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ABSTRACT

RNA polymerase II (RNAPII) is emerging as an im-
portant factor in DNA damage responses, but how
it responds to genotoxic stress is not fully under-
stood. We have developed a rapid and sensitive
flow cytometry method to study chromatin binding
of RNAPII in individual human cells through the cell
cycle. Indicating enhanced transcription initiation at
early timepoints, levels of RNAPII were increased at
15–30min after UV-induced DNA damage. This was
particularly evident for the S5 phosphorylated form
of RNAPII (pRNAPII S5), which is typically associ-
ated with promoter proximal pausing. Furthermore,
degradation of pRNAPII S5 frequently occurs, as its
levels on chromatin were strongly enhanced by the
proteasome inhibitor MG132 with and without UV. Re-
markably, inhibiting pause release with 5,6-dichloro-
1-beta-ribo-furanosyl benzimidazole (DRB) further
promoted UV-induced degradation of pRNAPII S5,
suggesting enhanced initiation may lead to a phe-
nomenon of ‘promoter proximal crowding’ resulting
in premature termination via degradation of RNAPII.
Moreover, pRNAPII S2 levels on chromatin were more
stable in S phase of the cell cycle 2h after UV, indi-
cating cell cycle specific effects. Altogether our re-
sults demonstrate a useful new method and suggest
that degradation of promoter proximal RNAPII plays
an unanticipated large role both during normal tran-
scription and after UV.

INTRODUCTION

RNA polymerase II (RNAPII) transcribes DNA into
mRNA and several non-coding RNAs (1). In addition,
RNAPII plays a central role in the response to DNA dam-
age. Cells are exposed to various forms of DNA dam-
age from both endogenous and exogenous sources, and

RNAPII is involved in detection, repair and signaling fol-
lowing such events (2–8). Understanding how RNAPII re-
sponds to DNA damage is therefore important to fully
understand the DNA damage signaling and repair path-
ways, which are critical in human conditions such as
cancer, neurodegenerative diseases, immune deficiencies,
metabolic syndromes, ageing and infertility (9). DNA dam-
age produced by ultraviolet radiation (UV) arrests the pro-
gression of elongating RNAPII (10). This arrest initiates
transcription-coupled nucleotide excision repair (TC-NER)
(2) and leads to a potent inhibition of transcription at
the global level (11). Transcription resumption is required
for cell survival after UV (12). Another global change to
RNAPII after UV is its proteasome-mediated degradation
(13). Elongating RNAPII is thought to be degraded as a
‘last resort’ mechanism to remove RNAPII when a block
to transcription cannot be dealt with either by repair or by-
pass (14). However, whether degradation of other forms of
RNAPII occurs after UV is not known.

The basal RNAPII transcription cycle includes recruit-
ment and formation of the preinitiation complex at the
promoter region, promoter release and stalling after ∼50
nts at the promoter proximal pause site, release from
pausing into productive elongation, and finally termina-
tion. Release from promoter proximal pausing into pro-
ductive elongation is considered a main rate-limiting step
of transcription (15). In addition, premature termination
from the promoter proximal pause site or during pro-
ductive elongation is common and limits pervasive tran-
scription (16–18). Terminating RNAPII is thought to be
recycled for new rounds of transcription (19). In its C-
terminal domain (CTD), RPB1 (hereafter referred to as
RNAPII), the largest subunit of RNAPII, contains a large
non-structured domain, which in humans is made up of
52 heptapeptide aminoacid repeats that can undergo ex-
tensive post-transcriptional modifications. These modifica-
tions are involved in all stages of the transcription cycle
and in RNA metabolism (20). The most studied modifica-
tions are phosphorylation of serine 5 (pRNAPII S5) and
serine 2 (pRNAPII S2). While pRNAPII S5 is high in pro-
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moter proximal regions, pRNAPII S2 is associated with
productive elongation (20). Global levels of pRNAPII S5
and pRNAPII S2 can therefore be used as markers for the
promoter proximal and productively elongating fractions
respectively. Proteasome-mediated degradation of RNAPII
occurs even in the absence of DNA damage, and is thought
to positively affect the rate of transcription by remov-
ing stalled RNAPII complexes (21). As pRNAPII S5 was
shown to strongly inhibit ubiquitination and proteasome
mediated degradation, promoter proximal paused RNAPII
has been assumed to be refractory to degradation (21). On
the other hand, binding between a E3 ubiquitin ligase com-
plex and pRNAPII S5 was enhanced after UV (22), sug-
gesting pRNAPII S5 may play multiple roles in RNAPII
degradation after UV.

Cell cycle progression is highly regulated by RNAPII-
mediated transcription, as transcription of specific cell cycle
genes is required for transition from one cell cycle phase into
the other (23). Conversely, the cell cycle regulates RNAPII.
This is evident in mitosis, when most of RNAPII and many
transcription associated proteins are lost from chromatin
through a process known as mitotic inhibition of transcrip-
tion (24–26). RNAPII is also regulated by replication dur-
ing S phase. Sharing the same template, RNAPII can cre-
ate a physical barrier for DNA replication (27). Resulting
transcription–replication conflicts (T–R conflicts) can cause
replication stress, and are actively suppressed by evicting
RNAPII from chromatin (28), by its degradation on chro-
matin (29). In line with a negative role for T–R conflicts
in regulation of transcription, the level of transcription of
a specific gene is lower during its time of replication (30).
Promoter proximal sites also tend to be under-replicated
during S phase, indicating that the presence of RNAPII at
the promoter proximal region creates a hindrance for DNA
replication (30). Moreover, UV affects the cell cycle as it
strongly suppresses DNA replication (31) and activates cell
cycle checkpoints (32). Nevertheless, it is not known how
UV impacts RNAPII levels on chromatin through the cell
cycle.

Techniques to study the RNAPII transcription cycle af-
ter UV include chromatin immunoprecipitation followed by
sequencing (ChIP-seq) (33,34), GRO-seq (11) or nascent
RNA-seq (34), chromatin fractionation followed by west-
ern blotting (35) or mass spectrometry (36) and live cell
microscopy of endogenous GFP-RNAPII (37,38). These
complementary techniques have provided major insights
into the effect of UV on RNAPII-mediated transcription.
However, although sequencing or chromatin fractionation
techniques can give high resolution sequence information
and/or quantitative data, they have so far been based on
cell lysates made from a large number of pooled cells. To
study cell cycle effects with these methods, cells must there-
fore be synchronized, which, depending on the synchroniza-
tion method, may induce replication stress or changes to
transcription. On the other hand, live cell microscopy gives
spatial information and single cell resolution, but is lim-
ited in the number of cells analyzed, and does not easily
allow the analysis of modifications on RNAPII. There is
therefore a need for additional methods to study RNAPII
chromatin levels in individual cells. Here, we describe a new
rapid, quantitative and sensitive flow cytometry method

to study RNAPII chromatin binding in individual cells
through the cell cycle. Using this method we show that pro-
moter proximal paused RNAPII is subject to proteasome-
mediated degradation in the presence and absence of UV-
induced DNA damage. Moreover, productively elongating
RNAPII becomes more stable in S phase after UV, in line
with TC-NER specific effects in replicating cells. Finally, as
pRNAPII S5 was more removed in early S phase compared
to G1 phase after suppression of release into productive
elongation by 5,6-dichloro-1-beta-ribo-furanosyl benzimi-
dazole (DRB), this suggests T–R conflicts are likely dealt
with by degrading promoter proximal RNAPII.

MATERIALS AND METHODS

Cell culture

Human female cervical cancer HeLa Kyoto cells were cul-
tivated in Dulbecco’s modified Eagle’s medium (DMEM)
and human male SV40-transformed fetal lung fibroblast
MRC5 and human non-transformed retinal pigment ep-
ithelial (RPE) cells were cultivated in DMEM:Nutrient
Mixture F-12 at 37◦C in a humidified environment with
20% O2 and 5% CO2. Both mediums were supplemented
with 10% fetal bovine serum (VWR, Biowest) and 1%
Penicillin/Streptomycin (ThermoFisher Scientific). HeLa
Kyoto (HeLa) cells were used throughout the manuscript
unless otherwise stated.

Chemicals and treatments

UV- irradiation was performed with an UVC crosslinker
(UV Stratalinker 2400 (Stratagene)) at 20 J/m2. DRB
(Sigma Aldrich) was used at 100 �M, EdU (Thermo Fisher)
at 1 �M, CDK7-inhibitor THZ1 (ApexBio) at 1 �M,
MG132 (Sigma Aldrich) at 50 �M, and Nocodazole (Sigma
Aldrich) at 1 �g/ml.

Western blotting––chromatin fractionation and antibodies

Cells were harvested and washed with PBS. To release solu-
ble factors, the cell pellet was resuspended in ice-cold chro-
matin extraction buffer (20 mM HEPES (pH 7.9), 1.5 mM
MgCl2, 140 mM NaCl, 300 mM Sucrose, 0.5% TX-100,
Complete EDTA-free Protease Inhibitor Cocktail (Merck),
PhosSTOP phosphatase inhibitors (Merck) and 20 �M
MG132 (Sigma Aldrich). The cell pellet was incubated in
the extraction buffer for 5min at 4◦C with gentle mixing (300
rpm), and soluble and chromatin bound fractions were sep-
arated by centrifugation. The chromatin bound pellet was
washed once in extraction buffer, followed by chromatin di-
gestion with 100 U/ml benzonase (Sigma Aldrich) in ex-
traction buffer for 2h at 4◦C with gentle mixing (300 rpm).
Both soluble and chromatin bound fractions were added
Lane Marker Reducing Sample Buffer (Pierce Biotechnolo-
gies) and boiled at 95◦C prior to analysis by quantitative
western blotting. The final volumes of chromatin bound
and soluble fractions were kept equal to allow comparison
of the two fractions. Criterion TGX Stain-free gels (Bio-
Rad) and nitrocellulose membranes (BioRad) were used
for separation and transfer respectively. Criterion Stain-free
imager was activated in a Chemidoc MP (BioRad) prior to
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transfer. Antibodies used were: total RNAPII (F-12, Santa
Cruz Biotechnologies), pRNAPII S5 (3E8) and pRNAPII
S2 (3E10) (Sigma Aldrich). Total protein levels obtained
from stain-free signal on membranes were used as loading
control. Blots were imaged using chemiluminescence sub-
strates (Supersignal west pico, dura or femto from Thermo
Scientific). The Image Lab 4.1 (BioRad) software was used
for quantifications and processing of images. Saturated sig-
nals were excluded. For accurate quantifications, a dilution
curve of one of the samples was included. Membranes were
stripped using ReBlot Plus Mild Antibody Stripping Solu-
tion (Millipore) in order to allow a new round of blotting
for proteins.

Isolation of mitotic cells

For analysis of mitotic cells, cells were synchronized by 1
�g/ml nocodazole treatment 16h prior to harvest. The mi-
totic fraction was further isolated through mitotic shake off
by gently tapping the dish in order to loosen mitotic cells.
Cells floating in the medium were next transferred to a tube
and isolated by centrifugation. For western blotting, cells
were counted and cell number was adjusted in order to di-
rectly compare chromatin association of RNAPII in mito-
sis vs interphase. Chromatin fractionation was performed
as described above.

Chromatin fractionation for flow cytometry

To release unbound factors, isolated cell pellets were resus-
pended in 100 �l chromatin extraction buffer for 5min on
ice. For the experiments performed to optimize extraction
strength, different concentrations of NaCl in the chromatin
extraction buffer were tested: 50, 140, 180, 220, 280 mM, for
all other experiments, 140 mM NaCl was used. Following
extraction, cells were fixed by addition of 900 �l 10% forma-
lin solution (Sigma Aldrich), and left at room temperature
for 10min. Cells were then resuspended in PBS, followed by
barcoding and antibody staining as described below.

Flow cytometry analysis

In all flow cytometry experiments, antibody staining and
barcoding was performed as previously described (29,39).
Flow cytometry analysis was performed on a LSRII flow
cytometer (BD Biosciences) using Diva and FlowJo soft-
ware. 10 000 cells or more were analyzed per sample, per
experiment, including barcoding cells.

In brief, non-treated HeLa cells were incubated with
0.002 �g/�l Alexa Fluor 647 Succinimidyl Ester (Thermo
Fisher) in PBS for 30min prior to antibody staining. In
most experiments the barcoded control consisted of ex-
tracted cells, with the exception of the salt concentration
optimization experiments where the barcoded control was
non-extracted. Barcoding was quenched by addition of PBS
with 5% fetal bovine serum (FBS (Biowest)). Thereafter, the
barcoded cells were distributed equally among all the sam-
ples prior to staining as described below. For co-staining
with pH3S10 and RNAPII, pRNAPII S5 or pRNAPII
S2, cells were incubated with primary (anti-pH3S10 (Mil-
lipore) and anti-RNAPII (D8L4Y, Cell Signaling Tech-
nology)), anti-pRNAPII S5 (3E8) or anti-pRNAPII S2

(3E10) (Sigma Aldrich) and secondary antibodies (anti-
mouse Alexa Fluor 568 and anti-rabbit (RNAPII) or anti-
rat Alexa Fluor 488 (pRNAPII S5 and pRNAPII S2)
Thermo Fisher), diluted in flow buffer (0.1% Igepal CA-
630, 6.5 mM Na2HPO4, 1.5 mM KH2PO4, 2.7 mM KCl,
137 mM NaCl, 0.5 mM ethylenediaminetetraacetic acid
(pH 7.5)) containing 4% non-fat milk. Samples were next
stained with the DNA-stain Hoechst 33258 (1.5 �g/ml
(Sigma Aldrich)) in flow buffer and analyzed by flow cy-
tometry. As endogenous RNAPII was tagged with GFP,
for MRC5 cells, staining for anti-pRNAPII S5, S2 or anti-
pH3S10 was followed by anti-rat or mouse Alexa Fluor
568. For experiments with EdU incorporation, cells were
labeled with 1 �M EdU for 1h prior to further 2h treat-
ment with UV or inhibitors, resulting in a maximal EdU
incorporation of 3h. The relatively long incubation with
EdU was to ensure that all cells that had gone from G1
into S during the course of the treatments were correctly
gated as EdU positive S phase cells. On the other hand, the
long EdU incubation may have caused some cells gated as
late S to actually be G2 cells that had stopped replicating
during the course of the treatment. After EdU incorpora-
tion and treatments, samples were harvested and subjected
to chromatin fractionation for flow cytometry (see above),
barcoded (as described above) and labeled with primary
(anti-RNAPII (D8L4Y, Cell Signaling Technology), anti-
pRNAPII S5 (3E8) or anti-pRNAPII S2 (3E10) (Sigma
Aldrich)) and secondary antibodies (Alexa Fluor 488, anti-
rabbit for RNAPII and anti-rat for pRNAPII S5 and S2
(Thermo Fisher)). Following this, EdU was labeled with the
Click-iT Plus EdU Alexa Fluor 594 Flow Cytometry Assay
Kit (Thermo Fisher), and DNA was stained with Hoechst
33258 (1.5 �g/ml(Sigma Aldrich)) in flow buffer. The ratio-
nale for gating of the cell cycle phases was the following (See
also Figure 1F). G1 cells were negative for EdU, and had a
G1 DNA content. Early S phase cells had close to G1 DNA
content but were EdU positive. Mid S had an intermediary
DNA content and were EdU positive. Late S phase cells had
approximately a G2 DNA content, but were EdU positive.
G2 cells were EdU negative and had a G2 DNA content.
Mitotic cells formed the small population below the G2 cells
(see Figure 1F––this was verified by low RNAPII staining
(results not shown)) and were not included in the analysis
of ‘G2 cells’.

Immunofluorescence analysis

RNAPII loading was measured by immunofluorescence
microcopy in either non-extracted or chromatin-extracted
HeLa cells. For detection of chromatin-bound RNAPII,
cells were incubated in chromatin extraction buffer for
5min on ice prior to 12min fixation with formalin so-
lution (Sigma Aldrich) at room temperature. Coverslips
were stained with anti-pH3S10 (Millipore) in combination
with either anti-RNAPII (D8L4Y, Cell Signaling Technol-
ogy), anti-pRNAPII S5 (3E8) or anti-pRNAPII S2 (3E10)
(Sigma Aldrich) in PBS-AT (PBS with 0.5% Triton X-100
and 1% BSA), followed by anti-mouse Alexa Fluor 568 and
anti-rabbit Alexa Fluor 488 (for RNAPII) or anti-rat Alexa
Fluor 488 (for pRNAPII S5 and S2) (Thermo Fisher). DNA
was stained with Hoechst 33342 (Sigma Aldrich) and cover-
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Figure 1. A new method to accurately measure RNAPII chromatin loading in individual cells through the cell cycle. (A) Flow cytometry scatter plots
showing chromatin extracted (140 mM NaCl) or non-extracted cells labeled with antibodies against the N-terminal domain of RNAPII and the mitotic
marker phosphorylated histone H3 on Serine 10 (pH3S10) relative to DNA content. The mitotic cells were gated as shown in the pH3S10 plot to the right,
and shown in red in the RNAPII plots to the left. RNAPII staining was lost from chromatin in mitosis in the chromatin extracted, but not in the non-
extracted cells. (B) Immunofluorescence analysis of chromatin extracted (140 mM NaCl) or non-extracted cells using antibodies to RNAPII and pH3S10.
DNA was stained with Hoechst 33342. (C) Flow cytometry scatter plots of chromatin extracted non-treated (−) and nocodazole synchronized (nocodazole)
HeLa cells. Non-treated cells were barcoded and mixed with mitotic cells synchronized by mitotic shake off after nocodazole treatment for 16h. Samples
were stained with antibodies against total RNAPII, or phosphorylated serine 2 or 5 on the carboxyterminal domain of RNAPII combined with antibodies
against pH3S10 and separated during analysis. pH3S10 negative cells are shown in grey and pH3S10 positive cells are shown in red in the respective
non-treated and nocodazole synchronized cells. Note that, as expected, all the cells were pH3S10 positive in the nocodazole synchronized condition, and
thus there are no observable pH3S10 negative cells. (D) Western blot analysis of chromatin bound (B) and soluble (S) fractions after extraction of non-
treated and nocodazole synchronized cells as in (C). Cells were counted prior to extraction, and equal amounts of cells were loaded per lane. Stain free
signal (BioRad Technologies), indicating total protein loading, was used as loading control. (E) Median chromatin levels of RNAPII, pRNAPII S5 and
pRNAPII S2 in nocodazole treated sample divided by median chromatin levels in the non-treated ctrl (grey + red), obtained by flow cytometry analysis as
in (C), compared to chromatin levels obtained in similar samples by western blotting as in (D). Notably, levels in dilution curve (as in (D)) were used for
accurate quantification by western blot. (n = 3 for western blot samples). (F) Flow cytometry scatter plot of EdU incorporation relative to DNA content in
HeLa cells. 1 �M EdU was added 3h prior to harvest. The cell cycle phases G1, early S, mid S, late S and G2 were determined based on EdU levels versus
DNA content as shown. (G) Mean median RNAPII, pRNAPII S5 and pRNAPII S2 chromatin levels in individual phases of the cell cycle in HeLa cells.
Alexa Fluor 647 barcoded, chromatin extracted control cells (that were not EdU treated) were added to each individual sample prior to staining. These
were separated from the sample cells during analysis (Supplementary Figure S1B). Thereafter, median RNAPII, pRNAPII S5 and pRNAPII S2 levels in
individual cell cycle phases were normalized to median levels in the barcoding cells to minimize sample to sample variation. Furthermore, each cell cycle
phase was compared to G1, which was set to 1 (n = 3) P-values were determined by the two-tailed one sample Student’s t-test. Error bars represent SEM.
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slips were mounted onto a microscopy slide using Prolong
Diamond (Thermo Fisher). Imaging and analysis was per-
formed as previously described (29).

RESULTS

A new method to accurately measure RNAPII chromatin
loading in individual cells through the cell cycle

To optimize a flow cytometry method accurately determin-
ing RNAPII levels on chromatin in individual cells through
the cell cycle, we took advantage of the loss of RNAPII
from chromatin in mitosis (40). To visualize mitotic cells,
we co-stained RNAPII with the mitotic marker phosphory-
lated Histone H3 on Serine 10 (pH3S10). Chromatin extrac-
tion was performed using a mild detergent (0.5% TX-100)
with various NaCl concentrations (Supplementary Figure
S1A). Barcoding with non-extracted control HeLa cells was
used as an internal standard for accurate quantifications
and to determine extraction strength (Supplementary Fig-
ure S1A, B). As expected, mitotic cells clearly showed lower
RNAPII staining after extraction with 140 mM NaCl and
above (Figure 1A and Supplementary Figure S1A). How-
ever, in non-extracted cells, RNAPII levels in mitotic cells
were similar to interphase cells with a G2 DNA content
(Figure 1A). Notably, some of the extracted pH3S10 pos-
itive cells had high RNAPII staining (Figure 1A, C and
Supplementary Figure S1A). The high RNAPII staining in
a fraction of the pH3S10 positive cells remained even af-
ter extraction with increasing NaCl concentrations (Sup-
plementary Figure S1A), showing it was not due to insuf-
ficiently strong extraction conditions. High pH3S10 levels
thus likely occurs prior to loss of RNAPII from chromatin
at the G2 to M transition. We chose to continue our experi-
mental work with 140 mM NaCl, as it is close to physiolog-
ical conditions and the chromatin levels of RNAPII were
clearly lower in the mitotic fraction (Figure 1A). Analysis
of the GFP signal in MRC5 cells expressing knock-in GFP
tagged RNAPII (38) verified that the pattern of RNAPII
antibody staining corresponded to endogenous RNAPII
levels (Supplementary Figure S1C). The mitotic vs inter-
phase RNAPII staining pattern after extraction with deter-
gent and 140 mM NaCl was also confirmed by immunoflu-
orescence microscopy (Figure 1B). To validate that the flow
cytometry technique could be used to accurately quantify
RNAPII levels on chromatin, we compared RNAPII levels
in nocodazole-synchronized mitotic cells measured by flow
cytometry versus quantitative western blotting. Similar lev-
els of RNAPII on chromatin were observed using the two
techniques (Figure 1C–E). Antibodies against pRNAPII S5
and pRNAPII S2 also showed low chromatin staining of
mitotic cells (Figure 1C and Supplementary Figure S1D,
E) and similar chromatin levels were found using flow cy-
tometry vs quantitative western blotting (Figure 1C–E). As
RNAPII is involved in S phase specific events, such as T–
R conflicts, we next addressed whether we could measure
RNAPII chromatin levels in finely separated cell cycle tran-
sitions by including EdU incorporation to mark replicat-
ing cells. Gradually increasing RNAPII, pRNAPII S5 and
pRNAPII S2 levels could be detected in cells from G1 to
early-, mid- and late S and G2 phases (Figure 1F, G). The
increasing levels of RNAPII on chromatin through the cell

cycle were expected, as the cells grow and the DNA is dupli-
cated. Of note, we also assessed chromatin bound RNAPII
and pRNAPII S5 in a previous study (29), but in that work
we did not include cell cycle analysis and did not fully opti-
mize and validate the method. Based on the results shown
here, we conclude that our novel flow cytometry method can
be used to accurately measure RNAPII levels on chromatin
in individual cells through the cell cycle.

Initiation is likely enhanced at early timepoints after UV ir-
radiation

Using our new technique, we addressed changes in RNAPII
levels on chromatin after UV irradiation. Higher levels of all
forms of RNAPII were observed at early timepoints (15 and
30min) after UV in HeLa cells, especially in G1 phase of the
cell cycle (Figure 2A–D and Supplementary Figure S2A).
This effect was most pronounced for pRNAPII S5 (Fig-
ure 2B–D), in line with enhanced initiation causing more
promoter proximal pausing at early timepoints after UV.
Higher levels of pRNAPII S5 were also observed at 30min
after UV in RPE cells (Figure 2E). Moreover, slightly higher
levels of pRNAPII S2 could also be observed at 30min af-
ter UV in HeLa cells (Figure 2D), consistent with accom-
panying increased productive elongation. At 2h after UV,
RNAPII and pRNAPII S5 were reduced, but pRNAPII S2
remained high in HeLa cells (Figure 2B–D). In this cell line,
pRNAPII S2 is thus more long-lived than pRNAPII S5 af-
ter UV. Furthermore, chromatin binding of pRNAPII S5
was clearly lower in S phase compared to G1 and G2 phases
at 2h after UV in HeLa cells (Figure 2F). Less pronounced
cell cycle effects were observed at 15 and 30min, although
the pRNAPII S5 levels again were slightly lower in S phase
compared to G1 (Supplementary Figure S2B, C). pRNAPII
S5 may therefore be more removed in S phase after UV in
HeLa cells. The latter is likely a cell line dependent effect
as pRNAPII S5 was not lower in S versus G1 phase after
UV in RPE cells (Supplementary Figure S2D,E). On the
other hand, levels of pRNAPII S2 were higher in S ver-
sus G1 phase 2h after UV in both HeLa and RPE cells
(Figure 2F and Supplementary Figure S2D), indicating the
productively elongating fraction may become more stable
in S phase after UV. Higher stability of pRNAPII S2 in S
phase at 2h after UV was also observed in MRC5 cells (Sup-
plementary Figure S2F). Enhanced initiation causing more
promoter proximal pausing at early timepoints, and higher
stability of the elongating RNAPII fraction in S phase, thus
likely represent general phenomena after UV.

pRNAPII S5 is degraded on chromatin in the presence and
absence of UV

To address whether cell cycle phase differences in RNAPII
chromatin binding after UV might be caused by changes in
RNAPII degradation on chromatin, we added the protea-
some inhibitor MG132. RNAPII and pRNAPII S5 levels
were enhanced on chromatin after MG132 (Figure 3A–C)
in an unperturbed cell cycle in HeLa cells, as previously ob-
served (29). Enhanced levels of pRNAPII S5 on chromatin
after treatment with MG132 were also observed in RPE
cells (Figure 3D). pRNAPII S2 levels were less enhanced by
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Figure 2. Initiation is likely enhanced at early timepoints after UV irradiation. (A) Overview of experimental set up. EdU was added to HeLa cells 1h
prior to UV irradiation with 20 J/m2. Samples were harvested, extracted and fixed for flow cytometry analysis at 15min, 30min and 2h after UV. Non-UV
irradiated cell samples were harvested together with the UV 2h cell samples. (B) Flow cytometry scatter plots showing levels of RNAPII, pRNAPII S5 and
pRNAPII S2 on chromatin versus DNA content from samples treated as in (A). Non-UV irradiated cells (−) are shown in grey, and samples harvested
at 15min (UV 15min), 30min (UV 30min), and 2h after UV (UV 2h) in colors as indicated. Barcoded control cells (shown in black) were added to all
individual samples prior to staining, separated from the samples during analysis (as in Figure 1G), and shown in scatterplots together with the sample
cells. Note that in the non-UV irradiated (−) sample the barcoding cells (black), largely overlap with sample (grey), but in the UV treated samples the sample
cells are frequently shifted either higher or lower than the barcoding cells, showing that the chromatin levels of RNAPII, pRNAPII S5 and pRNAPII S2
change after UV. (C) Flow cytometry histograms showing RNAPII, pRNAPII S5 and pRNAPII S2 levels on chromatin vs cell count in individual G1 cells
(determined as in Figure 1F). (D) Mean median RNAPII, pRNAPII S5 and pRNAPII S2 levels on chromatin in cells treated as in A) and normalized to
barcoding cells. UV-treated samples were further normalized to non-treated sample (n = 3), significance tested by the two-tailed one sample Student’s test.
Error bars represent SEM. (E) Mean median RNAPII, pRNAPII S5 and pRNAPII S2 levels on chromatin in RPE cells treated as in A) and analyzed as
in D) (n = 3), significance tested by the two-tailed one sample Student’s test. Error bars represent SEM. (F) Mean fold changes 2h after UV of RNAPII,
pRNAPII S5 and pRNAPII S2 levels on chromatin in individual phases of the cell cycle (determined as in Figure 1F), and normalized to barcoding cells.
(n = 3), significance tested by the two-tailed one sample Student’s test. Error bars represent SEM.
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Figure 3. pRNAPII S5 is degraded on chromatin in the presence and absence of UV. (A) Overview of experimental set up. EdU was added to HeLa cells 1h
prior to UV irradiation with 20 J/m2 and addition of 50 �M MG132. Samples were harvested, extracted and fixed for flow cytometry analysis at 2h after
UV/ addition of MG132. (B) Flow cytometry scatter plots showing levels of RNAPII, pRNAPII S5 and pRNAPII S2 on chromatin versus DNA content
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Barcoded control cells (shown in black) are shown in scatterplots together with the sample cells as in Figure 2B. (C) Mean fold changes after MG132
treatment (chromatin levels with MG132 / chromatin levels without MG132) in the presence (yellow) or absence (grey) of UV, from experiments as in B).
Note that even in the absence of UV, the mean fold change after MG132 is above 1 (meaning MG132 increases the chromatin binding) for RNAPII and
pRNAPII S5, but less so for pRNAPII S2. After UV, the average fold changes for all the RNAPII forms are increased. (n = 3), significance tested by the
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of the cell cycle (determined as in Figure 1F). (n = 3), significance tested by the two-tailed one sample Student’s t-test. Error bars represent SEM.
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MG132 treatment alone both in HeLa and RPE cells (Fig-
ure 3B–D), suggesting the productively elongating fraction
is less degraded under unperturbed conditions. After UV,
proteasome mediated degradation of all forms of RNAPII
was enhanced both in HeLa and in RPE cells (Figure 3B–
D). Notably, the enhanced degradation of pRNAPII S5 af-
ter UV was unexpected, as promoter proximal RNAPII has
been thought to avoid degradation with and without UV
(21,41). In addition, proteasome mediated degradation of
pRNAPII S5 was higher in S phase versus G1 phase after
UV in HeLa cells (Figure 3E), showing that the lower levels
of pRNAPII S5 in S phase vs G1 at 2h after UV (Figure 2F)
were caused by increased degradation (more removal). On
the other hand, pRNAPII S2 was less degraded in S versus
G1 phase both in HeLa cells and in RPE cells after UV (Fig-
ure 3E, Supplementary Figure S3A), in line with the higher
stability of the elongating RNAPII fraction in S phase after
UV (Figure 2F, Supplementary Figure S2D, F).

Promoter proximal RNAPII is subjected to proteasome-
mediated degradation on chromatin in unperturbed conditions

Our results with pRNAPII S5 using MG132 suggested
proteasome-mediated degradation of promoter proximal
paused RNAPII occurs on chromatin under non-perturbed
conditions. We hypothesized that enhancing promoter
proximal pausing might increase RNAPII degradation. To
address this, we added the widely used transcriptional in-
hibitor DRB, which prevents the release of RNAPII from
the promoter proximal pause site into productive elonga-
tion (42). Several recent ChIP-seq experiments have con-
firmed that DRB causes a widespread arrest of RNAPII at
the 5′ end of genes (43–45), though a few DRB-insensitive
genes have also been reported (46). As expected, levels of
pRNAPII S2 were decreased and levels of pRNAPII S5
were increased after treatment with DRB (Figure 4A–D).
Moreover, in line with our hypothesis, total RNAPII chro-
matin levels were lower after DRB, and were completely
reversed with MG132 (Figure 4A-D). Strongly support-
ing that proteasome-mediated degradation of the promoter
proximal form of RNAPII was responsible for the lower
levels of RNAPII on chromatin after DRB, the levels of
pRNAPII S5, but not pRNAPII S2, were greatly enhanced
by DRB + MG132 (Figure 4B–D). Moreover, pRNAPII S5
chromatin binding was lower in early S phase compared
to G1 phase after DRB treatment (Figure 4E), suggest-
ing enhanced promoter proximal RNAPII pausing by DRB
causes more degradation of RNAPII in early S phase. As
the majority of actively transcribing chromatin is early repli-
cating (47), the distinct effects in early S vs G1 suggest that
transcription replication conflicts involving promoter prox-
imal RNAPII may be dealt with by degrading RNAPII.

Promoter proximal RNAPII is subjected to proteasome-
mediated degradation on chromatin after UV

Enhanced levels of pRNAPII S5 on chromatin after
UV and MG132 (Figure 3) suggested promoter proximal
RNAPII may be subjected to proteasome-mediated degra-
dation also after UV. However, productively elongating
RNAPII is widely considered to be the form that is de-

graded after UV (21,41). We reasoned that if the produc-
tively elongating form was the only form that was degraded
after UV, then inhibiting productive elongation should
globally suppress UV-mediated degradation of RNAPII. To
address this, we added DRB prior to UV treatment. Re-
markably, RNAPII and pRNAPII S5 were more removed
from chromatin after co-treatment with DRB and UV com-
pared to either UV or DRB treatment alone (Figure 5A–C).
Furthermore, MG132 reversed the lower levels of RNAPII
and pRNAPII S5 after DRB and UV (Figure 5B, C), in-
dicating proteasome-mediated degradation. UV-mediated
degradation of RNAPII thus does not depend upon pro-
ductive elongation. Rather, our results suggest that the pro-
moter proximal form of RNAPII is degraded after UV. As
expected, productive elongation was inhibited after DRB
treatment, as levels of pRNAPII S2 were lower both with
and without UV or MG132 (Figure 5B-C). Moreover, con-
tinuous release of RNAPII into productive elongation was
required for maintenance of high pRNAPII S2 levels on
chromatin 2h after UV in HeLa cells (Compare UV to UV +
DRB, Figure 5B, C). Notably, co-treatment with DRB and
UV caused a greater reduction in pRNAPII S2 than DRB
alone (Figure 5B, C). This is likely due to UV- mediated
degradation of productively elongating RNAPII that was
either ongoing prior to addition of DRB or present at DRB-
insensitive genes. Supporting that degradation of pRNAPII
S2 occurred after DRB and UV co-treatment, MG132
counteracted this effect (Figure 5B,C compare pRNAPII
S2 UV + DRB to UV + DRB + MG132). However, the
increase in chromatin levels of pRNAPII S5 was greater
than the increase in pRNAPII S2 after the triple treatment
with UV + DRB + MG132 compared to UV + DRB, in
line with more promoter proximal RNAPII being degraded
than elongating RNAPII (Figure 5B, C). Degradation of
promoter proximal paused RNAPII thus contributes to reg-
ulation of global RNAPII levels on chromatin after UV. In-
terestingly, DRB also caused a relatively greater reduction
in pRNAPII S2 levels in G1 and G2 phase compared to S
phase after UV (Figure 5D, E), supporting higher stability
of the productively elongating fraction in S phase after UV.

Initiation is required for enhanced proteasome mediated
degradation of promoter proximal RNAPII after UV

Enhanced degradation of promoter proximal RNAPII af-
ter UV was unanticipated, as this form of RNAPII does not
travel very far along the DNA molecule and is thus not ex-
pected to encounter much DNA damage directly. In light of
our result suggesting that initiation is likely enhanced and
leads to more promoter proximal stalling after UV (Figure
2), together with the finding that DRB promoted RNAPII
degradation (Figure 4), we hypothesized that the degrada-
tion might be triggered by abnormally high levels of pro-
moter proximal stalled RNAPII after UV. To address this,
we added THZ1, which inhibits RNAPII at a step prior
to promoter proximal pausing (38,48). As expected, THZ1
caused the release of a large fraction of RNAPII from chro-
matin in all cell cycle phases (Figure 6A–D). However, the
levels of pRNAPII S5 on chromatin were not further re-
duced by UV upon THZ1 treatment (Figure 6B, C). New
transcription initiation leading to the production of new
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Figure 4. Promoter proximal RNAPII is subjected to proteasome-mediated degradation on chromatin in unperturbed conditions. (A) Overview of experi-
mental set up. EdU was added to HeLa cells 1h prior to addition of 100 �M DRB and/or 50 �M MG132. Samples were harvested, extracted and fixed for
flow cytometry analysis after 2h. (B) Flow cytometry scatter plots showing levels of RNAPII, pRNAPII S5 and pRNAPII S2 on chromatin versus DNA
content from samples treated as in (A). Non-treated cells (−) are shown in grey, and samples treated with DRB and/or MG132 are shown in colors as
indicated. Barcoded control cells (shown in black) are shown in scatterplots together with the sample cells as in Figure 2B. (C) Flow cytometry histograms
showing RNAPII, pRNAPII S5 and pRNAPII S2 levels on chromatin vs cell count in individual cells in early S phase treated as in A). (D) Mean median
RNAPII, pRNAPII S5 and pRNAPII S2 levels on chromatin in cells treated as in (A) and normalized to barcoding cells. Samples treated with DRB
and/or MG132 were further normalized to non-treated cells (n = 3), significance tested by the two-tailed two sample Student’s t-test. Error bars represent
SEM. (E) Mean fold changes after DRB, MG132 and MG132 + DRB treatment in early S cells divided by the mean fold changes in G1 cells. ((chromatin
levels in treated/non-treated early S cells)/(chromatin levels in treated/non-treated G1 cells)). With DRB this value goes below 1, meaning pRNAPII S5
is more removed in early S versus G1 phase. With DRB and MG132 the value goes above 1, meaning MG132 treatment increases pRNAPII S5 levels on
chromatin more in early S versus G1 cells in the presence of DRB. With MG132 alone this value is equal to 1, showing there is no significant difference in
the effect of MG132 in early S versus G1. (n = 3), significance tested by the two-tailed two sample Student’s t-test. Error bars represent SEM.
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Figure 5. Promoter proximal RNAPII is subjected to proteasome-mediated degradation on chromatin after UV. (A) Overview of experimental set up. EdU
was added to HeLa cells 30min prior to addition of 100 �M DRB and/or 50 �M MG132. 30min after this, samples were UV irradiated with 20 J/m2.
After 2h, samples were harvested, extracted and fixed for flow cytometry analysis. (B) Flow cytometry scatter plots showing levels of RNAPII, pRNAPII
S5 and pRNAPII S2 on chromatin versus DNA content from samples treated as in (A). Samples treated with UV, UV + DRB, DRB and UV + DRB
+ MG132 are shown in colors as indicated. Barcoded control cells (shown in black) are shown in scatterplots together with the sample cells as in Figure
2B. (C) Mean median RNAPII, pRNAPII S5 and pRNAPII S2 levels on chromatin in cells treated as in (A) and normalized to barcoding cells. Samples
treated with UV or inhibitors were normalized to non-treated sample (−) (n = 3), significance tested by the two-tailed two sample Student’s t-test. Error
bars represent SEM. (D) Histograms showing RNAPII pS2 levels on chromatin versus cell count in mid S and G2 phases of the cell cycle from the same
experiment as in (B). Cell cycle phases were identified based on DNA content and EdU levels, as shown in Figure 1F). (E) Mean fold changes of RNAPII
pS2 levels on chromatin in UV + DRB-treated cells relative to mean fold changes in DRB-treated cells, from experiments such as in (B). Results are shown
for individual phases of the cell cycle. Note that UV reduces pRNAPII S2 levels in chromatin less in S phase in the presence of DRB. (n = 3), significance
tested by the two-tailed two-sample Student’s t-test. Error bars represent SEM.
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Figure 6. Initiation is required for enhanced proteasome mediated degradation of promoter proximal RNAPII after UV. (A) Overview of experimental set
up. EdU was added to HeLa cells 1h prior to UV irradiation with 20 J/m2 and/or addition of 1 �M THZ1 (added directly after UV irradiation). Samples
were harvested after 2h, extracted and fixed for flow cytometry analysis. (B) Flow cytometry scatter plots showing levels of RNAPII, pRNAPII S5 and
pRNAPII S2 on chromatin versus DNA content from samples treated as in A). Non-treated cells (−) are shown in grey, and samples treated with THZ1
+/− UV are shown in colors as indicated. Barcoded control cells (shown in black) are shown in scatterplots together with the sample cells as in Figure 2B.
(C) Mean fold change after THZ1 +/− UV for RNAPII, pRNAPII S5 and pRNAPII S2 levels on chromatin in cells treated as in A) and normalized to
barcoding cells. (n = 3), significance tested by the two-tailed one sample Student’s t-test. Error bars represent SEM. (D) Mean fold changes of RNAPII,
pRNAPII S5 and pRNAPII S2 levels on chromatin in UV + THZ1 relative to mean fold changes in THZ1-treated cells. Results are shown for individual
phases of the cell cycle (determined as in Figure 1F) (n = 3), significance tested by the two-tailed one sample Student’s t-test. Error bars represent SEM.
(E) Revised model for the effect of UV on the transcription cycle. Our results suggest that at early timepoints after UV, initiation is enhanced, leading to
more promoter proximal stalling. The enhanced promoter proximal stalling causes ‘crowding’ (see main text for details) around the promoter proximal
pause site, pushing RNAPII into productive elongation or degradation (premature termination). Treatment with DRB will exacerbate promoter proximal
crowding by preventing pause release, and further enhance degradation of promoter proximal paused RNAPII after UV. THZ1 counteracts crowding at
the promoter proximal pause site, as it prevents promoter escape, and thus also UV-induced enhanced degradation. Work by others has shown that UV
also enhances pause release (11,33,34,50) and degradation of productively elongating RNAPII (68), which likely directly encounters DNA damage.
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promoter proximal RNAPII, is thus likely a requirement
for its UV-induced degradation. Indeed, pRNAPII S5 ap-
peared to be slightly more stable after UV in the presence of
THZ1, especially in S phase (Figure 6D). Of note, this was
similar to pRNAPII S2, which was also slightly more stable
in S phase than G1 or G2 phases after UV and THZ1 (Fig-
ure 6D). Nevertheless, overall levels of pRNAPII S2 were
strongly suppressed by THZ1 in the presence and absence
of UV (Figure 6B–D), supporting that continuous initiation
followed by release into productive elongation is required
for the high pRNAPII S2 levels on chromatin 2h after UV
in HeLa cells (Figure 2B–D). Altogether, the results with
THZ1 strongly support that the promoter proximal form
of RNAPII is being degraded after UV and suggest that the
enhanced initiation after UV is required for such degrada-
tion.

DISCUSSION

Global regulation of RNAPII levels is involved in transcrip-
tional shutdown, resumption and cell survival after UV
(35). So far, the UV-mediated degradation of RNAPII has
been thought to involve productively elongating RNAPII
(21,41), which is the form that likely encounters DNA dam-
age and participates in TC-NER. Here we show that pro-
moter proximal RNAPII is degraded both in the pres-
ence and absence of UV, using a new flow cytometry as-
say that accurately measures levels of RNAPII, pRNAPII
S5 and pRNAPII S2 on chromatin in individual cells
through the cell cycle. Inhibiting productive elongation with
DRB prior to UV further enhanced degradation of total
RNAPII on chromatin, strongly suggesting degradation of
promoter proximal RNAPII contributes to regulation of
total RNAPII levels after UV. Furthermore, as chromatin
loading of RNAPII and pRNAPII S5 were enhanced at
early timepoints after UV and suppression of promoter
proximal paused RNAPII inhibited UV-mediated degrada-
tion of pRNAPII S5 on chromatin, our results suggest en-
hanced initiation promotes degradation of promoter prox-
imal paused RNAPII at early timepoints after UV. In ad-
dition, precise measurements of individual cell cycle tran-
sitions revealed that pRNAPII S5 is more degraded after
DRB in early S compared to G1 phase in HeLa cells, indi-
cating that transcription replication conflicts are resolved
by degradation of promoter proximal RNAPII. On the
other hand, pRNAPII S2, associated with productive elon-
gation, was more stable in S phase after UV. As processing
of DNA damage-stalled RNAPII is tightly linked to repair
(49), the latter may indicate cell cycle specific differences in
TC-NER.

Based on the work shown here, we propose a modified
model for the effect of UV on transcription (Figure 6E).
At early timepoints (15–30min) UV enhances initiation,
which leads to more promoter proximal pausing and sub-
sequent elongation. However, as the rate of release into
productive elongation is lower than the rate of initiation,
UV may cause ‘crowding’ of RNAPII molecules around
the promoter proximal pause site, leading to degradation of
promoter proximal paused RNAPII. Inhibiting release into
productive elongation by DRB further enhances ‘promoter
proximal crowding’, and increases degradation of pro-

moter proximal RNAPII after UV. Vice versa, suppressing
‘promoter proximal crowding’ with THZ1 suppresses UV-
induced degradation of pRNAPII S5. Notably, increased
release from promoter proximal pausing into productive
elongation is known to occur after UV (11,33,34,50), but
is not conflicting with our model as we simply propose that,
at early timepoints after UV, the global rate of initiation vs
release into productive elongation is higher causing an accu-
mulation of promoter proximal RNAPII on chromatin. Im-
portantly, the rate of release into productive elongation may
still be higher compared to non-UV treated cells. ‘Promoter
proximal crowding’, described here, shares similarity with
the previously described ‘transcription traffic jam’ shown
to occur behind RNAPII molecules stalled at DNA damage
sites (49). However, in gene-internal regions the stretches of
DNA are larger, and can encompass more molecules. From
the pre-initiation complex to the promoter proximal pause
site there is only ∼47 bp (51). As RNAPII occupies ∼33
bp (52), there is simply not room for a queue. Thus, though
conceptually related, ‘promoter proximal crowding’ is not
the same as a ‘transcription traffic jam’.

Degradation of RNAPII at the promoter proximal pause
site, as shown here, necessarily involves premature termi-
nation. A major implication of our work is thus that pre-
mature termination, which frequently occurs at the pro-
moter proximal pause site (16,53,54), likely also involves
RNAPII degradation on chromatin. Of note, previous re-
ports have not observed enhanced degradation of RNAPII
after DRB and UV (55,56). However, a major difference
is that these studies measured RNAPII levels in whole cell
lysates (55,56), while we measure the chromatin bound frac-
tion in individual cells, used different antibodies and accu-
rate quantification including the barcoding approach. The
phospho-specific antibodies used here have been tested in
vitro to detect pRNAPII S2 and S5 (57). Moreover, in this
work we have used pRNAPII S5 as a marker for promoter
proximal RNAPII. It is well established and easily observed
in ChIP experiments that the majority of the pRNAPII S5
signal during normal transcription derives from promoter
proximal pausing (58). Nevertheless, this does not exclude
a role for pRNAPII S5 downstream of promoter proximal
pause sites. Indeed, pRNAPII S5 plays a role at splice sites
(59), and is found within 8 kb of transcriptional start sites of
poised genes (60). After UV and THZ1 treatment, a small
fraction of pRNAPII S5 was more stable in S phase (Fig-
ure 6). This is reminiscent of the more stable fraction of
elongating pRNAPII S2 in S phase after UV, in line with
this fraction being dually phosphorylated on S2 and S5. As
pRNAPII S5 has been reported to be refractory to degrada-
tion (21), this may indicate that promoter proximal paused
RNAPII and productively elongating RNAPII may be de-
graded by different pathways, and that pRNAPII S5 may
play different roles in these.

Our results suggest initiation is enhanced after UV lead-
ing to more promoter proximal pausing at early timepoints.
Notably, most previous work has dealt with later time-
points after UV. However, one study showed global hyper-
phosphorylation of RNAPII at 1h after UV by western
blotting (61) which is consistent with enhanced initiation,
as RNAPII becomes phosphorylated during the first steps
of transcription (20). Furthermore, RNA synthesis from
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all transcription start sites was higher at 1h after UV by
nRNA-seq (33), also in line with enhanced initiation. In
addition, enhanced promoter proximal stalling after UV
is supported by the redistribution of RNA reads toward
the 5′ ends of genes upon labeling 0-45min after UV by
BruUV-seq (62) and TT-seq (35). Nevertheless, the com-
mon view is that UV downregulates transcription initiation
(63). In line with the latter, RNAPII levels at transcription
start sites were lower at 1.5h after UV by ChIP-seq (33),
and RNA reads were reduced at promoter proximal sites
at 2h after UV by GRO-seq (11) and at 3h after UV by
TT-seq (35). Notably, downregulation of transcription ini-
tiation after UV is thought to occur via reduction of the
global RNAPII pool by proteasome-mediated degradation
of elongating RNAPII (35), and by enhanced expression
of the early response gene ATF3 (64), both of which take
some time to occur. We therefore propose that the findings
can be reconciled by separating the effects after UV into
early response (<1h), where initiation and promoter proxi-
mal pausing are enhanced, and late response (>1h), where
they are suppressed. Such a hypothesis fits well with our re-
sults, as RNAPII and pRNAPII S5 loading were enhanced
at 15–30min, but reduced at 2h after UV (Figure 2).

The effect of the cell cycle on RNAPII chromatin binding
after UV has been little studied, likely because, until now, a
good technique to study this has been lacking. Overall, UV
induced changes on RNAPII chromatin binding occurred
globally in all cell cycle phases. However, cell cycle spe-
cific effects could still be detected. As RNAPII processing
is tightly linked to TC-NER in human cells (49), the most
relevant cell cycle effect with regard to DNA repair is likely
the higher stability of elongating RNAPII in S phase after
UV. Though TC-NER can occur throughout most of the
cell cycle, several of the factors required for the later steps
of NER are shared with replication and are expressed in
a cell cycle dependent manner (65). Moreover, another cell
cycle difference we observed in this work is the enhanced
degradation of pRNAPII S5 in S phase compared to G1 or
G2 phases after UV in HeLa cells (Figure 2). Furthermore,
more pRNAPII S5 was degraded on chromatin in early S
phase compared to G1 phase after DRB (Figure 4). This
suggests promoter proximal degradation of RNAPII is pro-
moted by replication. Degradation of promoter proximal
RNAPII may thus be a mechanism by which the cells deals
with collisions between promoter proximal paused RNAPII
and replication. Such a mechanism is likely important, as
promoter proximal RNAPII can be stable for ∼1h (66).

An advantage of flow cytometry versus other available
techniques is statistical strength, which is due to the mea-
surement of thousands of individual cells per sample per ex-
periment. In addition, flow cytometry is rapid, and multipa-
rameter data processing is highly feasible. As it provides an
internal control in each sample for normalization, includ-
ing barcoding greatly facilitates quantifications and sensi-
tivity. The barcoded cells are divided, mixed and stained
with each of the samples, so that sample to sample variation
during staining is eliminated. Furthermore, EdU incorpo-
ration and pH3S10 staining allows the study of RNAPII
levels in different cycle phases without having to synchro-
nize cells. It also adds another layer of accuracy, as the con-
tribution of e.g. replication can be specified. This is illus-

trated in Supplementary Figure S2A, where enhanced lev-
els of RNAPII were detected on chromatin in G1, but not
in S phase cells at 30min after UV. Furthermore, in our as-
say, cells were extracted prior to fixation, causing the release
of un- or weakly bound proteins from chromatin. Confirm-
ing the accuracy of our method, mitotic cells showed sim-
ilarly low levels of chromatin binding of RNAPII and its
phosphorylated forms by flow cytometry as by western blot-
ting. Several other transcription-related proteins are also re-
leased from chromatin in mitosis (26,67), and lower mitotic
staining can thus likely be used to verify the accuracy of
flow cytometry chromatin binding assays for other proteins
as well. This method may further be useful to study mitotic
repression of transcription at the G2/M transition. Indeed
we found that high mitotic pH3S10 levels occurs prior to the
release of RNAPII from chromatin at the G2/M transition
(Figure 1), in agreement with another study which found
that nascent transcription can be observed in pH3S10 posi-
tive cells in early prophase (24). Moreover, using transcrip-
tional inhibitors, we also show that this method can be used
to study the transcription cycle itself. Notably, DRB, a well-
known inhibitor of release from promoter proximal pausing
(42), maintained levels of pRNAPII S5 while strongly sup-
pressing pRNAPII S2. On the other hand, THZ1, which
inhibits the transition from initiation into promoter prox-
imal pausing (38), as expected lowered the levels of both
pRNAPII S5 and pRNAPII S2.

All in all, here we have developed a rapid, highly sensi-
tive and quantitative assay to study chromatin binding of
RNAPII and its phosphorylated forms through the cell cy-
cle. In combination with transcriptional and proteasome in-
hibitors it can be used to study the transcription cycle and
follow the fate of RNAPII on chromatin. Using this method
we show that elongating RNAPII becomes more stable in
S phase after UV, suggesting cell cycle specific effects in
TC-NER. Furthermore, we show that promoter proximal
RNAPII is degraded on chromatin in the absence and pres-
ence of UV DNA damage, and propose a new modified
model for the effect of UV on the transcription cycle. Our
results suggest degradation of promoter proximal paused
RNAPII substantially contributes to the regulation of the
‘RNAPII pool’, and may thus be important for transcrip-
tion resumption and cell survival after UV.
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cisplatin-induced DNA interstrand crosslinks by a
replication-independent pathway involving transcription-coupled
repair and translesion synthesis. Nucleic Acids Res., 40, 8953–8964.

6. Mulderrig,L., Garaycoechea,J.I., Tuong,Z.K., Millington,C.L.,
Dingler,F.A., Ferdinand,J.R., Gaul,L., Tadross,J.A., Arends,M.J.,
O’Rahilly,S. et al. (2021) Aldehyde-driven transcriptional stress
triggers an anorexic DNA damage response. Nature, 600, 158–163.

7. Landsverk,H.B., Sandquist,L.E., Sridhara,S.C., Rødland,G.E.,
Sabino,J.C., de Almeida,S.F., Grallert,B., Trinkle-Mulcahy,L. and
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