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Summary (150 words)

Transcription-coupled nucleotide excision repair (TC-NER) is initiated by the
stalling of elongating RNA polymerase II (RNAPIIo) at DNA lesions. The
ubiquitination of RNAPIIo in response to DNA damage is an evolutionarily conserved
event, but its function in mammals is unknown. Here, we identified a single DNA
damage-induced ubiquitination site in RNAPII at RPB1-K 1268, which regulates
transcription recovery and DNA damage resistance. Mechanistically, RPB1-K1268
ubiquitination stimulates the association of the core-TFIIH complex with stalled
RNAPIIo through a transfer mechanism that also involves UVSSA-K414
ubiquitination. We developed a strand-specific ChIP-seq method, which revealed
RPB1-K1268 ubiquitination is important for repair and the resolution of transcriptional
bottlenecks at DNA lesions. Finally, RPB1-K1268R knock-in mice displayed a short
life-span, premature ageing, and neurodegeneration. Our results reveal RNAPII
ubiquitination provides a two-tier protection mechanism by activating TC-NER and, in
parallel, the processing of DNA damage-stalled RNAPIIo, which together prevent
prolonged transcription arrest and protect against neurodegeneration.
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Introduction

The timely expression of genetic information is crucial for life. However,
genomic DNA is continuously damaged, and unrepaired DNA lesions interfere with
transcription (Jackson and Bartek, 2009). Eukaryotic cells preferentially remove DNA
lesions from the transcribed strand of active genes by transcription-coupled nucleotide
excision repair (TC-NER) (Hanawalt and Spivak, 2008). By preventing prolonged
stalling of RNA polymerase II (RNAPII) at DNA lesions (Brueckner et al., 2007), TC-
NER ensures swift transcription recovery and avoids apoptosis. Individuals suffering
from Cockayne syndrome (CS) have defective TC-NER due to mutations in either the
CSA/ERCCS or the CSB/ERCC6 gene, and display developmental abnormalities,
premature ageing and progressive neurodegeneration (Laugel, 2013). These CS clinical
features are likely caused by transcriptional misregulation of certain genes (Wang et al.,
2014), and cytotoxicity associated with prolonged stalling of RNAPII (Ljungman and
Zhang, 1996; Marteijn et al., 2014; Reid-Bayliss et al., 2016; Yamaizumi and Sugano,
1994).

TC-NER is triggered by the stalling of elongating RNAPII molecules
(RNAPIIo) at DNA lesions (Xu et al., 2017). The Cockayne syndrome protein complex
(CSA/CSB) as well as the UV-sensitive syndrome protein (UVSSA) collaborate in the
processing of RNAPIIo and the recruitment of repair factors (Nakazawa et al., 2012;
Okuda et al., 2017; van der Weegen et al., 2019). These events trigger the unwinding
and excision of the lesion-containing DNA fragment, which is followed by repair
synthesis and ligation to complete repair (Aboussekhra et al., 1995). A key event in TC-
NER is the recruitment of the TFIIH complex, which is a general transcription factor
that also functions in NER. However, it is currently unknown how stalled RNAPIIo
molecules transmit a signal to recruit the TFIIH complex to initiate repair and to resume
transcription.

One possibility is that the post-translational modification of stalled RNAPIIo
is involved in this process. It was indeed described ~20 years ago that the catalytic
subunit of RNAPII (RPB1) becomes ubiquitinated in response to DNA damage in both
yeast and human cells (Gregersen and Svejstrup, 2018). Extensive studies in yeast S.
cerevisiae have suggested that the ubiquitination of RPBI1 is not required for TC-NER,
but rather acts in a last resort pathway that regulates displacement and degradation of
DNA damage-stalled RNAPII (Lommel et al., 2000; Nouspikel, 2011; Somesh et al.,
2005; Somesh et al., 2007; Woudstra et al., 2002). The last resort pathway acts when
TC-NER is not available to allow lesion removal by a slower repair pathway, such as
global genome repair (GG-NER) without strand specificity. In humans, the mechanisms
involved in the ubiquitination and processing of RNAPII are less well understood.
Although several proteins have been linked to RNAPII ubiquitination in human cells
(Bregman et al., 1996; Ratner et al., 1998; Nakazawa et al., 2012; Kleiman et al., 2005;
Starita et al., 2005; Yasukawa et al., 2008; Anindya et al., 2007), its precise role
remains largely unexplored.

In this study, we identify an evolutionarily conserved DNA damage-induced
ubiquitination site at K1268 in the RPB1 subunit of human RNAPII; our results reveal
that this single RNAPII ubiquitination promotes transcription-coupled repair and
protects against neurodegeneration.
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Results

RNA polymerase II is predominantly ubiquitinated at lysine 1268 of RPB1 after
uv

To identify damage-induced ubiquitination sites in human RPB1, the largest
subunit of RNA polymerase II (RNAPII), we performed a SILAC-mass spectrometry
(MS) in UV-irradiated wild-type (WT) and TC-NER-deficient AUVSSA HCT116 cells.
From the initial MS analysis, we only detected RPB1 ubiquitination at lysine 1268
(K1268) (Table S1). We further performed label-free MS in WT HeLa cells after UV,
which revealed additional RPB1 ubiquitination at K1268, K163, K177, K758, K853,
and at K1350 (Table S2). All of these RPB1 lysine residues have been reported as
putative ubiquitination sites under various conditions (Elia et al., 2015). Importantly, we
only robustly detected ubiquitination at K1268 in response to a physiological level of
UV-induced DNA damage (Figure 1A).

We generated 15 site-specific knockin mutants in which a single RPB1
ubiquitinated lysine was mutated to arginine (RPB1-KR mutants; Figure 1A) of which
6 sites were identified in our MS, while 9 residues were reported previously (Elia et al.,
2015). All KR mutants were successfully generated using CRISPR/Cas9-based gene
editing in HeLa cells except for RPB1-K758R (Table S3). We next analysed the UV-
induced ubiquitination of the RPB1-KR mutants (Figure 1B). Importantly, the UV-
induced RPB1-Ilo upper bands (Ilo-Ubi) overlapped with immunoblot staining for
conjugated ubiquitin (Figure S1A). Moreover, incubation of GFP-tagged RPB1,
purified from UV-irradiated HEK293 cells, with the ubiquitin-endoprotease USP2 in
vitro resulted in loss of the RPB1-Ilo upper bands and the appearance of cleaved mono-
ubiquitin (Figure S1B). These findings demonstrate that these upper-bands truly
represent RPB1-Ilo ubiquitination (Bregman et al., 1996; Nakazawa et al., 2012). While
most RPB1-KR mutants still showed UV-induced RPB1-Ilo ubiquitination, this
modification was largely lost in RPB1-K1268R cells (Figure 1B). Notably, RPB1-Ilo
ubiquitination was also severely diminished in ACSB, ACS4, and in AUVSSA cells
(Figures 1B, S3A) (Bregman et al., 1996; Nakazawa et al., 2012; Ratner et al., 1998).
Collectively, these data indicate that UV-induced RPB1-Ilo ubiquitination occurs
predominantly at the K1268 residue. Interestingly, the RPB1-K 1268 site is highly
conserved (Figure S1C), and is surface-exposed near to where the downstream DNA
enters RNAPIIo during transcription (He et al., 2016; Figure S1D).

RPB1-K1268 ubiquitination is essential for transcription recovery and UV
resistance

To address the importance of RPB1-Ilo ubiquitination, we measured recovery
of RNA synthesis (RRS) after UV irradiation, which is a conventional measure of TC-
NER activity. While most RPB1-KR mutants exhibited only minor changes, the RPB1-
K1268R cells displayed a prominent defect in RRS (Figures 1C, S1E). Importantly,
nascent transcript levels (general transcription) were unchanged (Figure S1F) in the
RPB1-K1268R cells.

Clonogenic cell survival revealed an increased sensitivity to UV in most of
the RPB1-KR mutants, while the RPB1-K1268R cells exhibited the most pronounced
UV sensitivity among the mutants (Figure 1D). These results indicate that the
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ubiquitination of RPB1 at K1268 residue is important for transcription recovery and cell
survival after UV-induced DNA damage.

Cullin E3 ligases ubiquitinate RPB1 at K1268 and form K48- and K63-linked
ubiquitin chains in response to UV

To gain insight into the molecular events that mediate RPB1-Ilo
ubiquitination, we inactivated cullin-ring type E3-ligases (CRLs) with neddylation
inhibitor, MLN4924 (Soucy et al., 2009). MLN4924 treatment completely abolished the
UV-induced RPB1-Ilo ubiquitination, demonstrating that CRLs ubiquitinate the RPB1-
K1268 residue (Figure 2A). MLLN4924 treatment also diminished RRS in WT cells, but
not in TC-NER-deficient cells (Figure 2B), implying that CRLs play a predominant
role in the RPB1-Ilo ubiquitination associated with TC-NER activity.

We then studied the compositions of ubiquitin chains formed on the RPB1-
K1268 residue. Ubiquitin-pulldown assays confirmed the UV-induced ubiquitination of
RPBI1-Ilo was severely reduced in ACSA HeLa cells, and abolished in RPB1-K1268R
cells (Figure S2A). These findings indicate that the ubiquitination of RPB1 primarily
occurs on K1268 and is partly dependent on CSA. To investigate which specific
ubiquitin chains are formed on RPB1-K 1268, Ubiquitin-KR mutants (Ub-K6R, -K11R,
-K27R, -K29R, -K33R, -K48R, and -K63R) were expressed in WT HEK293 cells and
ubiquitin-pulldown was performed (K27R mutant was not included due to poor
expression). Interestingly, we noted substantially reduced total UV-induced RPB1
ubiquitination and increased chain termination products when expressing either Ub-
K63R or Ub-K48R (Figure 2C), suggesting that these ubiquitin linkages are primarily
formed on RPB1-K1268. The presence of both K48- and K63-linked polyubiquitin
chains were confirmed in GFP- RPBI1 precipitates from HEK293 cells, and these were
fully dependent on K1268 (Figure 2D). Notably, both K48- and K63-linked RPB1
ubiquitin chains were substantially decreased in ACSA4 cells (Figures 2D). Taken
together, these data indicate that CRLs, including CRL®®A, conjugate K48- and K63-
linked ubiquitin chains onto RPB1-Ilo at K1268 in response to UV.

Ubiquitination of RPB1-K1268 is crucial for the recruitment of TFIIH after UV
We next set out to define the molecular mechanism through which RPB1-
K 1268 ubiquitination regulates TC-NER. To this end, we monitored the association of
TC-NER factors with ubiquitinated RPB1-Ilo by chromatin co-immunoprecipitation. In
WT HeLa cells, RPB1-Ilo interacted with CSB and the CRL®S* complex as well as with
major subunits of the general transcription factor ITH (TFIIH) core-complex, and its
associated CAK complex in a UV-dependent manner (Figure 3A). Intriguingly, while
the RPB1-K1268R interacted normally with CS proteins after UV, its interaction with
the core-TFIIH and CAK complexes were severely impaired (Figure 3A). Indeed, the
UV-dependent recruitment of TFIIH to RPB1-1lo was completely abolished in ACS4,
ACSB, or AUVSSA cells (Figures 3B, S3A), consistent with recent results (van der
Weegen et al., 2019). Importantly, a UV dose-dependent increase in the TFITH
interaction was observed in WT cells, but not in RPB1-K1268R cells (Figure 3C).
TFIIH also did not associate with RPB1-K1268R at late time-points after UV,
suggesting an impaired rather than a delayed association (Figure 3D). Moreover, we
detected persistent association of CSB/CSA in the RPB1-K1268R mutant at late time-
points after UV, consistent with defective repair (Figure 3D). We also noticed that the
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UV-dependent TFIIH interaction was mostly preserved in the other RPB1-KR mutants
(Figure S3B). Of note, the TFIIH interaction required for the RPB1 C-terminal domain
(CTD)-Ser5 phosphorylation during transcription initiation was normal in the RPB1-
K1268R cells (Figure S3C), suggesting that RPB1-K1268 ubiquitination is specifically
involved in engaging TFIIH during TC-NER, but not during transcription initiation.

Mono-ubiquitination of UVSSA transfers TFIIH to RNAPIIo during TC-NER

We next sought to address how RPB1-K 1268 ubiquitination is
mechanistically linked to the recruitment of TFIIH during TC-NER. We focused on
UVSSA because it preferentially binds to ubiquitinated RPB1-Ilo after UV irradiation
(Nakazawa et al., 2012). In WT cells, we detected the association of endogenous
UVSSA with RPB1-Ilo after UV, but this was abolished in either ACSA or ACSB cells.
Conversely, AUVSSA did not affect the association of the CSB/CSA complex with
RPBI-Ilo (Figures 3B, S3A).

We noticed a distinct UVSSA 'mono-ubiquitinated' upper-band detected in
RPBI1-Ilo immunoprecipitates after UV (Figure 3B). MS analyses revealed that
UVSSA mono-ubiquitination occurs mainly at K414 (our unpublished data; Higa et al.,
2018). The mono-ubiquitinated UVSSA disappeared in RPB1-1lo immunoprecipitates
in HeLa cells lacking the UVSSA-K414 residue (AK414; Figure 3B). These findings
identify K414 as the key mono-ubiquitination site in UVSSA in response to UV.
Strikingly, the interaction between UVSSA and RPB1-Ilo was significantly reduced in
the RPB1-K1268R cells, and this particularly affected the mono-ubiquitinated form of
UVSSA (Figures 3C, S3C). Although difficult to detect, it appeared that general levels
of UVSSA-K414 ubiquitination were mostly unaffected in RPB1-K1268R cells.
Interestingly, this K414 residue is located within a stretch of acidic residues in the
central region of UVSSA (390-430aa), which directly interacts with the core-TFIIH-p62
pleckstrin homology (PH)-domain (Okuda et al., 2017). To specify critical residues in
UVSSA that mediate the TFIIH-p62 recruitment to ubiquitinated RPB1-Ilo, we
generated AUVSSA HeLa cells stably expressing the UVSSA-K414R, as well as the PH
domain-binding site (PHB) mutants (Okuda et al., 2017). The UV-dependent TFIIH-p62
recruitment to RPB1-Ilo was severely compromised in UVSSA-AK414 cells (Figure
3B), as well as in UVSSA-K414R cells (Figure 3E), indicating that the UVSSA-K414
ubiquitination is important for the TFIIH recruitment. As expected, the UVSSA-PHB
mutants also displayed defects in the TFIIH recruitment (Figure 3E). Strikingly, while
the PH domain-mediated UVSSA-TFIIH interaction was indeed impaired in the
UVSSA-PHB mutants, we detected a normal interaction between the UVSSA-K414R
mutant and TFIIH-p62 (Figure S3D). Importantly, RRS was impaired in all of the
UVSSA mutants (Figure S3E), showing that the UVSSA-K414 ubiquitination and the
TFIIH-p62 interaction are both critical for TC-NER. Notably, RPB1-Ilo ubiquitination
was restored to the WT level in all these UVSSA mutant cells (Figure 3E) despite their
TC-NER defect.

These findings indicate that the damage-induced RNAPIIo ubiquitination
mainly occurs prior to the recruitment of UVSSA and TFIIH, and that the ubiquitination
of UVSSA-K414 is exclusively needed for the efficient transfer of TFIIH from UVSSA
to stalled RNAPIIo (Figure 3F), which may involve later displacement of p62 by other
NER proteins, such as XPG.
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Genome-wide ChIP-seq reveals a strong transcription recovery delay in the RPB1-
K1268R mutant

To study the consequence of impaired RPB1-K 1268 ubiquitination on a
genome-wide scale, we employed chromatin immunoprecipitation of RPB1 to capture
DNA fragments, which were analysed by next-generation-sequencing (NGS) (ChIP-seq:
Figure 4A). This enables the quantitative and spatiotemporal mapping of RNAPII in the
genome. We performed ChIP-seq in WT and RPB1-K1268R mutant HeLa cells using
antibodies against total RPB1, or CTD phosphorylation-specific RPB1 (Figure 4A).
Without UV irradiation, in agreement with previous reports (Brookes et al., 2012;
Odawara et al., 2011; Rahl et al., 2010), CTD-Ser5-phosphorylated RPB1 (RPB1-Ser5)
formed two distinct peaks near transcription start sites (TSS), which reflect RNAPII
molecules during transcription initiation and promoter-proximal pausing (Figure 4B,
right panel gray lines). CTD-Ser2-phosphorylated RPB1 (RPB1-Ser2), which represents
the elongating form of RNAPII, was distributed throughout gene-bodies and was
significantly enriched after transcription end sites (TES) due to post-transcriptional
pausing prior to dissociation (Figure 4B, left panel gray lines). Total RPB1 ChIP
profiles (pan-RPB1) were a composite of RPB1-Ser2 and RPB1-Ser5 features (Figure
S4A, right panels gray lines). Importantly, all these RNAPII distribution profiles were
identical between RPB1-WT and RPB1-K1268R mutant in undamaged cells (Figures
4B, S4A), demonstrating that RPB1-K 1268 ubiquitination does not affect general
transcription.

At 3 h after UV, the distribution of RNAPII was comparable between RPB1-
WT and RPB1-K1286R, and significantly shifted with increased enrichment near the 3'
of TSS concomitant with a reduction at post-transcriptional pausing sites (PTPS) after
the TES (Figure 4B, green lines). This suggests that fewer RNAPII molecules reach the
end of genes due to DNA damage-induced transcription arrest, stalling or pausing, in
agreement with previous analyses (Paulsen et al., 2014). Strikingly, while the RNAPII
distribution started to shift back at 12 h after UV in WT cells, the RPB1-K1286R
mutant showed impaired transcription recovery (Figure 4C). These profile differences
were also prominent in individual genes (Figure 4D). Importantly, TC-NER-deficient
cells showed a similar RNAPII distribution to the K1286R mutant at all time-points
analysed except 3 h (Figures S4A, S4B; see arrows in RPB1-Ser2 3h panels),
suggesting this reflects the degree of impaired TC-NER.

Strand-specific ChIP-seq identifies RPB1-Ilo stalled at DNA damage and
demonstrates slow repair kinetics in RPB1-K1268R mutant in most genes

We next sought to establish a new ChIP-seq method measuring genome-wide
TC-NER kinetics. This method relies on the principle that a fraction of the DNA
fragments prepared after RPB1-Ser2 ChIP contain DNA lesions in the transcribed
strand, which caused RNAPIIo to stall in the first place. These DNA lesions will
prevent PCR amplification during the generation of NGS libraries. However, the
asymmetric structure of the Illumina library adapters (Figure 4E, left panel) allows the
strand-specific PCR amplification of fragments without DNA damage resulting in the
enrichment of reads in the coding (non-transcribed) strands. Indeed, a shift in strand-
biased ChIP-seq reads was clearly detected in UV irradiated samples and this strongly
correlated with gene orientation (Figure 4E, right upper panel).
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To estimate gene-by-gene repair kinetics from the strand-biased ChIP-seq
data, we calculated the Strand-Specificity Index (SSI), which reflects the degree of
remaining DNA damage in transcribed-strands in individual genes (see STAR
Methods). Transcription arrests at DNA lesions in gene bodies contribute to an increase
in the absolute values of SSI (|]SSI|), whereas RNAPIIo molecules pause after
transcription at the PTPS do not (Figure 4E, right upper panel). Plotting the SSI against
the read coverage within 'gene bodies' in individual 'active genes' (9,836 genes, Figure
S4C) revealed a unimodal distribution in undamaged HeLa cells (no strand-bias)
(Figure 4E, right bottom panel). Conversely, UV irradiation triggers a bimodal SSI
distribution due to bidirectional transcription and the stalling of RNAPIIo. Importantly,
treating ChIPed DNA fragments from UV-irradiated cells with a DNA repair enzyme
mix (preCR, NEB) prior to library preparation fully reverted the bimodal SSI pattern to
a unimodal distribution (Figure 4F). Thus, the strand specificity is a true consequence
of the presence of UV-induced DNA lesions.

We calculated the SSI to evaluate the impact of RPB1-K 1286 ubiquitination
on DNA repair kinetics in individual genes. In WT cells, SSI plots shifted to a bimodal
distribution at 3 h post-UV irradiation, which returned to a unimodal distribution within
12 h, indicating completion of DNA repair within this time-frame in 'most genes'
(Figure 4G, WT, red). In contrast, the bimodal distribution remained in the RPB1-
K1268R mutant up to 12 h after UV, reflecting a significant delay in the genome-wide
removal of DNA lesions by TC-NER (Figure 4G, K1268R, blue). To further support
this conclusion, we calculated the SSI in TC-NER-deficient cells. Importantly, we first
confirmed that the RPB1-Ser2 ChIP-seq read depths of individual genes showed a good
correlation between biological replicates in all tested cells (Figure S4D). Indeed, all of
these TC-NER-deficient cells displayed a bimodal distribution of SSI at 12 h after UV,
indicating impaired removal of DNA lesions in most genes in these cells (Figure S4E).

In conclusion, our genome-wide analysis supports an important role for
RPB1-K1268 ubiquitination in TC-NER-mediated clearing of DNA lesions from
transcribed-strands of active genes. In principle, this method can also be applied for the
detection of genome-wide RNAPII molecules stalled at various types of other
transcription-blocking DNA lesions, such as cisplatin and Illudin S.

A detailed TC-NER repair kinetic in the RPB1-K1268R mutant

Our strand-specific ChIP-seq method overcomes known limitations in
conventional methods (Mayer et al., 2017) and enable the evalutaion of gene-by-gene
repair kinetics. Indeed, analysis of individual genes (see MCM3 in Figure SA) revealed
slower repair kinetics in RPB1-K1268R cells compared to WT.

To extend our gene-by-gene analysis further, we calculated the Recovery
index (RI), which represents the progression of DNA lesion removal from transcribed-
strands in the entire genome (see STAR Methods and Figure S5A). To exclude the
effects of RNAPII pausing near TSS, TES, and PTPS, from now on we focused on the
'central genic region' in 5,704 active genes. This selection from 5 kb downstream of the
TSS to 5 kb upstream of the TES of >20 kb active genes did not affect the RI kinetics
(Figures 5B, S5B). After reaching a maximum at 1 h post-UV irradiation, WT HeLa
cells showed a gradual decrease in RI within 12 h indicative of near-complete repair
within this time-frame. However, the RI remained high in RPB1-K1268R and TC-NER-
deficient cells indicative of incomplete repair (Figure 5B). Surprisingly, ACSB cells
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displayed slower repair kinetics compared to the other cells, which possibly reflects
slow repair of UV-induced oxidative DNA damage (Menoni et al., 2018). The RPBI1-
K1268R cells showed significantly impaired TC-NER activity throughout the genome
albeit not as strong as complete loss of TC-NER.

As the average transcription speed is estimated to be ~2.5 kb per min and 7
J/m? UV irradiation triggers ~1 lesion per 10 kb, it would be expected that all sparsely
running RNAPIIo reach DNA lesions within the first ~10 min post-UV irradiation.
However, the RI increases in the first 1-3 h, suggesting a slow-down of the transcription
elongation rate after UV. The total number of reads did not decline after UV, while the
strand bias increased in the first 3 h (Figure S5C), indicating that the RI kinetics truly
represent progression of DNA lesion removal from transcribed strands.

Spatial distribution of stalled RNAPIIo molecules associated with TC-NER

We next examined the SSI across relative positions in genes. This analysis
revealed that DNA lesions were uniformly removed from entire gene bodies in WT cells
(Figures 5C, S5D), suggesting that TC-NER is initiated simultaneously by sparsely
running RNAPIIo molecules that stall at DNA lesions. Interestingly, the concordant
increase of SSI was observed in all cell types at early time-points post-UV irradiation
(Figure S5D), suggesting that de novo collisions of sparsely running RNAPIIo with
DNA damage continuously occurred within 1 h after UV in all cell types, while further
stalling continues afterwards in repair-deficient cells.

We next attempted a base-resolution mapping of DNA damage-stalled
RNAPIIo. UV irradiation predominantly generates transcription-blocking cyclobutane
pyrimidine dimers (CPDs) in DNA (Friedberg et al., 2005). An abundance of mapped
reads in the coding strands near A<>A dimers could indeed be successfully detected in
WT HeLa cells after UV (Figure SSE, solid line), due to the stalled RNAPIIo at UV-
induced T-T CPDs in transcribed strands. We further analysed the RNAPIIo stalling at
base-resolution in TC-NER-deficient, as well as RPB1-K1268R cells (Figures 5D,
SSF). Interestingly, we noted an asymmetry in the mapped reads near A<>A dimer sites
in the coding strand (T<>T DNA damage in the opposite transcribed strands),
suggesting increased accumulation of RNAPIIo at the 5' compared to the 3’ lesion-
proximal region in RPB1-K1268R cells as well as in TC-NER-deficient cells (Figure
5D). The increase of reads immediately adjacent to A<>A dimer sites (4a: peak height at
the damage site measured from the 3' baseline) and that of the 5' regions (/v: height of
the 5', 500bp upstream of the damage site, measured from the 3' baseline) in the coding
strand were quantified (Figure SE). As /Ay reached its maximum at ~1 h after UV in all
cell types with a nearly identical profile (Figure SE, dashed lines), this may reflect the
'queueing' of multiple RNAPII molecules at the 5' side of the T<>T dimer due to 'a
transcription traffic jam' right behind the RNAPII molecule that is stalled at the DNA
lesion. The queue resolved swiftly in WT cells, but persisted in TC-NER-deficient cells
as well as in RPB1-K1286R cells, suggesting that RNAPIlo queueing and its resolution
is associated with TC-NER activity and the processing of stalled RNAPIIo.

Gene-by-gene repair profiles identify unrepaired genic features in RPB1-K1268R
cells

Analysis of SSI in individual genes exhibited a strong correlation between
replicates both in WT and RPB1-K1268R cells at early time points (3-6 h) after UV
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irradiation in the entire genome (Figure 6A).This indicates that the TC-NER activity is
not random, but rather reflects a tight coordination between gene-by-gene transcription
and repair. This correlation was reduced and stochastic events became more prominent
at 12 h after UV, suggesting that random DNA repair by GG-NER dominates over TC-
NER at this time-point. Differential read coverage analysis identified genes that were
left unrepaired (red dots in Figure 6A). These analyses were also performed in TC-
NER-deficient cells (Figure S6A), which revealed an overlap in the sets of unrepaired
genes between cell types (Figure 6B). While there was only 20 % overlap between all
conditions (WT-KR-ATCR), which reflects 'common unrepaired genes' between WT
and repair-deficient cell types (KR-ATCR), there was about 80% (KR-ATCR) overlap
between unrepaired genes among the RPB1-K1268R (KR) and TC-NER-deficient
(ATCR) cells. Within these overlapping genes, (Figure 6B), we analysed common
features, such as gene length (Figure 6C) and GC contents (Figure 6D), as well as
RPB1 ChIP-seq read density, a proxy to gene expression level (Figure 6E) of the
individual genes. The common unrepaired genes (WT-KR-ATCR, blue) as well as the
overlapping genes between the KR and ATCR (green) cells were generally long in size,
exhibited low-GC content, and low-expression profiles, while genes only detected in the
ATCR-set (yellow) had no obvious characteristic features to distinguish them from
'promptly repaired' genes (pink, 2,005 genes outside the Venn diagram in Figure 6B).
Representative unrepaired genes in RPB1-K1268R cells are shown in Figure 6F.

We further performed a gene-enrichment analysis on the identified unrepaired
genes in RPB1-K1268R that were repaired in WT cells. We detected a significant
accumulation of unrepaired genes in the 'cell cycle' pathway (KEGG pathway 1D
hsa04110, p=5.60x10"'!; Figure S6B), such as genes encoding CDK-cyclin, ORC, and
MCM (see MCM3 repair profiles in Figure SA) complexes, all of which positively
regulate the cell cycle progression. These cell cycle genes are relatively long (median
length: cell cycle genes, 36kb; other genes, 22kb; p=7.69x10*, n=9,836, Mann-Whitney
U-test), which likely explains this phenomenon. Our analyses suggest a possible cell
cycle delay and subsequent permanent cell cycle arrest, resulting in cellular senescence
in RPB1-K1268R cells in response to DNA damage.

Polr2qX1268RK1268R | X471 double-mutant mice display short life span and a
premature ageing phenotype

Having established a TC-NER-compromised cellular phenotype in RPB1-
K1268R cells, we decided to examine the consequences of deficient RNAPIIo
ubiquitination in a whole organism. We generated gene-edited mice with the RPB1-
K1268R mutation. The RPB1-K1268R mutation was introduced into the Polr2a gene in
C57BL/6 mouse by CRISPR/Cas9 (see STAR Methods). Polr2aq*!268R/K1268R (KR/KR)
homozygous knock-in mice were generated after backcrosses of heterozygous founder
mice and their inbreeding, which were born with expected Mendelian inheritance ratios.
Neither the Polr2a*¥*R homozygous, nor the Polr2a™" ¥R heterozygous mice displayed
any remarkable abnormalities during the first year of farming. The mice are fertile and
their weight and appearance are normal (Figure S7A, Table S4).

Indeed, in contrast to human CS individuals, TC-NER-deficient Csa” or Csb
"~ mice do not show an obvious phenotype (van der Horst et al., 1997). A similar
situation is observed in Fanconi anemia (FA) repair pathway (FANC)-deficient mice,
which do not develop FA (Chen et al., 1996; Parmar et al., 2009). However, strong
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features of FA can be revealed by the genetic deletion of the aldehyde-catabolising
enzyme Aldh2 in FANC-deficient mice (Langevin et al., 2011). Strikingly, clear CS-like
features were reported in Csb”~ / Xpa™- or Csb™" / Xpc”- double mutant mice (Laposa et
al., 2007; van der Pluijm et al., 2007), suggesting that increasing the DNA damage load
due to GG-NER deficiency in Csh”~ or Csa”’~ mutants now reveals a CS-like phenotype
in mice.

In view of the above, we decided to generate Polr2a*?V¥R / Xpa”- double
mutant (DM) mice to increase the likelihood of RNAPIIo colliding into DNA lesions
during transcription and to reveal a potential CS-like phenotype. The DM mice
displayed a remarkable growth retardation, low bodyweight, and prominent dwarfism
(Figure 7A), although all the mice were born with expected Mendelian inheritance
ratios. Littermates of these mice with other genotypes did not show any growth or
neurological abnormalities (Figures 7A, S7B; Tables S5, S6), similar to what was
previously reported for Xpa™" mice (Nakane et al., 1995). After 3 months, the DM mice
gradually lost their bodyweights, which eventually resulted in death at the age of 5-6
months (Figure 7A; Table S6). Although daily observations confirmed the normal
intake of food and water by the DM animals, their life span and condition did not
improve. At 4-5 months of age, skeletal abnormalities, such as kyphosis and abnormal
gait due to hindlimb dystonia were prominent in the DM mice, some of which also
displayed depigmentation as well as cataracts, similar to human CS individuals
(Calmels et al., 2018; Laugel, 2013) (Figures 7B, 7C; Table S6).

Loss of motor neurons in Polr2aX1268R/K1268R / xp 47 double mutant mice

The appearance of gait abnormalities and clamping hind limbs became
evident after weaning in all DM animals, suggesting potential abnormalities in the
central or peripheral nervous system. No obvious morphological abnormalities were
apparent in the cerebrum and cerebellum of 4-6 months old DM mice, except their small
size in proportion to their body size. Interestingly, however, significant activation of
astrocytes was observed in DM mice, implying the possibility of neuronal damage in
the cerebral cortex (Figure 7D).

The gait abnormalities and dystonia in the DM mice could also be explained
by motor neuron-specific abnormalities. To monitor potential progressive motor neuron
loss, we quantified the number of axons in the spinal ventral roots from DM mice,
which showed a terminal phenotype (>5 months). We observed a marked increase in the
number of degenerating axons in the DM mice (Figure 7E), although the overall
number of axons displayed a modest decrease compared to control mice (Figure 7F).
Immunofluorescent stainings of spinal cords from DM mice also detected the loss of
motor neurons (green), as well as activation of microglia (red) and astrocytes (white)
(Figure 7G). These observations demonstrate that motor neuron degeneration in the
DM animals is a late-onset progressive event, which is highly reminiscent of the
progression in human CS-individuals. The progressive neurodegenerative phenotype of
the DM mice underscores the importance of RPB1-K 1268 ubiquitination in vivo, and
suggests that these CS-like ageing related phenotypes are best explained by a deficiency
in RNAPIIo processing and prolonged transcription arrests under high-load of
endogenous DNA damage rather than a compromised DNA repair activity associated
with TC-NER.
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Discussion

Although the ubiquitination of RNA polymerase Ilo after UV irradiation in
human cells has been known to occur for a considerable time (Bregman et al., 1996),
the precise mechanisms and functions underlying this modification have remained
unknown. Here we report that a single DNA damage-induced ubiquitination site at
RPB1-K1268 regulates both TC-NER and processing of DNA damage-stalled RNAPIIo
on chromatin.

RNA polymerase I1o ubiquitination: difference in human versus budding yeast

DNA damage-induced ubiquitination of RNAPIIo is highly conserved from
yeast to man. Elegant studies in the yeast S. cerevisiae have demonstrated that the
ubiquitination of RNAPIIo by the Rsp5 and Def1 ubiquitin ligases is not required for
TC-NER, but rather acts as a last resort pathway to remove and degrade RNAPIIo from
DNA damage sites (Lommel et al., 2000; Somesh et al., 2005; Somesh et al., 2007;
Woudstra et al., 2002). Conversely, we show here that RPB1-K 1268 ubiquitination in
human cells does directly contribute to TC-NER (Figure 3F). While the RPB1-K1268
site and its surrounding amino acid residues are highly conserved in animals and plants,
this region is less conserved in S. cerevisiae (Figure S1C), suggesting that the primary
purpose of RNAPIIo ubiquitination between humans and budding yeast is different. In
contrast, the RPB1-K 1268 site is fairly conserved (Rpb1-K1252) in the fission yeast S.
pombe, which in many ways shows more complex genomic features also found in
vertebrate genomes. Interestingly, an 7pb/-K1252R mutant in S. pombe showed
increased sensitivity to the UV mimetic 4-NQO in an NER-deficient Arap /4 (human
XPA homologue) background (Figure S7C). This is reminiscent of our Polr2a¥!286R
knock-in mice, which displays a CS-like phenotype in an NER-deficient Xpa™-
background. These DNA repair-independent phenomena found in S.pombe and mice
strongly suggest an evolutionarily conserved molecular mechanism, which underlies the
resolution of transcription-damage collision by RNAPIIo ubiquitination at RPB1-K 1268
(-K1252 in S.pombe) under a high-load of DNA damage.

Players in RNA polymerase I1o ubiquitination in human

The precise mechanisms involved in human RNAPIIo ubiquitination have
been multitude and controversial. While earlier studies revealed that RNAPIIo
ubiquitination is defective in cells deficient in CSA or CSB (Bregman et al., 1996;
Ratner et al., 1998), more recent work by us (Nakazawa et al., 2012) and our current
study also implicated UVSSA in this process, perhaps due to its association with
deubiquitylase USP7 and the CSB/CSA complex (Fei and Chen, 2012; Nakazawa et al.,
2012; Schwertman et al., 2012; Zhang et al., 2012). Additionally, BRCA1/BARD1
(Kleiman et al., 2005; Starita et al., 2005), Elongin-Cullin complexes (Yasukawa et al.,
2008), and the HECT E3 ligase NEDD4 (Anindya et al., 2007) have all been implicated
in the UV-induced ubiquitination of human RNAPIIo.

Our findings reveal the near-complete loss of ubiquitination in RPB1-K1268R
cells, suggesting that this lysine residue represents the main UV-induced ubiquitination
site in RNAPIIo. The accompanying paper by Svejstrup et al. also underscores the
importance of this RPB1-K 1268 ubiquitination for a proper transcription shutdown and
recovery in response to UV irradiation. Notably, we observed severely reduced
ubiquitination in ACSA cells, as well as complete loss of this modification after

12



codO TR~ WN =

AR PADRDMPARADWWWWWWWWWWRNNNRNNNRNNNRN = — — — =
OO RWON —-—OOCOAdOOTPRDN=-"OOCOTdOODTARWON—-O0OOONODTANAWN = O ©

treatment with MLN4924, which suppresses NEDD8 conjugation to cullin-ring type E3-
ligases (CRLs) causing their inactivation. These findings suggest that the CRL4“5A E3
ubiquitin ligase complex is a strong candidate to contributes to RPB1-K1268
ubiquitination.

RPB1-K1268 ubiquitination is involved in TC-NER

The data presented in this study demonstrates that RPB1-K 1268
ubiquitination is important for TC-NER. Firstly, we show that RPB1-K1268R HeLa
cells are very sensitive to UV irradiation and show an impaired recovery of RNA
synthesis after UV. Secondly, strand-specific ChIP-seq analysis revealed that RPB1-
K1268R cells showed significantly delayed removal of UV-induced DNA lesions from
the transcribed strand of active genes. Thirdly, molecular analysis revealed that the
recruitment of the core-TFIIH-complex to DNA damage-stalled RNAPIIo was
significantly reduced in RPB1-K1268R cells, explaining the cellular TC-NER-
compromised phenotype of these cells. This raises the question how RPB1-K1268
ubiquitination positions the TFIIH-complex during TC-NER?

Our data support a model in which the association of CSB/CSA with DNA
damage-stalled RNAPIIo is not affected by RPB1-K 1268 ubiquitination. In fact, the
CSB/CSA complex facilitates RPB1-K 1268 ubiquitination upon its association with
RNAPIIo, possibly together with other CRL ubiquitin ligases. The recruitment of
UVSSA to RNAPIIo is fully dependent on CSB/CSA. Strikingly, the RPB1-UVSSA
interaction is enhanced by RPB1-K 1268 ubiquitination likely through the ubiquitin-
binding VHS domain in UVSSA, which is most striking for mono-ubiquitinated
UVSSA at K414. Although UVSSA initially associates with the TFIIH complex
through interactions with the p62 subunit, UVSSA is eventually ubiquitinated at K414
to stimulate the displacement of p62 from UVSSA, possible in concert with other NER
proteins. These parallel ubiquitination events of RPB1-K1268 and UVSSA-K414
facilitate the transfer of TFIIH to the DNA damage-stalled RNAPIIo (Figure 3F).

RPB1-K1268 ubiquitination has a role in damage-stalled RNAPIIo processing:
implications for neurodegeneration

Our molecular analysis revealed that cells deficient in either CSB, CSA,
UVSSA, or RPB1-K1268 ubiquitination show a pronounced TC-NER deficiency.
Strikingly, however, only defects in the CS4 or CSB genes in humans cause the
neurodegenerative disorder Cockayne syndrome (CS), which is characterised by
dysmyelination, progressive loss of neurons, severe developmental abnormalities and
premature ageing. Conversely, defects in UVSSA cause the mild UV-sensitive syndrome
(UVSS) without devastating features seen in CS, implying that CS is not caused by
compromised TC-NER (Nakazawa et al., 2012).

Our current findings shed light on the molecular pathogenesis of CS by
revealing that Polr2a®1?%R mice deficient in the DNA damage-induced ubiquitination
of RNAPIIo show pronounced dwarfism, growth retardation, neurodegeneration and
short life-span reminiscent of CS. This phenotype only became prominent in DNA
repair-compromised Xpa~~ background, which lack both GG-NER and TC-NER
activity, but display no obvious characteristics including neurological abnormalities,
although Xpa™- mice are skin-cancer predisposed after UV irradiation (Nakane et al.,
1995). This is in line with the absence of CS-like neurodegeneration in human XP-A
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individuals (Brooks, 2008). Importantly, our findings strongly argue that CS-like
features are not caused by defective TC-NER. Indeed, neurodegeneration in Csh”" mice
was also only observed in an NER-compromised background, such as Xpa™ or Xpc™
mice (Laposa et al., 2007; van der Pluijm et al., 2007), suggesting that this phenotype,
in mice, is only unmasked by an excess of unrepaired endogenous DNA lesions
ordinarily dealt with by NER. We have noted previously that CS4 or CSB-deficient
primary fibroblasts fail to degrade RNAPIIo after UV irradiation, while UVSSA4-
deficient cells showed swift degradation (Nakazawa et al., 2012). This has led to a
hypothesis in which a deficiency in RNAPIIo processing and prolonged transcription
arrests in response to DNA damage rather than a compromised TC-NER activity
underlies the CS-like neurodegenerative phenotype (Nakazawa et al., 2012). The CS-
like phenotype of the Polr2a®?86R mice fully supports this model. In addition to the
intrinsic TC-NER-deficiency, a failure to ubiquitinate RPB1-K 1268 leads to a non-
displaceable RNAPIIo molecule, which blocks accessibility of the DNA lesions to
alternative repair pathways, like GG-NER, and causes prolonged transcription arrests.
Indeed, aldehydes and cyclopurines are likely endogenous DNA lesions in the brain that
block RNAPIIo progression, and may strongly contribute to the CS phenotype in case
RNAPIIo processing is compromised. This model provides an explanation for the
different clinical features associated with TC-NER-deficiency disorders. Similarly,
defects in processing of RNAPII at various types of DNA damage may contribute to
develop neurodegenerative phenotype shared among genome instability disorders.
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Main Figure Titles and Legends

Figure 1 RPB1 ubiquitination at K1268 regulates TC-NER and UV survival

(A) RPBI ubiquitination sites (black, all lysine residues; green, putative ubiquitination
sites; red, K1268).

(B) Detection of the unmodified, and ubiquitinated forms (upper bands, Ilo-ubi) of
RNAPIIo in chromatin fraction using the 3E10 antibody in the wild-type (WT),
indicated RPB1-KR mutants, and ACSB HelLa cells at 1 h after UV.

(C) RRS assay in the indicated RPB1-K1268R clones and ACSB and AUVSSA HeLa
cells. Cells were UV irradiated (closed bars, 5 J/m?; open bars, without UV), followed
by 12 h incubation with 5-EU (Nakazawa et al., 2010). Results for the other RPB1-KR
mutants are shown in Figure S1E. Bars represent means and standard deviations (SD)
of quintuple wells.

(D) Clonogenic UV survival was measured on the RPB1-KR mutant HeLa cells. WT
(black); RPB1-K1268R (blue); ACSB and AUVSSA (green); KR mutants (sky blue).
Error bars represent S.D. of triplicate experiments.

Figure 2 RPB1 ubiquitination at K1268 is dependent on CRL E3 ligase activity
(A) RNAPIIo ubiquitination was detected in 48BR fibroblasts treated with or without
neddylation inhibitor (MLN4924) for 1 h, followed by UV and further 1 h incubation.
Lack of Cullin neddylation was confirmed (Cul4A).

(B) Normal (48BR), GG-NER-deficient (XP-C), TC-NER-deficient (CS-B), and full
NER-deficient (XP-A) cells were treated with MLN4924 (+, 10uM; -, DMSO) for 1 h,
followed by RRS measurements after UV (13 J/m?). Bars represent means (SD) of
quintuple wells.

(C) Affinity purification of Strep-Ubiquitin (WT or the indicated KR mutants) from WT
HEK293 cells at 1 h after UV. Both ubiquitinated- and unmodified-RPB1-Ilo were
detected (RNAPII-Ser2). Ubiquitin chain termination products were detected in cells
expressing Ubiquitin-K48R, or -K63R mutants. Total ubiquitinated proteins (Myc).
WCE, whole cell lysate.

(D) Affinity purification of GFP-RPB1 (WT) from either WT or ACS4A HEK?293 cells,
or GFP-RPB1 K1268R from WT cells at 1 h after UV.

Figure 3 TFIIH recruitment is dependent on the ubiquitination of RPB1-K1268
and UVSSA-K414

(A) Co-IP with RNAPII-Ser2 antibody (Ab5095) at 1 h after with- or without-UV from
the chromatin fraction of WT or RPB1-K1268R (K1268R) HeLa cells. The input is
1.5% of the chromatin fraction. RNAPII was detected with 3E10 (Ser2) and 3ES8 (Ser5)
antibodies. Asterisks represent non-specific products. Results for the other RPB1-KR
mutants are shown in Figure S3B.

(B) Co-IP as in A from WT, AUVSSA, or UVSSA knockin with a K414 deletion
(AK414) HeLa cells at 1 h after UV irradiation. No UVSSA ubiquitination was detected
in the AK414 cells.

(C) Co-IP as in A from WT or RPB1-K1268R HeLa cells at 1 h after UV irradiation.
Note that the amount of ubiquitinated UVSSA interacting with RPB1-Ilo was reduced
in RPB1-K1268R mutant.
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(D) Co-IP as in A from the indicated HeLa cells (WT, RPB1-K1286R, ACSB) after UV,
followed by incubation for the indicated time periods. FK2 antibody detects
ubiquitinated RPB1-Ilo in WT cells.

(E) Co-IP as in A from the indicated HeLa cells (WT, AUVSSA, and AUVSSA with
ectopic expression of the indicated V5-tagged UVSSA variants) at 1 h after UV
irradiation. UVSSA K414 ubiquitination is critical for the TFIIH recruitment.

(F) Working model for the recruitment of TFIIH. 1: RNAPIIo stalls at DNA damage. 2:
The CRL®SA complex, possibly in concert with another E3-ligases ubiquitinates RPB1-
K1268; UVSSA is also recruited by CSB/CSA. 3: VHS domain supports the UVSSA
interaction with ubiquitinated RPB1-Ilo; UVSSA recruits TFIIH-p62 via PH-domain
binding sequence (PHB). 4: Mono-ubiquitination of UVSSA-K414 facilitates transfer of
TFIIH to RPB1-Ilo.

Figure 4 Strand-specific ChIP-seq enables precise spaciotemporal mapping of
RPB1-I1o molecules stalled at DNA damage sites

(A) Schematic representation of RNAPII ChIP-seq, which was performed with anti-
RPB1 phopho-CTD specific antibodies. After decrosslinking, DNA lesions remain in
the template strand. Strand-specific NGS libraries were prepared for the Illumina
platform (see also E).

(B, C) Distributions of chromatin-bound RNAPII (RPB1-Ser2, 3E10; -Ser5, 3ES)
within gene bodies and flanking regions (B) 3 h or (C) 12 h after 7J/m? UV irradiation
in either WT or RPB1-K1268R HeLa cells. Note that no obvious difference in RNAPII
distribution was observed between WT and RPB1-K1268R mutant without UV (gray
lines). Without UV data are identical in (B) and (C). Additional plots for other time
points, for pan-RPB1, and for TC-NER-deficient cells are shown in Figures S4A, S4B.
(D) RNAPIIo distribution changes in individual genes after UV irradiation. RPB1-Ser2
ChIP-seq read coverages (RPM: reads per million mapped reads) in representative
genes in (B) and (C) are shown.

(E) Schematic representation of the strand-specific ChIP approach (RPB1-Ser2, 3E10).
Calculation of the strand-specificity index (SSI) is detailed in STAR Methods. Left
panel: The asymmetric adapters for I[llumina libraries allow preferential amplification of
DNA strands without damage, resulting in a retention of directional information (see
also A). Right-upper panel: Strand-biased ChIP-seq reads associated with the gene
orientation are shown for representative genes. Without UV, RPM of forwardly mapped
reads and reversely mapped reads are similar and no strand specificity is detected
(absolute SSI value, |[SSI|=0). At 3 h after UV, |SS]| increases due to the presence of
DNA lesions in the transcribed strand. Right-bottom panel: Scatter plots of SSI against
RPM within gene bodies in individual 'active genes' (9,836 genes, see definition in
Figure S4C). Unimodal SSI distribution is observed in a representative sample without
DNA damage, while bimodal distribution appears 3 h after UV irradiation. Plots reused
in (G). Number of mapped reads within +301bp to +2 kb was counted for RPM in the
plots.

(F) ChIPed DNA (RPB1-Ser2, Ab5095) from UV-irradiated (3 h after 7 J/m?) WT
HeLa cells was treated with DNA damage repair enzyme mix for 20 min, or 2 h prior to
library preparation. Note that the bimodal distribution disappeared (purple).

(G) SSI scatter plots of active genes in WT (red) or RPB1-K1268R (blue) HeLa cells
after UV irradiation (7 J/m?) based on strand-specific ChIP-seq (RPB1-Ser2, 3E10). All
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the plots employed active genes. Plots reused in Figure S4E. P-values were calculated
with the Wilcoxon signed rank test (#=9,836), and were corrected by the Benjamini-
Hochberg method. Scatter plots of the samples from other time points, as well as TC-
NER-deficient cells are shown in Figure S4E.

Figure 5 Slow DNA repair kinetics of transcribed strands in RPB1-K1268R
mutant

(A) Strand-specific ChIP-seq (RPB1-Ser2, 3E10) read distribution in a representative
gene (MCM3) showing slow repair kinetics in RPB1-K1268R (blue) compared to WT
(red) cells after UV (7 J/m?). |SSI| calculated for MCM3 gene body and PTPS regions
are indicated.

(B) Time course in the indicated HeLa cells of the recovery index (RI), representing the
progression of DNA lesion removal from transcribed strands in the entire active genes.
The RI is derived from a mixture of Gaussians that correspond to the unrepaired gene
fractions (i.e. [SSI|<>0) in the gene-by-gene SSI distribution of RPB1-Ser2 ChlPseq
(3E10) (see also Figure S5A). The RI was calculated from duplicate time-course
experiments shown in Figures 4G, S4E, and the curves were fitted to gamma functions.
(C) Time course of median [SSI| across relative position in gene bodies in whole active
genes. In this analysis, 'central genic region' (>20 kb active genes) were used in order to
exclude the effects of mapped reads nearby TSS and TES. This selection did not affect
the RI kinetics (See Figure S5B). No positional preference of damage removal from
gene bodies was detected. SSI data same as in (B). Results of early time points after UV
irradiation are shown in Figure S5D (3 h data replotted).

(D) Time-course of RNAPIIo accumulation at T-T dimer sites. Mapped reads
enrichments in the coding strand (ApA, A<>A) are shown (central genic region of >20
kb active genes). Colored humps represent delayed T-T dimer removal in RPB1-
K1268R mutant and TC-NER-deficient cells. ChIP-seq data same as in (B). Results of
late time points after UV irradiation is shown in Figure S5F (3 h data replotted). RPGC
represents 1x depth of coverage (reads per genome coverage).

(E) Asymmetric distribution of the mapped reads in the coding strand immediately
adjacent to A<>A dimer sites (%) and in the 5' lesion-proximal region (/,) shown for
the central genic region of >20 kb active genes in chr 1 (left panel). Note that the base
line at the 5' lesion-proximal region (/) is higher than that at the 3' side, indicating
stalling of RPB1-Ilo at the DNA lesion causing 'queueing' of multiple RNAPIIo. The
queue formation kinetics is identical in all cell types, while the resolution is fastest in
WT (dashed lines). Data in (D, Figure SSF) are analysed.

Figure 6 Gene-by-gene repair profiles in RPB1-K1268R mutant

(A) Strong gene-by-gene correlation of SSI (RPB1-Ser2, 3E10) between biological
replicates in WT and RPB1-K1268R mutant HeLa cells. The genes presenting
significantly high SSI are shown as red dots (Spearman’s correlation coefficient was
calculated for each pair). Those correlations between replicates of TC-NER-deficient
cells are shown in Figure S6A.

(B) Venn diagram indicates the numbers of genes displaying significantly high SSI at
12 h after UV irradiation (representing the numbers of red dots in (A, S6A)). About

80 % of unrepaired genes are overlapping between RPB1-K1268R (KR) and TC-NER-
deficient (ATCR) cells.
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(C, D, E) Violin plots displaying distributions of gene lengths (C), GC contents (D),
and read-density in gene bodies (E) for individual genes in the gene-sets determined in
(B). P-values were calculated with Mann-Whitney U-test, and were corrected by the
Benjamini-Hochberg method.

(F) Strand-specific read distributions in representative 'unrepaired genes' in RPB1-
K1268R cells with profiles shown in (C, D, E).

Figure 7 RPB1-11o K1268 ubiquitination protects against neurodegeneration in
mice

(A) Bodyweight distribution and growth curves of mice with the indicated genotypes.
Representative control and Polr2qX1268//K1268R (KR/KR) / X347/~ (DM) mice are shown at
144 d (males left, females right). Loss of bodyweight observed only in DM mice from 3
month after birth. Growth curves of mice with the WT Xpa™" genotypes and the
heterozygous Xpa™- genotypes are shown in Figures S7A, S7B, respectively. See also
Tables S4-6. Polr2aV"™W7 | Xpa™- 3 (n=9); Polr2a“¥"*R | Xpa’~ & (n=22); Polr2a*?V¥R /
Xpa™- 3 (n=5); Polr2a¥"™W" | Xpa™- @ (n=12); Polr2a™"*R | Xpa’~ Q (n=18);
Polr2d®¥*R | Xpa- Q (n=7).

(B) Representative premature aging phenotypes observed in DM mice. Kyphosis (1),
gait abnormalities (2), and slimming (3) in a DM mouse (139 d). Hind limb dystonia
(clamping) (4) in a DM mouse (144 d), and a normal (5) Polr2aV"XR / Xpa'" littermate
(144 d). Depigmentation (6) in a DM mouse (139 d). Cataract (7; 8, magnified view) in
a DM mouse (153 d).

(C) Computed tomography images detected a severe kyphosis in a DM mouse (male,
180 d). A normal littermate control is shown (Polr2a¥"VT / Xpa*- 180 d).

(D) Activation of astrocytes in the cerebral cortex was observed in DM mice (153 d) at
an end stage compared to normal control (Polr2a™ " ¥R / Xpa*"~, 153 d) by staining for
GFAP (red).

(E) Representative images of toluidine blue-stained lumbar 5" ventral roots from a WT
(C57BL/6), a control (Polr2a™ " ¥R / Xpa~-, 181 d), and a DM (163 d) mouse showing
terminal phenotype. Degeneration of axons as well as decrease in the numbers of intact
axons were observed.

(F) The axonal degeneration was observed in DM mice showing terminal phenotype.
Average numbers of lumbar 5" motor axons are plotted (WT, C67BL/6, n=3; control,
Polr2a™V" ¥R/ Xpa~-, n=3; DM, n=3). Data presented as means (SD). P-values were
calculated with one-way ANOVA, followed by Tukey-Kramer post hoc tests.

(G) Loss of motor neurons as well as increase in the numbers of microglia and reactive
astrocytes was observed in lumbar spinal cords (boxed regions) of a DM mouse at an
end stage (166 d), compared to control Polr2aV"*R / Xpa- (166 d) mice.
Representative immunofluorescent images of lumbar spinal cord sections are shown
stained for ChAT (green), Ibal (red), GFAP (white).
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Supplemental Figure Titles and Legends

Figure S1 RNAPII is ubiquitinted at RPB1-K1268, Related to Figure 1

(A) Immunostainings of UV-induced RPB1-Ilo upper bands overlap with staining for
conjugated ubiquitin. The pictures are cropped from Figure 3D (WT, IP-RPB1-Ser2;
RNAPII (Ser2), Ubiquitin; UV-, 1 h) and superimposed to indicate overlapping bands.
Wild type HeLa cells were UV irradiated (20 J/m?), followed by 1h incubation. RPB1-
ITo (red) and polyubiquitinated proteins (green) were respectively detected as described
in Figure 3D.

(B) UV induced RPB1-Ilo upper bands are consist of ubiquitin chains. Cells stably
expressing GFP-tagged wild type RPB1 (GFP-RPB1) were UV irradiated (20 J/m?),
followed by 1 h incubation. Affinity purification was performed with GFP-Trap
conjugated beads under an SDS-denaturing condition. Partially purified GFP-RPB1
proteins were incubated with USP2 ubiquitin endoprotease. GFP-RPB1-Ilo and cleaved
ubiquitin were detected as described in Figure 2D.

(C) RPBI1-K1268 is evolutionarily conserved in broad taxa. Multiple alignment was
performed using MAFFT program. Amino acid residues correspond to human RPB1-
K1268 is shown in green.

(D) RPB1-K 1268 is surface-exposed near to where the downstream DNA enters
RNAPII. RPBI1 structures were reconstructed by CCP4MG software (v. 2.10.10) using
the PDB data entry, 5IY9 (He et al., 2016). The K1268 residue is shown in red, while
other putative ubiquitynated lysine residues are shown in blue.

(E) Recovery of RNA synthesis (RRS) after UV irradiation in RPB1-KR mutant HeLa
cells shown in Figure 1B. WT, wild-type , ACSB and AUVSSA for controls. Cells were
UV irradiated (closed bars, 5 J/m? UV; open bars, without UV), followed by 12h
incubation for RNA synthesis recovery. RRS levels measured as in Figure 1C. Bars
represent means (SD) of quadruple wells.

(F) Normal nascent transcription levels in RPB1-K1268R mutant. Ethynyluridine (EU)-
incorporation for non-UV irradiated samples were shown. Fluorescent data obtained
from S1E. Bars represent means (SD) of quadruple wells.

Figure S2 RPB1-K1268 ubiquitination is dependent on CSA, Related to Figure 2
UV inducible ubiquitin chain formation on RPB1-K1268 residue. Strep-tagged
Ubiquitin was transiently expressed in wild type, ACS4, and RPB1-K1268R HeLa cells.
Cells were 20 J/m? UV irradiated, followed by 1h incubation. Affinity purification of
ubiquitinated proteins was performed with Strep-Tactin conjugated beads under an
SDS-denaturing condition. RPB1-Ser2 was detected as in Figure 1B. Discrete upper
bands were detected in the UV irradiated wild type cells and significant reduction of the
bands was observed in the RPB1-K1268R and ACSA cells. RAD21, loading control
(D213). Asterisk represents nonspecific products.

Figure S3 UVSSA ubiquitination regulates TFIIH recruitment, Related to Figure 3
(A) CSA, CSB, and UVSSA are all required for the TFIIH recruitment to damage
stalled RPB1 after UV irradiation. Wild-type (WT), ACS4, ACSB, and AUVSSA HelLa
cells were UV irradiated (+, 20 J/m? UV , without UV), followed by 1h incubation. Co-
immunoprecipitation of RPB1-Ser2 (Ab5095) and detection of interacting factors are as
in Figure 3A.
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(B) Normal TFIIH recruitment in RPB1-KR mutants except RPB1-K1268R. Wild-type
(WT) and RPB1-KR mutant HeLa cells used in Figure 1B were UV irradiated (+, 20
J/m? UV , without UV), followed by 1h incubation. Co-immunoprecipitation of RPB1-
Ser2 (Ab5095) and detection of interacting factors are as in Figure 3A.

(C) Normal TFIIH recruitment during transcription initiation in RPB1-K1268R mutant.
Wild-type (WT) and RPB1-K1268R mutant HeLa cells were UV irradiated (+, 20 J/m?
UV; -, without UV), followed by 1 h incubation. Co-immunoprecipitation of RPB1-
Ser2 (Ab5095) and RPB1-Sre5 (3ES), as well as detection of interacting factors are as
in Figure 3A. Recruitment of p89 was not abrogated in RPB1-K1268R mutant in
RPBI1-Ser5 immunoprecipitants.

(D) UVSSA-K414R mutant maintains TFIIH interaction. AUVSSA4 HeLa cells
expressing the V5-tagged wild-type (WT) UVSSA and its PH-domain binding sequence
(PDB) mutants (UVSSA-F408A, -V411A) as well as K414 mono-ubiquitination site
mutant (UVSSA-K414R) were UV irradiated (+, 20 J/m? UV , without UV), followed
by 1h incubation. Co-immunoprecipitation of V5-tagged UVSSA as well as detection of
interacting factors are as in Figure 3A except using an anti-V5 antibody (PM003).

(E) UVSSA-PH-binding domain sequence (PDB) and mono-ubiquitination site are
essential for TC-NER activity. HeLa cells used in Figures 3B, 3E were UV irradiated
(6 J/m?), followed by RRS measurements as described in Figure 1C. Bars represent
means (SD) of triplicate wells.

Figure S4 Strand-specific ChIP-seq for TC-NER mutants, Related to Figure 4

(A) Distributions of chromatin-binding RNAPII molecules within gene bodies and
flanking regions at designated time points after UV irradiation. ChIP-seq and analyses
performed as in Figures 4B, 4C. ChIP-seq read coverage represents RNAPII
distribution for wild-type (dashed lines, identical in the figures), RPB1-K1268R
(K1268R), ACSB, ACSA4, and AUVSSA (solid lines) HeLa cells (without UV, gray lines;
7 J/m? UV, coloured lines for RPB1-Ser2, green; -Ser5, orange; and for total-RPB1
molecules, red coloured lines). The Data for wild-type and RPB1-K1268R (without UV,
3 h, 12 h) are identical to which shown in Figures 4B, 4C. Arrows indicate the
accumulation of RNAPII-Ser2 reads after UV near TSS in TC-NER-deficient cells.

(B) Distributions of chromatin-binding RPB1-Ser2 (3E10) within gene bodies and
flanking regions at designated time points after UV irradiation (7 J/m?). Early time
points data for the cells in S4A are shown. The Data for without UV are identical to
which shown in Figure S4A.

(C) Determination of the ‘active genes’. Pan-RPB1 ChIP-seq data from non-UV
irradiated wild type HeLa cells were used to determine the active genes as those
exhibiting totally mapped reads nearby TSS (-100 to + 300 bp) > 0.6 reads per million
mapped reads. Distributions of chromatin-binding RNAPII molecules (pan-RPB1)
within gene bodies and flanking regions in active (green) and inactive (orange) genes
are shown.

(D) Relationship of the mapped read depths of whole individual genes between
biological replicates (RPB1-Ser2, 3E10, 7 J/m?). Read depth was denoted by reads per
kilobase of gene body per million mapped reads (RPKM). Spearman’s correlation
coefficient was calculated for each pair (n=17,786).

(E) Scatter plots of SSI (RPB1-Ser2, 3E10, 7 J/m?) against the density of mapped reads
within individual 'active genes' (see Figure S4C) for wild-type (WT), RPB1-K1268R
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(K1268R), and TC-NER-deficient (AUVSSA, ACSB, ACSA) cells at designated time
points. The plots of wild-type and RPB1-K1268R (without UV, 3 h, and 12 h) are
identical to which shown in Figure 4G.

Figure S5 DNA repair kinetics of transcribed strands, Related to Figure 5

(A) Definition of Recovery index. We assume that a distribution frequency of the gene-
by-gene strand specificity index (SSI) follows the mixed Gaussian distribution,
comprising three normal distributions, where the two peripheral normal distributions are
symmetric with respect to x=0. The parameters were inferred with a maximum-
likelihood framework using the fitdistr function implemented in the MASS package in
R. A representative histogram obtained from RPB1-Ser2 ChIP from wild-type HeLa
cells 3 h after 7 J/m? UV irradiation in Figure 4G.

(B) Time course of recovery index (RI) calculated for the 'central genic region' (from 5
kb downstream of TSS to 5 kb upstream of TES) of >20 kb active genes. RI curves
(calculated from the same data in Figure 5B) are nearly identical to those calculated for
the entire gene. See Figure 5B for details.

(C) Time course of the denominator (dashed lines, fwd + rev) and the absolute value of
the numerator (sold lines, |[fwd - rev|) of the gene-by-gene SSI (RPB1-Ser2, 3E10, 7
J/m?). These values were calculated as RPKM (reads per kilo base pairs per million) for
the 'central genic region' of >20 kb active genes. Medians of the individual values were
plotted at each time point.

(D) Time course of median SSI (RPB1-Ser2) across relative position in gene bodies in
whole active genes (central genic region of >20 kb active genes) (3 h or earlier time
points after 7 J/m? UV irradiation). See Figure 5C for details (3 h data replotted).

(E) Stalled RNAPIIo accumulation at T-T dimer (A<>A in the coding strand) sites in
chr 1 (central genic region of >20 kb active genes). The plot indicates abundance of
ChIP-seq mapped reads in the coding strands adjacent to A<>A dimers in chr 1, due to
the preferential amplification of undamaged strands. The data same as in Figure SSF
(WT, RPB1-Ser2, 3E10, 3h after 7 J/m?). RPGC represents 1x depth of coverage (reads
per genome coverage).

(F) Time course of RPB1-Ser2 accumulation at T-T dimer (A<>A in the coding strand)
sites 3 h or later after UV irradiation (central genic region of >20 kb active genes, 3E10,
7 J/m?). Results of earlier time points were shown in Figure 5D (3 h data replotted).
RPGC represents 1x depth of coverage (reads per genome coverage).

Figure S6 Gene-by-gene repair profiles in TC-NER mutants, Related to Figure 6
(A) Gene-by-gene correlation of SSI between biological replicates in ACSA, ACSB, and
AUVSSA HeLa cells. See Figure 6A for details.

(B) A gene-enrichment analysis identified an accumulation of unrepaired genes in the
'cell cycle' pathway in RPB1-K1268R cells. Genes identified in Figure 6B (WT and
RPBI1-K1268R, 12 h after UV) were analysed using the KEGG (Kyoto Encyclopedia of
Genes and Genomes) database. Genes shown in reds are repaired in wild-type but
unrepaired in RPB1-K1268R cells. SSIs for wild-type (bottom) and RPB1-K1268R
(top) are shown. Genes in green, and yellow respectively represent repaired and
unrepaired genes in both wild-type and RPB1-K1268R.

Figure S7 Phenotypes of Polr2a-K1268R and rpb1-K1252R, Related to Figure 7
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(A) Growth curves of Polr2aX1268%/K1268R ginole mutant mice. No growth abnormality, in
terms of bodyweight and life span, was observed in Polr2aX!268%/K1268R (K R/KR) and
Polr2aVTK1268R (WT/KR) compared to wild type (WT/WT). Left panel, male; right
panel, female. Polr2a¥"VT &' (n=9); Polr2a“¥"*R &' (n=6); Polr2a*?¥¥R &' (n=10);
Polr2a™V™™WT Q (n=T); Polr2aV"*R Q (n=17); Polr2a*¥*R Q (n=9).

(B) Bodyweight distribution and growth curves of Polr2a¥¥*R / Xpa''- mice. Xpa™-
genotype is insufficient to induce high-load of endogenous DNA damage; Polr2a*®¥KR /
Xpa*- mice did not elicit growth abnormality. WT/WT, Polr2a¥"V7T | Xpa*- (&3, n=5;
Q, n=6); WT/KR, Polr2a¥"*R | Xpa*- (3, n=13; Q, n=14); KR/KR, Polr2a¥?¥*R /
Xpa™~ (&, n=13; Q, n=6). Left panel, male; right panel, female.

(C) S.pombe rpb1-K1252R mutant displays a sensitivity to UV-mimetic 4NQO. Spot
test analyses were performed on the S. pombe RPB1-K1252R strains with YES plates
containing indicated concentrations of 4-Nitroquinoline 1-Oxide (4NQO). WT (rpbI™)
and KR respectively indicate the wild-type and K1252R RPBI1 alleles. rpb1-K1252R
rhpl4::NatMX6 double mutant displayed a synergistic effect. NER", NER-proficient;
rhp14::NatMX6, AXPA homologue; rhp26:: NatMX6, ACSB homologue.
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Supplemental Information Tables S1-S7

Table S1 SILAC differential mass-spectrometry identified RPB1-K1268 ubiquitination in UV-
irradiated cells (1 h, 10 J/m?), Related to Figure 1

Annotated Abundances Abundances Abundance
Sequence Qvality = Qvality # Positions # Missed Theoretical (scaled) (scaled) Ratio”
in RPB1 PEP  g-value PSMs % Cleavages  MH+ (Da) W AUvssyy | (AUVSSA)/
(P24928) WT) ( ) (WT)
IMNSDE T T T T T T T T T
NEK)MQ
EEEEVV
pkvMpD 0P o 4 1200 o smazos 1778 222 0.125
DVFLR
(1xGG
[K8])

*SILAC ratio. Ubiquitinated lysine residue is indicated by boldface. WT, HCT116 wild-type cells;
AUVSSA, UVSSA-deleted HCT116 cells.



Table S2 Mass-spectrometry identified RPB1-K1268 ubiquitination after UV irradiation (1 h,

20 J/m?), Related to Figure 1

oo . . GlyGly (K)
Positions Intensity Intensity R . .
in RPB1 (P24928) (Replicate. 1) (Replicate.2) Probabilities in detected  Modifications
peptides
NICEGGEEMDNK
163 4285100 0 (FGVEOPEGDEDLTK XGG [K12]
FGVEQPEGDEDLTK
177 13760000 0 (086K (0131) 1xGG [K14]
TGSSAQK
758 1949200 0 (0.996)SLSEYNNFK  1xGG [K7]
(0.004)
EGLIDTAVK
853 0 1245900 (A BTGYIOR 1xGG [K9]
IMNSDENK 1xGG [K8],
1263 20479000 10857000 1)\QEEEEVVDK Oxidation [M2]
1350 2449300 0 VLSEK (1)DVDPVR  1xGG [K5]

*Ubiquitinated lysine residue is indicated by boldface. Probabilities of ubiquitination for each
lysine residue were shown in parentheses. Wild-type HeLa cells were UV irradiated.



Table S3 CRISPR/Cas9-based gene editing and cell lines used in this study, Related to Figure 1
and STAR Methods

CRISPR/Cas9 clone # used
Cell line guide RNA Homology directed repair (HDR) oligos in this study
(gRNA)
(1) HCT116 A UVSSA cell line
AUVSSA GTGTGGAGGT - #1
CCCTGAGAAG
G

(2) HeLa RPB1-KR mutants

RBPI- GATGGACAAC CCTCCAGGCCTCTGACCCCTCCTTCCCA #4

K163R AAGTTCGGTG AAAGTCTCCGCCAGCCCCAGCCACCTTT
TCTTTGGTCAGATCCTCGTCACCCTCAG
GTTGTTC[g*JACACCGAAC[C']TGTTGTC
CATCTCCTCCCCACCCTCGCATATGTTTT

T
RBP1- GGATCTGACC CCAGCCCCTCCTGTTTCCTTCCCTTCCAG #8
K177R AAAGAAAAGG TTTCCTCCCTCCAGGCCTCTGACCCCTCC

TTCCCAAAAGTCTCCGCCAGCCCCAGCC
ACCTT[¢"*]TCT[C*]TGGTCAGATCCTCGT
CACCCTCAGGTTGTTCCACACC

RBPI- GTGCCCAGAG ATTTGGACGTGGGAGCCAGGACCAGAG #16
K642R/ ACTTCTTACAC CAGGGGCCTTGAGTGGGTGCTTTGTCCT
K643R TAGGTGGTGGTGGAGAATGGGGAGCTG

ATCATGGGCAT[t™*]CTGTGTA[G']GA[G]
GTCTCTGGGCACGTCAGCTGGCTCCCTG

GTCCACATC
RBPI- GCACTATTAA  ACTCCCTTTGCTCTTGATGATGCTAACTT #23
K710R GAAGGCCAAG CGAAGTCCCTGGAAACCCCTTATTCCGT
C CTCTGGTGGCCTCCCCTCTTACCTCTATT

ACGTC[t™]TGC[C*]TGGCCTTCTTAATAG
TGTTCTGAATGTCCTGGTAAGT

RBPI- GTTCAAGTCTA TCCTTCCTCCTCCCAAACTTCACAGCGG #2

K767R TGGTCGTGTC CCCCGTATATGGAAAAACAAGGCTTCTC
ACCTGGGAGATGTTAATCTTGGAACCTT
TAGCTCCG[ctg™JACGACCATAGAC[C*]T
GAAGTTATTGTATTCAGACAGGGATTTC

TGAGCAGA
RBP1- GAGCAGAACG GGTAGGAGTTCTCCACAAAGCCACGGCT # 14
K796R TCGAGGGCAA CTCAGGCCCGTAGTCATCCTTGATGAAG
G TGAGGCAGAGTCCGGTGCTTGAAGCCA

AATGGAAT[t™]C[t"*]C[C*]TGCCCTCGAC
GTTCTGCTGTCCAACGACAGCAATGAC

RBPI- GACTCTGCCTC CCCCCATGGCGTGGAAAAAGAACTCAG #32

K812R ACTTCATCA TGGGTGTGAGGCCGGCTAGGTAGGAGT
TCTCCACAAAGCCACGGCTCTCAGGCCC
GTAGTCATC[t"C*ITGATGAAGTGAGGCA
GAGTCCGGTGCTTGAAGCCAAA

RBPI- GCTGTCAAGA GAGCATTTCCGCTCCCCACCTGTTAGGG #29
K853R CTGCTGAGAC GTTTCTCAGCCTGCAGCAGTCCCTGCTA
ACAGCCCAAGGAAGACCCCTGAGGAAA



RBPI1- GCGGCGGCTG
K866R ATCAAGTCCA
RBP1- GTGAAGTACG
K874R ACGCGACTGT
G
RBP1- GACTGACCGG
K1225R AAGCTCACCA
RBPI1- GCGATGAGAA
K1268R CAAGATGCAA
G
RBPI1- GGTGCTGAGT
K1350R GAGAAGGACG
(3) HeLa ATCR mutants
A CS4 GTCCGCACGC
CAAACGGGTT
A CSB GCTTCTCCACG
TCAACGAGCT
AUVSS4, GTGTGGAGGT
UVSSA- CCCTGAGAAG
AK414 G

GCCTCACC[g"*]GT[t"]TCAGCAGTC[C*]T
GACAGCCGTGTCAATGAGCCCCTCACGA
CCCCCCAT

CCAGGCCGTCTTCGCCGTAGCGCAGCTG
CACCACCTGGTTGATGGAGTTCCGCACA
GTCGCGTCGTACTTCACCATCACTGACT

CCATGGAC[C'ITGATCAGCC[t™]CCGCTG
GATGTATCCTGGAGGGAAGTAAGGGGA

TGA

GCTTAAGCGTAGCCAGGTTCTGGAACTC
AACGCTCTCGCCTGCCAGGCCGTCTTCG

CCGTAGCGCAGCTGCACCACCTGGTTGA
TGGAGTT[t**]C[t*]CACAGTCGCGTCGTA

C[C*]TCACCATCACTGACTCCATGGACTT
GATCAGCCGCCG

ACGATAGGTGGTAGCCCAGAGAGCGGG
GCTCCTGAGCCAGGCCAGCCCTCCTAGG
CTTACCAGCATTGATCTTTTCAGCAATC
TGCTCCAT[t™]GT[¢**]A[a"]C[C*]TCCGGT
CAGTCATGTGCTTCCGATCCAGCTCCAC
CCG

AGGTTTTGGTGACGACTTGAACTGCATC
TTTAATGATGACAATGCAGAGAAGCTG
GTGCTCCGTATTCGCATCATGAACAGCG
ATGAGAACA[G*]GATGCAAGAGGTAAT
GGGGGTCCTAGAAGTCAGCGTG

AGCCAGAGATCCACGAAAGGCAGCTAG
GCAGCACACACGGGCTCACCGTGAAGA
TCTCCACAATGTCATTGGACGTGGTGCG
TACGGGGTC[g"JACGTC[t*C*]TCTCACT
CAGCACCCGCATCAAGCTCACGCCGTCC
GT

(4) HEK293 GFP-RPBI expressing cell lines

RPBI-
WT***

RPBI-

K1268R*™*
RPB1-WT,

ACSA™

GCCTGCCTCCG

CCATGCACG

same as above

#3

#4

#21

# 7 (Fig. 1B,
10),
# 9 (all Figs.)

#8

#5

HH FH*
— N

#1

#7

#13

*Lys->Arg target mutations; ““silent mutations (lower cases). “““endogenous POLR2A alleles were

deleted.



Table S4 Polr2aX1268R/K1268R gingle mutant mice phenotype, Related to Figure 7

Parameter Sex Age Polr2a™™™"  Polr2a™"®  Polr2a"®*® p-  Remarks
(days) value’
Bodyweight & 80£5  27.0£1.8(6) 265:1.7(6) 26921  1.00
(2 (10)
11055  28.0£2.1(6) 2832.0(6) 284423  1.00
(10)
13045 293122 (6) 29.082.6(6) 29326  1.00
(10)

® 8045  19.9+1.1(7) 203+1.1  20.1=1.4(8) 0.866

(16)
110+£5 20.9+0.92 21.2€1.2  21.5€1.2(8) 0.866
(7) (16)
1305  213+1.1(7) 21.7£0.97 21.8+1.1(8) 0.866
(16)
Fertility d+9  60->365 Normal Normal Normal
Gait 3+ 90->365 ] ] ]
abnormalities
Hind limb d+9  20->365 - - - Results
dystonia from a tail

suspension
test.

Kyphosis 3+9  90->365 - - B,

Values are average = S.D; number of tested animals are shown in parentheses. * P-values were
calculated to test the difference in bodyweights between Polr2aVTWT vs Polr2a¥¥¥R animals with
the Mann-Whitney U-test, and were corrected by the Benjamini-Hochberg method. WT, wild type;
KR, K1268R.



Table S5 Polr2aX1268R/K1268R / Xpnqt'- mice phenotype (Xpa heterozygous deletion), Related to

Figure 7
Parameter Sex Age Polr2a™™"'  Polr2a™"**  Polr2a"**® p-  Remarks
(days) / Xpa™" / Xpa*" / Xpa™" value’
Bodyweight & 80+5  24.5:14(5) 249+15(8) 260£12  0.172
(® (12)
110+£5 26.6+0.84 27.4+1.1 27.8+1.3 (6) 0.240
4) (10)
15047 277423 (4) 29.0£1.2(6) 29.1£1.2(6) 0.202
260410 32(1) 322421 (4) 33.6+1.1(2) NA
0 80+5  19.6£12(6) 20.1+0.87 20.7+0.0 (2) 0.241
(12)
110+£5 20.7+£0.65 21.6+£0.85 25.1(1) NA
“4) (12)
150+7 22.1£1.57  22.4+£1.0 (9) NA NA
3)
Fertility 3+9  60->365 Normal Normal Normal
Gait 340 90->365 ; ; ;
abnormalities
Hind limb 3+Q  20->365 - - - Results
dystonia from a tail
suspensio
n test.
Kyphosis 3+Q  90->365 - - -

Values are average + S.D; number of tested animals are shown in parentheses. *P-values were
calculated to test the difference in bodyweights between Polr2aV VT / Xpa*- vs Polr2a*?V¥R | Xpa't-
animals with the Mann-Whitney U-test, and were corrected by the Benjamini-Hochberg method.
WT, wild type; KR, K1268R.



Table S6 DM mice phenotype, Related to Figure 7

Parameter Sex Age  Polr2a™"™'  Polr2a™"™®  Polr2a*V*®  p- Remarks
(days) / Xpa™" | Xpa” / Xpa™” value
(DM)
Bodyweight ) 80+5  26.2+1.3(9) 225434 18.5+2.4  0.009  Differences
(g) (22) 4) 52 between
WT/WT and
110£5 27.9+1.2(6) 24.2+2.8 18.2+1.6  0.009  \w/K1268R
(10) 4) 52 are also
150+7 28.9+1.5(8)  26.5+2.1 16213 0.004  Statistically
(12) (5) 66 significant in
male mice (<
160 days).
27545  32.5¢3.3(3) 31.2+0.75 NA NA
3)
Q 80+5 19.0£1.1 19.3£1.0 14.842.0  0.000
(11) (16) 4) 754
11045 20.7+0.8 20.7+0.9 14.9£2.0  0.004
(12) (16) 4) 35
150+7 21.4+0.7 21.6£1.0 14.8+0.8  0.004
(10) (14) (5) 01
27545  25.5£3.6 (4) 23.8+1.5(7) NA NA
Fertility 3+Q 60- Normal Normal  Not Tested
>365
Gait 3+9Q 90 - - Moderate
abnormalities
120- - - Prominent
180
Hind limb 3+Q  20-180 - - + Results from a
dystonia tail
suspension
test.
Kyphosis 3+Q 90 - - Moderate
150- - - Prominent
180
Depigmentati  J+Q  90-180 021 0 (40) 2(12)
on
(animals)
Cataract 3+Q  90-180 0(21) 0 (40) 2(12) Monocular
(animals) cases.

Values are average + S.D; number of tested animals are shown in parentheses. *P-values were
calculated to test the difference in bodyweights between Polr2aV VT / Xpa™~ vs Polr2a*¥*R | Xpa'-
(DM) animals with the Mann-Whitney U-test, and were corrected by the Benjamini-Hochberg
method. WT, wild type; KR, K1268R.



Table S7 ChIP-seq data summary, Related to STAR Methods

Analysis in which sequence data were used

replicate- SSI
Cell type uv Time after Replicate ngsplot | SSI-scatter SSI-RI T-T site PreCR
Antibody SRA Run ID check difference
(Hela Mutant) (J/m2) irradiation number
Fig. 4B, 4C,| Fig. 4G, |Fig.5B,5C,|Fig. 5D, 5E, Fig. 6A-E,
Fig. S4D Fig. 4F
S4A, S4B S4E S5B-D S5E, S5F S6A
RPBI-K1268R 0 Oh 3E10 1 SRR9722058 N v v v
RPBI-K1268R 0 Oh 3E10 2 SRR9722057 v
RPBI1-K1268R 7 Sm 3E10 1 SRR9722060 N v v v
RPBI1-K1268R 7 30m 3E10 1 SRR9722059 v
RPBI1-K1268R 7 1h 3E10 1 SRR9722062 v v v v v
RPBI1-K1268R 7 1h 3E10 2 SRR9722061 v v
RPBI1-K1268R 7 3h 3E10 1 SRR9722064 v v v
RPB1-K1268R 7 3h 3E10 2 SRR9722063 v v v v v v
RPBI1-K1268R 7 6h 3E10 1 SRR9722056 v v v v
RPBI-K1268R 7 6h 3E10 2 SRR9722055 v
RPBI1-K1268R 7 12h 3E10 1 SRR9722145 N v v v v v
RPBI-K1268R 7 12h 3E10 2 SRR9722144 v v v
RPBI-K1268R 7 12h 3E10 3 SRR9722143 v
WT 0 Oh 3E10 1 SRR9722142 N v v v
WT 0 Oh 3E10 2 SRR9722156 v
WT 7 Sm 3E10 1 SRR9722155 v v v v
WT 7 30m 3E10 1 SRR9722147 v
WT 7 1h 3E10 1 SRR9722146 v v v v v
WT 7 1h 3E10 2 SRR9722158 v v
WT 7 3h 3E10 1 SRR9722157 v v v
WT 7 3h 3E10 2 SRR9722079 v v v v v v
WT 7 6h 3E10 1 SRR9722080 N v v v
WT 7 6h 3E10 2 SRR9722077 v
WT 7 12h 3E10 1 SRR9722078 N v v v v v
WT 7 12h 3E10 2 SRR9722083 v v v
WT 7 12h 3E10 3 SRR9722084 v
WT 7 12h 3E10 4 SRR9722081 v
ACSA (] Oh 3E10 1 SRR9722082 v v v v
ACSA 0 Oh 3E10 2 SRR9722075 v
ACSA 7 Sm 3E10 1 SRR9722076 v v v v
ACSA 7 30m 3E10 1 SRR9722068 v
ACSA 7 1h 3E10 1 SRR9722067 v v v v v




ACSA

3E10

SRR9722070

ACSA

3h

3E10

SRR9722069

ACSA

3h

3E10

SRR9722072

ACSA

6h

3E10

SRR9722071

ACSA

6h

3E10

SRR9722074

ACSA

12h

3E10

SRR9722073

ACSA

12h

3E10

SRR9722066

ACSB

Oh

3E10

SRR9722065

ACSB

Oh

3E10

SRR9722097

ACSB

Sm

3E10

SRR9722098

ACSB

30m

3E10

SRR9722099

ACSB

3E10

SRR9722100

ACSB

3E10

SRR9722101

ACSB

3h

3E10

SRR9722102

ACSB

3h

3E10

SRR9722103

ACSB

6h

3E10

SRR9722104

ACSB

6h

3E10

SRR9722095

ACSB

12h

3E10

SRR9722096

ACSB

12h

3E10

SRR9722094

AUVSSA

Oh

3E10

SRR9722093

AUVSSA

Oh

3E10

SRR9722092

AUVSSA

30m

3E10

SRR9722090

AUVSSA

Sm

3E10

SRR9722091

AUVSSA

3E10

SRR9722089

AUVSSA

3E10

SRR9722088

AUVSSA

3h

3E10

SRR9722087

AUVSSA

3h

3E10

SRR9722086

AUVSSA

6h

3E10

SRR9722085

AUVSSA

6h

3E10

SRR9722121

AUVSSA

12h

3E10

SRR9722122

AUVSSA

12h

3E10

SRR9722119

ACSA

Oh

3E8

SRR9722120

ACSA

3h

3E8

SRR9722117

ACSA

6h

3E8

SRR9722118

ACSA

12h

3E8

SRR9722115

ACSB

Oh

3E8

SRR9722116

ACSB

3h

3E8

SRR9722123

ACSB

6h

3E8

SRR9722124

ACSB

12h

3E8

SRR9722110




AUVSSA 0 Oh 3E8 1 SRR9722109 v
AUVSSA 7 3h 3E8 1 SRR9722112 N
AUVSSA 7 6h 3E8 1 SRR9722111 N
AUVSSA 7 12h 3E8 1 SRR9722106 N
RPBI1-K1268R 0 Oh 3E8 1 SRR9722105 N
RPBI1-K1268R 7 3h 3E8 1 SRR9722108 N
RPBI1-K1268R 7 6h 3E8 1 SRR9722107 N
RPBI1-K1268R 7 12h 3E8 1 SRR9722114 v
WT (] Oh 3E8 1 SRR9722113 v
WT 7 3h 3E8 1 SRR9722152 v
WT 7 6h 3E8 1 SRR9722153 v
WT 7 12h 3E8 1 SRR9722154 v
ACSA 0 Oh A304-405A 1 SRR9722052 v
ACSA 7 3h A304-405A 1 SRR9722148 N
ACSA 7 6h A304-405A 1 SRR9722149 N
ACSA 7 12h A304-405A 1 SRR9722150 N
ACSB 0 Oh A304-405A 1 SRR9722151 N
ACSB 7 3h A304-405A 1 SRR9722053 N
ACSB 7 6h A304-405A 1 SRR9722054 N
ACSB 7 12h A304-405A 1 SRR9722137 v
AUVSSA 0 Oh A304-405A 1 SRR9722136 v
AUVSSA 7 3h A304-405A 1 SRR9722135 v
AUVSSA 7 6h A304-405A 1 SRR9722134 v
AUVSSA 7 12h A304-405A 1 SRR9722141 v
RPBI1-K1268R (] Oh A304-405A 1 SRR9722140 v
RPBI1-K1268R 7 3h A304-405A 1 SRR9722139 N
RPBI1-K1268R 7 6h A304-405A 1 SRR9722138 N
RPBI1-K1268R 7 12h A304-405A 1 SRR9722133 N
WT 0 Oh A304-405A 1 SRR9722132 N
WT 7 3h A304-405A 1 SRR9722127 N
WT 7 6h A304-405A 1 SRR9722128 N
WT 7 12h A304-405A 1 SRR9722125 v

WT 7 Oh ab5095 1 SRR9722129

WT 7 3h ab5095 1 SRR9722126

WT + PreCR-20min 7 3h ab5095 1 SRR9722131

WT + PreCR-2h 7 3h ab5095 1 SRR9722130

The sequence data were deposited in the NCBI Short Read Archive (SRA), with the BioProject
accession number, PRINAS548234.
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