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SUMMARY

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

INTRODUCTION

The timely expression of genetic information is crucial for life.
However, genomic DNA is continuously damaged, and unre-
paired DNA lesions interfere with transcription (Jackson and
Bartek, 2009). Eukaryotic cells preferentially remove DNA le-
sions from the transcribed strand of active genes by transcrip-
tion-coupled nucleotide excision repair (TC-NER) (Hanawalt
and Spivak, 2008). By preventing prolonged stalling of RNA
polymerase Il (RNAPIl) at DNA lesions (Brueckner et al.,
2007), TC-NER ensures swift transcription recovery and
avoids apoptosis. Individuals suffering from Cockayne syn-
drome (CS) have defective TC-NER due to mutations in either
the CSA/ERCCS8 or the CSB/ERCC6 gene and display devel-
opmental abnormalities, premature aging, 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; Mar-
teijn et al., 2014; Reid-Bayliss et al., 2016; Yamaizumi and
Sugano, 1994).
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TC-NER is triggered by the stalling of elongating RNAPII
molecules (RNAPIllo) at DNA lesions (Xu et al., 2017). The
Cockayne syndrome protein complex (CSA/CSB) as well as
the UV-sensitive syndrome protein (UVSSA) collaborates in
the processing of RNAPIlo 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 transcrip-
tion factor that also functions in NER. However, it is currently
unknown how stalled RNAPIlo 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 RNAPIlo 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 RPB1 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, 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 speci-
ficity. 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 hu-
man 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.

RESULTS

RNA Polymerase Il 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 Il (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 ubiqui-
tination 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 sin-
gle 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 analyzed the UV-induced ubiquitination of
the RPB1-KR mutants (Figure 1B). Importantly, the UV-induced
RPB1-llo top bands (llo-Ubi) overlapped with immunoblot stain-
ing 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-llo top bands and the appearance of cleaved mono-
ubiquitin (Figure S1B). These findings demonstrate that these
top bands truly represent RPB1-llo ubiquitination (Bregman
et al., 1996; Nakazawa et al., 2012). While most RPB1-KR
mutants still showed UV-induced RPB1-llo ubiquitination, this
modification was largely lost in RPB1-K1268R cells (Figure 1B).
Notably, RPB1-llo ubiquitination was also severely diminished
in ACSB, ACSA, and in AUVSSA cells (Figures 1B and S3A)
(Bregman et al., 1996; Nakazawa et al., 2012; Ratner et al.,
1998). Collectively, these data indicate that UV-induced RPB1-
llo ubiquitination occurs predominantly at the K1268 residue.
Interestingly, the RPB1-K1268 site is highly conserved (Fig-
ure S1C) and is surface-exposed near to where the downstream
DNA enters RNAPIlo 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-llo 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
and 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 ubiquitina-
tion 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-
llo 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-llo ubiquitination, demonstrating that CRLs
ubiquitinate the RPB1-K1268 residue (Figure 2A). MLN4924
treatment also diminished RRS in WT cells but not in TC-
NER-deficient cells (Figure 2B), implying that CRLs play a pre-
dominant role in the RPB1-llo ubiquitination associated with
TC-NER activity.

Cell 180, 1228-1244, March 19, 2020 1229



O~ <t < w0 o 0 O~ [SVINaY] [$]
N3 ege LLL £ ¢¢¢ TT T
1 € iy el 1590 1970aa
A ~N T T T
3N &Y My 1Y J L. 1] o 8% - CHE D ®e e o G e emoe o000 CTD @ GNP PET
0 200 400 600 800 1000 1200 1400 1600 1800 2000
B HeLa RPB1-KR HeLa RPB1-KR HelLa RPB1-KR
r o fx £ «© r o £ e 5 &5 5 g4
o« ~ [Nl o ~ © a (3] © < N © 0 %)
© ~ < < - © [} -~ n © ~ o o (3] o
E b - O K~ ~ E ~ © @Q @ E ) - - =
X N X X X X X X X X X X X X <
“F T+ T F T F T HF T HF THF THF HF THFTHF THF THF THF F T+ bv(oumy
llo-Ubi
RNAPII " h._n .
el 7 [T LLT L UIIHMOQH-I‘.!"“i“

SMC3 l —-—_——-—-—-—“---——---—— ” ---——---——-—I

Hela RPB1- C
K1268R

£ 2

120 WU+

@

3
5 4
-+ -+ (204m

+ -+
e T T L

SMC3 | e e e e e e === |

-
o
o

uv

@
o

[o2]
o

I
o

N
L]

Fluorscence intensity (% of UV-)

o

& e 8

@(L(L

&

2 4
& & Vov‘)@ UV irradiation (J/m?)

—e— WT

10 K163R
K177R
K642R/K643R
K710R
K767R
K796R
K812R
K853R
K866R
K874R
K1225R
4 —8— K1268R

K1350R
, —*—ACSB
6 —— AUVSSA

ouv- D

Survival fraction

o

Figure 1. RPB1 Ubiquitination at K1268 Regulates TC-NER and UV Survival
(A) RPB1 ubiquitination sites (black, all lysine residues; green, putative ubiquitination sites; red, K1268).
(B) Detection of the unmodified and ubiquitinated forms (top bands, llo-ubi) of RNAPIlo in chromatin fraction using the 3E10 antibody in the wild-type (WT),

indicated RPB1-KR mutants, and ACSB Hela cells at 1 h after UV.

(C) RRS assay in the indicated RPB1-K1268R clones and ACSB and AUVSSA Hel a cells. Cells were UV irradiated (closed bars, 5 J/m?; open bars, without UV),
followed by 12 h incubation before 5-ethynyluridine (5-EU) incorporation (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. black, WT; blue, RPB1-K1268R; green, ACSB and AUVSSA; sky blue, KR mutants.

Error bars represent SD of triplicate experiments.
See also Figure S1.

We then studied the compositions of ubiquitin chains formed
on the RPB1-K1268 residue. Ubiquitin pull-down assays
confirmed the UV-induced ubiquitination of RPB1-llo was
severely reduced in ACSA Hela cells and abolished in RPB1-
K1268R cells (Figure S2). These findings indicate that the ubiqui-
tination of RPB1 primarily occurs on K1268 and is partly depen-
dent on CSA. To investigate which specific ubiquitin chains are
formed on RPB1-K1268, Ubiquitin-KR mutants (Ub-K6R,
-K11R, -K27R, -K29R, -KB33R, -K48R, and -K63R) were
expressed in WT HEK293 cells, and ubiquitin pull-down was per-
formed (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), sug-
gesting that these ubiquitin linkages are primarily formed on
RPB1-K1268. The presence of both K48- and K63-linked polyu-
biquitin chains were confirmed in GFP- RPB1 precipitates from
HEK293 cells, and these were fully dependent on K1268 (Fig-
ure 2D). Notably, both K48- and K63-linked RPB1 ubiquitin
chains were substantially decreased in ACSA cells (Figure 2D).
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Taken together, these data indicate that CRLs, including
CRL®®A, conjugate K48- and K63-linked ubiquitin chains onto
RPB1-llo 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-K1268 ubiquitination regulates TC-NER. To this
end, we monitored the association of TC-NER factors with
ubiquitinated RPB1-llo by chromatin co-immunoprecipitation
(colP). In WT HelLa cells, RPB1-llo interacted with CSB and
the CRL®®A complex as well as with major subunits of the
general transcription factor IIH (TFIIH) core complex and its
associated CAK complex in a UV-dependent manner (Fig-
ure 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 (Fig-
ure 3A). Indeed, the UV-dependent recruitment of TFIIH to
RPB1-llo was completely abolished in ACSA, ACSB, or
AUVSSA cells (Figures 3B and S3A), consistent with recent



A B 40 . HEK293
] mUVFOUV= S o & T e & &
48BR (Normal) o - / § §§ . / § f & P & Strep-Ubiquitin
DMSO  MLN4924 (10uM) S12017T T e ., =
H b — TFTF-F-F-F ¥ F-F-F-F-F UV (20J/m?
-+ -+ UV (10J/m?) o100 - £ R
8 = S8 BN BB Elseew
5 280 & 2 : g R E|Sezlh
@ S g "
o _llo-Ubi € 60 4 )
< ~llo ‘» =
Z . '! % 40 S l Strep-Ubiquitin
CudA- g &
b - == -NEDD8 £ 20 { &
3 & e |- Cul4A S j|_ &
T L = RNAPII-Ser2
3 MLN4924 - + - + - + -+ w
o (M)~ _= T €~ O~ - llo-Ubi
f o« E Q< 00 g0 s wummwrr e (e |- 0
85 24 ~Ng =2q .
Y2 &2 £ 8¢
D HEK293 HEK293
UV WT KI1268R ACSA UV WT K1268R ACSA WT K1268R ACSA WT K1268R ACSA
(20dim3) -+ - & - & (0Jm?) - + - + - 4 -+ - 4+ - ¥ - + - + - 4+
| C— ————— —
% -0 - - ~ llo-Ubi SMC3
™ - TS T e PP Y W |~ —llo
S| e .
o kg o4 —-— -— -
RNAPII-Ser2 GFP-RPB1 RNAPII-Ser2
HEK293
UV WT KIi268R ACSA WT K1268R ACSA WT K1268R ACSA WT K1268R ACSA
(20J/m2) — + — + - 4+ - + - 4+ - + - + - + = + - + = 4+ = +
g = -
g = e L ~llo-Ubi
O] vy . - - i r .
s ey v s
GFP-RPB1 Total Ubiquitin (P4D1) K48-Ubiquitin (Apu2) K63-Ubiquitin (HWA4C4)

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 in-
cubation. 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 (+, 10 uM; -, 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-llo
were detected (RNAPII-Ser2). Ubiquitin chain termination products were detected in cells expressing Ubiquitin-K48R, or -K63R mutants. Total ubiquitinated

proteins (Myc-Strep-Ubiquitin) are shown. WCE, whole-cell lysate.

(D) Affinity purification of GFP-RPB1 (WT) from either WT or ACSA HEK293 cells, or GFP-RPB1 K1268R from WT cells at 1 h after UV.

See also Figure S2.

results (van der Weegen et al., 2019). Importantly, a UV dose-
dependent increase in the TFIIH 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 asso-
ciation (Figure 3D). Moreover, we detected persistent associ-
ation 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 UV-dependent TFIIH interaction
was mostly preserved in the other RPB1-KR mutants (Fig-
ure 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-K1268 ubiquitination is
mechanistically linked to the recruitment of TFIIH during
TC-NER. We focused on UVSSA because it preferentially binds
to ubiquitinated RPB1-llo after UV irradiation (Nakazawa et al.,
2012). In WT cells, we detected the association of endogenous
UVSSA with RPB1-llo after UV, but this was abolished in either
ACSA or ACSB cells. Conversely, AUVSSA did not affect the
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association of the CSB/CSA complex with RPB1-llo (Figures 3B
and S3A).

We noticed a distinct UVSSA “mono-ubiquitinated” top band
detected in RPB1-llo 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-llo immuno-
precipitates in HelLa 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-llo was significantly
reduced in the RPB1-K1268R cells, and this particularly affected
the mono-ubiquitinated form of UVSSA (Figures 3C and 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
(390-430 aa), 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 recruit-
ment to ubiquitinated RPB1-llo, 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-llo 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 ex-
pected, 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 be-
tween the UVSSA-K414R mutant and TFIIH-p62 (Figure S3D).
Importantly, RRS was impaired in all of the UVSSA mutants (Fig-
ure S3E), showing that the UVSSA-K414 ubiquitination and the
TFIIH-p62 interaction are both critical for TC-NER. Notably,
RPB1-llo 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 RNAPIlo
ubiquitination mainly occurs prior to the recruitment of UVSSA
and TFIIH, and that the ubiquitination of UVSSA-K414 is exclu-
sively needed for the efficient transfer of TFIIH from UVSSA to
stalled RNAPIlo (Figure 3F), which may involve later displace-

ment of p62 by other NER proteins, such as XPG (xeroderma pig-
mentosum, complementation group G protein).

Genome-wide ChIP-Seq Reveals a Strong Transcription
Recovery Delay in the RPB1-K1268R Mutant

To study the consequence of impaired RPB1-K1268 ubiquitina-
tion on a genome-wide scale, we employed chromatin immuno-
precipitation of RPB1 to capture DNA fragments, which were
analyzed by next-generation sequencing (NGS) (chromatin
immunoprecipitation sequencing [ChIP-seq]: Figure 4A). This
enables the quantitative and spatiotemporal mapping of
RNAPII in the genome. We performed ChlIP-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 (TSSs), 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 (TESs) due to post-transcriptional pausing prior to dissoci-
ation (Figure 4B, left panel gray lines). Total RPB1 ChlIP 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 and S4A), demonstrating that RPB1-K1268 ubiquiti-
nation does not affect general transcription.

At 3 h after UV, the distribution of RNAPII was comparable be-
tween RPB1-WT and RPB1-K1268R and significantly shifted
with increased enrichment near the 3’ of TSS concomitant with
a reduction at post-transcriptional pausing sites (PTPSs) after
the TES (Figure 4B, green lines). This suggests that fewer
RNAPII molecules reach the end of genes due to DNA dam-
age-induced transcription arrest, stalling or pausing, in agree-
ment with previous analyses (Paulsen et al., 2014). Strikingly,
while the RNAPI| distribution started to shift back at 12 h after
UV in WT cells, the RPB1-K1268R mutant showed impaired tran-
scription recovery (Figure 4C). These profile differences were

Figure 3. TFIIH Recruitment Is Dependent on the Ubiquitination of RPB1-K1268 and UVSSA-K414

(A) ColP 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 3E8 (Ser5) antibodies. Asterisks represent non-specific products. Results for the other
RPB1-KR mutants are shown in Figure S3B.

(B) ColP 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) ColP 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-llo was
reduced in RPB1-K1268R mutant.

(D) ColP as in (A) from the indicated HelLa cells (WT, RPB1-K1268R, ACSB) after UV, followed by incubation for the indicated time periods. FK2 antibody detects
ubiquitinated RPB1-llo in WT cells.

(E) ColP 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: RNAPIlo stalls at DNA damage. 2: The CRLCSA complex, possibly in concert with another E3 ligases ubiqg-
uitinates RPB1-K1268; UVSSA is also recruited by CSB/CSA. 3: VHS domain supports the UVSSA interaction with ubiquitinated RPB1-llo; UVSSA recruits TFIIH-
p62 via PH-domain binding sequence (PHB). 4: Mono-ubiquitination of UVSSA-K414 facilitates transfer of TFIIH to RPB1-llo.

See also Figure S3.

Cell 180, 1228-1244, March 19, 2020 1233



Hela cells UV irradiation (7 J/m?2)

< T T 1 1

|

<}
pan-RPB1

w/oUV (UV-) 5m 30m 1h 3h  6h
\m ==as) (Famean)
Y
RNAPII ChIP

(CTD-pSer2, -pSer5, pan-RPB1 antibodies)

NGS Sequencing & In silico analysis

Coding strand

b~ _7r
>
@O@a@i \Temp[ate strand

DNA lesion

» (O

Adapter ligation

D RPB1-Ser2 post-transcriptional
pausing sites
15788 TEs_ (PTPS) . TSS TEs PrPs TSS TES PTPS
B RPB1-Ser2 (3E10) RPB1-Ser5 (3E8) s | WTLuv-
o
>:‘§, 25 —— K1268R, UV+, 3h —— K1268R, UV+, 3h o
=5 “ WT, UV+,3h e WT, UV, 8h o 0 0]
D2 20 —— K1268R, UV- —— K1268R, UV- 1.5 16 7
83 WT, Uv- WT, UV- WT, UV+, 3h
" o
0§ 15
g5 Jm-n‘m
S5 0! L 0 0
(4 g 10 1.5+ 16— 7
88 WT, UV+, 12h
o ’ g
el 'E’ 5 h., A
2% 2 M M_ uu.uu-..L
c3 o-! 0 0t
2000 TSS 33% 66% TES 2000 TSS TES
Gene body (transcription (transcription 154 16— 7
C start site) end site) K1268R, UV-
g 25 —— K1268R, UV+, 12h —— K1268R, UV+, 12h
28 - WT, UV+, 12h WT, UV+, 12h oJL‘ PR Y RPTIr Y lL 5 ol
B2 2 —— K1268R, UV- —— K1268R, UV- 159 16 =
38 - WT, UV- WT, Uv- K1268R, UV+, 3h
28 95
% 3 o e
= 0.
g2 10 = 1 o
g3 K1268R, UV+, 12h
-2 5
i
T8 o 7 S ogm
2000 TSS 33% 66% TES 2000 TSS TES B HEHH
Gene body ZMYM2 (133 Kb) BASP1 (60Kb) DHX9 (49 Kb)
Asymmetric NGS library adaptors allow Strand specific ChlP-seq read distribution in
a strand-biased PCR amplification gene bodies and post-transcriptional pausing sites (PTPS)
Undamaged Damaged WT, UV- WT, UV+, 3h
DNA fragment DNA fragment L —y gene body 251 Liog | genebody Coding strand 5
1SSl =003 1SSl =0.05 1SSI1 =025} 1SSl =0.45 ;
Forwardly
mapped
DNA lesionin 5
¥ template strand &
- o
Reversely
mapped i
P No elongation - i :
$ 58 gene body PTPS Codirlg strand gene body | PTPS
= ) 1SSl =004 IsSli=004 257« 00iNgsian 1811 =058{ 1881l =029
e < [l /
= 3 b -
- THAP5  DNAJB9 e THAP5 ~ DNAJBY
T e G
e i WT K1268R
— v . Quantification of strand specificity index 20
= P ———— in individual genes Uv-
— — % 15 p=0.0619
. WT, UV- WT, UV+, 3 h E
On lilumina flow cells Unimodal distribution ~ Bimodal distribution ~ g¢ 1° ‘
5 ‘ ‘
= 0
T .
o UV+, 3h
| | | | ‘ p<1x10-300
| i/ \Q P’ i |
-1 0 1 -1 0 1
Unbiased Coding strand-biased Strand specificity index (SSI)
F WT, UV- WT, UV+, 3h Repair 20 min Repair 2 h
20 UV+, 12h
15 p<ixi 0-300
=
g 10
o
5
0
1 -1 0 1 -1 0 1

0 1
Strand specificity index (SSI)

1234 Cell 180, 1228-1244, March 19, 2020

Strand specificity index (SSI)

(legend on next page)



also prominent in individual genes (Figure 4D). Importantly,
TC-NER-deficient cells showed a similar RNAPII distribution to
the K1268R mutant at all time points analyzed except 3 h (Fig-
ures S4A and S4B; see arrows in RPB1-Ser2 3 h panels), sug-
gesting this reflects the degree of impaired TC-NER.

Strand-Specific ChIP-Seq Identifies RPB1-llo Stalled at
DNA Damage and Demonstrates Slow Repair Kinetics in
RPB1-K1268R Mutant in Most Genes

We next sought to establish a new ChlP-seq method measuring
genome-wide TC-NER kinetics. This method relies on the princi-
ple that a fraction of the DNA fragments prepared after RPB1-
Ser2 ChIP contain DNA lesions in the transcribed strand, which
caused RNAPIlo 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 lllumina
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 de-
tected in UV irradiated samples, and this strongly correlated
with gene orientation (Figure 4E, top-right panel).

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 tran-
scribed strands in individual genes (see STAR Methods). Tran-
scription arrests at DNA lesions in gene bodies contribute to an
increase in the absolute values of SSI (|SSI|), whereas RNAPIlo
molecules pause after transcription at the PTPSs do not (Fig-
ure 4E, top-right 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 un-
damaged Hela cells (no strand-bias) (Figure 4E, bottom-right
panel). Conversely, UV irradiation triggers a bimodal SSI distribu-
tion due to bidirectional transcription and the stalling of RNAPIlo.
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-K1268
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 dis-
tribution 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-defi-
cient cells. Importantly, we first confirmed that the RPB1-Ser2
ChlP-seq read depths of individual genes showed a good corre-
lation between biological replicates in all tested cells
(Figure S4D). Indeed, all of these TC-NER-deficient cells dis-
played 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 llludin S.

A Detailed TC-NER Repair Kinetic in the RPB1-K1268R
Mutant
Our strand-specific ChlP-seq method overcomes known limita-
tions in conventional methods (Mayer et al., 2017) and enable the
evaluation of gene-by-gene repair kinetics. Indeed, analysis of
individual genes (see MCM3 in Figure 5A) 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

Figure 4. Strand-Specific ChIP-Seq Enables Precise Spatiotemporal Mapping of RPB1-llo Molecules Stalled at DNA Damage Sites

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

(B and C) Distributions of chromatin-bound RNAPII (RPB1-Ser2, 3E10; -Ser5, 3E8) within gene bodies and flanking regions (B) 3 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 and S4B.

(D) RNAPIlo distribution changes in individual genes after UV irradiation. RPB1-Ser2 ChlP-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 lllumina libraries allow preferential amplification of DNA strands without damage, resulting in a retention of
directional information (see also A). Top-right panel: strand-biased ChlP-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, |SSI| increases due to the presence of DNA lesions in the transcribed strand. Bottom-right panel: scatterplots 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 +301 bp 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 scatterplots 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 the plots employed active genes. Plots reused in Figure S4E. p values were calculated with the Wilcoxon signed-rank test (n = 9,836) and were corrected
by the Benjamini-Hochberg method. Scatterplots of the samples from other time points, as well as TC-NER-deficient cells are shown in Figure S4E.

See also Figure S4.
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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 Rl 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 ChIP-seq (3E10) (see also Figure S5A). The Rl was calculated from duplicate time-course experiments shown in Figures 4G and 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 Rl kinetics (See Figure S5B). No positional preference of
damage removal from gene bodies was detected. SSI data are 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 RNAPIllo 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. ChlP-seq data are same as in (B). Results of
late time points after UV irradiation are shown in Figure S5F (3 h data replotted). RPGC (reads per genome coverage) represents 1x depth of coverage.

(E) Asymmetric distribution of the mapped reads in the coding strand immediately adjacent to A < > A dimer sites (h,) and in the 5’ lesion-proximal region (hy,)
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 (hy) is higher than that at the 3’
side, indicating stalling of RPB1-llo at the DNA lesion causing queueing of multiple RNAPIlo. The queue formation kinetics is identical in all cell types, while the
resolution is fastest in WT (dashed lines). Data in (D) (Figure S5F) are analyzed.

See also Figure S5.

(see STAR Methods and Figure S5A). To exclude the effects of  indicative ofincomplete repair (Figure 5B). Surprisingly, ACSB cells

RNAPII pausing near TSSs, TESs, and PTPSs, 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 Rl kinetics (Figures
5B and S5B). After reaching a maximum at 1 h post-UV irradiation,
WT Hela cells showed a gradual decrease in Rl within 12 h indic-
ative of near-complete repair within this time frame. However, the
RI remained high in RPB1-K1268R and TC-NER-deficient 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
(Menonietal., 2018). The RPB1-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 RNAPIlo reach DNA



lesions within the first ~10 min post-UV irradiation. However, the
Rlincreases in the first 1-3 h, suggesting a slowdown of the tran-
scription 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 RNAPIllo 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 and S5D),
suggesting that TC-NER is initiated simultaneously by sparsely
running RNAPIlo molecules that stall at DNA lesions. Interest-
ingly, the concordant increase of SSI was observed in all cell
types at early time points post-UV irradiation (Figure S5D), sug-
gesting that de novo collisions of sparsely running RNAPIlo with
DNA damage continuously occurred within 1 h after UV in all cell
types, while further stalling continues afterward in repair-defi-
cient cells.

We next attempted a base-resolution mapping of DNA dam-
age-stalled RNAPIlo. 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 suc-
cessfully detected in WT Hela cells after UV (Figure S5E), due to
the stalled RNAPIlo at UV-induced T-T CPDs in transcribed
strands. We further analyzed the RNAPIlo stalling at base reso-
lution in TC-NER-deficient as well as RPB1-K1268R cells (Fig-
ures 5D and S5F). 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), sug-
gesting increased accumulation of RNAPIlo 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 (h,: peak height at
the damage site measured from the 3’ baseline) and that of the
5’ regions (hy: height of the 5’, 500 bp upstream of the damage
site, measured from the 3’ baseline) in the coding strand were
quantified (Figure 5E). As hy, reached its maximum at ~1 h after
UV in all cell types with a nearly identical profile (Figure 5E,
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-K1268R cells, suggesting that RNAPIlo queueing and its
resolution is associated with TC-NER activity and the processing
of stalled RNAPIlo.

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 irradiation in the entire genome (Fig-
ure 6A).This indicates that the TC-NER activity is not random but
rather reflects a tight coordination between gene-by-gene tran-
scription 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 be-
tween 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, (Fig-
ure 6B), we analyzed common features, such as gene length
(Figure 6C) and GC contents (Figure 6D), as well as RPB1
ChlP-seq read density, a proxy to gene expression level (Fig-
ure 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 and ex-
hibited low-GC content and low-expression profiles, while genes
only detected in the ATCR set (yellow) had no obvious character-
istic 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 identi-
fied 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 ID hsa04110,
p =5.60 x 10~ ""; Figure S6B), such as genes encoding CDK-cy-
clin, ORC, and MCM (see MCM3 repair profiles in Figure 5A) com-
plexes, all of which positively regulate the cell-cycle progression.
These cell-cycle genes are relatively long (median length: cell-cy-
cle genes, 36 kb; other genes, 22 kb; p = 7.69 x 107*, 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.

Polr2a%1268R/K1268R ; yh2~/~ Double-Mutant Mice
Display Short Lifespan and a Premature Aging
Phenotype
Having established a TC-NER-compromised cellular phenotype
in RPB1-K1268R cells, we decided to examine the conse-
quences of deficient RNAPIlo ubiquitination in a whole organ-
ism. 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). Polr2aX1268R/K1268R (KR/KR) homozygous
knockin mice were generated after backcrosses of heterozy-
gous founder mice and their inbreeding, which were born
with expected Mendelian inheritance ratios. Neither the
Polr2a""*® 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-defi-
cient Csa~'~ or Csb™'~ mice do not show an obvious phenotype
(van der Horst et al., 1997). A similar situation is observed in
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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 HelLa 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)
(Figure S6A). About 80% of unrepaired genes are overlapping between RPB1-K1268R (KR) and TC-NER-deficient (ATCR) cells.

(C-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)—(E).

See also Figure S6.

Fanconi anemia (FA) repair pathway (FANC)-deficient mice,
which do not develop FA (Chen et al., 1996; Parmar et al.,
2009). However, strong features of FA can be revealed by the ge-
netic deletion of the aldehyde-catabolizing 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 (DM) mice (Laposa et al.,
2007; van der Pluijm et al., 2007), suggesting that increasing
the DNA damage load due to GG-NER deficiency in Csb™~ or
Csa™'~ mutants now reveals a CS-like phenotype in mice.

In view of the above, we decided to generate Polr2a¥?VK® /
Xpa~'~ DM mice to increase the likelihood of RNAPIlo colliding
into DNA lesions during transcription and to reveal a potential
CS-like phenotype. The DM mice displayed a remarkable growth
retardation, low body weight, and prominent dwarfism
(Figure 7A), although all the mice were born with expected Men-
delian inheritance ratios. Littermates of these mice with other ge-
notypes did not show any growth or neurological abnormalities
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(Figures 7A and S7B; Tables S5 and S6), similar to what was pre-
viously reported for Xpa™~ mice (Nakane et al., 1995). After
3 months, the DM mice gradually lost their body weights, 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 lifespan and
condition did not improve. At 4-5 months of age, skeletal abnor-
malities, such as kyphosis and abnormal gait due to hindlimb
dystonia were prominent in the DM mice, some of which also dis-
played depigmentation as well as cataracts, similar to human CS
individuals (Calmels et al., 2018; Laugel, 2013) (Figures 7B and
7C; Table S6).

Loss of Motor Neurons in Polr2aX1268R/K1268R ; x5/~
Double-Mutant Mice

The appearance of gait abnormalities and clamping hind limbs
became evident after weaning in all DM animals, suggesting po-
tential abnormalities in the central or peripheral nervous system.
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No obvious morphological abnormalities were apparent in the
cerebrum and cerebellum of 4- to 6-month-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 quan-
tified 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 progres-
sion in human CS individuals. The progressive neurodegener-
ative phenotype of the DM mice underscores the importance
of RPB1-K1268 ubiquitination in vivo and suggests that these
CS-like aging-related phenotypes are best explained by a
deficiency in RNAPIlo processing and prolonged transcription
arrests under a high load of endogenous DNA damage rather
than a compromised DNA repair activity associated with
TC-NER.

DISCUSSION

Although the ubiquitination of RNA polymerase llo after UV irra-
diation in human cells has been known to occur for a consider-
able 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 ubiquitina-
tion site at RPB1-K1268 regulates both TC-NER and processing
of DNA damage-stalled RNAPIIo on chromatin.

RNA Polymerase llo Ubiquitination: Difference in Human
versus Budding Yeast

DNA damage-induced ubiquitination of RNAPIlo is highly
conserved from yeast to man. Elegant studies in the yeast
S. cerevisiae have demonstrated that the ubiquitination of
RNAPIlo 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 RNAPIlo from DNA damage sites (Lommel et al.,
2000; Somesh et al.,, 2005, 2007; Woudstra et al., 2002).
Conversely, we show here that RPB1-K1268 ubiquitination in hu-
man 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 pri-
mary purpose of RNAPIlo ubiquitination between humans and
budding yeast is different. In contrast, the RPB1-K1268 site is
fairly conserved (Rpb7-K1252) in the fission yeast S. pombe,
which in many ways shows more complex genomic features
also found in vertebrate genomes. Interestingly, an rpb7-
K1252R mutant in S. pombe showed increased sensitivity to
the UV mimetic 4-NQO in an NER-deficient Arhp14 (human
XPA homolog) background (Figure S7C). This is reminiscent of
our Polr2a%28R knockin mice, which displays a CS-like pheno-
type 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-K1268 (-K1252 in S. pombe)
under a high load of DNA damage.

Players in RNA Polymerase llo Ubiquitination in Human

The precise mechanisms involved in human RNAPIlo ubiquitina-
tion have been multitude and controversial. While earlier studies
revealed that RNAPIlo 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 deubiquitinase USP7 and the CSB/CSA

Figure 7. RPB1-K1268 Ubiquitination Protects against Neurodegeneration in Mice

(A) Body-weight distribution and growth curves of mice with the indicated genotypes. Representative control and Polr2a!1268R/K1268R (KR/KR) / xh 2=/~ (DM) mice
are shown at 144 days (males left, females right). Loss of body weight 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 and S7B, respectively. See also Tables S4-S6. Polr2aV "W / Xpa™'~ &
(n=9); Polr2a® ¥R / Xpa~'~ 3 (n = 22); Polr2a"?R / Xpa~—'~ & (n = 5); Polr2aV ™"V / Xpa '~ ¢ (n = 12); Polr2a™" ¥R / Xpa™~ 2 (n = 18); Polr2a*™ R / Xpa =/~ ¢ (n=7).
(B) Representative premature aging phenotypes observed in DM mice. Kyphosis (1), gait abnormalities (2), and slimming (3) in a DM mouse (139 days). Hind-limb
dystonia (clamping) (4) in a DM mouse (144 days) and a normal (5) Polr2aV ¥R / Xpa~'~ littermate (144 days). Depigmentation (6) in a DM mouse (139 days).
Cataract (7; 8, magnified view) in a DM mouse (153 days).

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

(D) Activation of astrocytes in the cerebral cortex was observed in DM mice (153 days) at an end stage compared to normal control (Polr2a’"” ¥® / Xpa*/~,
153 days) 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 days), and a DM (163 days)
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¥" ¥R / Xpa=~, n = 3; DM, n = 3). Data are 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 days), compared to control Polr2a" ¥R / Xpa '~ (166 days) mice. Representative immunofluorescent images of lumbar spinal cord
sections are shown stained for ChAT (green), Iba1 (red), GFAP (white).

See also Figure S7.
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complex (Fei and Chen, 2012; Nakazawa et al., 2012; Schwert-
man 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 RNAPIlo.

Our findings reveal the near-complete loss of ubiquitination in
RPB1-K1268R cells, suggesting that this lysine residue repre-
sents the main UV-induced ubiquitination site in RNAPIlo. The
accompanying paper by Tufegdzic Vidakovic et al., 2020) also
underscores the importance of this RPB1-K1268 ubiquitination
for a proper transcription shutdown and recovery in response
to UV irradiation. Notably, we observed severely reduced ubiqui-
tination in ACSA cells, as well as complete loss of this modifica-
tion after treatment with MLN4924, which suppresses NEDD8
conjugation to cullin-ring type E3 ligases (CRLs) causing their
inactivation. These findings suggest that the CRL4®SA E3 ubiqui-
tin 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 demonstrate that RPB1-K1268
ubiquitination is important for TC-NER. First, we show that
RPB1-K1268R Hela cells are very sensitive to UV irradiation
and show an impaired recovery of RNA synthesis after UV.
Second, 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. Third, molecular analysis revealed that the recruitment
of the core-TFIIH complex to DNA damage-stalled RNAPIlo
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 posi-
tions the TFIIH complex during TC-NER?

Our data support a model in which the association of CSB/
CSA with DNA damage-stalled RNAPIlo is not affected by
RPB1-K1268 ubiquitination. In fact, the CSB/CSA complex fa-
cilitates RPB1-K1268 ubiquitination upon its association with
RNAPIlo, possibly together with other CRL ubiquitin ligases.
The recruitment of UVSSA to RNAPIlo is fully dependent
on CSB/CSA. Strikingly, the RPB1-UVSSA interaction is
enhanced by RPB1-K1268 ubiquitination likely through the
ubiquitin-binding VHS domain in UVSSA, which is most strik-
ing 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 facili-
tate the transfer of TFIIH to the DNA damage-stalled
RNAPIlo (Figure 3F).

RPB1-K1268 Ubiquitination Has a Role in Damage-
Stalled RNAPIlo Processing: Implications for
Neurodegeneration

Our molecular analysis revealed that cells deficient in CSB, CSA,
UVSSA, or RPB1-K1268 ubiquitination show a pronounced TC-
NER deficiency. Strikingly, however, only defects in the CSA or

CSB genes in humans cause the neurodegenerative disorder
Cockayne syndrome (CS), which is characterized by dysmyeli-
nation, progressive loss of neurons, severe developmental
abnormalities, and premature aging. 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"'28R mice deficient in the DNA
damage-induced ubiquitination of RNAPIlo show pronounced
dwarfism, growth retardation, neurodegeneration, and short life-
span reminiscent of CS. This phenotype only became prominent
in the DNA repair-compromised Xpa’~ background, which
lacks both GG-NER and TC-NER activity but displays 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 individuals (Brooks, 2008).
Importantly, our findings strongly argue that CS-like features
are not caused by defective TC-NER. Indeed, neurodegenera-
tion in Csb™~ mice was also only observed in an NER-compro-
mised 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 unre-
paired endogenous DNA lesions ordinarily dealt with by NER.
We have noted previously that CSA or CSB-deficient primary fi-
broblasts fail to degrade RNAPIllo after UV irradiation, while
UVSSA-deficient cells showed swift degradation (Nakazawa
et al., 2012). This has led to a hypothesis in which a deficiency
in RNAPIllo processing and prolonged transcription arrests in
response to DNA damage rather than a compromised TC-NER
activity underlies the CS-like neurodegenerative phenotype (Na-
kazawa et al., 2012). The CS-like phenotype of the Polr2ak!258R
mice fully supports this model. In addition to the intrinsic TC-NER
deficiency, a failure to ubiquitinate RPB1-K1268 leads to a non-
displaceable RNAPIlo 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 RNAPIlo progression and may strongly contribute to
the CS phenotype in case RNAPIlo processing is compromised.
This model provides an explanation for the different clinical fea-
tures 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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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rat anti-RPB1-phospho-Ser2-CTD (RPB1- Millipore Cat# 04-1571; RRID: AB_11212363
Ser2), clone 3E10

rat anti-RPB1-phospho-Ser5-CTD (RPB1- Millipore Cat# 04-1572; RRID: AB_10615822
Serb), clone 3E8

rabbit anti-RPB1-phospho-Ser2-CTD Abcam Cat# ab5095; RRID: AB_304749

(RPB1-Ser2)
rabbit anti-RNA Polymerase ||

mouse anti- mono-, and poly-ubiquitin,
clone FK2

mouse anti-ubiquitin, clone P4D1

rabbit anti-K48-linkage specific
polyubiquitin, clone Apu2

mouse anti-K63-linkage specific
polyubiquitin, clone HWA4C4

rabbit anti-SMC3

rabbit anti-Cul4A

mouse anti-PCNA, clone PC-10

mouse anti-GFP, clone B-2

rabbit anti-RAD21 (D213)

mouse anti-TFIIH p62/GTF2H1, clone G-10
mouse anti-TFIIH p89/XPB, clone G-10
mouse anti-cdk7 (MO1)

mouse anti-CSB/ERCCB, clone 553C5a
rabbit anti-CSA/ERCCS8, clone EPR9237
mouse anti-cdk9, clone D-7

mouse anti-Cyclin T1, clone E-3

mouse anti-SPT5, clone D-3

mouse anti-UVSSA

HRP-conjugated mouse anti-myc-tag
rabbit anti-V5-tag

goat anti-Choline Acetyltransferase (ChAT)
rabbit anti-lba1l

mouse anti-glial fibrillary acidic protein
(GFAP), clone G-A-5

Anti-mouse IgG, HRP-linked
Anti-rabbit IgG, HRP-linked
Anti-rat 1gG, HRP-linked

Goat anti-Mouse IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa
Fluor 546

Cy3 AffiniPure Donkey Anti-Rabbit
1gG (H+L)

Bethyl Laboratories
ENZO Life Sciences

Santa Cruz
Millipore

eBioscience

Bethyl laboratories
Bethyl Laboratories
NeoMarkers

Santa Cruz

Cell Signaling Technologies
Santa Cruz

Santa Cruz

MBL

Bio Matrix Research
Abcam

Santa Cruz

Santa Cruz

Santa Cruz

Abnova

MBL
MBL
Millipore
Wako
Sigma

Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Thermo Fisher Scientific

Jackson Immuno Research laboratories

Cat# A304-405A; RRID: AB_2620600
Cat# BML-PW8810; RRID: AB_10541840

Cat# sc-8017; RRID: AB_2762364
Cat# 05-1307; RRID: AB_1587578

Cat# 14-6077-80; RRID: AB_1257214

Cat# A300-060A; RRID: AB_67579
Cat# A300-739A; RRID: AB_533380
Cat# MS-106-P0; RRID: AB_64276
Cat# sc-9996; RRID: AB_627695
Cat# 4321; RRID: AB_1904106

Cat# sc-48431; RRID: AB_2247962
Cat# sc-271500; RRID: AB_10649033
Cat# K0068-3; RRID: AB_591059
Cat# BMR00638

Cat# ab137033; RRID: AB_2783825
Cat# sc-13130; RRID: AB_627245
Cat# sc-271348; RRID: AB_10608086
Cat# sc-133217; RRID: AB_2196394

Cat# H00057654-B01P; RRID:
AB_11016566

Cat# M192-7

Cat# PMO003; RRID: AB_592941
Cat# AB144P; RRID: AB_2079751
Cat# 019-19741; RRID: AB_839504
Cat# G3893; RRID: AB_477010

Cat# 7076; RRID: AB_330924
Cat# 7074; RRID: AB_2099233
Cat# 7077; RRID: AB_10694715
Cat# A11030; RRID: AB_144695

Cat# 711-165-152; RRID: AB_2307443

(Continued on next page)
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Alexa Fluor 647 AffiniPure Donkey Anti-
Mouse IgG (H+L)

Donkey anti-Goat IgG (H+L) Cross-
Adsorbed Secondary Antibody, Alexa
Fluor 488

Jackson Immuno Research laboratories

Thermo Fisher Scientific

Cat# 715-605-150; RRID: AB_2340862

Cat# A11055; RRID: AB_2534102

Bacterial and Virus Strains

pLenti-6-UVSSA-V5 (lentivirus particle) Nakazawa et al., (2012) N/A
pLenti-6-UVSSA-K414R-V5 (lentivirus This study N/A
particle)

pLenti-6-UVSSA-F408A-V5 (lentivirus Okuda et al., (2017) N/A
particle)

pLenti-6-UVSSA-V411A-V5 (lentivirus Okuda et al., (2017) N/A
particle)

Chemicals, Peptides, and Recombinant Proteins

D-MEM (High Glucose) with L-Glutamine, Wako 043-30085
Phenol Red and Sodium Pyruvate (DMEM)

fetal bovine serum (FBS) Thermo Fisher Scientific (GIBCO) 10437-028
Penicillin-Streptomycin Solution ( X 100) Wako 168-23191
D-PBS (PBS-) Wako 045-29795
0.05 w/v% Trypsin-0.53 mmol/L EDTA 4Na Wako 204-16935
Solution with Phenol Red (Trypsin/EDTA)

recombinant Cas9, Alt-R S.p. Cas9 IDT 1074181
Nuclease 3NLS

KSOM medium ARK Resource KSOM
Opti-MEM | Reduced Serum Medium Thermo Fisher Scientific 31985062
sevoflurane Mylan 1900AMX00269
isoflurane Mylan 22700AMX00134
standard certified diet pellet (MF) Oriental Yeast MF
Lipofectamine 2000 Transfection Reagent Thermo Fisher Scientific 11668019
Puromycin Dihydrochloride from Nacalai 29455-54
Streptomyces alboniger (Puromycin)

DMEM for SILAC Thermo Fisher Scientific 88364
Fetal Bovine Serum dialyzed (FBS) SAFC Biosciences 12117C
for SILAC

L-Arginine-HCI for SILAC Thermo Fisher Scientific 89989
L-Lysine-2HCI for SILAC Thermo Fisher Scientific 89987
L-Arginine-'3C6,'*N4 Hydrochloride Wako 010-24041
for SILAC

L-Lysine-'3C8,'®N2 Monohydrochloride Wako 123-06081
for SILAC

1,4-dithiothreitol Thermo Fisher Scientific R0861
iodoacetamide Millipore 144-48-9
Lysyl Endopeptidase, Mass Spectrometry Wako 125-05061
Grade, Lys-C

Pierce Trypsin Protease, MS Grade Thermo Fisher Scientific 90059
Igepal Ca-630 Non-lonic Detergent (NP-40) Wako 198596
cOmplete, EDTA-free Protease Inhibitor Roche 5056489001
Cocktail Tablets

Benzonase Nuclease Millipore 70664
dimethyl sulfoxide (DMSO) Sigma D5879
MLN4924 ChemScene CS-0348
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REAGENT or RESOURCE SOURCE IDENTIFIER
5-ethynyluridine (EU) Thermo Fisher Scientific E10345
Alexa Fluor 488 azide Thermo Fisher Scientific A10266
DAPI (RRS) DOJINDO D523
DAPI (Immunofluorescence) Thermo Fisher Scientific D1306
Blasticidin S HCI (blasticidin) Thermo Fisher Scientific A1113902
Crystal Violet Nacalai 09803-62
a-amanitin Sigma A2263
N,N’-Disuccinimidyl Glutarate (DSG) Wako 041-32823
Bovine Serum Albumin heat shock Sigma A7906
fraction (BSA)
UltraPure Water Wako 214-01301
proteinase K Wako 169-21041
high-fidelity KAPA HiFi PCR Enzyme Roche KK2102
Tissue-Tek O.C.T. Compound Sakura finetek 4583
normal goat serum Cedarlane CL1200
normal donkey serum Jackson Immuno Research 017-000-121
Laboratories
Osmium tetroxide Nacalai 25728-04
Toluidine Blue O WALDECK 1B481
Fluoromount/Plus Diagnostic BioSystems K048
Fisher Chemical Permount Mounting Thermo Fisher Scientific SP15-100
Medium
Critical Commercial Assays
GeneArt Precision gRNA Synthesis Kit Thermo Fisher Scientific A29377
(target sequence is described in the text)
Protein Assay kit (Bradford) Bio-Rad 500-0006
PTMScan Ubiquitin Remnant Motif (K- Cell Signaling Technologies 5562
e-GG) Kit
Western Lightning Plus-ECL PerkinElmer NEL105001
ViraPower Packaging Mix Thermo Fisher Scientific K4975-00
PEG-it Virus Precipitation Solution System Biosciences LV810A-1
Strep-Tactin Sepharose 50% suspension IBA Lifesciences 2-1201-002
GFP-Trap A Kit Chromotek gta-10
UbiCREST Deubiquitinase Enzyme Set Boston Biochem K-400
Protein A Agarose/Salmon Sperm DNA Millipore 16-157
SureBeads Protein A/G Magnetic Beads Bio-Rad 161-4833
MinElute PCR Purification Kit QIAGEN 28006
NEBNext Ultra Il DNA Library Prep Kit for NEB E7645S
lllumina
NEBNext Multiplex Oligos for lllumina NEB E7335S
(Index Primers Set 1)
preCR enzyme mix NEB MO0309S
JB-4 Embedding Kit Polysciences 00226-1
Deposited Data
RPB1 ChlIP-seq This study SRA, PRJNA548234,
Run IDs in Table S7
Experimental Models: Cell Lines
Human: HCT116 (colon cancer cell line) RIKEN BRC HCT116
Human: HCT116 AUVSSA This study N/A

(Continued on next page)
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Human: HelLa (cervical cancer cell line) laboratory stock N/A
Human: HeLa RPB1-K163R This study N/A
Human: HeLa RPB1-K177R This study N/A
Human: HeLa RPB1-K642R/K643R This study N/A
Human: HeLa RPB1-K710R This study N/A
Human: HeLa RPB1-K767R This study N/A
Human: HeLa RPB1-K796R This study N/A
Human: HeLa RPB1-K812R This study N/A
Human: HeLa RPB1-K853R This study N/A
Human: HeLa RPB1-K866R This study N/A
Human: HeLa RPB1-K874R This study N/A
Human: HeLa RPB1-K1225R This study N/A
Human: HeLa RPB1-K1268R #7 This study N/A
Human: HeLa RPB1-K1268R #9 This study N/A
Human: HeLa RPB1-K1350R This study N/A
Human: HeLa ACSB This study N/A
Human: HeLa AUVSSA This study N/A
Human: HeLa UVSSA-AK414 This study N/A
Human: HEK293 (SV40 transformed Thermo Fisher Scientific R70007
embryonic kidney cell line, 293FT)

Human: HEK293 RPB1-K1268R This study N/A
Human: HEK293 ACSA This study N/A
Human: 48BR (dermal fibroblast, normal) Nakazawa et al., (2010) N/A
Human: CS10LO (dermal fibroblast, Nakazawa et al., (2010) N/A
Cockayne syndrome, CS-B)

Human: XP15BR (dermal fibroblast, Nakazawa et al., (2010) N/A
xeroderma pigmentosum, XP-A)

Human: XP21BR (dermal fibroblast, Nakazawa et al., (2010) N/A
xeroderma pigmentosum, XP-C)

Experimental Models: Organisms/Strains

Mouse: C57BL/6JJcl (wild type, BL/6) CLEA Japan N/A
Mouse: Xpa’~ (BL/6 background) Nakane et al., (1995) N/A
Mouse: Polr2a-K1268R (BL/6 background) This study N/A
Mouse: Polr2aV™WT (WT/WT) This study N/A
Mouse: Polr2a"VT/K1268R (\WT/KR) This study N/A
Mouse: Polr2a!1268R/K1268R (KR/KR) This study N/A
Mouse: Polr2a™™™T / Xpa*/~ This study N/A
Mouse: Polr2aVT/K1268R / xpat/~ This study N/A
Mouse: Polr2al1268R/K1268R / xpa+/— This study N/A
Mouse: Polr2a ™ T / Xpa '~ This study N/A
Mouse: Polr2aVT/K1268R / xna =/~ This study N/A
Mouse: Polr2al1268R/K1268R / xin 2=/~ (DM) This study N/A
S. pombe: h* ade6-704 leu1-32 ura4-D18 This study N/A
rpb1::loxP-rpb1*-loxM (NER*/WT)

S. pombe: h* ade6-704 leu1-32 ura4-D18 This study N/A
rpb1::loxP-rpb1-K1252R-loxM (NER*/KR)

S. pombe: h* ade6-704 leu1-32 ura4-D18 This study N/A

rhp14::NatMX rpb1::loxP-rpb1*-LoxM
(rhp14/WT)
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REAGENT or RESOURCE SOURCE IDENTIFIER
S. pombe: h* ade6-704 leu1-32 ura4-D18 This study N/A
rhp14::NatMX rpb1::loxP-rpb1-K1252R-

LoxM (rhp14/KR)

S. pombe: h* ade6-704 leu1-32 ura4-D18 This study N/A
rhp26::NatMX rpb1::loxP-rpb1*-LoxM

(rhp26/WT)

S. pombe: h* ade6-704 leu1-32 ura4-D18 This study N/A
rhp26::NatMX rpb1::loxP-rpb1-K1252R-

LoxM (rhp26/KR)

Oligonucleotides

All oligonucleotide sequences used in this This study N/A
study are listed in the text and in Table S3

Recombinant DNA

pLenti-6.3-Myc-Strep-Ubiquitin (plasmid) This study N/A

pLenti-6.3-Myc-Strep-Ubiquitin-K-null This study N/A

(plasmid)

pLenti-6.3-Myc-Strep-Ubiquitin-K6R This study N/A

(plasmid)

pLenti-6.3-Myc-Strep-Ubiquitin-K11R This study N/A

(plasmid)

pLenti-6.3-Myc-Strep-Ubiquitin-K29R This study N/A

(plasmid)

pLenti-6.3-Myc-Strep-Ubiquitin-K33R This study N/A

(plasmid)

pLenti-6.3-Myc-Strep-Ubiquitin-K48R This study N/A

(plasmid)

pLenti-6.3-Myc-Strep-Ubiquitin-K63R This study N/A

(plasmid)

pSpCas9(BB)-2A-Puro (px459) Ran et al., (2013) Addgene, 48139

pCMV-GFP-POLR2A (GFP-tagged Sugaya et al., (2000) N/A

a-amanitin resistant human RPB1)

pCMV-GFP-POLR2A-K1268R (GFP-RPB1- This study N/A

K1268R)

Software and Algorithms

CRISPRdirect Naito et al., (2015) https://crispr.dbcls.jp

CRISPOR Haeussler et al., (2016) http://crispor.tefor.net

PTMscan Cell Signaling Technologies https://www.cellsignal.jp/contents/
_/simplifying-proteomics/proteomics

SEQUEST tool in Proteome Discoverer 2.1 Thermo Fisher Scientific https://www.thermofisher.com/store/
products/OPTON-30945

Swiss-Prot SIB, Swiss Institute of Bioinformatics https://www.uniprot.org/

HCS Studio 2.0 in ArrayScan VTI system Thermo Fisher Scientific https://www.thermofisher.com/jp/ja’/home/

life-science/cell-analysis/cellular-imaging/
high-content-screening/
high-content-screening-instruments/
hcs-studio-2.html

Trimmomatic (v3.36) Bolger et al., 2014 http://www.usadellab.org/cms/?
page=trimmomatic

Burrows-Wheeler Aligner (BWA- Li, (2013) http://bio-bwa.sourceforge.net

v0.7.12-r1039)

Biobambam2 (v2.0.72) Tischler and Leonard, (2014) https://github.com/gt1/biobambam2

Genome Analysis Toolkit (GATK-v3.5) McKenna et al., (2010) https://gatk.broadinstitute.org

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Integrated Genome Viewer (IGV-v2.3.90)

R (v3.5.1)

ngs.plot.r (v2.63)
samtools (v. 1.9)
Bedtool (v2.27.1)
deepTools (v3.1)

edgeR (v3.24.3)

KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathway

g:Profiler (version e95_eg42_p13_f6e58b9)
3D Slicer (4.10.2)

Thorvaldsdottir et al., (2013)

The R Development Core Team

Shen et al., (2014)

Li et al., (2009)

Quinlan and Hall, (2010)
Ramirez et al., (2014)

Robinson et al., (2010)

Kanehisa and Goto, (2000)

Raudvere et al., (2019)
Fedorov et al., 2012

https://software.broadinstitute.org/
software/igv/

https://www.r-project.org
https://github.com/shenlab-sinai/ngsplot
http://www.htslib.org/doc/
https://bedtools.readthedocs.io/en/latest/#

https://deeptools.readthedocs.io/en/3.0.1/
content/tools/computeMatrix.html

https://bioconductor.org/packages/
release/bioc/html/edgeR.html

https://www.genome.jp/kegg/kegg_ja.html

https://biit.cs.ut.ee/gprofiler/gost
https://www.slicer.org/

Other

electroporator

NEPA21 electroporator electrode for
electroporation

ultraviolet (UV) crosslinker
digital radiometer (UV)
homogenizer

homogenizer tip

Sep-Pak C18 Classic column
Pierce C18 Tips (stage)

C18 packed emitter column (3 um particle,
75 um x 15 cm)

Ultimate 3000, HPLC system

Orbitrap QE, High-resolution accurate-
mass system

SuperSep Ace, 6%, 13well

SuperSep Ace, 5-20%, 17well
FluoroTrans PVDF Transfer Membrane
ImageQuant LAS 4000mini

Falcon 96 Well Cell Culture Plate, Clear, Flat
Bottom, Tissue Culture Treated

ArrayScan VTI system (high contents
imaging)

lllumina Hiseq NGS sequencer
Ultrasonicator

CosmoScan FX system

NEO Micro Cover Glass, 24 x 60 mm
confocal laser microscope LSM700 system
microtome

microscope Eclipse 55i system

NepaGene
NepaGene

Funakoshi

Funakoshi

TOMY

TOMY

Waters

Thermo Fisher Scientific
Nikkyo Technos

Thermo Fisher Scientific
Thermo Fisher Scientific

Wako

Wako

PALL

GE Healthcare
Corning

Thermo Fisher Scientific

lllumina

Covaris

RIGAKU
Matsunami Glass
Carl-Zeiss

Leica

Nikon

NEPA21
CUY505P5

CL-1000
UVP/97-0015-02
UD-211

TP-040
WAT051910
87782

N/A

N/A
N/A

195-15171
194-15021
BSP0161
N/A
353072

N/A

N/A
M220
N/A
C024601
N/A
RM2245
N/A

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be addressed to the Lead Contact, Tomoo Ogi (togi@riem.
nagoya-u.ac.jp), Department of Genetics, Research Institute of Environmental Medicine (RleM), Nagoya University, Nagoya, Japan.
All unique / stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer
Agreement.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human cell lines and culture

The following cell lines were used in this study: HCT116, human colon cancer cell line (RIKEN BRC, HCT116); HelLa, human cervical
cancer cell line; HEK293, SV40-immortalized normal human embryonic kidney cells (Thermo Fisher Scientific, R70007); 48BR,
normal human primary fibroblast (Nakazawa et al., 2012); CS10LO, primary fibroblast from CS-B individual (Nakazawa et al.,
2012); XP15BR, primary fibroblast from XP-A individual (Nakazawa et al., 2012); XP21BR primary fibroblasts from XP-C individual
(Nakazawa et al., 2012). Gene edited cells were listed in Table S3. All cells were maintained in DMEM (Wako, 043-30085) supple-
mented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific, 10437-028) and antibiotics (Penicillin-Streptomycin, Wako,
168-23191), unless otherwise noted.

Mice

Xpa~'~ mice are kind courtesy of Dr. Kiyoji Tanaka (Nakane et al., 1995). C57BL/6JJcl mice were purchased from CLEA Japan.
All mice analyzed in this study were C57BL/6 background and were age/sex matched unless otherwise noted (age/sex of mice
were described in the main text, figure legends, and in Tables S4-S6). Polr2a-K1268R knock-in mice were generated using
CRISPR-Cas9 technology with the following reagents: recombinant Cas9, Alt-R S.p. Cas9 Nuclease 3NLS (Integrated DNA
Technologies, IDT, 1074181); guide RNA (gRNA), GeneArt Precision gRNA Synthesis Kit (target sequence, 5'-TGATGAAAACAA
GATGCAAG-3') (Thermo Fisher Scientific, A29377); ssODN: IDT 4nmol Ultramer DNA Oligo (ssODN, 5'-ATGCAGAGA
AGCTGGTCCTTCGAATCCGCATCATGAACAGTGATGAAAACA [G*] GATGCA [g*] GAGGTAAATGGTCTGAGACCCGGGGGAAATA
AAATAGAATGGGA-3') (IDT). To design gRNA sequence, CRISPRdirect (Naito et al., 2015) and CRISPOR (Haeussler et al., 2016) are
used for predicting unique target sites throughout the mouse genome. *Polr2a-K1268R target mutation; **silent mutation. Pronu-
clear-stage mouse embryos were prepared by thawing frozen embryos (CLEA Japan), and cultured in a KSOM medium (ARK
Resource, KSOM). For EL, 100-150 embryos at 1 h after thawing were placed into a chamber with 40 pL of serum free media
(Opti-MEM |, Thermo Fisher Scientific, 31985062) containing 100 ng/pl Cas9 protein, 200 ng/ul gRNA, and 300 ng/ul ssODN.
They were electroporated with a 5mm gap electrode (NepaGene, CUY505P5) in a NEPA21 Super Electroporator (Nepa Gene).
The poring pulses for the electroporation were voltage 225 V, pulse width 1ms for mouse embryos, pulse interval 50 ms, and number
of pulses 4. The first and second transfer pulses were voltage 20 V, pulse width 50 ms, pulse interval 50 ms, and number of pulses 5.
Mouse embryos that developed to the two-cell stage after the electroporation were transferred into the oviducts of female surrogates
anesthetised with sevoflurane (Mylan, 1900AMX00269). The animals were kept under conditions of 50% humidity and a 12 h:12 h
light:dark cycle. They were fed a standard pellet diet (Oriental Yeast, MF) and tap water ad libitum, unless otherwise noted. Mice
strains described in this study were obtained from the crossbred littermates. DM mice were supplied with gelled water and softened
food pellets, to exclude the possibility that the inability to feed causes these phenotypes. All the animal studies were conducted in
compliance with the ARRIVE guidelines. The experiments using genetically modified mice were approved by the Animal Care and
Use Committee and the recombinant DNA experiment committee of Nagoya University and Osaka University.

S. pombe

Standard S. pombe genetics and molecular biology techniques were employed as described previously (Moreno et al., 1991). rpb1-
K1252R cells were constructed by replacing the endogenous rob1 on S. pombe (501) genome with the sequence of the mutated rpb 1
gene based on the Cre-loxP method (Watson et al., 2008). The rhp14 and rhp26 deleted strains were created by PCR based integra-
tion of NatMX gene as described previously (Bahler et al., 1998). The integration of NatMX at rhp 14 and rhp26 loci was verified by PCR
as well as their UV sensitivity.

METHOD DETAILS

Gene editing by CRISPR/Cas9

To achieve NER gene knock-outs and the endogenous POLR2A gene deletion, as well as to generate RPB1-KR mutant cells, we
employed CRISPR/Cas9-based gene editing strategy (Ran et al., 2013). For a gene deletion experiment, a guide RNA (QRNA) coding
sequence was cloned into px459 vector (Addgene, 48139). The plasmid (3 ug DNA per 1 x 107 cells) was transfected into designated
cells using Lipofectamine 2000 (Thermo Fisher Scientific, 11668019). 24 h after transfection, cells were selected for 48 h with 40 pg/ml
puromycin (Nacalai, 29455-54) in DMEM (10% FBS). Single clones were isolated from surviving fraction by limiting dilution. Knock-
outs were confirmed by direct Sanger sequencing of PCR-amplified genomic DNA and by the lack of designated protein expression
by immunoblotting.

Generation of RPB1-KR mutants were achieved by inducing site-specific double-strand breaks near the designated RPB1 lysine
residues in combination with homology-directed-repair (HDR) oligonucleotides carrying the KR substitutions. A ~100 bp designated
HDR oligonucleotide was co-transfected with a gRNA expressing plasmid corresponding to the target sequence. The introduction of
designated amino acid substitution and the lack of wild-type RPB1 expression were confirmed by Sanger sequencing of genomic
DNA, and RNA sequencing as appropriate.
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All gRNA and HDR sequence information are listed in Table S3. Experiments using RPB1-K1268R HelLa cells, clone #9 was used
throughout the study unless otherwise noted.

SILAC mass-spectrometry

Wild-type and AUVSSA HCT116 cells were grown for at least 6 doublings in DMEM for SILAC (Thermo Fisher Scientific, 11668019),
lacking conventional arginine and lysine, supplemented with 10% dialysed FBS (SAFC Biosciences, 12117C), as well as unlabeled
L-arginine and L-lysine (Light-wild-type, Thermo Fisher Scientific, 89989 and 89987), or stable-isotope labeled L-arginine (*C6-5N4)
and L-lysine (1°C6-1°N2) (Heavy-AUVSSA, Wako, 010-24041 and 123-06081). 1h after10 J/m? UV irradiation using a UV crosslinker
(CL1000, Funakoshi) and a UV-fluence meter (UVP-97, Funakoshi), cells were lysed in Urea Lysis buffer 20 mM HEPES pH 8.0, 1 mM
beta-glycerophosphate, 8 M urea, 2.5 mM sodium pyrophosphate, and 1 mM Na3VO4) with sonication (15 s, power 0.25%; TOMY,
UD-211 homogenizer equipped with TP-040 tip). Protein quantitation was performed using Bradford Protein Assay kit (Bio-Rad,
500-0006), and Light- and Heavy-labeled proteins were combined in 1:1 ratio.

Protein samples were reduced with 5 mM 1,4-dithiothreitol (Thermo Fisher Scientific, R0861) for 30 min at 50°C, and subsequently
alkylated with 10 mM iodoacetamide (Millipore, 144-48-9) for 15 min. The protein samples were then digested for 4 h with Lysyl Endo-
peptidase (Lys-C, Wako, 125-05061) at 1:100 enzyme: substrate ratio, followed by additional overnight digestion with trypsin
(Thermo Fisher Scientific, 90059) at 1:50 enzyme: substrate ratio at 37°C. Digested peptides were purified using Sep-Pak C18
columns (Waters, WAT051910). Eluted peptides were completely dried by lyophilisation. For the enrichment of diGly peptides,
anti-ubiquitin remnant motif (K-e-GG) antibodies conjugated to beads were used (PTMscan kit, Cell Signaling Technologies,
5562). The peptides were dissolved in IAP buffer (50 mM MOPS, 10 mM sodium phosphate and 50 mM NaCl, pH 7.2), and the su-
pernatant was incubated with one-half of the beads for 2 h at 4°C on a rotator unit. After centrifugation, the supernatant was incu-
bated again with the remaining bead for 2 h at 4°C. The beads were then washed twice with ice cold IAP buffer, and subsequently 3
times with ice cold HPLC-grade water. The peptides were eluted using 2 cycles of 0.15% TFA. Finally, the eluted peptides were de-
salted using C18 stage tips (Thermo Fisher Scientific, 87782) and completely dried using vacuum centrifugation.

Peptide fractions were analyzed on Ultimate 3000 (Thermo Fisher Scientific) nano-HPLC, connected to Orbitrap Q-Exactive mass-
analyzer system (Thermo Fisher Scientific) equipped with a nanoelectrospray source. Peptides were separated on a 15cm analytical
column (75 pm inner diameter) with 3 um C18-beads (Nikkyo Technos). Each peptide fraction was separated using a 135 min gradient
ranging from 2% to 35% acetonitrile in 0.1% formic acid at a flow rate of 300 nL/min. The washout followed at 95% acetonitrile in
0.1% formic acid for 20 min. Spray voltage was set to 1.8 kV, s-lens RF level at 50, and heated capillary temperature 250°C. All ex-
periments were performed in the data-dependent acquisition mode to automatically isolate and fragment top10 multiply-charged
precursors (+2, +3, +4 and +5) according to their intensities. Former target ions were dynamically for 15 s excluded and all experi-
ments were acquired using positive polarity mode. Full scan resolution was set to 70,000 at m/z 200 and the mass range was set
to m/z 350-1800. Full scan ion target value was 1 x 10° allowing a maximum fill time of 60ms. Higher-energy collisional dissociation
(HCD) fragment scans was acquired with optimal setting for parallel acquisition using 2.0 m/z isolation width and normalized collision
energy of 28.

Detection of RPB1 ubiquitination site in UV irradiated HelLa cells

Mass-spectrometry was performed for UV irradiated Hela cells cultured in standard DMEM. The wild-type Hela cells were UV irra-
diated (20 J/m?), followed by incubation for 1 h. Sample preparation and the enrichment of ubiquitin remnant peptides were as
described above.

Mass-spec raw data processing and analysis

The data were analyzed using SEQUEST tool in Proteome Discoverer 2.1 (Thermo Fisher Scientific) and searched in the complete
human proteome database (Swiss-Prot, SIB). The mass tolerances for the precursor and fragment were 10 ppm and 0.02 Da, respec-
tively. Cysteine carbamidomethylation was included as a fixed modification, and N-terminal protein acetylation, methionine oxidation
and lysine ubiquitlation were included as variable modifications. Peptide identification was filtered at a false discovery rate
(FDR) < 1%.

Detection of ubiquitinated RPB1-llo by immunoblotting

Details are described previously (Nakazawa et al., 2012). Cells were UV irradiated (20 J/m? 254 nm UVC), followed by 1 h incubation
unless otherwise noted. Whole cell lysate (for primary cells) was prepared by dissolving cells in SDS lysis buffer (0.2 M Tris HCI pH6.8,
10% Glycerol, 2.5% SDS, 0.1 M DTT). Chromatin fraction was prepared by extracting cells in isotonic extraction buffer, EB (50 mM Tris
HCl pH 7.5, 150 mM NaCl, 2 mM MgCl,) with 0.5% NP-40 (Wako, 198596) and 5 x cOmplete protease inhibitor (Roche, 5056489001),
for 30 min at 4°C (nuclear/cytoplasm fraction), followed by further 1 h incubation of the pellets with 100 U/ml Benzonase (Millipore,
70664) in EB buffer (chromatin fraction). Protein samples were resolved by 6% (Wako, 195-15171) or 5%-20% (Wako, 194-15021)
gradient SDS-PAGE gels. The elongating form of RNA polymerase Il (RNA polllo, RPB1-llo) large subunit (RPB1) was detected by
immunoblotting with anti phospho-Ser2-CTD antibody (3E10, Millipore, 04-1571) against the Ser2-phosphorylated (phospho-Ser2)
carboxy-terminal domain (CTD) heptapeptide (YS,PTSsPS-) repeat (RPB1-Ser2), which is a marker of RPB1-llo. 10 pM MLN4924
(ChemScene, CS-0348) / 0.01% DMSO (Sigma, D5879) treatment were performed 1 h prior to UV irradiation.
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Recovery of RNA Synthesis (RRS) assay and basal transcription measurement

Details are described previously (Nakazawa et al., 2010). Briefly, cells were cultured in DMEM (10% FBS) and plated in plastic 96well
plates (Corning, 353072). Cells were UV irradiated (5-13 J/m? 254 nm UVC unless otherwise noted), followed by 12 h incubation for
RNA synthesis recovery. RRS levels and basal transcription were measured by the fluorescence-based ethynyluridine (EU)-incorpo-
ration assay (Jia et al., 2015; Limsirichaikul et al., 2009; Nakazawa et al., 2010). Concisely, recovered cells as well as non-irradiated
cells were incubated for 2 h in media supplemented with 100 uM 5-ethynyluridine (5-EU, Thermo Fisher Scientific, E10345), followed
by fluorescent-azide conjugation (Click-chemistry, Thermo Fisher Scientific): Cells were fixed and permeabilised for 20 min in PBS
(Wako, 045-29795) containing 2% paraformaldehyde and 0.5% Triton X-100. After washing with PBS, cells were then incubated with
coupling buffer with 10 uM Alexa Fluor 488 azide (Thermo Fisher Scientific, A10266), 50 mM Tris-HCI (pH 7.3), 4 mM CuSQ,4, 10 mM
sodium ascorbate, and 30 ng/ml DAPI (DOJINDO, D523) for 60 min, followed by washing with PBST (0.05% Tween 20). Nuclear fluo-
rescent image acquisition and data processing were automated with HCS Studio 2.0 software in the ArrayScan VTl system (Thermo
Fisher Scientific).

Lentivirus and complemented cells

The wild-type human UVSSA cDNA cloned into the pLenti6 viral vector was described previously (Nakazawa et al., 2012). The amino
acid substitution mutants, K414R, F408A, and V411A, were generated from the wild-type UVSSA vector plasmid by site-directed
PCR mutagenesis (this study and Okuda et al., 2017). For lentivirus production, HEK293 cells were transfected with the UVSSA plas-
mids together with ViraPower Packaging Mix (Thermo Fisher Scientific, K4975-00) using Lipofectamine 2000 (3 ng pLenti6-vector
and 9 ug packaging plasmids mixture per 1 x 107 cells). Viral particles were collected 48 h after transfection and concentrated using
PEG-it Virus Precipitation Solution (System Biosciences, LV810A-1). For virus complementation experiments, those lentiviruses were
infected into AUVSSA Hela cells and surviving fractions were expanded with 10 pg/ml blasticidin (Thermo Fisher Scientific,
A1113902) prior to RRS assay and immunoprecipitation experiments.

UV clonogenic Survival assay

Details were described previously (Kashiyama et al., 2013). The wild-type and the RPB1-KR mutants, as well as ACSB, and AUVSSA
HeLa cells were counted and plated into 6 well plastic dishes 24 h before UV irradiation. Cells were UV irradiated (1.25-5 J/m? 254nm
UVC) and incubated for 2 wk. Colonies were stained with crystal violet (Nacalai, 09803-62) and counted under a microscope (colonies
with > 50 cells were scored as surviving fraction).

Ubiquitin pull-down assay

Plasmids harboring Strep-tagged wild-type or designated Ubiquitin-KR mutants (WT, wild-type; K null, no lysine residues; K6R,
K11R, K27R, K29R,K33R, K48R, and K63R) were transfected using Lipofectamine 2000 and expressed in Hela cells (wild-type,
RPB1-K1268R, ACSA) or in the wild-type HEK293 cells 48 h prior UV irradiation. Cells were UV irradiated (20 J/m? 254nm UVC), fol-
lowed by 1 h incubation before whole cell lysate preparation. 1.5 x 107 cells were suspended in 1 mL SDS-denaturing buffer (20 mM
Tris HCI pH 7.5, 50 mM NaCl, 0.5% Sodium Deoxycholate, 0.5% NP-40, 0.5% SDS, 1mM EDTA, 1 mM DTT, 1 x cOmplete protease
inhibitor), followed by sonication (15 s, power 0.25%; UD-211, TP-040 tip). Affinity purification was performed by incubation of the
lysate with 30 uL Strep-Tactin conjugated Sepharose beads (IBA Lifesciences, 2-1201-002) for 6 h at 4°C. After extensive washing
with the SDS-denaturing buffer, the beads were resuspended in SDS lysis buffer with 0.025% bromphenol blue (BPB). Ubiquitinated
RPB1 was detected with the anti-phospho-Ser2 CTD 3E10 antibody. Total ubiquitinated proteins were detected with an anti-myc-tag
antibody (MBL, M192-7).

GFP pull-down assay

A plasmid vector expressing the GFP-tagged a-amanitin resistant human RPB1 (GFP-RPB1) was a kind courtesy of Dr. Sugaya
(Sugaya et al., 2000). The RPB1-K1268R mutation was introduced into the wild-type vector plasmid by site-directed PCR mutagen-
esis. HEK293 cells expressing the GFP-RPB1 proteins (wild- type or K1268R mutant) were generated single clones were isolated
prior to the experiments. Briefly, the GFP-RPB1 plasmids were transfected into HEK293 cells and selected with 10 ug/ml a-amanitin
(Sigma, A2263). Endogenous RPB1 (all) and CSA (if indicated) were then sequentially knocked out respectively by the RPB1- and
CSA- targeting CRISPR/Cas9 constructs as described above. Cells were UV irradiated (20 J/m? 254nm UVC), followed by 1 h
incubation before cell lysate preparation. SDS-denatured total cell lysates were prepared using the SDS-denaturing buffer (1.5 x
107 cells in 1 ml) as described above and affinity purification was performed by incubation of the lysate with 20 uL. GFP-Trap agarose
beads (Chromotek, gta-10) for 6 h at 4°C. After extensive washing with the SDS-denaturing buffer, the beads were resuspended in
SDS lysis buffer with 0.025% BPB. Ubiquitinated and unmodified GFP-RPB1 were detected with the anti-RPB1-Ser2 3E10 antibody,
and with an anti-GFP, B-2 antibody (Santa Cruz, sc-9996). Ubiquitinated proteins were detected with the following antibodies: P4D1
(Santa Cruz, sc-8017) detects total ubiquitinated proteins; Apu2 (Millipore, 05-1307) and HWA4C4 (eBioscience, 14-6077-80)
respectively detect K48- and K63-linkage specific polyubiquitin chains.
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Ubiquitin chain trimming by USP2

Ubiquitinated GFP-tagged RPB1 protein (wild-type) was partially purified from UV irradiated (1 h after 20 J/m?) HEK293 cells. Briefly,
1.5 x 107 cells were suspended in 1 mL EBC buffer (50 mM Tris HCI pH 7.5, 150 mM NaCl, 0.5% NP-40, 1 mM EDTA, 1 x cOmplete
protease inhibitor), followed by sonication (15 s, power 0.25%; UD-211, TP-040 tip). Affinity purification was performed by incubation
of the lysate with 20 uL GFP-Trap agarose beads for 6 h at 4°C. After extensive washing with the EBC buffer without protease inhib-
itor, the beads were resuspended in 50 uL. 1 x DUB reaction buffer with 1 x USP2¢p ubiquitin protease enzyme (UbiCREST Deubi-
quitinase Enzyme Set, Boston Biochem, K-400) and incubated for 30 min at 37°C. Cleaved ubiquitin and GFP-RPB1 were detected
as described above.

Co-immunoprecipitation

Details were described previously (Nakazawa et al., 2012). The wild-type and the RPB1-KR mutants, as well as ACSA, ACSB, and
AUVSSA (also including UVSSA-AK414, and AUVSSA complemented with lentivirus expressing UVSSA mutants) Hela cells were UV
irradiated (20 J/m?) and incubated for 1h unless otherwise noted. Crude native chromatin fractions were prepared as described
above. Co-immunoprecipitation (IP) was performed for 2 h incubation on a rotator at 4°C with 1 mL chromatin lysate prepared
from 2 x 107 cells and 2 pg of anti-RPB1-phospho Ser2-CTD antibody (Abcam, Ab5095) for RNAPIlo-Ser2 IP, Ser5-CTD 3E8 anti-
body (Millipore, 04-1572) for RNAPII-Ser5 IP, or anti-V5-tag antibody (MBL, PM003) for UVSSA-V5 IP. Immunocomplex were recov-
ered by additional incubation with 20 pL protein A agarose beads (Millipore, 16-157) for 2 h on a rotator at 4°C. After extensive
washing with high salt buffer (50 mM Tris HCI pH 7.5, 300 mM NaCl, 0.5% NP-40, 2 mM MgCl,), the beads were resuspended in
SDS lysis buffer with 0.025% BPB. Interactions were detected by immunoblotting with antibodies listed in the following sections.
RPB1 in the complex was detected with the anti-phospho-Ser2 CTD 3E10, and the phospho-Ser5 CTD 3E8, antibodies.

Immunoblotting

Sample preparations are described in the above sections. Whole cell lysates or chromatin fraction, as well as affinity purified proteins
or co-immunoprecipitated samples (IP) were resolved by 6% or 5%—-20% gradient-SDS-PAGE gels (50 ng/lane, 13 well mini-gel).
Unless otherwise noted, resolved protein samples were transferred to PVDF membranes (PALL, BSP0161), followed by blocking
for 24 h at 4°C in 10% skim milk in TBST (50 mM Tris HCI pH 7.6, 150 mM NaCl, 0.05% Tween 20). The membranes were incubated
with primary antibodies in 5% skim milk in TBST (0.05% Tween 20) for 24 h at 4°C. Primary antibodies are listed in the Key Resources
Table (concentrations are described in the following section). Membranes were washed three times in TBST (0.05% Tween 20), fol-
lowed by incubation with 1:1000 diluted HRP-conjugated secondary antibodies (Cell Signaling Technologies: anti-mouse, 7076; anti-
rabbit, 7074; anti-rat, 7077) in 5% skim milk in TBST (0.05% Tween 20). After extensive washing with TBST (0.05% Tween 20), the
proteins were detected using Western Lightning Plus-ECL (PerkinElmer, NEL105001), and images were captured by ImageQuant
LAS 4000mini (GE Healthcare). SMC3, PCNA, and RAD21 are loading controls.

Primary antibody concentrations for immunoblotting

Rat monoclonal anti-RPB1-phospho-Ser2-CTD (RPB1-Ser2), 3E10, 1:1500 (Millipore, 04-1571); rat monoclonal anti-RPB1-phos-
pho-Ser5-CTD (RPB1-Ser5), 3E8, 1:1000 (Millipore, 04-1572); mouse monoclonal anti-PCNA, PC-10, 1:1000 (NeoMarkers, MS-
106-P0); rabbit polyclonal anti-Cul4A, 1:1000 (Bethyl Laboratories, A300-739A); mouse monoclonal anti-GFP, B-2, 1:1000 (Santa
Cruz, sc-9996); mouse monoclonal anti- free-, mono-, and poly-ubiquitin, P4D1, 1:1000 (Santa Cruz, sc-8017); mouse monoclonal
anti- mono-, and poly-ubiquitin, FK2, 1:1000 (ENZO Life Sciences, BML-PW8810); rabbit monoclonal anti-K48-linkage specific
polyubiquitin, Apu2, 1:1000 (Millipore, 05-1307); mouse monoclonal anti-K63-linkage specific polyubiquitin, HWA4C4, 1:1000
(eBioscience, 14-6077-80); rabbit polyclonal anti-SMC3, 1:1000 (Bethyl laboratories, A300-060A); rabbit polyclonal anti-RAD21,
D213, 1:2000 (CST, 4321); mouse monoclonal anti-TFIIH p89/XPB, G10, 1:1000 (Santa Cruz, sc-271500); mouse monoclonal
anti-TFIIH p62/GTF2H1, G10, 1:500 (Santa Cruz, sc-48431); mouse monoclonal anti-CSB, 553C5a, 1:1000 (Bio Matrix Research,
BMRO00638); rabbit monoclonal anti-CSA, EPR9237, 1:1000 (Abcam, ab137033); mouse monoclonal anti-cdk7, MO1, 1:500 (MBL,
K0068-3); mouse monoclonal anti-cdk9, D7, 1:200 (Santa Cruz, sc-13130); mouse monoclonal anti-Cyclin T1, E3, 1:100 (Santa
Cruz, sc-271348); mouse monoclonal anti-SPT5, D3, 1:100 (Santa Cruz, sc-133217) mouse; polyclonal anti-UVSSA, 1:500 (Abnova,
H00057654-B01P); HRP-conjugated mouse monoclonal anti-myc-tag, 1:1000 (MBL, M192-7).

Chromatin immunoprecipitation and NGS sequencing (ChIP-seq)

RPB1 chromatin immunoprecipitation (RPB1-ChlIP) was performed under following conditions: The wild-type, RPB1-K1268R, ACSA,
ACSB, and AUVSSA Hel a cells were UV irradiated (7 J/m? 254nm UVC), followed by incubation for designated time periods for the
time course experiments. Cells were cross-linked with 0.5 mg/ml N,N’-disuccinimidyl glutarate (DSG, Wako, 041-32823) in PBS for 1
h, followed by incubation with 1% formaldehyde in PBS for 20 min. Double-cross-linked samples (1 x 107 cells) were then suspended
in 100 pL ChIP buffer (0.25% SDS, 1% Triton X-100, 150 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 20 mM HEPES pH 8.0), followed by
sonication using Covaris M220 system (5% duty factor, 200 cycle, 960 s). After centrifugation at 14,000 rpm for 10 min, supernatants
were pooled as chromatin-input samples (input). Immunoprecipitation of RPB1 was performed with anti-RPB1 phopho-Ser2-CTD
(RPB1-Ser2: Ab5095, 3E10), or -Ser5-CTD (RPB1-Ser5: 3E8) antibodies, as well as with an anti-total RPB1 (pan-RPB1: A304-
405A, Bethyl Laboratories) antibody in 500 uL ChIP buffer containing chromatin-input corresponding to 5 x 10° cells, 0.1% BSA
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(Sigma, A7906), 1 x cOmplete protease inhibitor cocktail, and 3 pg designated anti-RPB1 antibodies. Samples were incubated for
18 h, followed by affinity purification with 20 uL IgG/A-conjugated magnetic beads (Bio-Rad, 161-4833). ChIP elutes (UltraPure Wa-
ter, Wako, 214-01301) and chromatin-input samples were proceeded to de-cross-linking / protease treatment for 4 h at 65°C in a
buffer containing 200 mM NaCl and 0.1 mg/ml proteinase K (Wako, 169-21041), followed by column purification (MinElute,
QIAGEN, 28006).

Next-generation sequencing (NGS) libraries were prepared from 1 ng ChlPed DNA samples using NEBNext Ultra [| DNA Library
Prep Kit for lllumina (NEB, E7645S) and index primer sets (NEB, E7335S), unless otherwise noted. Strand-biased library amplification
was performed using high-fidelity KAPA HiFi Enzyme (Roche, KK2102). The prepared libraries were sequenced under lllumina HiSeq
2500 system (lllumina), resulting in the production of 80bp single-end reads or 150 bp paired-end reads. Statistics of the sequence
reads were summarized in Table S7.

Alignment of the ChlP-seq reads was performed as follows: Low-quality sequence reads and adapters were filtered out by
Trimmomatic (v3.36) (Bolger et al., 2014). The trimmed reads were aligned to the human reference genome (GRC h37/hg19) with
the Burrows-Wheeler Aligner (BWA-v0.7.12-r1039) (Li, 2013). Biobambam?2 (v2.0.72) (Tischler and Leonard, 2014) was used to re-
move 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) (McKenna et al., 2010). The mapped
reads were visualized with the Integrated Genome Viewer (IGV-v2.3.90) (Thorvaldsdéttir et al., 2013). Reproducibility was confirmed
by calculating read counts per million mapped reads for individual genes, and their correlation was examined between replicates
(Figure S4D).

The sequence data were deposited in the NCBI Short Read Archive (SRA), with BioProject accession number, PRINA548234
(see also Table S7).

UV DNA damage removal from NGS library

For the preparation of DNA-repaired (damage-free) libraries, ChlPed DNA from UV-irradiated WT cells (3 h after 7 J/m?) using Ab5095
antibody were treated with preCR enzyme mix (NEB, M0309S; a mixture of: T4 Endonuclease V, which cleaves cis-syn cyclobutane
pyrimidine dimers; AP endonucleases; Tag DNA Ligase; Tag DNA polymerase) for 20 min or 2 h, before lllumina library adaptor ligation.

ChlIP-seq meta gene profiles

From the aligned ChlIP-seq reads, we generated meta-gene profiles to draw spatial distributions of RNAPIlo along gene bodies.
Average numbers of reads per million mapped reads (RPM) within the gene bodies in 17,786 human protein-coding genes were
counted with ngs.plot.r (v2.63) (Shen et al., 2014) using proportional bins. The values were normalized by the coverages of back-
ground mapped reads within 20 kb to 15 kb upstream regions from transcription start sites.

Calculation of the strand specificity index (SSI)
We defined the strand specificity index (SSI) as follows:

fwd — rev

Strand specificity index(SSI) = Fwdirev

where fwd and rev respectively denote the numbers of forwardly and reversely mapped reads in a gene body. This index deviates
from zero when RPB1-ChlPed DNA fragments in lllumina NGS-libraries harbor abundant DNA lesions in the transcribed strands,
because of the asymmetric adapters and a biased PCR amplification for the coding strands without DNA damage (Figures 4A
and 4E). Positive and negative SSI values correspond to the bidirectional gene-orientation. To calculate SSI, ‘first of pair strands’
in ChlP-seq mapped reads were grouped according to their orientation (forward, reverse) using the samtools (v. 1.9) (Li et al.,
2009). Subsequently, the numbers of forwardly and reversely mapped reads in the genic regions were counted using the BedInter-
sect program in Bedtool (v2.27.1) (Quinlan and Hall, 2010). The representative RefSeq transcripts, the same dataset calculated for the
meta gene profile, were used to determine the SSI.

For further analyses, we selected ‘actively transcribed genes’, which displayed sufficient read counts of RPB1 ChlIP adjacent to
transcription start sites (TSS). In this study, we chose 9,836 ‘active’ genes calculated from an pan-RPB1 ChlIP-seq (see Figure S4C).
Scatterplots of the SSI against read density in individual genes were created using the SmoothScatter in R. We also analyzed the
temporal changes of the SSI across relative positions within gene bodies. The entire genic regions were divided into ten sub-regions
of 10% bin; for each bin, the median of the SSI was calculated as its representative value.

Calculation of the Recovery Index (Rl)

The temporal changes of the distributions of strand specificity across the active genes were monitored with the Recovery index (RI), a
representative value of the SSI of individual genes. A distribution frequency of the gene-by-gene SSI may follow the Gaussian mixture
model, comprising three normal distributions as represented by the following equation (see Figure S5A),

1-1
2

p(x) = AN(x|po, 70) + {N(X|ps, 1) + N(X| =y, 04)}
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where the two peripheral normal distributions were presumed to be symmetric with respect to x = 0. From this equation, we define the
Recovery index (RI) as follows.

Recovery index =

This value denotes the distance of the peaks of the twin distributions from x = 0. The parameters of the Gaussian mixture model were
estimated by employing maximum likelihood fitting with the fitdistr function in the MASS package of R.

Base resolution mapping of RNA polymerase llo molecules at T-T dimer sites

We examined the enrichment of RNAPIlo molecules adjacent to T-T (A < > A in the coding strand) dimers (cyclobutane pyrimidine
dimers, CPD; 6-4 pyrimidine-pyrimidone photoproducts, 6-4PP). ApA sites and franking 400 bp for both ends were
extracted from the entire chromosome 1 of the hg19 genome sequence. Read coverages of each 5 bp bin were calculated with
the computeMatix program in deepTools (v3.1) (Ramirez et al., 2014), and the results were visualized with the plotProfile in
deepTools.

Gene-by-gene analysis for detecting unrepaired genes

We assumed a null hypothesis that the mapped read numbers in the coding and the template strands are not different. For every
gene, the read number difference between the coding and the template strands were tested with edgeR v3.24.3 (Robinson et al.,
2010) with read count normalization by the RLE method. The analyses were performed for all cell types using two to four replicates
and g-values (Storey and Tibshirani, 2003) were calculated (g < 0.05 denotes statistically significant). Genes unrepaired in RPB1-
K1268R cells but repaired in wild-type were subject to a gene enrichment analysis referring to the KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathway (Kanehisa and Goto, 2000). The analysis was performed using g:Profiler version
e€95_eg42_p13_f6e58b9 (Raudvere et al., 2019).

Computed tomography (CT)

CT images of animals were photographed (90 kV, 88 nA, FOV = 66 mm, whole body 8 s x 3 scans mode) using CosmoScan FX sys-
tem (RIGAKU) under anesthesia with isoflurane (Pfizer,). Skeletal images were constructed using 3D Slicer software (4.10.2) (Fedorov
et al., 2012).

Immunofluorescence of brain and spinal cord sections

Brains and lumbar spinal cords, dissected from mice transcardially perfused with 4% paraformaldehyde in phosphate buffer (4%
PFA), were post-fixed with 4% PFA for 24 h, followed by cryoprotected in 30% sucrose in PBS for 48 h (brains) and 24 h (spinal cords).
The samples were embedded in Tissue-Tek O.C.T. compound (Sakura finetek, 4583), followed by freezing at —80°C. Twelve um cry-
osections were pre-incubated with in PBST (0.5% Triton X-100) for 30 min, followed by blocking with 5% normal goat serum (NGS,
Cedarlane, CL1200) for brain sections, and 5% normal donkey serum (NDS, Jackson Immuno Research Laboratories, 017-000-121)
for spinal cord sections, in PBST (0.3% Triton X-100) for 1 h.

The brain sections were immunostained for 24 h at 4°C with a primary antibody against GFAP (1:500, Sigma, G3893) in 5% NGS in
PBST, followed by 2 h incubation with a fluorescent-dye-conjugated secondary antibody against mouse 1:1000 (Alexa Fluor 546,
Thermo Fisher Scientific, A11030) IgG and 2.5 ng/mL DAPI (Thermo Fisher Scientific, D1306) in 5% NGS in PBST at RT. The spinal
cord sections were immunostained for 1 h with primary antibodies against ChAT (1:100, Millipore, AB144P), Iba1 (1:500, Wako, 019-
19741), and GFAP (1:500, Sigma, G3893), followed by 1 h incubation with fluorescent-dye-conjugated secondary antibodies against
goat 1:1000 (Alexa Fluor 488, Thermo Fisher Scientific, A11055), rabbit 1:500 (Cy3, Jackson Immuno Research laboratories, 711-
165-152), and mouse 1:500 (Alexa Fluor 647, Jackson Immuno Research laboratories, 715-605-150) IgGs and 2.5 ng/mL DAPI in
5% NDS in PBST at room temperature (RT). Coverslips (Matsunami Glass, C024601) were mounted with a drop of Fluoromount/
Plus (Diagnostic BioSystems, K048) mounting medium. Images were captured using a confocal laser microscope (LSM700,
Carl-Zeiss).

Semi-thin sections of 5™ ventral roots

5" ventral roots, dissected from mice transcardially perfused with 4% paraformaldehyde in phosphate buffer (4% PFA), were post-
fixed with 2% osmium tetroxide (Nacalai, 25728-04) in HEPES buffer for 2 h. Dehydration was performed with a graded series of
alcohol as follows: 30%, 50%, 70%, and 80% ethanol for 10 min on ice each, and then 90%, 95%, and 99.5% (repeated twice)
for 10 min at RT each. After dehydration, samples were embedded in JB-4 (Polysciences, 00226-1). One um sections were prepared
with a microtome (Leica, RM2245) and stained with 1% toluidine blue in 1% sodium borate for 30 s. Coverslips were mounted with a
drop of Permount (Thermo Fisher Scientific, SP15-100) mounting medium. Images were captured using a microscope (Eclipse
55i, Nikon).
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4NQO sensitivity assay
Exponentially growing S. pombe cells were sequentially diluted; 100 to 10-5 and spotted on plates of YEA containing indicated con-
centration of 4NQO (Sigma). These YEA plates were incubated for 3 days and scanned by ChemiDoc Touch MP system (Bio-Rad).

QUANTIFICATION AND STATISTICAL ANALYSIS

RRS and basal transcription measurement are based on quintuple wells and the graphs are presented as means (SD) unless other-
wise noted. UV-survival data are based on triplicate of independent experiments and the plots are presented as means (SD). Mice
body weights are presented as means (SD) of age / sex / genetic background matched animals unless otherwise indicated. Other
details of statistical tests and quantifications used in this study are described in the corresponding parts of the main text, figure leg-
ends, or STAR Methods. All of the statistical tests were performed by using the packages or functions implemented in R (the edgeR
package, and wilcox.test and fisher.test functions), except for the enrichment analysis with g:Profiler, which was performed on a web
browser. A statistical significance was set at 0.05, and probabilities obtained from multiple comparisons were corrected.

DATA AND CODE AVAILABILITY

The ChlP-seq data were deposited in the NCBI Short Read Archive (SRA) under the BioProject ID, PRUNA548234. Individual Run IDs
are listed in Table S7.
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Figure S1. RNAPII Is Ubiquitinated 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 HelLa cells were UV irradiated (20 J/m?), followed by 1h
incubation. RPB1-llo (red) and polyubiquitinated proteins (green) were respectively detected as described in Figure 3D.

(B) UV induced RPB1-llo 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-llo and cleaved ubiquitin were detected as described in Figure 2D.

(C) RPB1-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-K1268 is surface-exposed near to where the downstream DNA enters RNAPII. RPB1 structures were reconstructed by CCP4MG software (v. 2.10.10)
using the PDB data entry, 51Y9 (He et al., 2016). The K1268 residue is shown in red, while other putative ubiquitinated 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 Figure S1E. Bars represent means (SD) of quadruple wells.
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UV inducible ubiquitin chain formation on RPB1-K1268 residue. Strep-tagged Ubiquitin was transiently expressed in wild-type, ACSA, and RPB1-K1268R HelLa
cells. Cells were 20 J/m? UV irradiated, followed by 1 h 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.
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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), ACSA, 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.

(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 (3E8), as well as detection of in-
teracting factors are as in Figure 3A. Recruitment of p89 was not abrogated in RPB1-K1268R mutant in RPB1-Ser5 immunoprecipitants.

(D) UVSSA-K414R mutant maintains TFIIH interaction. AUVSSA 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. HelLa cells used in Figures 3B and 3E were UV
irradiated (6 J/m?), followed by RRS measurements as described in Figure 1C. Bars represent means (SD) of triplicate wells.
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Figure S4. Strand-Specific ChlP-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. ChlP-seq and
analyses performed as in Figures 4B and 4C. ChlP-seq read coverage represents RNAPII distribution for wild-type (dashed lines, identical in the figures), RPB1-
K1268R (K1268R), ACSB, ACSA, and AUVSSA (solid lines) Hela cells (without UV, gray lines; 7 J/m? UV, colored lines for RPB1-Ser2, green; -Ser5, orange; and
for total-RPB1 molecules, red). The Data for wild-type and RPB1-K1268R (without UV, 3 h, 12 h) are identical to which shown in Figures 4B and 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 Figure 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 HelLa 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) Scatterplots 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 (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.
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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 dis-
tribution, comprising three normal distributions, where the two peripheral normal distributions are symmetric with respect to x = 0. The parameters were inferred
with a maximume-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 RNAPIlo 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 ChlP-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 S5F (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).
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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 Hel.a 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 RPB1-K1268R, 12 h after UV) were analyzed 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. SSls 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.
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Figure S7. Phenotypes of Polr2a-K1268R and rpb1-K1252R, Related to Figure 7

(A) Growth curves of Polr2a1268R/K1268R gingle mutant mice. No growth abnormality, in terms of bodyweight and lifespan, was observed in Polr2a
(KR/KR) and Polr2a"VT¥1268R (\WT/KR) compared to wild-type (WT/WT). Left panel, male; right panel, female. Polr2a"V "W & (n = 9); Polr2a"™*R & (n = 6); Pol-
r2aV<R 3 (n = 10); Polr2aV™"VT ¢ (n = 7); Polr2a®™*® @ (n = 17); Polr2a"?*® ¢ (n = 9). Body weights are presented as means (SD).

(B) Bodyweight distribution and growth curves of Polr2ak?“® / 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, Polr2aV"T / Xpa*'~ (3, n = 5; 2, n = 6); WT/KR, Polr2a"V "R / Xpa*'~ (&, n = 13; ¢, n = 14);
KR/KR, Polr2aX?® / Xpa*'~ (3, n = 13; 2, n = 6). Left panel, male; right panel, female.

K1268R/K1268R

(legend continued on next page)



(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 (rpb1*) and KR respectively indicate the wild-type and K1252R RPB1 alleles.
rpb1-K1252R rhp14::NatMX6 double mutant displayed a synergistic effect. NER*, NER-proficient; rhp14::NatMX6, AXPA homolog; rhp26:: NatMX6, ACSB
homolog.



	Ubiquitination of DNA Damage-Stalled RNAPII Promotes Transcription-Coupled Repair
	Introduction
	Results
	RNA Polymerase II Is Predominantly Ubiquitinated at Lysine 1268 of RPB1 after UV
	RPB1-K1268 Ubiquitination Is Essential for Transcription Recovery and UV Resistance
	Cullin E3 Ligases Ubiquitinate RPB1 at K1268 and Form K48- and K63-Linked Ubiquitin Chains in Response to UV
	Ubiquitination of RPB1-K1268 Is Crucial for the Recruitment of TFIIH after UV
	Mono-Ubiquitination of UVSSA Transfers TFIIH to RNAPIIo during TC-NER
	Genome-wide ChIP-Seq Reveals a Strong Transcription Recovery Delay in the RPB1-K1268R Mutant
	Strand-Specific ChIP-Seq Identifies RPB1-IIo Stalled at DNA Damage and Demonstrates Slow Repair Kinetics in RPB1-K1268R Mut ...
	A Detailed TC-NER Repair Kinetic in the RPB1-K1268R Mutant
	Spatial Distribution of Stalled RNAPIIo Molecules Associated with TC-NER
	Gene-by-Gene Repair Profiles Identify Unrepaired Genic Features in RPB1-K1268R Cells
	Polr2aK1268R/K1268R / Xpa−/− Double-Mutant Mice Display Short Lifespan and a Premature Aging Phenotype
	Loss of Motor Neurons in Polr2aK1268R/K1268R / Xpa−/− Double-Mutant Mice

	Discussion
	RNA Polymerase IIo Ubiquitination: Difference in Human versus Budding Yeast
	Players in RNA Polymerase IIo Ubiquitination in Human
	RPB1-K1268 Ubiquitination Is Involved in TC-NER
	RPB1-K1268 Ubiquitination Has a Role in Damage-Stalled RNAPIIo Processing: Implications for Neurodegeneration

	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Lead Contact and Materials Availability
	Experimental Model and Subject Details
	Human cell lines and culture
	Mice
	S. pombe

	Method Details
	Gene editing by CRISPR/Cas9
	SILAC mass-spectrometry
	Detection of RPB1 ubiquitination site in UV irradiated HeLa cells
	Mass-spec raw data processing and analysis
	Detection of ubiquitinated RPB1-IIo by immunoblotting
	Recovery of RNA Synthesis (RRS) assay and basal transcription measurement
	Lentivirus and complemented cells
	UV clonogenic Survival assay
	Ubiquitin pull-down assay
	GFP pull-down assay
	Ubiquitin chain trimming by USP2
	Co-immunoprecipitation
	Immunoblotting
	Primary antibody concentrations for immunoblotting
	Chromatin immunoprecipitation and NGS sequencing (ChIP-seq)
	UV DNA damage removal from NGS library
	ChIP-seq meta gene profiles
	Calculation of the strand specificity index (SSI)
	Calculation of the Recovery Index (RI)
	Base resolution mapping of RNA polymerase IIo molecules at T-T dimer sites
	Gene-by-gene analysis for detecting unrepaired genes
	Computed tomography (CT)
	Immunofluorescence of brain and spinal cord sections
	Semi-thin sections of 5th ventral roots
	4NQO sensitivity assay

	Quantification and Statistical Analysis
	Data and Code Availability





