotes passage through
nucleosomes [17, 18]. Mutations in residues that disrupt this interaction
(ELF1571K/D72Ky compromise its function [17, 18].

To study human ELOF1, we immunoprecipitated GFP-tagged ELOF1 variants
followed by mass spectrometry (MS). Pulldown of ELOF1"T revealed an interac-
tion with nine RNAPII subunits and three transcription elongation factors (Fig.
1f, Supplementary Fig. 2d). The ELOF1572K/D73K (§71K/D72K in yeast) mutant
showed a severely reduced interaction with RNAPIIo (Fig. 1g, Supplementary
Fig. 2d), which was confirmed by reciprocal pull-down of RNAPIIo (Fig. 1h).
The RNAPIIo-ELOF1 interaction was constitutive and not affected by UV irra-
diation (Fig. 1h, Supplementary Fig. 2e). Re-expression of ELOF1WT, but not
ELOF1572K/D73K fyly rescued the Illudin S-sensitive phenotype of ELOFI1-KO cells
(Fig. 1i, Supplementary Fig. 2f). These findings reveal similar RNAPII-binding
modes between yeast ELF1 and human ELOF1 and show that the ELOF1-RNAPII
interaction protects against transcription-blocking DNA damage.

Loss of ELOF1 decreases RNAPII elongation rates

To identify the framework of genetic interactions with ELOF1, we performed
a genome-wide CRISPR screen in ELOFI1-KO RPE1-iCas9 cells. This approach
identified synthetic lethality between ELOF1 and several transcription elongation
factors, including SUPT4H1, TCEAI, SUPT6H and the PAF1 complex subunits
CTR9 and LEOI1 (Fig. 2a, b). This is consistent with genetic studies showing that
deletion of yeast ELF1 causes synthetic lethality with mutations in elongation
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Fig. 2: ELOF1 is required for efficient transcription elongation. (a) Volcano plot depicting gene
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WT cells. Data represent the median of an independent experiment (black circles) and the median of
all cells collected (black line, n=3, >80 cells collected per experiment). (h) Metaplots of BrU signal
(nascent transcription) from 2 kb before the TSS to 2 kb after the TTS in 400 genes of >100 kb in
WT (red) or ELOFI-KO (blue) cells. Profiles are normalized to 100% at promoter-proximal BrU peaks
instead of area under the curve for better comparison of transcription profiles. Profiles are averages
of 2 independent replicates.



76 | Chapter 3

factors [19], likely caused by functional redundancy [17, 18]. Several of these
elongation factors also reside in a protein complex with ELOF1 (Fig. 1f).

To investigate a role of ELOF1 in transcription elongation, we performed
genome-wide BruDRB-seq [20]. Cells were treated with the transcription in-
hibitor 5,6-dichlorobenzimidazolel-g-D-ribofuranoside (DRB) for 3,5 h followed
by its removal to trigger synchronized transcription elongation into gene bod-
ies. Nascent transcripts were labelled with bromo-uridine (BrU), isolated and
deep-sequenced [20]. Averaging nascent RNA profiles of 400 genes revealed that
RNAPII progressed ~60 kb within 30 min in both WT and ELOF1-KO cells (Fig. 2c,
d, e). Within 60 min, RNAPII progressed ~120 kb in WT cells, but only ~90 kb in
ELOFI-KO cells (Fig. 2c, d, e). Transcription wave-front measurements revealed
that RNAPII elongates with ~2 kb/min in WT cells and ~1.5 kb/min in ELOFI1-KO
cells (Supplementary Fig. 3a).

Basal transcription after 5-EU incorporation was reduced to ~40% in ELOFI-
KO cells compared to WT cells (Fig. 2f, g). Analysis of 400 genes of at least 100
kb by Bru-seq revealed no difference in initiation while transcription decreased
progressively toward the end of longer genes in ELOF1-KO cells (Fig. 2h), which
was milder for shorter genes (Supplementary Fig. 3b). Consistently, ELOFI-KO
cells did not display differences in chromatin accessibility at transcription start
sites (TSSs) of ~3,000 genes measured by ATAC-seq (Supplementary Fig. 3c).
These findings show that human ELOF1 acts as a transcription elongation factor.

ELOF1 is required for transcription restart following UV

TCR-deficient cells fail to resume transcription following genotoxic stress [21]. To
assess whether ELOF1 is involved in transcription restart, we measured recovery
of RNA synthesis (RRS) by 5-EU labelling after UV irradiation. Transcriptional
arrest was visible 3 h after UV irradiation in WT, ELOFI-KO and CSB-KO cells.
Although WT cells completely recovered RNA synthesis within 24 h after UV,
both CSB-KO and ELOFI-KO cells failed to restart transcription (Fig. 3a, b,
Supplementary Fig. 4a). Importantly, this defect is not due to decreased
transcription elongation since ELOFI-KO cells were able to restart transcription
after treatment with transcription inhibitor DRB (Supplementary Fig. 4b). Re-
expression of ELOF1W! fully rescued transcription restart after UV irradiation
in ELOFI-KO cells, while expression of ELOF1572K/D73K did not (Fig. 3a, b,
Supplementary Fig. 4c).

To explore the recovery of RNA synthesis in a genome-wide manner, we
labelled nascent transcripts with BrU after UV followed by RNA isolation and
sequencing. At 3 h after UV, nascent transcription was strongly reduced at TSSs
and progressively decreased further into gene bodies with a loss beyond 100 kb
in both WT and ELOFI-KO cells (Fig. 3c, d). Although milder, a similar loss of
nascent transcription was also observed toward the end of shorter genes (25-50
kb and 50-100 kb; Supplementary Fig. 4d), which fits with the distribution of
photolesions [22] and the probability that RNAPII encounters them. Nascent
transcription was partially resumed at 8 h and fully restored at 24 h after UV
irradiation in WT cells, while ELOFI-KO cells failed to recover transcription at
both time-points (Fig. 3c, d, e).
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Loss of ELOF1 causes stalling of RNAPII after UV

Genotoxic stress induces expression of the transcriptional repressor ATF3, which
downregulates ~5,000 genes [23]. Both CSB and CSA promote ATF3 degradation,
thereby relieving its inhibitory impact on transcription initiation [23]. Western
blot analysis revealed an increase in steady-state ATF3 levels 7 h after UV in WT,
ELOFI-KO and CSB-KO cells (Fig. 3f). ATF3 protein levels decreased in WT cells
within 48 h after UV, while ATF3 levels strongly increased in both ELOFI-KO and
CSB-KO cells at 24 h and 48 h after UV (Fig. 3f). These findings may explain
the reduced RNA synthesis at TSSs following UV irradiation in ELOF1-KO cells
(Fig. 3d, Supplementary Fig. 4d). RNA-sequencing (RNA-seq) showed that ATF3
transcript levels were strongly upregulated 24 h after UV in ELOFI-KO and CSB-
KO cells compared to WT cells (Supplementary Fig. 5a-c), indicating that UV-
mediated ATF3 induction is at least in part controlled at the mRNA synthesis level.
While ELOFI1-KO and CSB-KO cells showed a strong upregulation of short pro-
survival genes, such as CDKN1A [24], a set of longer genes was downregulated
at 24 h after UV (Supplementary Fig. 5a-d), consistent with the RNA synthesis
recovery defect in these cells (Fig. 3a, b).

To monitor genome-wide occupancy of RNAPII after UV irradiation, we
performed ChIP-seq using antibodies against unmodified RNAPII (pan-RNAPII).
Heatmaps around the TSS showed a strong signal for ~3,000 genes around the
promoter in non-irradiated cells, which was comparable between wild-type and
ELOFI1-KO cells (Supplementary Fig. 6a). At 1 h and 8 h after UV, we detected
a striking reduction in RNAPII binding at TSSs in ELOFI1-KO cells, but not in WT
cells, which was accompanied by an increase in RNAPII reads in the gene body
(Fig. 3g, Supplementary Fig. 6a, b). A similar redistribution of RNAPII after
UV irradiation was detected in CSB-KO cells, suggesting that this corresponds to
increased stalling at DNA lesions in gene bodies (Fig. 3g). This is consistent with
our Bru-seq data showing that RNA synthesis is already largely restored around
TSSs at 8 h after UV in WT cells, but not in ELOFI-KO cells (Fig. 3c, d).

We also detected enrichment of pan-RNAPII after transcription termination
sites (TTSs) in non-irradiated cells, reflecting post-transcriptional pausing prior
to dissociation (Supplementary Fig. 6b, c¢). ELOFI-KO cells showed poor TTS
enrichment at 8 h after UVirradiation compared to WT cells, suggesting that fewer
transcripts reach the end of genes (Fig. 2h, Supplementary Fig. 6b, c). ChIP-seq
experiments using antibodies against elongating RNAPII (Ser2-RNAPII) revealed
thatreads throughout gene-bodies and at TTSs indeed recovered within 16 h after
UV in WT cells, but not in ELOF1-KO and CSB-KO cells (Fig. 3h).

TCR-seq reveals that ELOF1 is an essential TCR factor

To determine whether ELOF1 is directly involved in repair or regulates subse-
quent restart of transcription, we measured genome-wide TCR kinetics using our
recently developed strand-specific ChIP-seq technology (TCR-seq) [3]. The DNA
fragments that are co-purified with RNAPIIo are highly enriched for UV-induced
photolesions specifically in the transcribed (template) strand, but not in the cod-
ing strand [2]. TCR-seq allows strand-specific PCR amplification of fragments
without DNA damage, enabling genome-wide quantification of TCR kinetics (Fig.
4a).



ELOF1 is a transcription-coupled DNA repair factor | 79

a b
TCR-seq
wT ELOF1-KO CSB-KO
DNA lesion
8
5,%3, coding 5‘%3‘ 10 15
3 5  template 3’ 5 6 ™\ L__J\ 10
4. 5
l RNAPIio ChiP l Mock zJ 5_)
5 M e \3 5/ 3 0 : 0 : 0
3 = \J5 3 s TSS TS TSS TTS TSS Ts
Y-shaped adapters l 15 20
3 5 3 15

(
(
(

T
SS TTS TSS TTS

TSS TTS T
8 6 10
=3 N\ s o
amplification no amplification 4h 4 J\ I} oy 4 JM 5
both strands template strand 2 2
l l o T 0 T 0 T
[ N 3 TSS TS TSS TTS TSS TTS
y— 5 g 5
5 3 5 3 10 10 6
3 5 3 5 4
5 3 5 3 8h 5 5
3 5 3 5 2
5 3 5 3 o o 0
3 5 3 5 T N T N T
Unbiased Strand-biased S8 s TSS s TSs s
reads reads = Transcribed strand (contains DNA lesion)

- Non-transcribed (coding) strand

o
o

@

. o U
w " m " ol | o

CSB-KO

e}

ES
¥

8

|

|
E
9

Recovery Index (RI)

ELOF1-KO
@©
E
r

E

I ; : 2
% 1h 4h 8h 16h
§ Time after UV irradiation
KANSL1 (210 kb) -e- WT  -e= ELOF1-KO == CSB-KO

— Transcribed strand (contains DNA lesion)
= Non-transcribed (coding) strand

Fig. 4: ELOF1 is essential for repair of transcription-blocking DNA damage. (a) Schematic
representation of TCR-seq. The use of asymmetrical adapters allows the preservation of strand-
specificinformation. Without UV the reads in the transcribed strand are similar to the reads in the non-
transcribed strand (unbiased reads). After UV irradiation the DNA that is co-purified with RNAPIIo
after ChlIP is highly enriched for DNA lesions in the transcribed strand, but not in the non-transcribed
strand. These DNA lesions prevent PCR amplification during library preparation, resulting in less
reads in the transcribed strand compared to the non-transcribed strand (biased reads). (b) Averaged
metaplots of Ser2-RNAPII TCR-seq of 3,000 genes from the TSS until the TTS (-5 kb, +5 kb respectively)
in the indicated RPE1-iCas9 cells after mock-treatment or at 1 h, 4 h, or 8 h after UV irradiation (9
J/m?). The coding (non-transcribed) strand is shown in red, while the template (transcribed) strand is
shown in blue. The experiment has been performed twice. See Supplementary Fig. 6a for individual
replicates and additional timepoints. (¢) UCSC genome browser track showing read densities of TCR-
seq data based on strand-specific Ser2-RNAPII signal across the KANSLI gene after mock treatment, or
at 8 h after UV irradiation (9 J/m?) in WT, CSB-KO or ELOFI-KO-KO cells. Reads from the coding (non-
transcribed) strand are shown in red, while reads from the template (transcribed) strand are shown in
blue. (d) Time-course of the indicated RPE1-iCas9 cells showing the recovery index (RI), representing
genome-wide TCR repair kinetics. Per sample, a frequency distribution plot was generated of the
per-gene strand specificity index (SSI; defined as the relative difference in read density between the
transcribed and non-transcribed strands) of 3,000 genes of 3-100 kb. The RI is subsequently obtained
by fitting a mixture of 3 Gaussian distributions, corresponding to undamaged gene fractions (SSI=0)
and two unrepaired gene fractions (i.e. |[SSI|<>0). The RI was calculated from duplicate time-course
experiments shown in Supplementary Fig. 8a.
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Metaplots revealed a strong strand-bias in WT, ELOFI-KO, and CSB-KO cells
1 h after UV irradiation, which was fully resolved in WT cells over the course of
16 h, while both ELOFI-KO and CSB-KO cells displayed a strong strand-bias at all
time-points analyzed (Fig. 4b, ¢, Supplementary Fig. 7a). Resolving the strand-
bias in WT cells was accompanied by the reappearance of Ser2-RNAPII reads
throughout gene bodies and after the TTS, which did not occur in the absence
of ELOFI or CSB (Fig. 4b, c, Supplementary Fig. 7a). Analysis of the genome-
wide removal of DNA lesions from transcribed strands (Supplementary Fig. 8a),
showed that WT cells cleared DNA lesions within 16 h, while ELOFI-KO and CSB-
KO cells displayed no significant repair within this timeframe (Fig. 4d). Strand-
specific analysis after ChIP-seq with another (pan-RNAPII) antibody confirmed
these results (Supplementary Fig. 9a, b). Importantly, ELOF1-KO cells were fully
capable of removing UV-induced DNA lesions by global genome repair (GGR;
Supplementary Fig. 10a, b), demonstrating that ELOF1 is specifically involved in
TCR-mediated removal of DNA lesions.
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ELOF1 is required for RNAPII ubiquitylation

To monitor whether ELOF1 is involved in TCR complex assembly, we immunopre-
cipitated endogenous RNAPIIo to isolate intact TCR complexes [7]. Both CSB and
CSA associated with RNAPII in a UV-specific manner in WT and ELOFI-KO cells,
while the association of CSA with RNAPIIo was completely abolished in cells lack-
ing CSB (Fig. 5a) [7]. The constitutive interaction between ELOF1 and RNAPII was
not affected by depletion of CSB (Supplementary Fig. 10c). The TFIIH subunits
(p89 and p62) showed a UV-induced interaction with RNAPIIo in WT cells, while
this interaction was severely reduced in cells lacking ELOFI (Fig. 5a, b). Impor-
tantly, re-expressing ELOF1-GFP in ELOFI-KO cells restored TFIIH recruitment
(Fig. 5b).

RNAPII ubiquitylation on lysine K1268 (RPB1-K1268) in response to UV
irradiation is required for the recruitment of the TFIIH complex [3]. Considering
that TFIIH recruitment is reduced in ELOFI-KO cells, we asked whether ELOF1
is involved in the UV-induced ubiquitylation of RNAPII. Immunoprecipitation
showed that RNAPII is robustly ubiquitylated in response to UV in WT cells,
which was largely absent in cells lacking either ELOFI or CSB (Fig. 5c, d).
The association of endogenous UVSSA with DNA damage-stalled RNAPIIo was
strongly decreased in ELOFI-KO cells compared to WT cells, and virtually absent
in CSB-KO cells (Fig. 5c¢). In agreement, the accompanying paper by Geijer et
al. shows similarly defective UVSSA recruitment by live-cell imaging after UV
irradiation [25]. Interestingly, recruitment of mono-ubiquitylated UVSSA was
particularly affected in ELOFI-KO cells (Fig. 5c). This is in line with previous work
demonstrating that RNAPII ubiquitylation supports the ubiquitylation of UVSSA
and that, in turn, UVSSA ubiquitylation is required for TFIIH recruitment [3]. The
loss of UV-induced RNAPII ubiquitylation and UVSSA mono-ubiquitylation, and
the reduced association of TFIIH with DNA damage-stalled RNAPIIo in ELOFI-
KO cells were fully restored by stable expression of ELOF1WT, while expression of
ELOF1572K/D73K fajled to do so (Fig. 5e).

ELOF1 interacts with the CRL4°A complex

The UVSSA-binding partner USP7 was previously found to protect CSB from UV-
induced degradation [6, 26, 27]. Considering that UVSSA recruitment is decreased
in ELOF1-KO cells, we hypothesized that ELOF1 may indirectly affect RNAPII
ubiquitylation by affecting CSB levels. Western blot analysis revealed that CSB
is not degraded in response to UV irradiation in any of the cell lines (WT, CSA-
KO, ELOFI-KO, or UVSSA-KO), but we noticed that CSA is degraded in response
to UV irradiation in ELOF1-KO cells and UVSSA-KO cells, but not in WT or
CSB-KO cells (Fig. 6a, Supplementary Fig. 10d). It is feasible that CSA is no
longer de-ubiquitylated by the UVSSA-binding partner USP7 in ELOFI-KO cells.
Indeed, WT cells treated with the USP7 inhibitor FT671 were unable to recover
transcription after UV irradiation (Supplementary Fig. 10e) [26] and showed
increased degradation of CSA after UV irradiation, but not to the same extent as in
ELOF1-KO cells (Supplementary Fig. 10f), suggesting both USP7-dependent and
-independent mechanisms. Treatment of ELOFI1-KO cells with the proteasome
inhibitor MG132 fully restored CSA protein levels after UV irradiation, but failed
torescue RNAPII ubiquitylation in ELOF1-KO cells (Fig. 6b, ¢), demonstrating that
this is not an indirect effect caused by CSA degradation.
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ubiquitylation during TCR.
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The yeast ortholog ELF1 is bound to RNAPII in close proximity to the K1268
ubiquitylation site (K1264 in K. pastoris; Fig. 6d). We therefore hypothesized
that ELOF1 brings the ubiquitin ligase activity of the CRL4“5A complex in close
proximity of the K1268 site on RNAPII. To test this, we employed a recombinant
approach using purified Xenopus laevis (xl) proteins. Immobilized GST-tagged
xIELOF1 interacted robustly with purified xIRNAPII in vitro (Fig. 6e), while it
failed to associate with the GGR factor xIRAD23B (Supplementary Fig. 10g). A
robust interaction was detected between immobilized xIELOF1 and the xICRL4%5A
complex, consisting of CSA, DDB1, CUL4A and RBX1 (Fig. 6f). Despite this
direct interaction, the CRL4CSA complex did not ubiquitylate xIELOF1 in vitro,
whereas xICSB was efficiently ubiquitylated (Supplementary Fig. 10h). To
verify the interaction between ELOF1 and CRL4%5A, we applied in situ proximity-
ligation assays (PLA) between TY1 epitope-tagged ELOF1 and the RBX1 subunit
of CRL4®SA,  Nuclear TY1 staining was detected in ELOFI-KO cells rescued
with stable expression of ELOF1-TY1 (Supplementary Fig. 10i), which fully
restored their Illudin S resistance (Supplementary Fig. 2f). Endogenous RBX1,
but not ELOF1-TY1, was recruited to sites of local UV-induced DNA damage
(Supplementary Fig. 10j). In 50% of the cells an increased PLA signal between
RBX1 and ELOF1 was detected at these DNA damage sites (Fig. 6g, h), which was
~2-fold higher than at other nuclear areas (Fig. 6i). Our findings suggest that
ELOF1 interacts directly with CRL4®5* and stimulates the CRL4“5*-dependent
ubiquitylation of RNAPII K1268 (Fig. 6j).

ELOF]1 is involved in a CSB-independent repair pathway

To further compare the roles of CSB and ELOF1 in response to DNA damage,
we performed CRISPR screens in CSB-KO and ELOFI-KO cells in the presence
of Illudin S. Loss of CSA and UVSSA in CSB-KO cells was epistatic, while loss of
ELOF]I caused an additive sensitivity to Illudin S (FDR<0.001, Fig. 7a). The screen
in ELOF1-KO cells confirmed that loss of core TCR genes CSA, CSB and UVSSA
caused an additive sensitivity to Illudin S (FDR<0.01). Loss of STK19, previously
linked to transcription recovery after UV [15] and sensitizing RPE1 cells to Illudin
S (Fig. 1a, b) [28], did not cause additional Illudin S sensitivity in either CSB-KO or
ELOFI-KO cells (Fig. 7a, b). Both CSB-KO and ELOFI-KO cells revealed a strong
dependency on REV7 (MAD2L2) and the 9-1-1 complex (Fig. 7a, b), suggesting
that these KO cells require translesion synthesis to deal with unresolved DNA
damage during replication. Loss of the PTEN tumor suppressor reduced the
cytotoxic effects of transcriptional stress in both ELOFI-KO and CSB-KO cells (Fig.
7a, b). Furthermore, loss of the deubiquitylase OTUDS5, which inhibits RNAPII
elongation in response to DNA double-strand breaks [29], alleviates the sensitivity
of ELOF1-KO cells to Illudin S, while its loss has the opposite impact on CSB-KO
cells (Fig. 7a, b).

To validate these genetic interactions, we generated CSB/ELOFI and CSB/CSA
double knockout (dKO) cells. Drug-sensitivity assays confirmed that CSB/ELOFI-
dKO cells were more sensitive to Illudin S and Irofulven than either single
knockout, while this was not the case for CSB/CSA-dKO cells (Fig. 7c, d). We
propose that ELOFI-KO cells are not fully TCR deficient, as they still benefit
from remaining CSB expression. Conversely, CSB-KO cells rely on ELOF1 for
proliferation in the presence of Illudin S-induced DNA damage. Our network
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analyses show that CSB-KO and ELOFI-KO cells have overlapping, but also
unique genetic dependencies (Fig. 7e). Based on these observations, we
hypothesize that in addition to its role in canonical TCR, ELOF1 also acts in a
second DNA repair pathway.
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Fig. 7: CRISPR screens identify determinants of Illudin S sensitivity in the absence of ELOF1 or CSB.
(a-b) Volcano plot depicting gene-knockouts sensitizing (red) or conferring resistance (blue) to Illudin
S. (@) CSB-KO (IC40; 2 nM Illudin S) or (b) ELOFI-KO (IC40; 5 nM Illudin S) cells. The fold change (log,)
is plotted on the x-axis and the significance (-log;o (P value)) is plotted on the y-axis (full analysis
results in the Source data). (c-d) Drug sensitivity assays (72 h) in the indicated RPE1-iCas9 single and
double KO clones exposed to (c¢) Illudin S or (d) Irofulven. The experiment has been performed twice
and each symbol represents the median of 4 technical replicates of an independent experiment. (e)
Venn diagram and network analysis of overlapping and unique hits in the Illudin S screens of RPE1-
iCas9 WT, CSB-KO and ELOFI-KO cell lines. Grey lines reflect known protein-protein interactions
(Cytoscape, BioGRID).
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ELOF]1 regulates a replication stress pathway

Recently published genome-wide CRISPR screens in the presence of 27 genotoxic
agents suggested that loss of ELOFI, but not of CSB, CSA, or UVSSA causes
sensitivity to compounds that interfere with DNA replication (Supplementary Fig.
10k) [28]. In line with this, we found that ELOFI-KO cells showed increased
sensitivity to a specific inhibitor of DNA polymerase «(CD437) in clonogenic
survival experiments, while WT and CSB-KO cells were similarly sensitive to
CD437 (Fig. 8a). To investigate S-phase-specific DNA repair functions of ELOF1,
we monitored yH2AX foci in EdU-positive cells. Both CSB-KO and ELOFI-KO
cells showed a marked increase in YH2AX foci in S-phase cells after Illudin S
treatment. This induction increased even further in CSB/ELOF1-dKO cells (Fig.
8b, ¢). Formation of YH2AX foci in non-replicating cells was much lower and
poorly induced in CSB-KO, ELOFI1-KO or CSB/ELOF1-dKO cells (Fig. 8b, c). DNA
fiber analyses demonstrated that DNA replication forks progressed at normal
rates (~1 kb/min) in mock-treated cells. However, fork speed declined upon 25
nM Illudin S treatment in CSB-KO cells and ELOFI-KO cells, but not in WT cells.
Importantly, knocking out CSB and ELOF]I together significantly reduced fork
speed even at low Illudin S concentrations (5 nM; Fig. 8d, e).

To test whether a role of ELOF1 in DNA replication is linked to transcription,
we monitored R-loop accumulation after UV irradiation by DRIP-qPCR in the
actively transcribed RPLI3A and EGRI genes. Both genes showed increased R-
loops in ELOFI-KO cells, while CSB-KO cells showed levels comparable to WT
cells (Fig. 8f). The R-loop signal in ELOFI-KO cells was completely lost after
RNaseH treatment. These findings reveal a second TCR-independent role of
ELOF1 in protecting cells against DNA damage during replication, which becomes
particularly important when canonical TCR fails (Fig. 8g).

Discussion

In this study, we identify and characterize human ELOF1 as an RNAPII-associated
transcription elongation factor that is also a core component of the transcription-
coupled DNA repair machinery with an additional role in preventing DNA
damage during DNA replication.

The UV-induced ubiquitylation of RNAPII (RPB1-K1268) by the CRL4CSA
complex is important for TCR [3, 4]. Yeast ELF1 binds to a central cleft in front
of RNAPII close to this ubiquitylation site (Fig. 6d) [18]. Our findings suggest
that loss of ELOFI does not affect recruitment of either CSB or CRL4®%? to lesion-
stalled RNAPII (Fig. 5a, b), but rather that ELOF1 interacts with CRLA®A through
direct protein-protein contacts and directs the catalytic site of the CRL4“SA
complex into close proximity of the K1268 site (Fig. 6e-i). By serving as a
specificity factor for RNAPII ubiquitylation, ELOF1 subsequently promotes the
recruitment and ubiquitylation of UVSSA, which, in turn, transfers the TFIIH
complex from UVSSA onto DNA damage-stalled RNAPIIo to initiate repair (Fig.
6j).

The importance of ELOF1 in TCR is evident from (1) the inability of ELOFI-
KO cells to remove UV-induced lesions from transcribed strands (Fig. 4,
Supplementary Fig. 7 - Fig. 9), (2) the persistent stalling of RNAPII throughout
the genome upon UV irradiation (Fig. 3g-h, Supplementary Fig. 6b), and (3) the
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cells collected per experiment). (d) Top: Schematic representation of the DNA fiber assay. Bottom:
representative images of DNA fibers in the indicated RPE1-iCas9 knockout clones after treatment with
Mludin S (25 nM; scale bar =5 pm). (e) Quantification of DNA replication fork speed in the indicated
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all the experiments (n=5 for WT and ELOFI-KO, n=2 for CSB-KO). (g) Model of the role of ELOF1 in
non-replicating and replicating cells showing how ELOF1 depletion leads to defective TCR, R-loop
accumulation, and replication stress upon encountering transcription-blocking DNA damage.
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inability of ELOFI-KO cells to recover RNA synthesis following UV irradiation,
similar to TCR-deficient CSB-KO cells (Fig. 3a-d, Supplementary Fig. 4a, d)
[21]. We therefore propose that ELOF1 is a core TCR factor, and hypothesize
that hypomorphic ELOF1 mutations may cause a Cockayne syndrome-like
phenotype.

Our genetic-interaction network indicates that ELOF1 is not only involved in
TCR, but also in a CSB-independent repair pathway (Fig. 7a, b). Consistently,
we find that ELOFI-deficient cells but not CSB-deficient cells are sensitive
to replication stress triggered by DNA polymerase ainhibition (Fig. 8a), and
accumulate R-loops in transcribed regions (Fig. 8f). Although the precise nature
of this pathway remains to be elucidated, these findings suggest that ELOF1
helps to prevent DNA damage during replication and might prevent collisions
between transcription and replication machineries (Fig. 8g). Importantly, our
data reveal that cells become more dependent on this secondary ELOF1 pathway
when canonical TCR fails, suggesting that the additive impact of the second

ELOF1 pathway may be partially masked in TCR-proficient cells. (Fig. 8c, e).

Elucidating the components and the mechanism involved in the compensatory
ELOF1-dependent pathway are important goals for future research.

Together, our results identify ELOF1 as a transcription-coupled DNA repair
factor that promotes CSB-dependent TCR by directing RNAPII ubiquitylation and,
atthe same time, acts in a compensatory second pathway as a more general sensor
of transcription stress during DNA replication (Fig. 8g).

Methods

Cell lines. All cell lines (listed in Supplementary Table 1) were cultured at 37°C in an atmosphere
of 5% CO, in DMEM (Thermo Fisher Scientific) supplemented with penicillin/streptomycin (Sigma)
and 10% fetal bovine serum (FBS; Bodinco BV or Thermo Fischer Scientific (Gibco)). U20S Flp-In/T-
REXx cells (from here on out called U20S (FRT)), which were generated using the Flp-InTM/T-RExTM
system (Thermo Fisher Scientific), were a gift from Daniel Durocher [30].

Construction of RPE1-TetOn-Cas9-PuroS-7TP53-K0O. Human RPE1-hTERT cells were acquired from
ATCC (CRL-4000™). Lentiviral particles of pLVX-Tre3G-Cas9 plasmid (Clontech, Cas9 from vector
Lenti-Cas9-2A-Blast (Addgene) were produced in HEK293T cells using the Lenti-X HT packaging
system (Clontech). Transduced RPE1-hTERT cells were selected using 10 pg/mL puromycin and 400
pg/mL G418 to generate RPE1-TetOn-Cas9 [31]. To create knockouts, Cas9 expression was induced
by 100 ng/mL doxycycline (Sigma-Aldrich) followed by transfection by RNAIMAX (Invitrogen) with
10 nM tracrRNA (Integrated DNA Technologies, IA) and 10 nM synthetic crRNA targeting 7P53 and
the Streptomyces puromycin-N-acetyltransferase PACI gene (sgRNAs listed in Supplementary Table
2). The population was selected for TP53-KO cells by selection on 10 pM Nutlin-3 (Selleck Chemicals,
TX) for one week. Single cell clones were selected based on sensitivity to 1 pg/mL puromycin,
and knockout of TP53 was confirmed by Sanger sequencing and western blot. Cas9 activity of
the RPE1-TetOn-Cas9-PuroS-T7P53-KO cell line (RPE1-iCas9) was assayed by transducing cells with
lentivirus produced using vector pXPR-011 (Addgene) [32] containing eGFP, sgGFP and puromycin N-
acetyltransferase (Plasmids are listed in Supplementary Table 3). After transduction, transduced cells
were selected by puromycin (3 pg/mL, Sigma) and eGFP-expression was assayed every 4 h forup to a
week in the absence and presence of doxycycline (100 ng/mL, Sigma) in an IncuCyte Zoom automated
live-cell imaging platform (Sartorius, Gottingen, Germany).

CRISPR/Cas9 screens. For every screen, three populations of RPE1-iCas9 were transduced at an
M.O.IL of ~0.2 with a 1:1000 dilution of TKOv3-in-pLCKO lentiviral library in medium containing 8
pg/mL hexadimethrine bromide (Sigma-Aldrich). The library was a gift from Katherine Chan, Amy
Tong and Jason Moffat (Donnelly Centre, University of Toronto, Toronto, ON). 24 h after transduction,
puromycin (Sigma-Aldrich) was added to 5 ug/mL to select for transduced cells. After all cells in non-
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transduced control populations had died and dishes with transduced populations had reached 90%
confluence, a t=0 sample was taken for each of the three populations. From the remaining cells of
each population 30 x 10% (corresponding to a library representation of >400) were grown as a control
population, and additionally 30 x 108 were grown in the presence of Illudin S for the drug screens, at a
concentration of 25 nM for the screen in RPE1-iCas9, 2 nM for the screen in RPE1-iCas9 CSB-KO, and
5 nM for the screen in RPE1-iCas9 ELOFI-KO. Doxycycline was added to the medium of all replicates
from t=0 onwards to induce expression of Cas9, at a concentration of 200 ng/mL. After three doublings
30 x 106 cells of each population were subcultured. After 12 doublings, all populations were collected.

Sequencing and analysis of CRISPR screens. Genomic DNA was isolated from each population using
the Blood and Cell Culture DNA Maxi Kit (Qiagen). 3 pg gDNA of each population was amplified
using the KAPA HiFi ReadyMix PCR Kit (Roche) with the TKO outer Fw and Rv primers (Primers
are listed in Supplementary Table 4) followed by a second PCR reaction using reverse primers with
different Illumina i7 index sequences for each sample to identify the sample after pooled sequencing
as previously described [33]. The second PCR products of each pool were purified by QIAquick PCR
Purification Kit (Qiagen). RNAseq samples were added to 10% to create balanced reads for the first
21 nucleotides sequenced. Up to twelve samples were sequenced in a single HiSeq4000 lane in
an SR50 run using standard reagents and conditions and reads were mapped to the TKOv3 library
sequences, not allowing any mismatches. The screen data was analyzed using DrugZ (v.1.1.0.2)
[34], log, (fold change) was calculated by first normalizing all samples to an equal number of total
reads (pseudocount +1), then calculating the median fold change per guide for the three replicate
screen samples, and finally calculating the log, of the median fold change of all guides targeting the
gene. For network analysis, the physical interactions of differentially depleted genes were extracted
from the gene interaction database, GeneMANIA. Functional pathway analysis was performed using
Reactome (v72). The interaction network was built and visualized in Cytoscape (v.3.7). Node colors
were adjusted based on FDR. Node border colors were customized based on enriched pathways.

Generation of knock-out cells. Cells were either transfected with Cas9-2A-GFP (pX458; Addgene
#48138) containing a guide RNA from the TKOv3 library (Addgene #125517) or co-transfected with
Cas9-2A-GFP (pX458; Addgene #48138) together with pLV-U6g-PPB encoding a guide RNA from
the LUMC/Sigma-Aldrich sgRNA library using lipofectamine 2000 (Invitrogen) (sgRNAs are listed in
Supplementary Table 2 and plasmids in Supplementary Table 3). Cells were FACS sorted on BFP/GFP
and plated at low density after which individual clones were isolated. Alternatively, cells were selected
with puromycin (1 pg/mL) for 3 days and seeded at low density after which individual clones were
isolated. Isolated knockout clones were verified by western blot analysis and/or Sanger sequencing
previously described (Primers are listed in as Supplementary Table 4) [7].

Plasmids. The Neomycin resistance gene in pcDNA5/FRT/TO-Neo (Addgene #41000) was replaced
with a puromycin resistance gene. Fragments spanning GFP-N1 (Clontech) including the multiple
cloning site were inserted into pcDNA5/FRT/TO-puro. ELOF1WT was amplified by PCR and inserted
into pcDNA5/FRT/TO-puro-GFP-N1. ELOF1 mutants were generated by site-directed mutagenesis
PCR (Primers are listed in Supplementary Table 4). Aregion spanning the PGK promoter was amplified
by PCR and used to replace the CMV promoter in pEGFP-C1-IRES-PURO [35]. The ELOF1"WT-GFP and
ELOF1572K/D73K_GFEP genes were inserted into pPGK-EGFP-C1-IRES-PURO to replace EGFP-C1. All
sequences were verified by Sanger sequencing.

Generation of stable cell lines. U20S (FRT) ELOFI-KO clone 3-12 was selected and subsequently
used to stably express inducible GFP-tagged proteins by co-transfecting pcDNA5/FRT/TO-Puro
plasmid encoding GFP-tagged fusion proteins (5 pg), together with pOG44 plasmid encoding the Flp
recombinase (0.5 pg) using lipofectamine 2000 (Invitrogen) (Plasmids are listed in Supplementary
Table 3). Cells expressing inducible GFP-tagged proteins were selected by incubation with 1 pg/mL
puromycin and 4 pug/mL blasticidin S. Expression of these GFP-tagged proteins was induced by the
addition of 2 pg/mL doxycycline for 24 h.

Compounds. In the indicated experiments 10 pM MG132 (Cayman Chemical, #13697), 20 mM N-
ethylmaleimide (NEM) (Pierce, #23030), and 10 uM FT671 (Medchem express, #HY-107985) was used.

Immunoprecipitation for Co-IP. Cells were mock treated or irradiated with UV-C light (20 J/ m?)
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and harvested 1 h after UV. Chromatin-enriched fractions were prepared by incubating the cells
for 20 min on ice in IP buffer (IP-130 for endogenous RNAPII IP and IP-150 for GFP-IP), followed
by centrifugation, and removal of the supernatant. For endogenous RNA pol II IPs, the chromatin-
enriched cell pellets were lysed in IP-130 buffer (30 mM Tris pH 7.5, 130 mM NaCl, 2 mM MgCl,, 0.5%
Triton X-100, protease inhibitor cocktail (Roche), 250 U/mL Benzonase® Nuclease (Novagen), and 2
pg RNAPII-S2 (ab5095, Abcam) for 2-3 h at 4 °C. For GFP IPs, the chromatin-enriched cell pellets were
lysed in IP-150 buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.5% NP-40, 2 mM MgCl,, protease inhibitor
cocktail (Roche), and 500 U/mL Benzonase® Nuclease (Novagen)) for 1 h at 4 °C. Protein complexes
were pulled down by 1.5 h incubation with Protein A agarose beads (Millipore) or GFP-Trap® A beads
(Chromotek). For subsequent analysis by western blotting, the beads were washed 6 times with IP-
130 buffer for endogenous RNAPII IPs and EBC-2 buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM
EDTA, 0.5% NP-40, and protease inhibitor cocktail (Roche)) for GFP-IPs. The samples were prepared
by boiling in Laemmli-SDS sample buffer.

Mass spectrometry. After pulldown, the beads were washed 4 times with EBC-2 buffer without NP-40
and 2 times with 50 mM ammonium bicarbonate followed by overnight digestion using 2.5 pg trypsin
at 37 °C under constant shaking. Peptides were desalted using a Sep-Pak tC18 cartridge by washing
with 0.1% acetic acid. Finally, peptides were eluted with 0.1% formic acid/60% acetonitrile and
lyophilized as described [36]. Samples were analyzed on a Orbitrap Exploris 480 mass spectrometer
(Thermo Fisher, Germany) coupled to an Ultimate 3000 UHPLC system (Thermo Fisher, Germany).
Digested peptides were separated using a 50 cm long fused silica emitter (FS360-75-15-N-5-C50, New
Objective, Massachusetts, US) in-house packed with 1.9 uM C18-AQ beads (Reprospher-DE, Pur, Dr.
Maisch, Ammerburch-Entringen, Germany) and heated to 50 °C in a Column Oven for ESI/Nano Spray
(Sonation, Germany). Peptides were separated by liquid chromatography using a gradient from 2%
to 32% acetonitrile with 0.1% formic acid for 40 min followed by column re-conditioning for 20 min.
Scan range for MS was from 300 to 1,600 m/z. Data-Dependent Acquisition (DDA) mode was used
with a Top Speed method, resolution of 60,000 and tandem mass spectra (MS/MS) cycles of 3 sec.
Internal calibration was enabled based on lock mass corresponding to polysiloxane (445.12003 m/z).
Higher-Collisional Dissociation (HCD) normalized collision energy was set to 28% and only precursor
ions with charges between 2 and 6 were considered to trigger MS/MS events. Precursors selected for
MS/MS analysis were dynamically excluded for 30 sec.

Mass spectrometry data analysis. Raw mass spectrometry data were further analyzed in MaxQuant
(v1.6.14) as previously described [37] using standard settings with the following modifications.
Maximum missed cleavages by trypsin was set to 4. Searches were performed against an in silico
digested database from the human proteome including isoforms and canonical proteins (Uniprot,
accessed June 8th 2020) plus GFP protein. Oxidation (M), Acetyl (Protein N-term), GlyGly (K) and
Phospho (STY) were set as variable modifications with a maximum of 3. Carbamidomethyl (C) was
disabled as fixed modification. Label-free quantification was activated, including calculation of iBAQ
and not enabling Fast LFQ. The match between runs feature was activated with default parameters.
MaxQuant output data were further processed in the Perseus Computational Platform (v1.6.14) as
previously described [38]. LFQ intensity values were log, transformed and potential contaminants
and proteins identified by site only or reverse peptide were removed. Samples were grouped in
experimental categories and proteins not identified in 4 out of 4 replicates in at least one group were
also removed. Missing values were imputed using normally distributed values with a 1.8 downshift
(log,) and a randomized 0.3 width (log,) considering whole matrix values. Two-sided t-tests were
performed to compare groups. Data were exported from Perseus and further processed in Microsoft
Excel 2016 for comprehensive visualization.

Western blotting. Proteins were separated on 4-12% Criterion XT Bis-Tris gels (Bio-Rad, #3450124)
in NuPAGE MOPS running buffer (NP0001-02 Thermo Fisher Scientific), and blotted onto PVDF
membranes (IPFL00010, EMD Millipore). Membranes were blocked with blocking buffer (Rockland,
MB-070-003) for 1 h at RT. Membranes were then probed with antibodies as indicated (Antibodies are
listed in Supplementary Table 5). Proteins stained with HRP-conjugated secondary antibodies were
detected using Western Lightning Plus-ECL (PerkinElmer, NEL103001EA).

Clonogenic survival assays. Cells were seeded at low density and mock-treated or exposed to a
dilution series of Illudin S (Santa Cruz; sc-391575) or CD437 (Stem cell; #72722) for 72 h. On day 10,
the cells were washed with 0.9% NaCl and stained with methylene blue. Colonies of more than 20 cells
were scored.
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Dose-response curves. Cells were seeded in 96-well plates (1000 cells per well for RPE1-iCas9) in
150 ul of medium. 24 h after seeding, drugs were added manually dissolved in 50 pl of medium
(Cisplatin) or printed directly into the plate by Tecan D300e digital dispenser (Illudin S, Irofulven).
Phenylarsine oxide (PAO; Sigma-Aldrich) was used at 10 uM as a control for zero cell viability. After
72 h of drug exposure, cell viability was assayed by adding 30 pl of CellTiter-Blue (Promega) in
medium to each well. Plates were incubated for 4 h at 37 °C, and plate fluorescence (560Ex/590Em)
was measured on a BioTek plate reader. Relative viability was calculated for each well from
the fluorescence measurements as: (value-(value(PAO))/((value(untreated)-(value(PAO)). A four-
parameter dose-response curve was fit to the viability values using Graphpad Prism 8 (v8.4.2).

RNA recovery synthesis (RRS). For the RRS following DRB treatment, cells were treated with 100 uM
DRB (Sigma, D1916) for 2 h and either during the DRB treatment or following DRB washout the cells
were pulse-labelled with 400 pM 5-ethynyl-uridine (EU; Jena Bioscience) for 1 h. For the RRS following
UV irradiation, cells were irradiated with UV-C light (9 J/ m? or 12 J/m?), allowed to recover for the
indicated time periods, and pulse-labelled with 400 pM 5-ethynyl-uridine (EU; Jena Bioscience) for 1
h followed by a 15 min medium-chase with DMEM without supplements. Cells were fixed with 3.7%
formaldehyde in PBS for 15 min, permeabilized with 0.5% Triton X-100 in PBS for 10 min at RT and
blocked in 1.5% bovine serum albumin (BSA, Thermo Fisher) in PBS. Nascent RNA was visualized by
click-it chemistry, labelling the cells for 1 h with a mix of 60 pM Atto azide-Alexa594 (Atto Tec), 4 mM
copper sulfate (Sigma), 10 mM ascorbic acid (Sigma) and 0.1 ug/mL DAPI in a 50 mM Tris-buffer. Cells
were washed extensively with PBS and mounted in Polymount (Brunschwig).

Unscheduled DNA synthesis (UDS). Cells were locally irradiated with UV-C light (5 pm filter; 30
J/m?) and subsequently pulse-labelled with 20 uM 5-Ethynyl-2°-deoxyuridine (EdU; VWR) and 1
pM FuDR (Sigma Aldrich) for either 1 h or 4 h followed by a 30 min medium-chase with DMEM
without supplements. Cells were fixed with 3.7% formaldehyde in PBS for 15 min, permeabilized
with 0.5% Triton X-100 in PBS for 20 min at RT and blocked in 3% BSA (Thermo Fisher) in PBS.
The incorporated EAU was coupled to Atto azide Alexa Fluor 647 using Click-iT chemistry according
to the manufacturer’s instructions (Invitrogen). After coupling, the cells were post-fixed with 2%
formaldehyde for 10 min and subsequently blocked with 100 mM Glycine. DNA was denatured with
0.5% NaOH for 5 min, followed by blocking with 10% BSA (Thermo Fisher) for 15 min. Next, the cells
were incubated with an antibody against CPDs for 2 h, followed by secondary antibodies 1 h, and
DAPI for 5 min (Antibodies are listed in Supplementary Table 5). Cells were mounted in Polymount
(Brunschwig).

Proximity ligation assay (PLA). Cells were locally irradiated with UV-V light (5 um filter; 100 J/m?; 1 h
recovery), washed with CSK buffer (100 mM NaCl, 300 mM Sucrose, 3 mM MgCl, 10 mM PIPES pH 6.8)
followed by a pre-extraction with CSK buffer containing 0.25% Triton X-100 for 5 min. Cells were fixed
with 3.7% formaldehyde in PBS for 15 min and permeabilized with 0.5% Triton X-100 for 10 min at RT.
The PLA was performed according to manufacturer’s specifications using Duolink in Situ (Sigma) with
the indicated antibodies (Antibodies are listed in Supplementary Table 5) and signal intensities were
quantified using Image J.

DNA fiber assay. Cells were treated with 5 nM or 25 nM Illudin S for 15 min begore labelling. Cells
were sequentially incubated for 20 min with 25 uM chlorodeoxyuridine (CldU) followed by 20 min
with 250 pM iododeoxyuridine (IdU). Next, cells were lysed in spreading buffer (200 mM Tris-HCl pH
7.4, 50 mM EDTA and 0.5% SDS) on Superfrost microscope slides. Fibers were spread by slightly
tilting slides followed by fixation in methanol:acetic acid (3:1). After denaturation of DNA by 2.5
M HCI for 75 min and blocking in PBS with 1% BSA and 0.1% Tween-20, slides were incubated
with antibodies against BrdU (Antibodies are listed in Supplementary Table 5). After fixing using
4% paraformaldehyde, slides were incubated with secondary antibodies and mounted with Prolong
Gold Antifade Mountant (Invitrogen). Fiber lengths were measured using Image]J and values were
converted into kilobases using the conversion factor 1 pm = 2.59 kb [39].

vH2AX Foci. Cells were either mock treated or treated with 5 nM Illudin S for 15 h. Cells were
incubated with 10 pM EdU (Jena Bioscience) for 20 min, fixed with 2% paraformaldehyde and
permeabilized with 70% ice cold EtOH. Cells were blocked with 3% BSA containing 0.3% Triton X-
100. Next, the cells were incubated with an antibody against YH2AX for 1.5 h, followed by secondary
antibodies 1 h (Antibodies are listed in Supplementary Table 5). Next, EAU positive cells were
visualized by incubating for 30 min with EQU Click-iT reaction cocktail (50 mM Tris-HCIl pH 7.6, 150
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mM NaCl, 1 uM Picolyl Azide 5/6-FAM (#CLK-1180, Jena Bioscience), 4 mM CuSO, and 2 mg/mL
Sodium-L-Ascorbate). Cells were mounted using ProLong™ Gold Antifade Mountant with DAPI
(Invitrogen) and yYH2AX foci per cell were quantified using Image J.

Microscopic analysis of fixed cells. Images of fixed samples were acquired on a Zeiss Axiolmager
M2 or D2 widefield fluorescence microscope equipped with 63x PLAN APO (1.4 NA) oil-immersion
objectives (Zeiss) and an HXP 120 metal-halide lamp used for excitation. Images were recorded using
ZEN 2012 (Blue edition, v1.1.0.0) software and analyzed in Image J (v1.48).

DRIP-gPCR. Cells were irradiated with UV-Clight (9]/ m?) and incubated in conditioned media for 3 h.
DNA was extracted by incubating the cells overnight at 37 °C in TE buffer containing 0.625% SDS and
0.1 mg/mL proteinase K (Thermo Fisher Scientific; EO0491) followed by phenol-chloroform extraction
and ethanol precipitation. The DNA was enzymatically digested with the following cocktail of enzymes
and compounds at 37 °C overnight: HindlIIl, EcoRI, Xbal, Sspl, and BsrGI, BSA, NEB buffer 2.1 (New
England Biolabs) and spermidine (0.1 M; Sigma-Aldrich, #05292-1ML-F) as described previously [40].
The DNA was purified using phenol-chloroform and precipitated with ethanol. For the control of
the immunoprecipitated material, 10 ug of each sample was separated in an independent tube and
treated with RNase H (NEB) overnight at 37 °C. The DRIP procedure was performed as previously
described with some modifications [41]. One-tenth of the purified DNA was used as input. For the
immunoprecipitation 8 pg of DNA was incubated with 3 pg of $9.6 antibody (Kerafast, #ENHO001) in 1x
binding buffer (10 mM sodium phosphate pH 7.0, 140 mM NaCl, and 0.05% Triton X-100) overnight at
4 °C, followed by pulldown of DNA-RNA hybrids with Protein A Dynabeads (Thermo Fisher; 10002D)
for 2 h at4 °C. The samples were washed extensively, after which the samples were eluted with elution
buffer (50 mM Tris pH 8.0, 10 mM EDTA pH 8.0, and 0.5% SDS). Both the input and the IP samples
were treated with proteinase K and incubated for 45 min at 55 °C. The samples were purified using
phenol-chloroform and precipitated with ethanol. Quantitative qPCR was performed using SYBR-
Green Mastermix (Bio-Rad) with the indicated primers (Primers are listed in Supplementary Table 4).
The immunoprecipitation efficiency as percentage of input at each locus was calculated as previously
described [41].

Protein expression and purification. Cloning, protein expression and purification of Xenopus laevis
CSB and CSA-DDB1-CUL4A-RBX1 (CRL4%5*) was done as described previously [7]. Coding sequences
of Xenopus laevis ELOF1 and RAD23B for bacterial expression were ordered as codon-optimized
gene blocks from Integrated DNA Technologies and cloned into pOPINK vectors (Addgene #41143)
containing the indicated affinity tags. Proteins were expressed in E. coli OverExpress™ C41(DE3)
Chemically Competent Cells (Sigma) grown at 37 °C in LB medium supplemented with appropriate
antibiotics. At an optical density (OD600) of 0.5-0.6, protein expression was induced with 0.5 mM
IPTG for 18-20 h at 18 °C. For the expression of ELOF1, ZnSO, was added to a final concentration
of 20 uM at the time of induction. Protein purifications were performed at 4 °C. Cells were lysed by
sonication in Lysis Buffer (25 mM HEPES pH 8.0, 300 mM NaCl, 10% glycerol, 2 mM DTT, 20 M
ZnSO, (ELOF1 only)) containing one EDTA-free complete protease inhibitor tablet (Roche) and 1
mg/mL lysozyme (Sigma), and cleared by centrifugation for 1 h at 35,000 rpm. The cleared lysate
was incubated with 1-2 mL equilibrated Glutathione Sepharose 4B resin (GE Healthcare) for 1 h at
4 °C on a rotating wheel. The resin was washed extensively with GST High-Salt Wash Buffer (25 mM
HEPES pH 8.0, 500 mM NacCl, 5% glycerol, 2mM DTT, 10 pM ZnSO, (ELOF1 only)). For the purification
of GST and GST-tagged ELOF1, proteins were eluted with GST High-Salt Wash Buffer supplemented
with 20 mM reduced L-Glutathione (Sigma). For the purification of untagged ELOF1 and RAD23B, the
resin was washed with Gel-Filtration Buffer (25 mM HEPES pH 8.0, 200 mM NaCl, 5% glycerol, 2 mM
DTT, 10 uM ZnSO, (ELOF1 only)) and the GST tag was cleaved overnight on the resin with GST-tagged
PreScission protease. Both GST-tagged and untagged proteins were further purified by gel filtration
(Superdex 75) in Gel-Filtration Buffer. Peak fractions were concentrated with 5 mL 3 MWCO spin
concentrators (Millipore), frozen in liquid nitrogen, and stored at -80 °C. Endogenous Xenopus laevis
RNA Polymerase II (RNAPII) complex was purified from egg extract (HSS; high-speed supernatant)
using the monoclonal 8WG16 antibody immobilized on Protein G Sepharose 4 Fast Flow resin (GE
Healthcare). After overnight incubation at 4 °C, the resin was washed with Wash Buffer (25 mM HEPES
pH 7.5, 12.5 mM MgCl,, 0.1 mM EDTA, 10% glycerol, 0.1 mM DTT, 0.01% NP-40) containing 400
mM KClI followed by Wash Buffer containing 200 mM KCI. The protein was eluted with Wash Buffer
containing 200 mM KCl and 1.5 mg/mL RNAPII CTD peptide (H,N-PTSPSYSPTSPSYSPTSPSYS-OH;
New England Peptide) and further purified by gel filtration (Superose 6 Increase) in Superose 6 Gel-
Filtration Buffer (25 mM HEPES pH 7.5, 150 mM NaCl, 10% glycerol, 2 mM DTT). Peak fractions were
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pooled, concentrated with 5 mL 50 MWCO spin concentrators (Millipore), frozen in liquid nitrogen,
and stored at -80 °C.

Pull-down using immobilized GST and GST-ELOF1. Purified GST and GST-tagged Xenopus laevis
ELOF1 were immobilized on equilibrated Glutathione Sepharose 4B resin (GE Healthcare) for 1 h at
4 °C. The beads were washed with GST Pull-down Buffer (10 mM HEPES pH 7.7, 50 mM KCl, 2.5 mM
MgCl,, 250 mM sucrose, 0.2 mg/mL BSA, 0.02% Tween) and incubated with the indicated purified
proteins for 1 h at 4 °C. Subsequently, the resin was washed three times with GST Pull-down Buffer.
After the final wash, the beads were resuspended in Laemmli-SDS sample buffer prior to SDS-PAGE
analysis and Western blotting.

In vitro ubiquitylation assay. In vitro ubiquitylation assays were performed as previously described
[7]. In short, in vitro neddylated recombinant xICRL4®5A was incubated at RT with purified ELOF1 or
CSB, E1, UBE2D2, ubiquitin, and ATP prior to SDS-PAGE and western blot analysis.

ChIP-sequencing. Cells were mock treated or irradiated with UV-C light (9 J/m?) and incubated in
conditioned media for different periods of time (1, 4, 8, 16 h). Cells were crosslinked with 0.5 mg/mL
disuccinimidyl glutarate (DSG; Thermo Fisher) in PBS for 45 min at RT. Cells were washed with PBS
and crosslinked with 1% PFA for 20 min at RT. Fixation was stopped by adding 1.25 M Glycin in PBS
to a final concentration of 0.1 M for 3 minutes at RT. Cells were washed with cold PBS and lysed and
collected in a buffer containing 0.25% Triton X-100, 10 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0 and
20 mM Hepes pH 7.6. Chromatin was pelleted in 5 min at 400 g and incubated in a buffer containing
150 mM NaCl, 1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0 and 50 mM Hepes pH 7.6 for 10 minutes
at 4 °C. Chromatin was again pelleted for 5 min at 400 g and resuspended in ChIP-buffer (0.15% SDS,
1% Triton X-100, 150 mM NaCl, 1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0 and 20 mM Hepes pH 7.6)
to a final concentration of 15x10° cells/mL. Chromatin was sonicated to approximately 1 nucleosome
using a Bioruptor waterbath sonicator (Diagenode). Chromatin of ~5x10° cells was incubated with 3 g
antibody (Antibodies are listed in Supplementary Table 5) overnight at 4 °C, followed by a 1.5 h protein-
chromatin pull-down with a 1:1 mix of protein A and protein G Dynabeads (Thermo Fisher; 10001D
and 10003D). ChIP samples were washed extensively, followed by decrosslinking for 4 h at 65 °C in the
presence of proteinase K. DNA was purified using a Qiagen MinElute kit. For ser2-RNAPII ChIP-seq
sample libraries were prepared from 1 ng ChIPed DNA using NEBNext Ultra II DNA Library Prep Kit
for Illumina (NEB, E7645S) and index primer sets (NEB, E7335S). Strand-biased library amplification
was performed using high-fidelity KAPA HiFi Enzyme (Roche, KK2102). The prepared libraries were
sequenced on an Illumina HiSeq 2500 system (Illumina), resulting in 150 bp paired-end reads. For
the remaining ChIP-seq samples, libraries were prepared using KAPA HyperPrep kit (Roche) and A-T
mediated ligation of full Y-shaped IDT adapters. Samples were sequenced in a 150 bp paired-end run
on an I[llumina HiSeq X system (Macrogen).

Bru-sequencing. For Bru-sequencing after DRB treatment, cells were pre-treated with DRB (100
uM) for 3.5 h. Then cells were washed with PBS and incubated with 2 mM bromouridine (BrU) at
37 °C for 30 or 60 min, as indicated per experiment. For Bru-sequencing after UV irradiation, cells
were irradiated with UV-C light (9 J/ m?) and incubated in conditioned media for different periods
of time (3, 8, 24 h) before being incubated with 2 mM BrU at 37 °C for 30 min. All Bru-sequencing
samples were subsequently lysed in TRIzol reagent (Invitrogen) and BrU-containing RNA was isolated
as previously described [42]. cDNA libraries were made from the BrU-labeled RNA using the Illumina
TruSeq library kit and paired-end 151 bp sequenced using the Illumina NovaSeq platform at the
University of Michigan Advanced Genomics Core. Single-end or paired-end sequencing data was used
for downstream analyses.

ATAC-seq. For each experimental condition 50.000 cells were harvested and washed with cold PBS
containing protease inhibitors (Roche). The cells were resuspended in 50 pl Transposase mixture,
containing 1x Tagment DNA buffer Illumina Kit, (#20034197), 0.5 pl Tagment DNA enzyme (Illumina
Kit, #20034197) and 200 ng/pl Digitonin (Promega, #G9441), and incubated at 37°C for 30 min.
Fragmented DNA was purified using a Qiagen MinElute kit (#28204). Libraries were prepared by PCR
using NEBNext High-Fidelity 2x PCR Master Mix (New England Labs, #M0541) and Nextera XT index
Kit v2 (Illumina). Samples were sequenced in a 150 bp paired-end run on an Illumina HiSeq X system
(Macrogen).

RNA-seq and data analysis. Cells were irradiated with UV-C light (9 J/m?) or mock-treated and
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harvested 24 h later. Total RNA was isolated using the RNeasy mini kit (Qiagen) according to the
manufacturer’s protocol. Up to 5x10° cells per sample were lysed in RLT buffer. For quantification
purposes, 24 ng of the eight ArrayControl™ RNA Spikes (Thermo Fisher Scientific) were added to
each sample at this stage (3 ng/spike). Samples were purified using the KAPA mRNA HyperPrep kit
(Roche) and prepared for sequencing using the TruSeq RNA Library Prep Kit v2 (Illumina) according
to the manufacturer’s instructions, and sequenced in an SR50 run in a single lane on an Illumina
HiSeq4000. For RNA-seq data analysis, obtained sequencing reads were cleaned by 5’-end quality
trimming and Illumina-adapter clipping by Trimmomatic (v0.32) [43]. Pre-alignment quality control
of the cleaned sequencing reads was done with FastQC (v0.11.8). The alignment to reference genome
hg19 of trimmed sequencing reads was done with Hisat2, guided by gene annotation in the refGene
UCSC table [44]. The generated SAM files were converted to the binary counterpart BAM, followed by
BAM sorting and indexing with SAMtools (v1.10) [45]. Counting reads to the UCSC’s genomic features
hgl9, performed by Subread and featureCounts [46]. Differential expression analysis was performed
using edgeR (v3.14.0) [47]. Only genes with at least 2 counts per million in at least 33% of samples were
included in the analysis. Data were normalized for sample specific effects by the trimmed mean of M-
values. This was followed by estimating the dispersion and determining the differentially expressed
genes, using general linear model (GLM). FDR-adjusted p-values < 0.05 were considered significant.

ChIP-seq, Bru-seq and ATAC-seq data analyses. For ser2-RNAPII ChIP-seq, low-quality sequence
reads and adapters were filtered out by Trimmomatic (v3.36) [43]. The trimmed reads were aligned to
the human reference genome (GRCh37/hg19) with the Burrows-Wheeler Aligner (BWA-v0.7.12-r1039)
[48]. Biobambam?2 (v2.0.72) [49] was used to remove duplicate reads from the aligned reads. Sequence
reads were locally realigned and base-quality scores were recalibrated with the IndelRealigner and
BaseRecalibrator programs in Genome Analysis Toolkit (GATK-v3.5) [50].

For pan-RNAPII ChIP-seq, Bru-seq and ATAC-seq, a sequencing quality profile was generated
using FastQC (v0.11.2). If needed, sequences were trimmed using TrimGalore (v0.6.5). Reads were
aligned to the Human Genome 38 using bwa-mem tools (BWA-v0.7.16a) [48]. Only high-quality
reads (> q30) were included in the analyses and duplicates were removed using Samtools (v1.6) with
fixmate -m and markdup -r settings (Sequence depth is available at: https://doi.org/10.1038/s41556-
021-00688-9 (Supplementary Table 6)). Bam files were converted into stranded TagDirectories
and UCSC genome tracks using HOMER tools (v4.8.2) [51]. Example genome tracks were
generated in IGV (v2.4.3). A list of 49,948 genes was obtained from the UCSC genome database
(https://genome.ucsc.edu/cgi-bin/hgTables) selecting the knownCanonical table containing the
canonical transcription start sites per gene. To prevent contamination of binding profiles, genes
should be non-overlapping with at least 2 kb between genes. Subsequent selection of sets of genes
is described per analysis.

For ChIP-seq, binding profiles within selected areas of individual genes (e.g. around TSS or TTS),
were defined using the AnnotatePeaks.pl tool of HOMER using the default normalization to 10 million
reads. Metagene profiles were defined using the makeMetaGeneProfile.pl tool of HOMER, using
default settings. Read densities in input samples were subtracted from individual ChIP-seq datasets
to background-correct our data in which negative values were converted to 0, to prevent the use of
impossible negative read densities in further calculations. Individual datasets were subsequently
processed into heatmaps or binding profiles using R (v3.5.3) and Rstudio (v.1.423) [52]. ChIP-seq
binding and metagene profiles were averaged per set of genes and profiles were normalized to area
under the curve (unless described otherwise) to allow proper comparison of the profiles without
effects of overall differences in read density.

ATAC-seq and Bru-seq heatmaps were generated as described for ChIP-seq analyses, except for
the input subtraction. Bru-seq aggregated profiles of Fig. 3d and Extended Data Fig. 4d, were defined
using the AnnotatePeaks.pl tool of HOMER using the default normalization to 10 million reads, as
for ChIP-sequencing except for input subtraction. Genes were selected on size and strongest binding
of RNAPII at the TSS in undamaged condition, as for ChIP-sequencing. Read counts at 200 bp was
put to 0 and averaged binding profiles were subsequently normalized to nascent transcript levels, as
quantified by 5-EU labelling, relative to the control in their specific cell type. For example, WT cells 3
h after UV irradiation showed 35% RNA relative to WT control cells, so we multiplied the expression
of the bins by 0.35.

For ChIP-seq, ATAC-seq and Bru-seq analyses, genes were selected based on their lengths for
the different analyses (either 3-100 kb, 25-50 kb, 50-100 kb, or greater than 100 kb), and were further
selected based on the strongest binding of RNAPII in mock-treated WT cells, as indicated per analysis.
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Strand-bias analyses and recovery index. Pull down of RNAPII from damaged genes results in a
relative overrepresentation of damaged transcribed strands in the ChIP-seq samples. The inability
of high-fidelity DNA polymerases to amplify damaged DNA strands therefore results in unequal PCR
amplification (strand-bias) of the transcribed and non-transcribed strand during ChIP-seq library
sample prep. ChIP-seqreads were quantified in transcribed and non-transcribed strands of genes of 3-
100 kb (removing small genes that are unlikely to be damaged in our approach and long genes that are
unlikely to be repaired within the timeframe of our analyses) with minimal gap of 2 kb between genes
using the AnnotatePeaks.pl tool of HOMER with the default normalization to 10 million reads. We
focused on the top 3000 genes that showed strongest binding of RNAPII at the TSS in WT undamaged
condition to select for actively transcribed genes. A strand specificity index (SSI) was subsequently
calculated per gene with the following equation (as described before [3])

reads in “transcribed” strand - reads in “non-transcribed” strand

Strand specificity index=

reads in “transcribed” strand + reads in “non-transcribed” strand

Depending on whether genes are present on the + or - strand of DNA, a strand bias results in either
positive or negative SSI values, varying around 0 (representing no strand bias). To quantify the
amount of damage and correlated level of recovery, we defined a recovery index (RI). For this, we
generated frequency distributions of per-gene SSIs. While SSIs frequencies follow a single Gaussian
distribution in non-biased ChIP-sequencing samples, the SSI frequencies in biased ChIP-seq samples
are expected to follow a mixed Gaussian distribution composed of 3 normal distributions: one
distribution representing genes without strand bias (with py,=0), and two Gaussian distributions
representing strand-biased genes on either the + or - strands of DNA, with ; and p, symmetrically
positioned around g (-p = ). The mean distance that the strand-biased Gaussian distributions
deviate from 0 (which is represented by -1 or 1) was defined as the recovery index (RI). The three
Gaussian distributions were fitted using normalmixEM of the mixtools package in R [53].

RNAPII wave-front analyses. DRB treatment inhibits release of protomer proximal RNAPII into the
gene, resulting in a run-off of all elongating RNAPII molecules from transcribed genes. After DRB
release, RNAPII molecules restart transcription from the TSS with an average speed of ~2 kb/min in
WT cells [54]. To define the speed of RNAPII molecules, an RNAPII wave-front was defined in BruDRB-
seq samples as the average distance from the TSS that newly released RNAPII molecules reach within
the indicated time-period (30-60 min after DRB release). Per gene, a positive transcription level was
defined as the average BrU readcount/kb within the first 20 kb of a gene. Per gene, the front of
the RNAPII pool was subsequently defined as the shortest distance from the TSS where in at least 5
consecutive kb the BrU readcount/kb dropped below 20% of this positive transcription level. Wave-
fronts per gene were subsequently recalculated to speed of RNAPII in kb/min and averaged per
BruDRB-seq repeat.

Statistics and Reproducibility. Most experiments were confirmed in multiple cell lines and
using complementary approaches. The genome wide CRISPR/Cas9 screens were performed in
three independent replicate populations. The ChIP-seq and ATAC-seq experiments were repeated
independently twice, except for the pan-RNAPII ChIP-seq U20S CSB-KO 20 J/m? at 8 h, which was
performed once. The Bru-seq and BruDRB-seq experiments were repeated independently twice,
except for the BruDRB-seq 30 min, which was repeated three times. RNA-seq experiments were
independently repeated three times. All experiments yielding micrographs, pull-down experiments
and drug-sensitivity assays were performed independently at least twice and often three times as
indicated in the legends. The mass-spectrometry experiments were performed in quadruplicate.
Statistical analysis was carried out using two-sided t-tests to compare groups (P<0.05).
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Supplementary tables

Supplementary Table 1: Cell lines

Cell line Origin
U20S (FRT) [30]

U20S (FRT) CSB-KO (1-12) [7]

U20S (FRT) ELOF1-KO (3-12) This study
U20S (FRT) ELOF1-KO (3-12) + ELOF1-GFP This study
U20S (FRT) ELOF1-KO (3-12) + ELOF1-S72K/D73K-GFP This study
U20S (FRT) ELOF1-KO (3-12) + ELOF1-TY1 This study
U20S (FRT) ELOF1-KO (3-12) + ELOF1-S72K/D73K-TY1 This study
RPE1-iCas9 This study
RPE1-iCas9 CSB-KO (1-15) This study
RPE1-iCas9 ELOF1-KO (2-12) This study
RPE1-iCas9 ELOF1-KO (2-16) This study
RPE1-iCas9 UVSSA-KO (3-9) This study
RPE1-iCas9 PTGR1-KO (11) This study
RPE1-iCas9 XPC-KO This study
RPE1-iCas9 CSB-KO (1-15) / ELOF1-KO (2-12) This study
RPE1-iCas9 CSB-KO (1-15) / CSA-KO (3-21) This study
RPE1-iCas9 ELOF1-KO (2-16) + ELOF1-GFP This study
RPE1-iCas9 ELOF1-KO (2-16) + ELOF1-S72K/D73K-GFP This study
Human RPE1-hTERT ATCC (CRL-4000™)

Supplementary Table 2: Sequences of sgRNAs

Gene Sequence Gene_ID Exon_ID Exon
CSA_3 5-GGAGAGCAGAGTCAACACGG-3 ENSG00000049167 ENSE00001762056 1
CSB_1 5-AGACAGAATGATCCGATGAG-3 ENSG00000225830 | ENSE00002514316 10
UVSSA_3 5-TCCACGAGCACACAGCCGGC-3 ENSG00000163945 ENSE00001713804 6
ELOF1_2 5-TCACATCACAGGATTTCTCG-3 ENSG00000130165 ENSE00003469475 2
ELOF1_3 5-TGATTGGATAGACGCCTGCG-3 ENSG00000130165 ENSE00001061357 4
PTGR1_1 5-CGGTGAGGAACAAAGCTTCA-3 ENSG00000106853 ENSE00003807576 3
PTGR1_2 5-GTAGGCCAAAGTAGGCAGTC-3 ENSG00000106853 ENSE00003810161 6
TP53 5-CGGACGATATTGAACAATGG-3 ENSG00000141510 | ENSE00003625790 4
PAC1 5-ACGCGCGTCGGGCTCGACAT-3 GB: CP023695.1 n.a. n.a.
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Supplementary Table 3: Plasmids

Plasmid Origin
pcDNA5/FRT/TO-Neo Addgene #41000
pcDNA5/FRT/TO-Puro [7]
pcDNA5/FRT/TO-Puro-GFP-N1 [7]

pLV-U6g-PPB LUMC/Sigma-Aldrich sgRNA library
pOG44 Thermo Fisher
pX458 Addgene #48138
pXPR_011 Addgene #59702
pX458-(Cas9-2A-GFP)-sgELOF1-2 This study
pX458-(Cas9-2A-GFP)-sgELOF1-3 This study
pX458-(Cas9-2A-GFP)-sgUVSSA-3 This study
pX458-(Cas9-2A-GFP)-sgERCC8-3 This study
pcDNA5/FRT/TO-puro-ELOF1-GFP-N1 This study
pcDNAS5/FRT/TO-puro-ELOF1-S72K/D73K-GFP-N1 This study
pcDNAS5/FRT/TO-puro-ELOF1-TY1-N1 This study
pcDNA5/FRT/TO-puro-ELOF1-S72K/D73K-TY1-N1 This study
pPGK-GFP-C1-IRES-PURO This study
pPGK-ELOF1-WT-GFP-N1-IRES-PURO This study
pPGK-ELOF1-S72K/D73K-GFP-N1-IRES-PURO This study
PTM58_pAB1_FLAG-xIDDB1_x_(pIDC_xICSA-StrepII)x2 This study
pTM65_pAB1_FLAG-xICSBW! This study
pTM67_pAB1_FLAG-xICUL4A_xIRBX1 This study
pOPINK Addgene #41143
pTM185_pOPINK_xIELOF1 This study

pTM190_pOPINK_xIRAD23B

This study
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Supplementary Table 4: Primers for sequencing, cloning, and Drip-qPCR

Gene Sequence Identifier | used
for

CSB 5-GTAGGGGCCAGTTGTTAGAATGTAA-3 oML#078
5-CTCACATTCTGAATGACTTGGCTA-3 oML#079
5-ACTGACCICGCAATCACIGAC-3 oML#444

CsA 5-CAAGTACACAAGGCICTTCCIC-3 oML#445
5-TTGGTCCGTGCCCACGIG-3 oML#446
5-GICCICIGCCITTAATAGGCTIG-3 oML#447
5-ACCCAGAGGTACACAGAGATTG-3 oML#090

UVSSA 5-GCICTTAGAAGIGICCCIGIG-3 OML#091
5-ATCAGGAGGCTGAGGCGGCIG-3 oML#076
5-AGGAGCCTACCCGGGAGCCGGG-3 oML#077
5-ATGTIGCCCAGGCIGGTATC-3 oML#320
5 TCCTCTGIGTCGCTACTGATTG-3 oML#321
5-GATCACAGGTGIGAGCCAC-3 oML#328

ELOF1 5 CACTTAGGICAAGGGCGATC-3 oML#329_| Sequen-
5-AAGAAGATGACAGGCACCCTC-3 oML#322 | cing
5-CGGGAAGTCCAGITGAGATG 3 oML#323
5-TGAAGGCGICATCACCCAC-3 oML#330
5-GCITICGGAGCCAAGIGAG-3 oML#331
5-CCICTCATGCCTAATATCACA-3 oML#363

PTGRI 5 AGTACAACAGCCITGGCAGT-3 oML#364
5-GAACTTATATGGGAATGAGGCACA-3 oML#369
5-GGGIGATGACTCTTAGCTGGCT-3 oML#370

CRISRP 1| AGGGCCTATTTCCCATGATTCCTT TKO_Fw
TCAAAAAAGCACCGACTCGG TKO_Rv
AATGATACGGCGACCACCGAGATCTACACTATAGCCTACACTCTTT B
CCCTACCGACGCTCTTCCGATCTTGTGGAAGGACGAGGA*C*C*G

CRISRP_2 [~ A GCAGAAGACGGCATACGAGAT-(i7)-GTGACTGGAGTTCAGACGT )
GTGCTCTTCCGATCTATTTTAACTTGCTATTTCTAGCTCTAAA*A*C TKO17

ELOF1 5-ACAATTGCTAGCGCCACCATGGGGCGCAGAAAGTC-3 oML#308

WT 5-AGCTGTGTAAACCGGTAGCTGATIGGCCGCCTCG-3 OMLAZ09 | (0 i

ELOF1 5-GAACCCGTGGATGTGTACAAGAAGT GGATAGACGCCTGCGAG-3 oML#353

$72K/D73K | 5-CTCGCAGGCGTCTATCCACTTCTTGTACACATCCACGGGTTC-3 oML#354

EGRI 5-GCCAAGTCCTCCCTCTCTACTG-3
5-GGAAGIGGGCAGAAAGGATTG-3 DRIP-

RPLISA 5-GCTTCCAGCACAGGACAGGTAT-3 gqPCR
5-CACCCACTACCCGAGTTCAAG-3
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Supplementary Table 5: Antibodies

Antibody Host Company (reference) Use Identifier
Cas9 Mouse Cell Signalling, #14697 (7A9-3A3) WB: 1:2000 aML#031
CSA/ERCCS Mouse Santa Cruz, sc-376981 (D2) ‘WB: 1:500 aML#025
Rabbit Abcam, 137033 (EPR9237) WB: 1:500 aML#028
Goat Santa Cruz, sc-10459 (E-18) WAB: 1:1000 aML#039
CSB/ERCC6 Rabbit Santa Cruz, sc-25370 (H-300) WB: 1:300 aML#003
Mouse Bio Matrix Research, #BMR00638 | WB: 1:1000
(553Cba)
Mouse Roche, #11814460001 (7.1 and 13.1) WB: 1:1000 aML#011
GFP Rabbit | Abcam, ab290 WB: 1:1000 aML#044
Mouse Santa Cruz, sc-9996 (B2) ‘WB: 1:1000
p62/GTF2H1 Mouse Santa Cruz, sc-48431 (G10) 'WB: 1:500 aML#099
pBY/XPB/ERCC3 Mouse Millipore, MABE1123 (15TF2-1B3) ‘WB: 1:2000 aML#101
Mouse Santa Cruz, sc-271500 (G10) ‘WB: 1:1000
UVSSA Mouse Abnova, #H00057654-B01P WRB: 1:500
Rabbit | Abcam, ab5095 }’ng L:glOOO, aML#024
[NAPIL-S2 Rat Milipore, #04-1571 (3E10) ‘c“'ﬁialfgli?’ aML#120
RNAPII-Total Rabbit Bethyl, #A304-405A ChIP: 3 ug aML#088
ATF3 Rabbit Abcam, #ab207434 (EPR19488) WB: 1:1000 aML#064
vH2AX Mouse | Millipore, #05-636 JBW301) TiB: 12500,
CPD Mouse Cosmo Bio, CAC-NM-DND-001 (TDM-2) IF: 1:1500 aML#020
Tubulin Mouse Sigma, T6199 (DM1A) WB: 1:1000 aML#008
Mouse IgG (H+L) CF770 Goat Biotium, VWR #20077 WB: 1:10000 | aML#009
rabbit IgG (H+L) CF680 Goat Biotium, VWR #20067 WB: 1:10000 | aML#010
Goat IgG (H+L) CF680 Donkey | Thermo fisher Scientific, A21084 ‘WB: 1:10000 aML#037
Rabbit IgG (HRP) Goat Abcam, ab6721 ‘WB: 1:5000 aML#105
Rat IgG (HRP) Goat Cell signaling, #7077 WB: 1:500
Mouse IgG (HRP) Horse Cell signaling, #7076 WB: 1:500
Goat Abcam, ab6789 WB: 1:5000 aML#132
Mouse IgG (H+L) Alexa | Goat Thermo fisher Scientific, A-21424 IF: 1:1000 aML#015
555
Rabbit IgG (H+L) Alexa | Goat Thermo fisher Scientific, A-11034 IF: 1:1000 aML#012
488
Mouse IgG (H+L) Alexa Donkey | Jackson Immuno Research, 715-545-150 IF: 1:500
488
Rat IgG (H+L) Alexa 555 Goat Invitrogen, A-21434 IF: 1:500
Mouse IgG (H+L) Cy3 Donkey | Jackson Immuno Research, 715-165-150 IF: 1:500
TY1 Mouse Diagenode, C15200054 (Mab-054-050) PLA: 1:6000 aML#154
RBX1 Rabbit Cell signalling, #11922 (D3]5I) PLA: 1:6000 aML#155
XPC Rabbit Novus Biologicals, #NB100-58801 WB: 1:1000 aML#077
PCNA Mouse Santa Cruz #sc-56 (PC10) WB: 1:1000 aML#156
FK2 Mouse Enzo life sciences, BML-PW8810-0500 ‘WB: 1:1000 aML#102
S9.6 Mouse Kerafast, #ENHO001 DRIP: 3 pg
BrdU Mouse Becton Dickinson, B44 Fiber 1:750
Rat Novus Biologicals, BUI/75 Fiber 1:500

Table continues on next page




ELOF1 is a transcription-coupled DNA repair factor | 99

New England Peptide; antigen:

FLAG Rabbit C(dPEG4)DYKDDDDK : 1:5000
. New England Peptide; antigen: .
XICSA Rabbit | CHRTHINPAFEDAWSSSEDES + 1:5000
. Pocono Rabbit Farm and Laboratory; .
x[ELOF1 Rabbit antigen: recombinant xXIELOF1 +1:5000
. Pocono Rabbit Farm and Laboratory; .
xIRAD23B Rabbit antigen: recombinant xXIRAD23B +1:5000
Thermo Fisher Scientific, 1.
RPB1 Mouse #MA1-26249 (BWG16) :1:5000
RPB2 Rabbit Thermo fisher Scientific, #PA5-57980 :1:500
GST Mouse | Cell Signaling, #2624 (26H1) : 1:3000
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Supplementary figures
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Supplementary Fig. 1: Human ELOF1 protects cells against transcription stress. (a) Front-view and
side-view of the yeast orthologue of CSB, S. cerevisiae RAD26 (purple), bound to RNAPII (grey) (PDB:
5VVS). (b) Schematic representation of the CRISPR/Cas9 screen in RPE1-iCas9 cells in the presence of
Iludin S (IC60; 25 nM). (c) Network analysis of highly significant hits representing genes that promote
Mludin S toxicity. Grey lines reflect known protein-protein interactions (Cytoscape, BioGRID). (d)
Sanger sequencing of the indicated RPE1-iCas9 single ELOFI-KO clones. (e) 72 h drug sensitivity
assay of indicated RPE1-iCas9 KO clones. The experiment has been performed twice and each symbol
represents the median of 6 technical replicates of an independent experiment. (f) Clonogenic Illudin
S survival of the indicated RPE1-iCas9 cells. The experiment has been performed three times (except
for ELOF1-KO 2-12 where the experiment has been done twice) and each symbol represents the mean
of 2 technical replicates of an independent experiment.
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Supplementary Fig. 2: Human ELOF1 and yeast ELF1 show similar RNAPII-binding modes. (a)
Sanger sequencing of the indicated U20S (FRT) ELOFI1-KO clone. (b) Clonogenic Illudin S survival
of U20S (FRT) WT, CSB-KO, ELOFI-KO, and ELOFI-KO complemented with ELOF1WI-GFP. The
experiment has been performed twice and each symbol represents the mean of 2 technical replicates
of an independent experiment. (c) Alignment of human ELOF1, Xenopus leavis ELOF1, and S.
cerevisiae ELF1. Conserved residues are indicated in yellow, zinc-finger cysteines in magenta, residues
involved in the RPB1 or RPB2 interaction in green. Note that the C-terminus of S. cerevisiae ELF1
(83-145) is absent in human ELOF1 and Xenopus leavis ELOF1. (d) Co-immunoprecipitation (IP)
of ELOF1WT-GFP and ELOF1572K/D73K_GFP on the combined soluble and chromatin fraction. Data
shown represent 4 independent experiments. (e) Volcano plot depicting the statistical differences
between 4 replicates of the MS analysis on ELOF1YT-GFP pull-down in mock treated and UV-
irradiated samples. The fold change (log,) is plotted on the x-axis and the significance (t-test -log;o (P
value)) is plotted on the y-axis. RNAPII subunits are indicated in red, elongation factors are indicated
in blue, GFP is indicated in green, and PAF1 subunits are indicated in purple. (f) Clonogenic Illudin
S survival of U20S (FRT) WT, ELOFI-KO, and TY1-tagged ELOF1 rescue cell lines. The experiment
has been performed twice and each symbol represents the mean of 2 technical replicates of an
independent experiment.
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Supplementary Fig. 3: ELOF1 promotes transcription elongation. (a) Calculated speed of RNAPII,
quantified by wave-front analyses, in WT (red) or ELOFI-KO (blue) cells 30 min (n=3 experiments) or
60 min (n=2 experiments) after DRB release. Data represents the median per condition (blackline) and
median within individual replicates (black circles). (b) Metaplots of BrU signal (nascent transcription)
from 2 kb before the TSS to 2 kb after the TTS in 767 genes between 25-50 kb (upper), 562 genes
between 50-100 kb (middle), or 400 genes of >100 kb in WT (red) or ELOFI-KO (blue) cells. Profiles
are normalized to 100% at promoter-proximal BrU peaks instead of area under the curve for better
comparison of transcription profiles. Profiles are averages of 2 independent replicates. (c) Heatmaps
of ATAC-seq data around the TSS (-5 kb until +5 kb) of 3,000 genes of 3-100 kb in unirradiated RPE1-
iCas9 cells (WT or ELOFI1-KO).
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Supplementary Fig. 4: ELOF1 promotes genome-wide transcription recovery. (a) Quantification
of 5-EU levels of the indicated RPE1-iCas9 cells normalized to mock-treated levels for each cell
line. Cells were either mock-treated or UV-irradiated (3 h or 24 h; 12 J/m?). The experiment has
been performed twice and each black circle represents the median of 2 technical replicates of an
independent experiment, >80 cells collected per technical replicate. The black line represents the
median of all the cells collected. (b) Quantification of 5-EU levels normalized to the baseline level
before DRB treatment for each condition. The experiment has been performed twice and each black
circlerepresents the median of 2 technical replicates of an independent experiment, >80 cells collected
per technical replicate. The black line represents the median of all the cells collected. (c) Western
blot analysis of RPE1-iCas9 ELOFI-KO cells complemented with GFP-tagged versions of ELOF1. Data
shown represent 3 independent experiments. (d) Metaplots of BrU signal (nascent transcription) in
767 genes between 25-50 kb, or in 561 genes between 50-100 kb in WT (upper) or ELOFI-KO (lower)
cells after mock treatment (red), or 3 h (blue), 8 h (black), and 24 h (green) after UV irradiation (9]/ m?).
Profiles are averages of 2 independent replicates.
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Supplementary Fig. 5: Global gene-expression changes in response to UV irradiation. Volcano plots
of RNA-seq in the indicated RPE1-iCas9 cell lines depicting the downregulation or upregulation of
gene expression in response to UV irradiation (24 h; 9J/m?). The fold change (log,) is plotted on the x-
axis and the significance (-log;( (P value)) is plotted on the y-axis. (a) WT, (b) CSB-KO, (¢) ELOFI-KO.
Only genes indicating at least 2 counts per million (CPM) in at least 33% of samples were included
in the analysis. FDR-adjusted p-values < 0.05 were considered significant. Several UV-response
genes are highlighted in red. (d) Box plot depicting the gene length of the 650 most significantly
downregulated genes (in blue) or the 650 most significantly upregulated genes (in red). The horizontal
line represents the median (center); Upper Bound: gene length scores larger than 75% of all data
points; Lower Bound: gene lengths scores shorter than 75% of all data points. Points above and below
the box represent the outliers.
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Supplementary Fig. 6: Genome-wide redistribution of RNAPII in response to UV irradiation. (a)
Heatmaps of pan-RNAPII ChIP-seq data around the TSS of 3,000 genes of 3-100 kb, ranked according
to RNAPII signal in mock-treated WT cells. Heatmaps of the same genes are shown after UV irradiation
(9J/m?) in WT or ELOFI-KO cells. (b) Averaged metaplots of pan-RNAPII ChIP-seq of 3,000 genes of
3-100 kb from the TSS until the TTS in the indicated RPE1-iCas9 cells after mock-treatment (red) or at
8 h (blue) after UV irradiation (9 J/m?). (c) As in b showing the area around the TTS (-2 kb until +2 kb).



106 | Chapter 3

a ChlP-seq (ser2-RNAPII)
ELOF1-KO CSB-KO

)

Moc_lf
i
oN b O ® 3
\@
Cg
i
i

o o

TSS s TSS s TSS s TSS s TSS s TSS s
6 15 20 15 8 15
4 10 15 10 6 10
< 10 4
2 5 5 5 2 5
o T 0 T 0 T 0 T 0 T 0 T
TSS s TSS s TSS s TSS s TSS s TSS s

0
T
SS TTS TSS TTS TSS TS

4
=
w
4

4h
oN DO ®
\@
oNn b O ®
g
o N B O
N
)
S
2
V

_.
@
"
E
w
-
@
w
E
w
—

SS

8h
E

o
g

o
a3 o
o N B o
y
oN s O ®
V

5
»
w
»
~
1%

w
<
—
w
~
»
»
»
~
»

S TTS TSS TTS TSS TS

J

0

T T

SS TTS TSS TTS TSS TTS TSS TTS
= Transcribed strand (contains DNA lesion)

= Non-transcribed (coding) strand

[
Il
|
I

_.
@
w
E
w
—
@
w
.
w
—

Supplementary Fig. 7: Metaplots of TCR-seq using a Ser2-RNAPII antibody. (a) Individual metaplots
(two replicates for each condition) of ser2-RNAPII TCR-seq of 3,000 genes for 3-100 kb from the TSS
until the TTS (-5 kb and +5 kb, respectively) in the indicated RPE1-iCas9 cells after mock-treatment or
at 1 h, 4 h, or 8 h after UV irradiation (9 J/m?). The coding (non-transcribed) strand in shown in red,
while the template (transcribed) strand is shown in blue.
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Supplementary Fig. 8: Histogram plots of TCR-seq using a Ser2-RNAPII antibody. (a) Frequency
distribution plots of the gene-by-gene ser2-RNAPII strand-specificity index (SSI). SSIs below -0.1 or
above 0.1 are presented in red. A unimodal distribution indicates no strand-bias (and thus no DNA
damage in the template strand), while a trimodal distribution reflects a strand-bias caused by DNA
damage in the template strand.
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Supplementary Fig. 9: Validation of TCR-seq with a pan-RNAPII antibody. (a) Individual metaplots

(two replicates for each condition) of pan-RNAPII TCR-seq of 3,000 genes of 3-100 kb from the TSS
until the TTS (-5 kb and +5 kb, respectively) in the indicated RPE1-iCas9 cells after mock-treatment or
at 1h, 4 h, or 8 h after UV irradiation (9 J/m?). The coding (non-transcribed) strand in shown in red,
while the template (transcribed) strand is shown in blue. (b) Frequency distribution plots of the gene-
by-gene pan-RNAPII strand-specificity index (SSI). SSIs below -0.1 or above 0.1 are presented in red.
A unimodal distribution indicates no strand-bias (and thus no DNA damage in the template strand),

while a trimodal distribution reflects a strand-bias caused by DNA damage in the template strand.
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Supplementary Fig. 10: ELOF1 is not involved in global genome repair. (a) Representative images
(scale bar =10 um) and (b) quantification of EQU levels in the indicated RPE1-iCas9 cells at sites of local
DNA damage (30 J/m?; 1 h). DNA damage was identified by CPD staining. Data represent the median
of an independent experiment (black circles) and the median of all cells collected (black line, n=2,
>80 cells collected per experiment). (c¢) Endogenous RNAPIIo Co-IP on U20S (FRT) ELOFI-KO cells
complemented with ELOF1WT.GFP after knockdown of CSB (siCSB) or as a control luciferase (siLUC).
(d) Western blot analysis of CSA protein levels in the indicated RPE1-iCas9 cells after mock treatment
or UV irradiation (7 h, 24 h, 48 h; 9 J/m?). (e) Quantification of 5-EU levels of the indicated RPE1-
iCas9 cells treated with DMSO or 10 uM FT671 (USP7 inhibitor) for 24 h followed by UV irradiation
(3h or 24 h; 9 J/m?). Data represent the median of an independent experiment (black circles) and
the median of all cells collected (black line, n=3, >50 cells collected per experiment). (f) Western blot
analysis of CSA protein levels from e. (g) GST pull-down of immobilized recombinant Xenopus laevis
(x1) ELOF1 incubated with recombinant xIRAD23B. (h) In vitro ubiquitylation of recombinant xIELOF1
and xICSB with recombinant xXICRL4C%A, E1, E2, ubiquitin, and ATP, the reactions were stopped at the
indicated times. (i) Representative images of staining with TY1 antibodies in U20S (FRT) WT cells
and ELOFI1-KO cells complemented with TY1-tagged ELOF1. (j) Representative image of staining with
TY1 and RBX1 antibodies at 1 h after local UV irradiation (50 J/m?2) in U20S (FRT) ELOFI1-KO cells
complemented with TY1-tagged ELOF1. (k) Results of mining a recent CRISPR screen repository [28].
Shown are the Z-scores for the indicated sgRNAs (targeting ELOF1 (blue), CSA (orange), CSB (green),
UVSSA (black) after exposure to the indicated genotoxic agents. a-j representative figures of at least
two independent experiments.
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