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SUMMARY

The role of MDC1 in the DNA damage response has been extensively studied; however, its impact on other
cellular processes is hot well understood. Here, we describe the role of MDC1 in transcription as a regulator of
RNA polymerase Il (RNAPII). Depletion of MDC1 causes a genome-wide reduction in the abundance of
actively engaged RNAPII elongation complexes throughout the gene body of protein-encoding genes under
unperturbed conditions. Decreased engaged RNAPII subsequently alters the assembly of the spliceosome
complex on chromatin, leading to changes in pre-mRNA splicing. Mechanistically, the S/TQ domain of
MDC1 modulates RNAPII-mediated transcription. Upon genotoxic stress, MDC1 promotes the abundance
of engaged RNAPII complexes at DNA breaks, thereby stimulating nascent transcription at the damaged
sites. Of clinical relevance, cancer cells lacking MDC1 display hypersensitivity to RNAPII inhibitors. Overall,
we unveil a role of MDC1 in RNAPII-mediated transcription with potential implications for cancer treatment.

INTRODUCTION

Each cell in the human body is continuously subjected to environ-
mental or endogenous insults that cause diverse DNA lesions, the
most toxic of which are double-strand breaks (DSBs)." Upon
DNA damage, cells trigger an intricate signaling network, termed
DNA damage response (DDR), to deal with the lesions and main-
tain genomic integrity. One of the earliest events of the DDR is the
recruitment of MDC1 (also known as NFBD1) ensuing the dam-
age recognition. MDC1 acts as a scaffold protein that recruits
and helps activate several downstream DDR factors, serving as
the main signal transducer of the pathway.? Interestingly, early in-
vestigations indicated that MDC1 possesses a highly conserved
transcription transactivation activity site within its amino acid res-
idues 508-995.% However, MDC1’s participation in transcription
has remained understudied, being long overshadowed by its
crucial role in the DDR.

Transcription is a tightly regulated process*® that consists of
three main steps in eukaryotes: initiation, elongation, and termina-
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tion.°~'2 RNA polymerase Il (RNAPII) is responsible for the tran-
scription of protein-encoding genes as well as some non-coding
RNAs. Moreover, the carboxy-terminal domain (CTD) of RNAPII
is essential for the coordination of transcription and co-transcrip-
tional processing, with the phosphorylation status of its serine res-
idues (serine 2 and 5) being critical for the timely execution of each
step.'®'* Thus, dynamic RNAPII CTD phosphorylation mediates
the coupling of pre-mRNA synthesis and pre-mRNA splicing,
one of the main processing steps of nascent transcripts. Pre-
mRNA splicing is the main determinant of the abundance and ratio
of different transcript isoforms in the cells. Splicing is catalyzed
by the spliceosome, a dynamic ribonucleoprotein complex
composed of U1, U2, U5, and U4/U6 small nuclear ribonucleopro-
tein (snBNP) complexes as well as additional proteins (e.g.,
CDC5L, PLRG1) tightly linked to RNAPII elongation and CTD phos-
phorylation.'>'® Therefore, fine-tuning of transcription and co-
transcriptional processing is vital for the cells and important for
genome integrity maintenance. Deregulation of these processes
can lead to increased DNA damage and genomic instability."”

Cell Reports 42, 111979, January 31, 2023 © 2023 The Authors. 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:apomm@cancer.dk
mailto:panos@cancer.dk
mailto:jb@cancer.dk
https://doi.org/10.1016/j.celrep.2022.111979
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2022.111979&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢ CellPress

DNA damage is followed by repression of RNAPII-mediated
transcription.'® However, the ensuing activation of DDR has
been recently shown to depend on the accumulation of nascent
transcripts at the damaged sites besides the recruitment of DDR
factors and chromatin configuration.’®?° In fact, recent studies
have unveiled a shift from the canonical to a non-canonical
RNAPII-mediated transcription at the sites of DNA dam-
age.'®?'2% In the latter process, RNAPII becomes recruited to
DSB sites and generates nascent long non-coding RNA tran-
scripts which facilitate the recruitment of DDR proteins, promoting
DSB signaling and repair.?*?° Thus, evidence connecting DDR
and transcription paves the way for the elucidation of a functional
interplay between these two fundamental biological processes.

In the present study, we describe a role for MDC1 as a regu-
lator of RNAPII, by maintaining the bound fraction of RNAPII
elongation complexes on the DNA template. Depletion of
MDC1 leads to a decrease in RNAPII-mediated transcription,
independently of DDR and cell cycle progression. In parallel,
low levels of MDC1 induce changes in cassette exons, thereby
altering pre-mRNA splicing. Furthermore, we reveal an additional
functional aspect of MDC1 in DDR as a mediator of DSB-induced
nascent transcription. Consistent with our mechanistic findings,
we report that a decrease in the abundance of MDC1 sensitizes
human cancer cells to the CDK?7 inhibitor THZ1, highlighting the
clinical relevance of our findings.

RESULTS

MDC1 facilitates RNAPII activity

To investigate the role of MDC1 in transcription, we employed
5-bromouridine 5'-triphosphate (BrUTP) incorporation assay, a
fluorescence-based method that measures the incorporation
of 5-bromouridine 5'-triphosphate mediated by the chromatin-
associated cellular transcription machinery.”®?” In this assay,
the permeabilization step and the short pulse of BrUTP treatment
(8 min) allowed us to gain an immediate snapshot of the ongoing
nascent transcription mediated by the chromatin-engaged frac-
tion of RNA polymerases. Ablation of MDC1 with small interfering
RNA (siRNA) (Figures S1A and S1B) reduced transcription in hu-
man U20S cells (Figures 1A and 1B). The effect of MDC1 deple-
tion on the transcription was evident even from the first 6 h
following siRNA transfection (Figures S1C and S1D). The same
results were obtained with two additional independent siRNAs
(Figures S1E and S1F). By quantifying the BrUTP signal in the
two main compartments of the nucleus (Figures S1G and S1H),
we observed that the “nucleolar” transcription remained unaf-
fected, while the “nuclear,” excluding the nucleolar signal, was
reduced upon MDC1 depletion (Figures 1C and 1D). RNAPII is
the predominant enzyme that carries out the transcription of
the nuclear DNA outside the nucleoli.?® Cells exposed to THZ1
or 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole (DRB),
which respectively inhibit CDK7 and CDK9 kinase, known to
regulate the RNAPII transcription cycle, displayed a significant
decrease in the incorporation of the BrUTP (Figures S1l and
S1J).29°% Treating cells with 5'-ethynyl uridine (EU) as an alterna-
tive means of measuring transcription rates showed a similar
decrease in MDC1-depleted cells (Figures S2A and S2B). More-
over, reconstitution of MDC1 using a siRNA-resistant plasmid in
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cells with depleted endogenous protein restored the transcrip-
tional activity (Figure 1E). These results were cell type-indepen-
dent, as transcription was similarly decreased in other cancer
and near normal cell lines upon depletion of MDC1 (Figure 1F).
Altogether, these findings suggest that MDC1 facilitates
RNAPII-mediated transcription.

To gain more mechanistic insights into this function of MDCA1,
we complemented MDC1-depleted U20S cells with ectopic
siRNA-resistant wild-type (WT) or mutant MDC1 plasmids lack-
ing different functional domains and then monitored transcription
activity by EU incorporation coupled with quantitative image-
based cytometry (QIBC)®' (Figures S2C-S2E). While introducing
WT MDCH1 restored the ongoing transcription confirming our pre-
vious results, we detected repressed transcriptional activity upon
ectopic expression of MDC1 lacking S/TQ (Figure S2D). This
finding indicated S/TQ, a well-characterized domain implicated
in the DDR,*?7%° as the responsible functional domain of MDC1
involved in promoting RNAPII-mediated transcription.

MDC1 has been identified as an adaptor protein facilitating cell
cycle progression.®*=° We, therefore, asked whether the
observed transcriptional suppression in the absence of MDC1
might reflect alterations in the cell cycle, causing in turn defects
in transcription. From profiling the cell cycle of U20S cells
depleted of MDC1, we did not observe any significant changes
in cell cycle progression (Figures S2F and S2G). Moreover, we
investigated whether MDC1 depletion itself could indirectly sup-
press transcription by inducing DNA damage. '® To address that,
we measured yH2AX and 53BP1 foci formation as surrogate
markers of DNA damage and repair. MDC1 depletion did not
enhance DNA damage on the basis of the YH2AX foci formation,
while the 53BP1 foci number was reduced, supporting the up-
stream role of MDC1 in the recruitment of 53BP1 to damage sites
(Figure S2H).*°*" Next, we asked whether the observed MDC1-
dependent transcriptional phenotype could be mediated by
53BP1 as the downstream effector. Notably, such an MDC1-
53BP1 axis was not found to be responsible for the observed al-
terations in RNAPII-mediated transcription indicating a role inde-
pendent of 53BP1 (Figure S2I). Altogether, our results pointed to
an important role of MDC1 in transcription as a regulator of
RNAPII activity in a cell cycle- and DDR-independent manner.

MDC1 depletion impairs the elongation phase of RNAPII-
mediated transcription

To elucidate how MDC1 regulates transcription, we first
analyzed interactions of MDC1 with RNAPII. Indeed, MDC1 in-
teracts with RNAPII via protein-protein interactions, as part of
the RNAPII transcription complex (Figure 2A). Proper dynamic
phosphorylation of the RNAPII CTD is a prerequisite for the
RNAPIl-mediated transcriptional process.'® Therefore, we
analyzed the chromatin-bound fraction of RNAPII and the phos-
phorylation of serine 5 (pSer5) and serine 2 (pSer2) of RNAPII
CTD tail, as markers of the initiation and elongation RNAPII com-
plexes, respectively, using phospho-specific antibodies (Fig-
ure S2J).*>*% By using QIBC, we observed neither alteration of
the total RNAPII chromatin-bound fraction nor of the Ser5 phos-
phorylation upon MDC1 knockdown (Figures 2B and 2C). How-
ever, the level of the elongation phospho-mark, pSer2, was
found to be reduced (Figure 2D). Alterations in pSer2 of CTD
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Figure 1. MDC1 facilitates RNAPII activity

(A) Representative images of U20S nascent RNA synthesis on the basis of BrUTP incorporation, upon transfection with the indicated siRNAs. Scale bar rep-
resents 10 um.

(B) Relative quantification of nascent RNA synthesis in the whole nucleus of U20S cells (“nucleolar” and “nuclear” signal with subtracted nucleoli, indicated as
total) transfected with the indicated siRNAs (number of biological replicates: n = 3). Biological replicates have been pooled together, and data are represented as
mean =+ standard error of the mean (SEM).

(C) Relative quantification of nuclear nascent RNA synthesis in U20S cells transfected with the indicated siRNAs (number of biological replicates: n = 5). Biological
replicates have been pooled together, and data are represented as mean + SEM.

(D) Relative quantification of nucleolar nascent RNA synthesis in U20S cells transfected with the indicated siRNAs (number of biological replicates: n = 4).
Biological replicates have been pooled together, and data are represented as mean + SEM.

(E) Relative quantification of nuclear nascent RNA synthesis in U20S cells transfected with the indicated siRNAs (number of biological replicates: n = 3). Biological
replicates have been pooled together, and data are represented as mean + SEM.

(F) Relative quantification of nuclear nascent RNA synthesis in HeLa, HBEC-3KT and RPE-1 cells transfected with the indicated siRNAs (number of biological

replicates: n = 3). Biological replicates have been pooled together, and data are represented as mean + SEM.
NS, not significant; “p < 0.05; **p < 0.01; ***p < 0.0001, by unpaired Student’s t test.

suggest aberrant RNAPII transcription in the productive elonga-
tion phase of the transcription cycle.'"'® To test such possibility,
we performed the DRB-release-quantitative real-time PCR
assay.** Upon DRB addition, RNAPII stalls at promoter-proximal
regions and upon drug removal, elongation can proceed in a syn-
chronous manner.*>*® We detected the levels of pre-mRNA for a
selected gene, ITPR1, that served as an endogenous reporter
and marker of transcription dynamics, via quantitative real-time
PCR. Then, we quantified ITPR1 pre-mRNA synthesis by using
primers spanning intron-exon junctions at several time points
following release from DRB (Figure 2E).*° Upon MDC1 knock-
down, the amplified product of the exon 1-intron 1 (Ex1/In1) re-
gion that lies proximal to the transcription start site (TSS) dis-
played no difference compared with the control conditions,
suggesting that the initiation-to-elongation transition of RNAPII
remained unaltered (Figure 2F). In contrast, the detection of
exon 5-intron 5 (Ex5/In5) product was delayed by 15 min in cells
with MDC1 knockdown, indicating either a slower transcription
elongation rate or lower abundance of RNAPII elongation com-

plexes along the gene body of ITPR1 gene (Figure 2G). More-
over, we performed recovery experiments upon DRB treatment
to confirm the observed phosphorylation patterns of RNAPII
CTD upon MDC1 knockdown. DRB removal restored the levels
of the initiation marker pSer5 with similar efficiency between
control and MDC1-depleted cells, while the elongating marker
pSer2 showed delayed recovery, corroborating the hypothesis
of an impaired productive elongation phase in MDC1-depleted
cells (Figures 2H and 2I). Consistently, we also observed lower
BrUTP incorporation at each time point following DRB release
upon MDC1 knockdown (Figure 2J). Together these observa-
tions suggest that MDC1 regulates RNAPII-mediated transcrip-
tion by promoting the elongation phase.

MDC1 affects the engagement of RNAPII elongation
complexes on the transcribing DNA template

Ourresults so far indicated impairment in the elongation process of
transcription upon MDC1 knockdown, however, it was
unclear whether this phenotype reflected a reduction of the
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transcriptional speed or the number of actively engaged RNAPII.
To answer this, we employed a recently established genome-
wide approach, DRB/TT.nem-S€q, to profile the ongoing nascent
transcription.”” With this approach, the transcription cycles of
the cells were synchronized by DRB treatment, as previously
described.*” Cells were then released from the inhibitory effect
of DRB, and transcription kinetics were monitored on the basis
of the incorporation of 4-thiouridine (4sU) at distinct time points af-
ter release (Figures 3A and S3A). Importantly, yeast spike-ins of
4sU-labeled RNA served as a normalization control allowing the
quantification of changes in overall levels of nascent transcription
(Figure S3A). By using two biological replicates for each time point
after DRB release (10, 20, 30 and 40 min), we observed a clear
reduction of nascent transcription levels following DRB release
at all 4-time points for MDC1-depleted cells compared with their
mock-treated counterparts (Figures 3B and S3B). This effect
was independent of gene length (Figures S3C and S3D). However,
when tracking the RNAPII wave front, the engaged RNAPII com-
plexes progressed through the gene body at rates similar to those
of control cells (Figures 3B-3D and S3E). Thus, our findings
demonstrate that MDC1 depletion does not affect the RNAPII elon-
gation rate, but rather affects the abundance of the actively
engaged RNAPII complexes on the DNA template in a global
whole-genome scale (Figure 3E).

MDC1 knockdown induces changes in pre-mRNA
splicing

Alterations in transcription dynamics and post-translational modi-
fications in RNAPII CTD have been shown to influence pre-mRNA
processing.*®>° Pre-mRNA splicing is a central step of pre-mRNA
processing, coupled to transcription.*®°" Notably, we found that
MDC1 binds to several components of the core spliceosome via
protein-protein interactions, including snRNP proteins of both U2
(SF3B2) and U5 (PRP8) complexes as well as proteins of the
core PRP19 complex (CDC5L and PLRG1) (Figures 4A and 4B),
which is part of the late-stage spliceosome.>® Additionally, deple-
tion of MDC1 led to decreased protein-protein interactions among
splicing factors (Figures 4C and S4A). Interestingly, we also
observed a reduction of splicing factors abundance on chromatin,
indicating altered kinetics in spliceosome assembly (Figures 4D
and S4B). As a positive control, cells were treated with UVC (30
J/m?) (Figures S4B).°® Pre-mRNA splicing is carried out in a co-
transcriptional manner taking place right after pre-mRNA synthe-

¢ CellP’ress

sis. By performing the DRB-release-quantitative real-time PCR
assay, we measured the rate of the splicing process that occurs
in a co-transcriptional fashion on the basis of specific primers tar-
geting OPA1 pre-mRNA,*® serving as an endogenous reporter
(Figure 5A). MDC1-depleted cells displayed similar pre-mRNA
splicing rates to their control counterparts as determined by the
time between the detection of the newly synthesized exon (exon
19-intron 19) and the appearance of the splicing product of that
exon and the immediately preceding exon (exon 18-intron 19)
(Figures 5B and 5C). Collectively, these results suggest that a lower
abundance of MDC1 leads to a decrease in spliceosome assem-
bly, possibly because of reduced engaged RNAPII complexes,
although without affecting splicing rates.

Impediments in pre-mRNA spliceosome assembly could
potentially lead to genome-wide alternative splicing events,
affecting isoform abundance and subsequently cellular homeo-
stasis.>* To test this hypothesis, we performed nanopore
sequencing to use the exon connectivity information captured
by long reads for alternative splicing analysis. In addition to the
knockdown of MDCH1, cells depleted for PLRG1 (Figure S5A) or
treated with a low concentration of the splicing inhibitor pladie-
nolide B (PLAB) were included in our experimental setup as
known splicing-deficient conditions.*>° Similar to MDC1 deple-
tion, PLRG1 depletion and PLAB treatment impaired nascent
transcription (Figure S5B), further indicating the interconnection
between transcription and splicing. The long-read workflow
FLAIR (Full-Length Alternative Isoform analysis of RNA) was
used to analyze splicing changes.”® Analysis of alternative
splicing events revealed that MDC1 depletion induced splicing
alterations but to a lower extent compared with PLRG1 depletion
(Figures 5D and 5E). Depletion of either MDC1 or PLRG1 resulted
in changes in cassette exons, while intron retention was the pre-
dominant splicing alteration induced by PLAB (Figure 5E). Prin-
cipal component analysis of isoform expression showed a sep-
aration between the known splicing-deficient conditions
(siPLRG1 and PLAB) and the control, and a less distinct separa-
tion between the control and MDC1-depleted cells (Figure 5F).
Global effects on transcript levels were not detectable because
of sequencing library and data normalization. Consistently, we
also found changes in isoform usage following MDC1 depletion
or upon treatment with PLAB and to a greater extent in PLRG1-
depleted cells (Figure 5G). We chose two significantly altered
cassette exons induced by MDC1 depletion which were

Figure 2. MDC1 affects the transcription elongation phase

(A) Protein-protein interactions between HA-MDC1_WT and RNAPII (10, phosphorylated RNAPII; 1IA, non-phosphorylated RNAPII).

(B) Relative quantification of total RNAPII chromatin-engaged fraction in U20S cells transfected with the indicated siRNAs (number of biological replicates: n = 4).
Biological replicates have been pooled together, and data are represented as mean + SEM. Scale bars represent 10 um.

(C and D) Relative quantification of RNAPII pSer2 and pSer5 chromatin-engaged fraction in U20S cells transfected with the indicated siRNAs (number of bio-
logical replicates: n = 4 and n = 3 for pSer5 and pSer2, respectively). Biological replicates have been pooled together, and data are represented as mean + SEM.

Scale bars represent 10 pm.

(E) Schematic representation of DRB release-gPCR and DRB release-BrUTP incorporation assay.

(F and G) Nascent pre-mRNA synthesis of different regions of ITPR1 gene in U20S cells treated with the indicated siRNAs (number of biological replicates: n = 3).
Biological replicates have been pooled together, and data are represented as mean + SEM.

(H and I) Quantification of RNAPII pSer2 and pSer5 chromatin-engaged fraction in U20S cells transfected with the indicated siRNAs following DRB release
(number of biological replicates: n = 3). Biological replicates have been pooled together, and data are represented as mean + SEM.

(J) Quantification of nuclear nascent RNA synthesis in U20S cells transfected with the indicated siRNAs following DRB release (number of cells: n > 150). Values

have been pooled together, and data are represented as mean + SEM.

NS, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, by unpaired Student’s t test.
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validated by quantitative real-time PCR (Figures S5C-S5H). Alto-
gether, these observations indicated a subtle impact of MDC1 on
pre-mRNA splicing occurring either in parallel or as a secondary
effect caused by the global alterations of RNAPII processivity.

MDCH1 is required for RNAPIlI-mediated nascent
transcription at DSBs
RNAPII-mediated transcription is suppressed upon DNA dam-
age; however, a non-canonical local transcription is triggered
on damaged sites by the same enzyme promoting DDR activa-
tion and facilitating DNA repair.’>°” Given the central function
of MDC1 in DDR and the emerging role in transcription identified
in our presented study, we hypothesized that there is a potential
link between the role of MDC1 in transcription and DDR. While
protein-protein interactions between MDC1 and RNAPII
remained unaltered upon ionizing radiation (Figure S6A), sup-
pression of transcription upon MDC1 depletion was even more
pronounced following X-ray- or laser microirradiation (UVA)-in-
flicted DSBs (Figures 6A and S6B). To investigate whether
MDC1 also plays a role in the non-canonical wave of transcrip-
tion triggered at DSBs, we first monitored the abundance of
EYFP-tagged a-amanitin-resistant RPB1 subunit of RNAPII
(PYFP-RPB1aAmr) on damaged sites following laser microirra-
diation-induced DSBs (Figures 6B-6D). Upon treatment with
a-amanitin, endogenous RNAPII was degraded and the abun-
dance of pYFP-RPB1aAmr was measured at the damaged sites
(Figures 6C and 6D). Notably, pYFP-RPB1aAmr displayed
reduced engagement at the damaged sites upon MDC1 knock-
down (Videos S1 and S2). Recent evidence supports the estab-
lishment of functional transcription promoters at DSB sites
where YH2AX colocalizes with RNAPII and proteins of the pre-
initiation complex (PIC).°® In line with these data, we found that
RNAPII interacts with yH2AX via protein-protein interactions
following ionizing radiation (Figures S6C and S6D). Interestingly,
MDC1 depletion led to decreased protein-protein interactions
between RNAPII and yH2AX at such X-ray-induced DSBs
(Figures S6C and S6D). However, we did not observe any signif-
icant alterations regarding MDC1 early recruitment kinetics on
damaged chromatin in U20S cells upon DRB treatment (Fig-
ure 6E; Videos S3 and S4), highlighting MDC1’s upstream role
in regulating the engagement of RNAPII at DNA damaged sites.
Next, we investigated MDC1’s involvement in the de novo syn-
thesis of transcripts at DSBs. Transcription at DSBs is one of the
earliest steps in DDR.*® Here, we combined BrUTP incorporation
with laser microirradiation, allowing us to acquire direct snap-
shots of nascent ongoing transcription at the damaged sites
(Figures 7A and 7B). Nascent transcription was significantly
increased in the first 5 min following DSBs formation, while treat-

¢ CellP’ress

ment with DRB was used as our negative control leading to
reduced BrUTP signal at damaged sites in a time-dependent
manner (Figure S6E). Importantly, depletion of MDC1 reduced
BrUTP incorporation at the damaged sites (Figures 7C and
7D). Collectively, these findings indicate an upstream role of
MDC1 as a DDR and transcription adaptor in the regulation of
de novo RNAPII-mediated RNA synthesis on DSB sites.

MDC1 depletion sensitizes cancer cells to RNAPII
inhibitors

Cancer cells display increased sensitivity to THZ1, a well-charac-
terized CDK?7 inhibitor that impairs RNAPII-mediated transcrip-
tion.°° Therefore, we asked whether MDC1 could affect the cellular
response to such pharmacological inhibition of transcription.
U20S osteosarcoma cells were treated with different doses of
THZ1, and the percentage of dead cells was quantified. In
MDC1-knockdown cells, the fraction of dead cells aimost doubled
after treatment with THZ1 in a dose-dependent manner, compared
with the effect of THZ1 in MDC1-proficient U20S control cells (Fig-
ure 7E). Additionally, RPE-1 near normal human epithelial cells
showed similar sensitivity to THZ1 upon MDC1 depletion, however
to a lesser extent compared with U20S cells (Figure S7A). To
exclude that cell death was caused by accumulated DNA damage
upon THZ1 treatment in MDC1-depleted cells, we monitored
vYH2AX foci formation with QIBC. Indeed, there was no increased
DNA damage observed in either condition upon increasing doses
of THZ1 (Figures S7B-S7E). Moreover, CDK?7 is a well-character-
ized CDK-activating kinase (CAK) affecting cell cycle progres-
sion,”® however no cell cycle alterations were observed upon
THZ1 treatments in our experimental setup (Figures S7D and
S7E). These results highlight the relevance of the levels of MDCA
to predict the sensitivity of cancer cells to transcription inhibitors.

DISCUSSION

The functional interplay between DNA damage and
transcription has been in the spotlight of research in recent
years,'8:20:21:24.57.58.6061 Thege studies elucidated the activation
of transcription to facilitate the repair process at the sites of DNA
damage in coordination with DDR factors. However, little is known
about the mechanistic involvement of the DDR factors in the regu-
lation of transcription under unchallenged conditions. In the pre-
sent study, we provide evidence for the role of the DDR factor
MDC1 in the transcriptional dynamics and pre-mRNA splicing.
Initially, MDC1 was identified as a nuclear binding factor
(NFBD1) with a potential transcription transactivation activity.”
Later, a few studies have reported MDC1’s role either as a tran-
scriptional co-regulator of estrogen receptor o (ERa) and

Figure 3. MDC1 affects the engagement of RNAPII elongation complexes
(A) Principle of DRB release assay. Early RNAPII elongation is inhibited by DRB for 3.5 h and washed with PBS, followed by medium replacement. Nascent RNA is
then labeled in vivo by the addition of 4sU for 10 min directly to the tissue culture medium at time-dependent release after DRB treatment to monitor how RNAPII

progresses throughout the gene body.

(B) Metagene profile representing the average coverage normalized over spike-in and anchored at the TSS of non-overlapping protein-encoding genes with size
above 90 kb (n = 1,785). Wavefront shows the end of the transcription progression wave at 10, 20, and 30 min.

(C) Measure of RNAPII transcription wave peak for siControl (black) and siMDC1 (blue) samples on the basis of highest peak values from the metagene profile.
(D) BigWig coverage profiles of DRB/TT¢hem-s€q results for OXNAD1 and STT3B. The siControl samples are in black and siMDC1 samples are in blue.

(E) Schematic model of RNAPII active engagement and elongation speed upon MDC1 gene silencing versus control conditions.
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(A) Schematic representation of late-stage spliceosome snRNP (U2, U4, U5) and non-snRNP (PRP19) proteins.

(B) Protein-protein interactions between endogenous MDC1 and snRNP/non-snRNP proteins.

(C) Relative semi-quantification of protein-protein interactions between splicing factors upon transfection with the indicated siRNAs (number of biological
replicates: n = 3). Biological replicates have been pooled together, and data are represented as mean + SEM.

(D) Relative semi-quantification of chromatin-engaged fractions of splicing proteins in cells upon transfection with the indicated siRNAs (number of biological
replicates: n = 3). Biological replicates have been pooled together, and data are represented as mean + SEM.

*p < 0.05; ***p < 0.001, by unpaired Student’s t test.

androgen receptor (AR) in breast and prostate cancer, respec-
tively, or as a direct interactor with RNAPII, however without
providing any direct mechanistic insights into the transcription
process.®>®* In the present study, we provide evidence that
MDC1 plays an active role in RNAPIl-mediated transcription.
Specifically, we propose that MDC1 has a regulatory role in the
productive elongation phase of the transcription cycle. Although
the elongation rate was unaffected and RNAPII retained the
same speed of transcription upon MDC1 depletion, we demon-
strate a genome-wide role of MDC1 as a regulator of active
RNAPII engagement (Figure 3E). Further corroborating our
data, we also demonstrate that MDC1 interacts with compo-
nents of the PRP19 complex (CDC5L and PLRG1; Figure 4B),
which have been shown to regulate RNAPII-mediated transcrip-
tion during the elongation process.®®

Consistent with reduced RNAPII engagement within the gene
body, depletion of MDC1 led to reduced phosphorylation of Ser2
residues of CTD. We show that the S/TQ domain of MDC1 is
required for such role of MDC1 in facilitating transcription. The
initial report on MDC1 (previously designated as NFBD1 or

8 Cell Reports 42, 111979, January 31, 2023

KIAA0170) proposed the S/TQ region as crucial to activate tran-
scription, whereas other candidate regions of the protein such as
the tBRCT domain failed to show a similar impact on transcrip-
tion,® supporting our data. It is well established that CTD phos-
phorylation and co-transcriptional splicing are coupled.”'®
Here, we show that MDC1 regulates spliceosome assembly ki-
netics leading to subtle changes in pre-mRNA splicing and sub-
sequently to altered isoform abundance. Our data define the role
of MDC1 as a chromatin-binding adaptor protein that interacts
both with RNAPII and with spliceosomal subunits, thereby coor-
dinating RNAPII engagement and splicing efficiency.
Additionally, our findings reveal a functional aspect of MDC1 in
DDR, as a facilitator of RNAPII-mediated DNA damage-induced
de novo RNA synthesis at DSBs via regulating the amount of
engaged RNAPII complexes on the damage sites. In the present
study, we show that MDC1 interacts with RNAPII both in unchal-
lenged conditions and upon DSB formation. Our data indicate
that MDC1 is responsible for the engagement of RNAPII on the
DNA template regulating both canonical and non-canonical
routes of DNA transcription. By establishing an experimental
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Figure 5. MDC1 induces changes in pre-mRNA splicing
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(A) Schematic representation of the DRB release-qPCR assay used to monitor pre-mRNA splicing kinetics. Black arrows indicate the two sets of primers used for
the amplification of exon 19-intron 19 (Ex19/In19) and exon 18-intron 19 (Ex18/In19) sequences of OPAT gene.
(B and C) Analysis of splicing kinetics of OPAT gene in U20S cells transfected with the indicated siRNAs.

(D) Schematic representation of the alternative splicing events assayed in 5E.

(E) Distributions of significant alternative splicing events (adjusted p < 0.05) for the indicated comparisons. Event types: alt3, alternative 3’ splicing; alt5, alternative
5’ splicing; ce, cassette exon; ir, intron retention. The total number of significant events for each comparison is indicated above the bars.

(F) PCA of isoform expression in the samples (n = 3). PC1 and PC2 denote principal components 1 and 2, respectively.

(G) Volcano plots of differentially used isoforms after the indicated treatments. Isoforms with significant usage changes are in red (adjusted p < 0.05) while non-
significant changes are in gray. In each plot, the top 6 significant isoforms with large usage changes (Aisoform fraction > 0.1) are indicated with gene names.

setup that combines UVA laser ablation and BrUTP incorporation
assay, we provide robust evidence of a role of MDC1 as an up-
stream regulator of DSB-induced de novo RNAPII-mediated
RNA synthesis, thereby uncovering a missing link in the interplay
between DDR and transcription at the DSB sites. NBS1 protein
has been recently shown to be indispensable for RNAPII activity
at DSBs by mediating the melting of DNA strands, affecting local
chromatin conformation.?® Hence, the upstream role of MDC1 in
NBS1 chromatin retention at DSB sites*'*°®*” could potentially
suggest an as yet uncharacterized functional crosstalk respon-
sible for RNAPII activity on damaged sites.

Last, MDC1’s role in transcription may help human cells to
cope with transcriptional stress. Here, we show that cancer cells
lacking MDC1 are more sensitive to THZ1, a small-molecule in-
hibitor of CDK7,°° compared with the normal counterparts
(Figures 7E and S7A). Albeit limited at this stage, our data sup-
port the concept of cancer cells’ dependency on particular tran-
scription programs, responsible for the maintenance of their
oncogenic state,’®®® highlighting the emerging relevance of
transcription inhibitors as promising therapeutic agents in
oncology.”® To date, CDK? inhibition has been effectively used
to treat lung and breast carcinomas.”""? Intriguingly, MDC1 is
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Figure 6. MDC1 depletion impairs the engagement of RNAPII on DSBs

(A) Relative quantification of nascent RNA synthesis in U20S cells transfected with the indicated siRNAs following X irradiation (X-rays) (number of cells: n > 150).
Individual values have been pooled together, and data are represented as mean + SEM.

(B) Schematic representation of pYFP-RPB1aAmr U20S cells subjected to live cell imaging experiment combined with UVA laser ablation to monitor alterations of
RNAPII abundance on DSBs.

(C) Representative time-lapse images acquired from U20S cells overexpressing pYFP-RPB1aAmr, transfected with the indicated siRNAs. DSBs formed are
indicated by the white circle. Scale bars represent 10 um.

(D) Relative quantification of the amount of the engaged YFP-RPB1 complexes on DSB sites (first 500 s following DSB formation) (number of cells: n > 10).
Individual values have been pooled together, and data are represented as mean + SEM.

(E) Relative quantification of EGFP-MDC1 early recruitment kinetics on DSB sites (first 600 s following DSB formation) upon DRB treatment. U20S cells were

transiently transfected with pEGFP-C2-MDC1 plasmids (number of cells: n > 10). Individual values have been pooled together, and data are represented as
mean + SEM.

****p < 0.0001, by unpaired Student’s t test.
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Figure 7. MDC1 knockdown impairs the de novo transcription on DSBs and sensitizes cells to THZ1 inhibitor

(A and B) Schematic representation of UVA laser ablation followed by BrUTP incorporation assay. BrUTP incorporation on DSBs (marked by yH2AX) was
quantified at the indicated time points following damage (number of cells irradiated: n > 20). Individual values have been pooled together, and data are repre-
sented as mean + SEM.

(C) Representative images of U20S cells transfected with the indicated siRNAs, exposed to UVA laser microirradiation and incubated for 5 min. Cells were
supplemented with BrUTP analog for an additional 8 min. Scale bars represent 10 pm.

(D) Quantification of nascent transcription on DSB sites on the basis of BrUTP incorporation upon transfection of the cells with the indicated siRNAs (number of
biological replicates: n = 3). Biological replicates have been pooled together, and data are represented as mean + SEM.

(E) Quantification of percentage dead cells following treatment with THZ1 inhibitor upon transfection with the indicated siRNAs (number of biological replicates:
n = 4). Biological replicates have been pooled together, and data are represented as mean + SEM.

NS, not significant; *“p < 0.01; ***p < 0.0001, by unpaired Student’s t test.

found to be downregulated in several cancers including breast cancer patients for treatment with transcription inhibitors.
and lung carcinomas (Figure S7F),”*"* suggesting a potential Furthermore, MDC1 is known to play a central role in DDR,
predictive value of MDC1 abundance in selecting subsets of influencing the response of cancer cells to radiation and
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DNA-damaging chemotherapeutics.”®>’® Taken together with
the accumulating evidence in the field, the present findings
may inspire more studies of potential synthetic lethal combina-
tions of transcription inhibitors with DNA damaging agents,
particularly in subsets of cancer patients with specific DDR de-
fects, such as MDC1 deficiency examined here.

Limitations of the study

Despite the insights into the role of MDC1 in transcription and
splicing, our present dataset cannot conclusively discriminate
among the possible mechanistic causes of the observed lower
RNAPII engagement in the absence of MDC1. Indeed, the mech-
anistic cause may include: (1) less loading of RNAPII on the DNA
template, (2) increased promoter-proximal stalling, or (3)
increased turnover of RNAPII complexes close to TSS. Moreover,
particularly the present results related to enhanced sensitivity to
THZ1-mediated transcription inhibition in human cancer cell
line models depleted of MDC1 are limited and would benefit
from supporting in vivo preclinical animal experiments or even
clinical data.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse anti- BrdU (pure B44 100T)

Rat anti-BrdU

Rabbit polyclonal anti- MDC1

Mouse monoclonal anti-RNAPI|

Mouse monoclonal anti- POLR2A
Rabbit polyclonal anti- RNAPII (pSer2)
Rabbit polyclonal anti- RNAPII (pSer5)
Rat monoclonal anti- RNAPII (pSer2) 3E10
Rat monoclonal anti- RNAPII (pSer5) 3E8
Rabbit polyclonal anti- PLRG1

Mouse monoclonal anti- CDC5L
Mouse monoclonal anti- PRP8

Rabbit polyclonal anti- SF3B3

Rabbit polyclonal anti- SF3B2

Mouse monoclonal anti- H2A.X (pS140)
Rabbit polyclonal anti- H2A.X (pS139)
Rabbit polyclonal anti- 53BP1

Rabbit polyclonal anti- H3

HA tag monoclonal antibody

Mouse monoclonal anti- A tubulin
Mouse monoclonal anti-Vinculin

Alexa Fluor™ 568 Goat anti-mouse
Alexa Fluor™ 488 Goat anti-rabbit
Alexa Fluor™ 488 Goat anti-mouse
Alexa Fluor™ 647 Goat anti-rabbit

Goat anti-rat IgG (H + L) Cross-absorbed
secondary antibody, DyLight 555

Horse anti-mouse IgG (H+L) Peroxidase
Goat anti-rabbit IgG (H + L) Peroxidase

Rabbit anti-rat IgG (H + L) secondary
antibody HRP conjugate

TrueBlot Ultra anti-mouse IgG HRP
TrueBlot Ultra anti-mouse IgG HRP

BD Biosciences
AbD serotec
Abcam

Abcam
NeoBiotech
Abcam

Abcam

Sigma

Sigma

Bethyl Laboratories
BD Biosciences
Santa Cruz
Abcam

Novus

Abcam

Cell Signaling
Abcam

Abcam
Invitrogen
Gene Tex
Sigma
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen

Vector laboratories
Vector laboratories
Invitrogen

eBioscience
Rockland

Cat#347580; RRID: AB_10015219
Cat#OBT0030; RRID: AB_609568
Cat#ab11171; RRID: AB_297810
Cat#ab817; RRID: AB_306327
Cat#NB-01-0110

Cat#ab5095; RRID: AB_304749
Cat#ab5131; RRID: AB_449369
Cat#04-1571; RRID: AB_11212363
Cat#04-1572; RRID: AB_10615822
Cat#A301-940A; RRID: AB_1548014
Cat#612362; RRID: AB_399724
Cat#sc-55533; RRID: AB_831685
Cat#ab96683; RRID: AB_10648871
Cat#NB100-79847; RRID: AB_1110397
Cat#ab22551; RRID: AB_447150
Cat#2577S; RRID: AB_2118010
Cat#ab36823; RRID: AB_722497
Cat#ab1791; RRID: AB_302613
Cat#26183; RRID: AB_2610625
Cat#GTX628802; RRID: AB_2716636
Cat#V9131; RRID: AB_477629
Cat#A-11031; RRID: AB_144696
Cat#A-11034; RRID: AB_2576217
Cat#A-11029; RRID: AB_2534088
Cat#A-21245; RRID: AB_2535813
Cat#A-21434; RRID: AB_141733

Cat#PI-2000; RRID: AB_2336177
Cat#PI-1000; RRID: AB_2336198
Cat#61-9520; RRID: AB_2533945

Cat#18-8817; RRID: AB_10146399
Cat#18-8816-33; RRID: AB_469529

Bacterial and virus strains

One Shot™ TOP10 Chemically Thermo Fischer Scientific Cat#C404010
Competent E. coli

One Shot® Max Efficiency® Thermo Fischer Scientific Cat#A14604
DH50.™-T1R Cells

Chemicals, peptides, and recombinant proteins

Propidium lodine (PI) Thermo Fischer Scientific Cat#P1304MP
5,6-Dichlorobenzimidazole Sigma Cat#D1916
1-BD-ribofuranoside (DRB)

5-Ethynyluridine (EU) Thermo Fischer Scientific Cat#E10345
a-Amanitin Sigma Cat#A2263
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
THZ1 Calbiochem Cat#532372
5-bromo-2-deoxyuridine (BrdU) GE Healthcare Cat#RPN 202
Hoechst 33342 Trihydrochloride, Trihydrate Invitrogen Cat#H3570
Vectashield Vector laboratories Cat#H1000
5-Bromouridine 5'-triphosphate Sigma Cat#B7166
sodium salt (BrUTP)

Adenosine 5'-triphosphate (ATP) Lithium salt Sigma Cat#11140965001
Guanosine 5’'-triphosphate (GTP) solution Sigma Cat#11140957001
Cytidine 5'-triphoshate (CTP) Lithium salt Sigma Cat#11140922001
RNase Inhibitor Thermo Fisher Scientific Cat#N8080119
Fast SYBR™ Green Master Mix Thermo Fisher Scientific Cat#4385612
dNTP Set (100mM) Thermo Fisher Scientific Cat#10297018
PhosSTOP™ Sigma Cat#4906837001
cOmplete™, EDTA-free Protease Sigma Cat#04693132001
Inhibitor cocktail

DMEMSFP-2 Evrogen Cat#MC-102
Gibco ™ DMEM, high glucose, Thermo Fisher Scientific Cat#10566016
GlutaMAX™ Supplement

Keratinocyte-SFM Medium (Kit) Thermo Fisher Scientific Cat#17005075
with L-glutamine, EGF, and BPE

CO, Independent Medium Thermo Fisher Scientific Cat#18045088
Fetal Bovine Serum Thermo Fisher Scientific Cat#10270106
Penicillin-Streptomycin Thermo Fisher Scientific Cat#15070063
TrypLE Express (1X) (500mL) Thermo Fisher Scientific Cat#12604-021
TRIzol™ Reagent Invitrogen Cat#15596026
4-Thiouridine Biosynth Carbosynth Cat#NT06186
4-Thiouracil Sigma Cat#440736
Biotin-XX MTSEA Biotium Cat#BT90066
NEBNext® Multiplex Oligos for lllumina® New England BioLabs Cat#E7416
Dynabeads™ Protein G Thermo Fisher Scientific Cat#10004D
ECL™ Western Blotting Reagents VWR Cat#RPN2106
LongAmp® Taqg 2X Master Mix New England BioLabs Cat#M0287S
AccuPrime™ Pfx DNA Polymerase Invitrogen Cat#12344024
Pladienolide B inhibitor (PLAB) TOCRIS Cat#6070
Critical commercial assays

EdU Click-iT Alexa 647 Thermo Fischer Scientific Cat#C10340
Lipofectamine™ RNAIMAX transfections reagent Invitrogen Cat#13778150
Lipofectamine™ LTX Reagent with PLUS™ Regent Invitrogen Cat#15338100
High-Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific Cat#4368814
Click-iT™ EdU Cell Proliferation Kit Thermo Fisher Scientific Cat#C10340

for Imaging, Alexa Fluor™ 647 dye

Nuclear Complex Co-IP Kit Active Motif Cat#54001
GeneArt™ Site-Directed Mutagenesis PLUS System Invitrogen Cat#A14604
Maxima H Minus Reverse Transcriptase (200 U/ulL) Thermo Fisher Scientific Cat#EP0751
RNeasy Mini Kit Qiagen Cat#74004
NucleoBond Xtra Maxi Kit Macherey-Nagel Cat#740414.50
WMACS™ and MultiMACS™ Strepavidin Kits Miltenyi Biotec Cat#130-074-101
RNeasy MinElute Cleanup Kit Qiagen Cat#74204
NEBNext® Ultra Il Directional RNA New England BiolLabs Cat#E7760

Library Prep Kit for lllumina®

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Click-iT™ RNA Alexa Fluor™ 594 Imaging Kit Thermo Fisher Scientific Cat#C10330

Deposited data

Raw Western Blot Mendeley https://doi.org/10.17632/j3p84sb38k.1

DRB/TThem-s€q data This paper GEO: GSE215990

Nanopore RNA sequencing data This paper ArrayExpress: E-MTAB-12497

Experimental models: Cell lines

Human: Passage 15 U-2 OS ATCC Cat#HTB-96

Human: HelLa ATCC Cat#CCL-2

Human: HBEC-3KT ATCC Cat#CRL-4051

Human: hTERT RPE-1 ATCC Cat#CRL-4000

Recombinant DNA

pYFP-RPB1aAmr Addgene; #75284

Darzacq X et al., 200777

pcDNA3-HA MDC1 (WT) Wu L., et al., 2008* N/A

pcDNA3-HA MDC1 (AFHA) Wu L., et al., 2008°* N/A

pcDNA3-HA MDC1 (AS/TQ) Wu L., et al., 2008%* N/A

pcDNA3-HA MDC1 (APST) Wu L., et al., 2008° N/A

pcDNA3-HA MDC1 (ASDTD) Wu L., et al., 2008°* N/A

pcDNA3-HA MDC1 (ABRCT) Wu L., et al., 2008°* N/A

pEGFP-C2-MDC1 Shang Y. L. et al., 201378 N/A

Oligonucleotides

MDC1 mut#1 This paper N/A

Forward primer (5'-3'):

GAGCAATCCAGTGAATCGCT

GAGGTGTAACGTGGAG

MDC1 mut#1 This paper N/A

Reverse primer (5'-3'):

CTCCACGTTACACCTCAGCG

ATTCACTGGATTGCTC

MDC1 mut#2 This paper N/A

Forward primer (5'-3'):

GCAATCCAGTGAATCGCTAC

GGTGTAACGTGGAGCCAG

MDC1 mut#2 This paper N/A

Reverse primer (5'-3'):

CTGGCTCCACGTTACACCGT

AGCGATTCACTGGATTGC

Software and algorithms

Fiji (ImageJ) NIH N/A

GraphPad Prism 8 GraphPad https://www.graphpad.com/
scientificsoftware/prism/

TIBCO Spotfire Perkin Elmer https://perkinelmerinformatics.com/
products/exclusive-reseller/tibco-spotfire

ScanR Acquisition software Olympus https://www.olympus-lifescience.com/
en/microscopes/inverted/scanr/

ScanR Analysis software Olympus https://www.olympus-lifescience.com/
en/microscopes/inverted/scanr/

ZEN (Blue Edition) Zeiss N/A

FlowJo BD Biosciences https://www.flowjo.com/solutions/flowjo/

downloads/v9
Volocity software PerkinElmer https://www.volocity4d.com/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, JB (JB@
cancer.dk).

Materials availability
This study did not generate any new unique reagents.

Data and code availability

o Raw Western Blot from Figures 2A and 4B, S1B, S1C, S1E, S2J, S2E, S4A, S4B, S5A, S6A, and S6C have been deposited to
Mendeley (https://doi.org/10.17632/j3p84sb38k.1) and are publicly available as of the day of publication. Microscopy data re-
ported in the current research article will be shared by the lead contact upon request. RNA sequencing raw and processed data
from DRB/TThem-s€q have been deposited in GEO (GSE215990) and are publicly available as of the date of publication. Nano-
pore RNA sequencing raw data have been deposited in ArrayExpress (E-MTAB-12497) and are publicly available as of the date
of publication. Processed data acquired via Nanopore sequencing will be shared by the lead contact upon request. Accession
numbers are listed in the key resources table.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

U20S osteosarcoma cancer cells (15-year-old female patient), HeLa cervical cancer cells (31-year-old female patient) and hTERT
RPE-1 (ATCC) immortalized normal epithelial cells (1-year-old female child) of human origin were cultured in high-glucose Dulbecco’s
Modified Eagle Medium (DMEM) plus GlutaMax supplemented with 10% FBS, 100 pg/mL streptomycin and 100 U/mLL penicillin at
37°C and 5% CO.,. HBEC-3KT (ATCC) bronchial epithelial cells (65-year-old female patient) of human origin were cultured in kera-
tinocyte serum-free medium (#17005-075, Invitrogen) supplemented with 50 ng/mL Bovine Pituitary Extract and 5 ng/mL hEGF
(#17005-075, Invitrogen) at 37°C and 5% CO,. Cell lines are authenticated by STR profiling (StemElite ID Systems, Promega).
They have been also tested for mycoplasma contamination with PCR analysis.”®

METHOD DETAILS

Drugs and cell culture supplements

U20S cells were cultivated in DMEM®FP-2 (MC-102, Evrogen) during live cell imaging experiment (combined with UVA laser abla-
tion). Cells placed on P.A.L.M. microlaser workstation (P.A.L.M. Laser Technologies) were cultivated in CO, Independent Medium
(listed in the resource table). U20S cells were treated with 100uM of DRB inhibitor (Sigma) for 4 h in culture conditions (37°C and
5% CO,). Release of cells from DRB reversible inhibition was carried out by the removal of DRB supplemented medium followed
by 2 serial washes with PBS and the addition of fresh (DRB free) culture medium. PLAB inhibitor was added at a final concentra-
tion of 5nM in the culture medium and cells were incubated for 3 h in the presence of the inhibitor. Cells were UVC irradiated
(30J/m?) and incubated for 50 min at 37°C, 5%CO, prior to co-immunoprecipitation. A-amanitin was added to a final concentra-
tion of 5ng and cells were incubated for 24 h prior to live cell imaging experiment. U20S cells were incubated with 10nM of BrdU in
culture medium for 24 h prior to laser microirradiation (Chromatin pre-sensitization). U20S cells were treated with THZ1 inhibitor
1.0uM for 1 h. U20S and RPE-1 cells were incubated with THZ1 (0.5uM, 1.0uM) inhibitor for 48 h prior to the analysis of the per-
centage of dead cells.

Plasmids and siRNAs transfections

Plasmids pcDNA3-HA-MDC1 Wild Type (WT) and deletion mutants (AFHA, ASDTD, AS/TQ, APST, ABRCTSs) (Figure 1F) were
obtained from Junjie Chen laboratory described previously.** Cells were transfected for 24 h with pcDNA3-HA-MDC1 plasmids prior
to the experiment. pYFP-RPB1aAmr plasmid was purchased from Addgene (#75284). pEGFP-C2-MDC1 plasmid was obtained from
Phang-Lang Chen laboratory.”® Cells were incubated for 48 h following transfection with pYFP-RPB1aAmr and pEGFP-C2-MDC1
plasmids. Plasmid transfections were carried out by Lipofectamine LTX with plus reagent (Invitrogen, #15338100) according to
the manufacturer’s instructions. siRNAs were obtained from Eurofins Genomics and transfections were performed using lipofect-
amine RNAiMax mix reagent (Invitrogen, #13778150), according to the manufacturer’s instructions (The sequences of siRNAs are
listed in Table S2). Cells were incubated for 72 h following siRNA transfection in every experimental setup. Culture media were re-
freshed after 24 h following transfection reactions.
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Site-directed mutagenesis
Site-directed mutagenesis on MDC1 WT and mutant plasmids (AFHA, ASDTD, AS/TQ, APST, ABRCTs) was carried using “GeneArt
Site-Directed Mutagenesis PLUS kit”’ (#A14604) to gain resistance against siMDC1 siRNA (5'-UCCAGUGAAUCCUUGAGGU-3,
listed in Table S2) according to manufacturer instructions. Pfx DNA polymerase was used for the amplification step due to its ability
to amplify with high efficiency large DNA templates (up to 14kb) that was ideal for our experimental setup considering the size of the
pcDNA3-HA-MDC1 plasmids (around 12kb). Two rounds of site-directed mutagenesis have been carried out resulting in a total num-
ber of 4 nucleotide substitutions in the coding sequence of MDC1 WT and deletion mutants with no subsequent alteration in the open
reading frame (silent mutations). Two pairs of DNA oligos have been designed accordingly, carrying two altered nucleotides (point
mutations) each.

MDC1 mut#1 oligos:

Forward: 5'- GAGCAATCCAGTGAATCGCTGAGGTGTAACGTGGAG-3

Reverse: 5'- CTCCACGTTACACCTCAGCGATTCACTGGATTGCTC-3'

MDC1 mut#2 oligos:

Forward: 5'- GCAATCCAGTGAATCGCTACGGTGTAACGTGGAGCCAG-3

Reverse: §'- CTGGCTCCACGTTACACCGTAGCGATTCACTGGATTGC-3

The siMDC1 siRNA used in our experiments is complementary to the highlighted sequence that exists close to the 5’ end of the
MDC1 coding sequence detected in both the WT and deletion mutants.

MDC1 coding sequence (CDS)
The sequence of MDC1 CDS that is close to the 5’ end of the insert has been attached. siMDC1 siRNA targeted sequence is listed in
Table S2, and the nucleotide substitutions are shown. C-T-G-A nucleotides (in bold and red color) have been replaced by G-C-A-C,
respectively resulting in siRNA resistance (siMDC1) of the pcDNA3-HA-MDC1 plasmids both of the WT and the deletion mutants.
5'-ATGGAGGACACCCAGGCTATTGACTGGGATGTTGAAGAAGAGGAGGAGACAGAGCA.
ATCCAGTGAATCCCOTTG*ACGGTGTAACGTGGAGCCAGTAGGGCGGCTACATATCTTTA
GTGGTGCCCATGGACCAGAAAAAGATTTCCCACTACACCTCGGGAAGAATGTGGTAGG.
CCGAATGCCTGACTGCTCTGTG-3’
Sequencing of the mutant plasmids was performed by Eurofins Genomics private company using appropriate primers for
sequencing (listed in Table S1).

Co-immunoprecipitation assay

U20S nuclear protein fractions were prepared by using the Nuclear Complex co-IP kit (Active Motif #5400), according to the manu-
facturer. Nuclear extracts were processed with the enzymatic cocktail reagent included in the kit and nucleic acid digestion was
carried out (via this kit, pure protein-protein interactions are studied once both DNA and RNA molecules are degraded before the
immunoprecipitation). Samples were subsequently diluted in appropriate volume of IP buffer (0.5% NP40, 50mM Tris-HCI, pH
7.4, 150mM NaCl, 1mM EDTA) supplemented with protease and phosphatase inhibitors. Diluted nuclear extracts were incubated
with specific antibodies against the different protein targets (listed in the resource table) overnight at 4°C. Protein extracts were
then incubated with 25uL of protein G dynabeads (Thermo Fisher, 10004D) for 1 h at 4°C. Beads were washed 5 times with
250uL of IP buffer and 20uL of Laemmli sample buffer were added combined with heating at 97°C for 5 min to elute the precipitated
protein fractions from the beads. Protein-protein interactions were analyzed via immunoblot. Semi-quantification of each protein-
protein interactions (protein bands density) was calculated based on chemiluminescence and was normalized against inputs
(10% input). Band densities were measured via Fiji (ImageJd).

Chromatin enriched fraction preparation/Western blot

Cells were washed once with cold PBS, and incubated with TNE extraction buffer (150mM NaCl, 50mM Tri-HCI pH 7.4, 1ImM EDTA,
0.1% NP40) supplemented with phosphatase (PhoSTOP EASY pack, 4906837001, Sigma) and protease (Complete EDTA free pro-
tease inhibitor cocktail, 4693132001, Sigma) inhibitors for 10 min on ice. TNE buffer was then discarded, the cells were washed twice
with PBS and incubated with Laemnli buffer (4% SDS, 20% glycerol and 125 mM Tris-HCI, pH 6.8). Proteins were resolved by SDS-
PAGE and transferred to nitrocellulose membranes (IB3002, Invitrogen), followed by immunoblotting. Western blot analysis was car-
ried out using the antibodies listed in the resource table.

Primary antibodies were diluted in 0.01% PBS-Tween 20 containing 5% milk and were incubated overnight at 4°C. Secondary
peroxidase-coupled antibodies were diluted in 0.01% PBS-Tween 20 containing 5% milk and incubated for 1 h at Room Tempera-
ture (RT). Protein bands were detected via ECL-based chemiluminescence. Semi-quantification of the bands’ density was carried out
by Fiji (ImageJ) and the values were normalized against the band density of H3, used as our internal control/loading control.

Flow cytometry/EdU

Cells were incubated with 10puM of EAU Thymidine analog for 30 min at 37°C. Cells were incubated with TrypLE Express (#12604-021)
and harvested and transferred in a 15mL falcon tube. They were centrifuged at 1000 rpm at RT for 4 min, supernatant was discarded,
and cells were resuspended in TmL of cold PBS. A second round of centrifugation was carried out at 1000 rpm at RT for 4 min, the
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supernatant was discarded, and cells were resuspended in 300puL of cold PBS. 700uL of 99% of ethanol (Absolute Ethanol) were
added in a drop-by-drop manner in the falcon tube under constant shaking (final concentration of ethanol reached 70%) and samples
were kept at —20°C until the day of staining. Cells were centrifuged at 1000 rpm at RT for 4 min, the supernatant was discarded, and
they were resuspended in 1mL of cold PBS and transferred to special FACS tubes. Next, they were centrifuged at 1000 rpm at RT,
supernatant was discarded and 1mL of PBS + blocking buffer (PBS, 0.1% FBS, 0.05%NaN3) was added. An additional step of centri-
fugation with the same settings was performed, the supernatant was discarded and 100uL of Click-iT reaction buffer was added to
the cell pellets. Click-iT chemistry was used for the detection of EJU (Thermo Fischer Scientific, #C10340), according to the manu-
facturer. Cells were incubated for 30 min at RT in the dark under constant shaking. Then, 2mL of PBS+ were added and cells were
centrifuged at 1000 rpm for 5 min at RT and Hoechst (H33342) diluted in PBS (1:1000) was added. Cells were incubated for 30 min at
RT in the dark, 2mL of PBS+ were added by the end of the incubation period and cells were centrifuged at 1000 rpm for 5 min at RT.
After removal of the supernatant, 300 pL of PBS were added and cells were stored at 4°C until FACS was performed. The cell cycle
profile was analyzed on FACSVerse (Becton, Dickinson) and acquired data were analyzed using Flowjo software (TreeStar) where
gating for each cell cycle phase was carried out.

BrUTP incorporation assay
Reagents’ preparation

Permeabilization buffer:

Reagents Total volume 0.5mL Total volume 1mL
20mM Tris pH 7.4 (stock 1M) 10 pL 20pL

5mM MgCI2 (stock 50mM) 50uL 100pL

0.5mM EGTA (stock 0.5M) 0.5uL 1uL

25% Glycerol (stock 100%) 125uL 250uL

0.1% Triton X-100 (stock 20%) 2.5uL 5ul

1mM PMSF (stock 100mM) 5uL 10pL

RNase Inhibitor (stock 2000 units) 0.5uL 1ul

DdH20 306.5uL 613pL

Transcription buffer:

Reagents Total volume 0.5mL Total volume 1mL
100mM KCI (stock 1M) 50pL 100pL
50mM Tris pH 7.4 (stock 1M) 25uL 50uL
10mM MgCI2 (stock 50mM) 100pL 200pL
0.5mM EGTA (stock 0.5M) 0.5uL 1uL
25% Glycerol (stock 100%) 125uL 250uL
1mM PMSF (stock 100mM) 5ulL 10pL
RNase Inhibitor (stock 2000 units) 0.5uL ul
DdH20 186uL 372uL
1mM ATP (stock 100mM) 5uL 10pL
200nM CTP (stock 100mM) 1L 2uL
200nM GTP (stock 100mM) s 2uL
200nM BrUTP (stock 100mM) s 2uL

Permeabilization and transcription buffers are gently mixed and transferred in the cell incubator (5% CO,, 37°C) for at least 30 min.

BrUTP analog incorporation

Cells are seeded on autoclaved 12mm coverslips (631-0713, Menzel-Glaser) so that on the day of the 5-bromouridine-5'-triphos-
phate (BrUTP) incorporation assay the coverslips are 70-75% confluent. Coverslips were gently pressed toward the bottom of
the plates prior to the seeding to get an even distribution of the cells. Coverslips were washed once with warm PBS and were incu-
bated with the permeabilization buffer for 2 min at RT. During the step of permeabilization, non-engaged RNAPII complexes are
removed so that only the engaged ones are triggered to incorporate the BrUTP analog. Aspiration of the permeabilization buffer
was followed by the addition of the transcription buffer and coverslips were incubated at 37°C, 5% CO, for 8 min. Then, the coverslips
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were washed once with cold PBS and fixed with 4% Formaldehyde solution (listed in the resource table) for 15 min at RT. Coverslips
were kept in the refrigerator in PBS until the staining procedure. The main advantage of the BrUTP incorporation assay is that it re-
veals an immediate snapshot of the transcription landscape of the cells compared to the widely used 5'ethynyluridine (EU) Click-iT
reaction, where the incubation time with the EU analog is approximately 30 min.

Image acquisition and analysis of BrUTP incorporation

Image acquisition was carried out through point scanning confocal microscope LSM800 (Zeiss) using 63x oil immersion objective and
ZEN software (Zeiss). Quantifications of the signal mean intensity in either nucleus (with subtracted nucleoli) or nucleoli were performed
via ZEN blue software (Zeiss). Quantification of the total nuclear (both nucleolar and nuclear signal with subtracted nucleoli) BrUTP
incorporation was carried out in an automated manner via Fiji (ImageJ) using Hoechst nuclear DNA staining as a mask. More than
150 cells were analyzed per biological replicate and average signal intensity was calculated per replicate in each condition. Values
were normalized to the siControl samples of each experimental condition, or individual values of BrUTP signal intensity were plotted.

EU Click-iT

Cells are seeded on autoclaved 12mm coverslips (631-0713, Menzel-Glaser) so that the day of the 5-Ethynyluridine (EU) treatment
the coverslips are 70-75% confluent. Cells were treated with 1mM EU for 30 min in cell culture conditions (37°C, 5% CO,). Coverslips
were washed once with cold PBS and fixed with 4% Formaldehyde solution (listed in the resource table) for 15 min in RT. Formal-
dehyde solution was discarded and cold PBS was added, and coverslips were stored at 4°C until the staining process. In situ detec-
tion of newly synthesized RNAs was carried out based in Click-iT chemical reaction using Click-iT RNA Alexa Fluor 594 Imaging Kit
(Invitrogen, Molecular Probes #C10330), according to manufacturer’s recommendations. Signal quantification was performed in an
automated way via high-content microscopy and quantitative image-based cytometry (QIBC) described below. Values were normal-
ized to the siControl samples of each experimental conditions.

Analysis of dead cell percentage

Seeding of the cells and treatments

U20S and hTERT RPE-1 cells were transfected with the appropriate siRNAs against luciferase gene (siControl) and MDC1 (siMDCH1)
(listed in Table S2). A day after transfection cells were trypsinized (TrypLE express, listed in the resource table) and seeded in 96 well
plates where the final analysis took place (U20S: 3000 cells in each well, h TERT RPE-1: 5000 cells in each well). 24 h following cell
seeding, cells were treated with specific concentrations of THZ1 inhibitor (OuM, 0.5uM, 1.0uM) and were incubated for 48 h at 37°C,
5%CO0,.

Staining

100pL of staining solution (Hoechst 33342 1:2000, Propidium lodine_PI 1:1000 (Thermo Fisher Scientific), warm PBS) were added to
the 100uL culture medium in each well and cells were incubated for 15 min at 37°C, 5%CO.. During incubation, plates were protected
from light.

Image acquisition

Image acquisition was carried out by Celigo Imaging Cytometer (Nexcelom Bioscience) according to the manufacturer. A 99% well
mask size was used to exclude cells close to the edges of wells that would be difficult to analyze. Correction of the background noise
and automatic focus was carried out by the machine.

Analysis

The percentage of dead cells was calculated by the number of Pl-positive cells (dead cells) divided by the total number of cells in each
well. The average from the experimental replicates of each biological replicate was calculated and statistical analysis was carried out
via GraphPad Prism (unpaired student’s t-test).

Indirect immunofluorescence (IF)

Seeding of the cells

Cells were seeded on autoclaved 12mm coverslips (631-0713, Menzel-Glaser) in appropriate numbers to be 70-80% confluent by
the day of the fixation. Coverslips were gently pressed toward the bottom of the plates prior to the seeding to get an even distribution
of the cells. Cells were added to the culture vessels which were gently swirled.

Pre-extraction

An additional step was added before the fixation of the cells. The cell medium was aspirated, and cells were washed twice with cold
PBS. Pre-extraction solution (PBS, 0.1% Triton X-100) was added to the coverslips and they were incubated for 5 min on ice. Pre-
extraction was performed to extract information for the chromatin bound fraction of our proteins of interest. Particularly during this
step, the chromatin-unbound nuclear fraction of our target protein was washed away due to the Triton X-100 detergent used in the
pre-extraction solution. Coverslips were washed three times with cold PBS and fixation was carried out with 4% Formaldehyde so-
lution (resource table).

Fixation

The cell medium was aspirated, and cells were washed twice with cold PBS. Cells were fixed with 4% Formaldehyde solution (listed
in the resource table) for 15 min in RT. The 4% Formaldehyde solution was then aspirated, and cold PBS was added directly. Cov-
erslips were stored at 4°C in PBS-containing Petri dishes until further processing.
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Cell permeabilization

Cold PBS was aspirated from dishes with fixed cells and permeabilization buffer (PBS, 1%Triton X-100) was added. Cells were incu-
bated for 10 min at RT before the blocking step. During this step cell membranes are permeabilized so that the primary antibody (and
the secondary antibody) can penetrate the cell and nuclear membranes and bind to its target. In addition, protein epitopes are better
exposed/accessible during this process, facilitating their recognition by the primary antibodies. Cells were then washed three times
with cold PBS and the blocking step was carried out.

Blocking

Blocking of potential non-specific binding sites of the antibodies to the examined cells was performed through incubation of the fixed
cells with PBS + blocking buffer (PBS, 0.1% FBS, 0.05%NaN3). This blocking solution contains fetal bovine serum (FBS) as the pro-
tein-rich source that occupies any non-specific ‘sticky’ protein-binding sites of the fixed cells. Cells were incubated with the above
blocking buffer for 15 min at RT. Additionally, to maintain the excess protein during the antibody incubation steps, the primary and
secondary antibodies were diluted in the same PBS + blocking buffer.

Incubation with the primary antibodies

Primary antibodies were diluted accordingly in the blocking solution and were added to each coverslip (primary antibodies are listed
in the resource table). Cells were incubated either for 1 h at RT or overnight at 4°C. Cells were then washed three times with cold PBS
(in each wash coverslips were incubated with cold PBS for 5 min) and proceeded to the incubation with the secondary antibody
(resource table).

Incubation with the secondary antibodies

Alexa fluor conjugated IgG secondary antibodies were diluted 1:1000 (listed in the resource table) in PBS + blocking buffer together
with Hoechst (1:2000, H3570 Invitrogen) and were added to each coverslip. Cells were incubated for 1 hin RT, in the dark, followed by
washing 4 times with cold PBS, one time with the PBS + blocking solution and 1 time with ddH20 (in each wash coverslips were
incubated with cold PBS for 5 min). Coverslips were then left to dry in the dark.

Mounting

Coverslips were mounted on glass slides in order to proceed to microscopic observation. Vectashield antifade mounting medium (H-
1000) was deposited on the glass slides and coverslips were positioned face down on it. Coverslips were then gently pressed toward
the glass slide and the excess of the mounting medium was removed by tissue paper. Glass slides were kept at 4°C for at least 24 h
prior to microscopic observation, to allow for sufficient hardening of the mounting medium.

X irradiation (X-Rays)

Sample preparation

Cells were seeded in appropriate numbers to reach 70-80% of confluence on the day of the experiment. In the case that X irradiation
was combined with BrUTP incorporation assay, cells were seeded on coverslips where the BrUTP incorporation assay was per-
formed. The culture medium was refreshed on the day of irradiation.

X-Rays/incubation of the cells

Culture dishes were transferred to XYLON.SMART 160E/1.5 device (150kV, 6mA, delivering 11.8mGy per second) where the irradi-
ation took place. Cells were X irradiated with 5Gy (this required approximately 7 min using the above-mentioned X-rays source) and
then incubated at 37°C for the indicated time points (7 min, 15 min, and 30 min).

BrUTP incorporation assay

Cells were incubated with BrUTP analog. Following the incubation timepoints after X irradiation (7 min, 15 min, and 30 min), coverslips
were washed once with warm PBS and were incubated with the permeabilization buffer (20nM Tris pH 7.4, 5mM MgCl,, 0.5mM
EGTA, 25% Glycerol, 0.1% Triton X-100, 1mM PMSF, RNase inhibitor 2 Units) for 2 min at RT. During the step of permeabilization,
non-engaged RNAPII complexes are removed so that only the engaged ones are triggered to incorporate the BrUTP analog. Aspi-
ration of the permeabilization buffer was followed by the addition of the transcription buffer (100mM KCI, 50mM Tris pH 7.4, 10mM
MgCl,, 0.5mM EGTA, 25% Glycerol, TmM PMSF, RNase inhibitor 2 Units, TmM ATP, 200nM CTP, 200nM GTP and 200nM BrUTP)
and coverslips were incubated at 37°C, 5% CO, for 8 min. Then, the coverslips were washed once with cold PBS and fixed with 4%
Formaldehyde solution (listed in the resource table) for 15 min at RT. Coverslips were kept in the refrigerator in PBS until the staining
procedure.

UVA laser ablation using Nikon confocal microscope equipped with PerkinElmer spinning disk

Sample preparation/cell seeding

Cells were seeded on Lab-Tek chambered coverglasses (# 155380) two days before the live cell imaging experiment. The bottom of
these special culture vessels is thin to facilitate Nikon microscope autofocus function during live cell imaging. Cells were treated with
10uM of Bromodeoxyuridine (BrdU) for 24 h prior to the experiment in order for the chromatin to be pre-sensitized. During pre-sensi-
tization, BrdU is incorporated in the DNA of the cells (within 24 h U20S cells have completed a cell cycle where they incorporate BrdU
analog during S phase) sensitizing it toward UVA laser microirradiation and facilitating DSBs formation by using less energy (or power)
per pulse (indicating high efficiency of DSB formation). Right before the cells were transferred to the Nikon workstation for live cell
imaging, Dulbecco’s modified Eagle’s medium (DMEM, listed in the resource table) was replaced by DMEM®™-2 medium (MC-
102, Evrogen) for the incubation of the cells during the time of visualization. DMEM®FP-2 medium increases the photostability of
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EGFP fluorescent signal preventing its photobleaching during prolonged excitation. Live cell imaging combined with UVA laser mi-
croirradiation was performed at 37°C and 5% CO, chamber using Nikon ECLIPSE Ti microscope equipped with PerkinElmer Ultra-
VIEW VoX spinning disk. The Volocity program was used to control the hardware during the live cell imaging experiment.

UVA laser ablation

Single laser Rapp OptoElectronic microscope system with UVA 355nm ablation laser was used to induce DSBs formation at selected
subnuclear areas (usually in a stripe shape across the nucleus) and laser settings were manipulated through SysCon software (0.15
power setting, repetition rate 200Hz, pulse energy >60ud, pulse length<4ns). Live cell imaging was carried out at 37°C in a 5% CO,
chamber. Cellular response to DSBs was monitored by 63X water-immersion objective and images were acquired in 10-s intervals for
a total period of 10 min by ORCA-Flash4.0 camera (HAMAMATSU).

Analysis of protein recruitment kinetics to DSBs

Analysis of the acquired time-lapse videos was carried out by Fiji Imaged) software. GFP/YFP intensities on DSB areas were normal-
ized to the intensity of the same fluorophores in the cell nucleus (non-damaged sites of the nucleus) to avoid biases/false effects
caused by the heterogeneity in the expression of the GFP/YFP-tagged proteins in the cells following transfection. An average number
of cells >10 was analyzed per biological replicate.

UVA laser ablation_ P.A.L.M. Laser Technologies/BrUTP incorporation assay

Sample preparation/cell seeding

U20S cells were transfected with required specific siRNAs against Luciferase (siControl) and MDC1 gene (siMDC1) purchased from
MWG (listed in the resource table). 24 h following siRNA transfection cells were seeded in appropriate numbers on coverslips, 48 h
prior to laser micro-irradiation. In the case that the UVA laser ablation technique was combined with BrUTP incorporation assay, cells
were not pre-treated with BrdU 24 h prior to exposure to the micro-laser. Laser power was slightly increased because the pre-sensi-
tization step was omitted. Right before the cells were transferred to the Zeiss Axiovert 200 microscope equipped with Axiocam ICc1
for live cell imaging, Dulbecco’s modified Eagle’s medium (DMEM, listed in the resource table) was replaced by CO, Independent
Medium (listed in the resource table) for the incubation of the cells during visualization, once CO, chamber was not integrated to
the microscope.

UVA laser ablation

Zeiss Axiovert 200 microscope is equipped with a PALM UVA pulse nitrogen laser (30Hz, A = 337um; Palm Microlaser, Bernied; Ger-
many). 20X air objective was used to (20x/0.8) monitor the cells. The laser output was set to 56% and the energy of the laser was set
to 50 and targeted tractable subnuclear DNA damage mainly in the form of DSBs, was generated (usually as a stripe area across the
nucleus). Operation of the UVA laser was assisted by PALMRobo-software supplied by the manufacturer.

BrUTP incorporation assay following UVA laser ablation

Coverslips were processed with the permeabilization, and transcription buffers as described above in detail, at specific time points
following UVA laser ablation (0 min, 5 min, 10 min). The combination of these two techniques hasn’t been used in the past. In a parallel
study by Sijie et al., 2021 the authors came up with the same idea of combining laser micro-irradiation with the incorporation of Uri-
dine analog by using the EU click-IT technique, to evaluate de novo transcription at sites of DSBs.?° However, the combination of
laser micro-irradiation with BrUTP incorporation is advantageous compared to the experimental strategy followed by Sijie et al.,
2021.%° One of the main advantages is the possibility to extract information regarding de novo RNA transcription on DSB sites at
a much shorter time point following DNA damage (information that otherwise could be lost). Moreover, permeabilization buffer
used as part of this assay (described above) leads to the incorporation of BrUTP analog exclusively by the chromatin-engaged
RNAPII complexes unveiling additional information regarding de novo RNA synthesis at damaged sites (information about the
sequestration of RNAPII on DSBs at very early time-points following DNA damage). Images were acquired through point scanning
confocal microscope LSMB800 (Zeiss) using 63X oil immersion objective and ZEN software (Zeiss). Quantification of the signal
mean intensity was performed via ZEN blue software (Zeiss) at the sites of DSBs using YH2AX as a mask to mark the damaged
area in the nuclei. More than 30 cells were analyzed per biological replicate and the average signal intensity of BrUTP was calculated
per replicate each time point.

High-content microscopy and quantitative image-based cytometry (QIBC)

Image acquisition

Quantitative image-based cytometry was carried out as previously described.®’ Stained coverslips were mounted on glass slides
(Vectashield was used as the mounting medium) and were transferred to Olympus ScanR microscope equipped with ScanR
High-content Screening Station with a Pentacube filter system compatible with DAPI, FITC, Cy3, Cy5 and Cy7 fluorescent dyes. Im-
ages were acquired at 150 different sites on each coverslip at 20X magnification. Image acquisition was carried out in an automatic
and unbiased way via ScanR acquisition software. The automatic focus was performed using the DAPI channel and individual expo-
sures for each fluorophore were set avoiding image saturation. The initial settings were used for all different conditions.

Image analysis

Acquired images were analyzed by ScanR Image Analysis software as described previously.®' Nuclear compartments were used as
masks for the quantification of our proteins of interest including MDC1, YH2AX, 53BP1, RNA polymerase I, and EU analog incorpo-
ration based on Click-iT reaction. Hoechst staining was used as the main object and nuclei were detected by the intensity in the DAPI
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channel. The threshold was adjusted for each experiment to match the nuclear detection in the preview of nuclear staining. By acti-
vating Ignore Border Objects function of the ScanR analysis tool, nuclei at the perimeter/borders of the acquired images were
excluded. To include the whole nuclei to use them as our masks for the quantification of our proteins of interest, we activated Fill
Holes Within Objects function, too. In that way, nucleoli were not excluded even though the Hoechst staining was weaker at those
sub-nuclear compartments. The mean intensity of the desired channels was quantified for each identified nucleus (used as our main
object). Nuclear foci were detected and quantified by using the Spot Detection Module of the Sub-object function of the analysis
software, at the desired channel by applying a dynamic background correction. Detail, Strength, and Roundness were adjusted
so that they match the preview of YH2AX and 53BP1 stained nuclear foci. The setup of the parameters in the analysis software
was carried out including:

1. Number of foci per nucleus

2. Circularity factor of the main object

3. Area of the main object

4. Mean and Max intensities of all channels used during image acquisition

The analysis of the results was exported as a txt file and was further analyzed in TIBCO Spotfire® software. In each experimental
setup and biological replicate an average number of cells >5000 were analyzed in an automated, unbiased manner with high con-
sistency and low variability, thereby resulting in small error bars and a high degree of statistical significance in terms of any differ-
ences between the experimental conditions.

DRB-release-quantitative real-time PCR assay
This small-scale experimental procedure based on the effects of the DRB reversible inhibitor of RNAPII mediated transcription (listed
in the resource table), represents a gold standard assay to evaluate the transcription dynamics of RNAPII.*> U20S cells were seeded
in 60mm diameter Petri dishes and were transfected with siRNAs targeting the Luciferase gene (siControl) and MDC1 gene (siMDCH1).
Cells were cultivated for 72 h in cell culture conditions (37°C, 5%CO,) and on the day of the experiment they were treated with 100uM
of DRB inhibitor for 4 h. Such 4-h DRB treatment inhibits RNAPII mediated transcription (DRB has been well-characterized as a main
inhibitor of the CDK9 subunit of PTEFb complex) while it has no impact on the formation of pre-initiation complexes (PICs) at gene
promoter sites. Subsequently, already existing pre-mRNAs are being matured into mRNAs or degraded in case of premature termi-
nation during the incubation period. Cells are then washed twice with warm PBS, the DRB inhibitory effect is thereby terminated, and
PICs progress through the transcription cycle in a synchronized manner. Total RNAs are extracted from the cells at specific time
points following release from DRB and transcription kinetics are evaluated and compared on a small scale by measuring the synthe-
sis of specific pre-mRNAs via quantitative real-time PCR.
Total RNA extraction
Total RNA was extracted at 5-min intervals following DRB release until 45 min. The RNeasy Mini Kit (QIAGEN) was used, and the
procedure was followed according to the manufacturer’s instructions. After final elution, RNA concentrations were calculated via
nanodrop, RNA quality was evaluated from the ratios of the absorbance at 260nm/280nm and 260nm/230nm, and samples were
stored in —80°C.
Reverse transcription
Total RNA of the cells was reverse transcribed by using random hexamers as primers for the reverse transcriptase. High-Capacity
cDNA Reverse Transcription Kit (#4368814, Thermo Fisher Scientific) was used according to the manufacturer’s instructions.
Quantitative real-time PCR
cDNAs were amplified using specific primers spanning exon-intron junctions of /ITPR1, and OPA1 genes that were used as our
endogenous reporters. The utilization of endogenous reporter genes instead of exogenous reporters, provided us with more reliable
data once transcription kinetics were analyzed on specific genes in their natural chromatin environment. In the case of the ITPR1
reporter gene, we used primer pairs hybridizing around exon-intron junctions that were both proximal and distal to the transcription
start site (TSS) and thus the detected pre-mRNA products following DRB release provided us with a detailed snapshot of the ongoing
transcription kinetics (Figures 2E-2G). In the case of OPAT reporter gene, primer pairs were used for the detection of the newly syn-
thesized exon of its pre-mRNA as well as for the detection of the splicing product of the same exon (Figures 5A-5C). In that way, the
splicing kinetics of the cells are measured on a small experimental scale.

Quantitative real-time PCR was carried out using Fast SYBR Green Master Mix and 7500 Fast Real-Time PCR System (Applied
Biosystems). cDNAs were amplified using 40 cycles.

1. Initial DNA denaturation (melting of all dsDNA) at 94°C, for 5 min
2. DNA denaturation at 94°C, for 15 s (x40 cycles)
3. Primer annealing and extension at 60°C, for 30 s (x40 cycles)

Melting curves of the amplified products were generated and evaluated to confirm the specificity of gPCR primers. Detection
values were quantified by the comparative threshold cycle method and Ct of each product was extracted. GAPDH was used as
our housekeeping gene. ACt was calculated as CtGAPPH-CtTPR1/OPAT yajyes were normalized to the non-treated samples of each
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experimental condition. Red dot lines in Figures 2F, 2G, 5B, and 5C indicate the abundance of the ITPR7 and OPA1 pre-mRNAs in the
non-treated conditions.

Quantitative real-time PCR

Total RNAs were extracted from U20S cells treated with siControl and siMDC1 and were reversed transcribed as described above.
cDNAs were acquired and qPCR was carried out using specific primers spamming exon-exon junctions of RPS24 and MYL6 mRNAs
(primers sequences are listed in Table S1). Designed primers hybridized to specific exon sequences of RPS24/MYLE6 (Figures S5D,
S4E, S5G, and S5H) that were found to be highly abundant and alternatively used upon MDC1 knockdown based on our RNA
sequencing data and analysis of isoform usage (described below) (Figures S5C and S5F). Quantitative real-time PCR was carried
out using Fast SYBR™ Green Master Mix and 7500 Fast Real-Time PCR System (Applied Biosystems) following the same setup
of the thermocycler as described above. Melting curves of the amplified products were generated and evaluated to confirm the spec-
ificity of gPCR primers. GAPDH was used as our housekeeping gene. ACt was calculated as CtGAPPH-CtFFS24/MYLE yajyes were
normalized to the siControl samples in each biological replicate.

RNA sequencing: Nanopore Sequencing Technologies

Library preparation

Total RNA was extracted from U20S cells 72 h after transfection with siRNAs against Luciferase (siControl), MDC1 (siMDC1), and
PLRG1 (siPLRGH1). Cells transfected with siControl were either non-treated (NT) or treated with the splicing inhibitor PLAB (5nM)
for 3 h. Both PLRG1-depleted cells and siControl cells treated with PLAB served as our positive controls of splicing defected con-
ditions. Library preparation included 12 samples in total (3 independent biological replicates per condition). Total RNA extraction was
carried out as previously described using RNeasy Mini Kit (QIAGEN), according to the manufacturer’s instructions. Qubit assay was
used for the quantification of the eluted RNAs and the ratios of the absorbance at 260nm/280nm and 260nm/230nm were calculated
as a quality measurement. Oxford Nanopore Technologies (ONT) kits SQK-PCS109 and SQK-PBKO004 were used for the preparation
of the cDNA library, according to the manufacturer. The initial input was 70ng of total RNA per condition and cDNA synthesis (using
oligo dT primers) combined with strand-switching (using strand-switching primers) was carried out by Maxima H Minus Reverse
Transcriptase (Invitrogen, #EP0751). Full-length cDNAs were then amplified by PCR reaction using LongAmp Taq 2X Master Mix
(New England Biolabs, #M0287S) and barcoded rapid attachment primers. cDNAs were amplified using 18 cycles. LongAmp Taq
Master Mix is used mainly to amplify long DNA strands (up to 30kb). Twelve different barcodes were used for each one of the indi-
vidual biological replicates of the 4 conditions analyzed (siControl, siPLRG1, siMDC1 and PLAB-treated cells). At the final step of
library preparation, rapid 1D sequencing adapters were attached to the amplified barcoded substrates. Barcoded cDNAs were
pooled into a 100 fmol library. The library was loaded on an FLO-MIN106 flow cell on an ONT MinlON device according to ONT’s
protocol.

The sequencing was performed for 48 h. Basecalling was performed with Guppy (v3.5.1, ONT) using —gscore_filtering and -min_q
score 7 options. Reads passing the quality threshold were demultiplexed and trimmed for adapters with Porechop (v0.2.4). Following
Porechop, trimmed reads < Q7 were removed®' with NanoFilt (v0.2.6), and NanoPlot (v1.29.0) was used for quality inspections and
summary statistics. Summary statistics for the resulting, filtered reads are shown in the table below.

Sample Condition Read number Mean read length Median read length
BC_01 siControl NT 495,981 390.9 218
BC_02 siControl NT 571,460 367.6 194
BC_03 siControl NT 546,122 388.8 225
BC_04 siMDC1 454,331 479.4 359
BC_05 siMDC1 414,506 500.3 381
BC_06 siMDC1 387,584 479.3 318
BC_07 siPLRG1 456,050 402.7 221
BC_08 siPLRG1 481,088 395.4 220
BC_09 siPLRG1 435,639 394.9 231
BC_10 siControl PLAB 474,432 407.6 234
BC_11 siControl PLAB 516,000 393.9 208
BC_12 siControl PLAB 544,778 374.3 190

Analysis of isoform and splicing changes was performed using the Full-Length Alternative Isoform analysis of RNA (FLAIR)*® work-
flow as described below. FLAIR was downloaded from https://github.com/BrooksLabUCSC/flair on 2020-03-25. FLAIR was run with
hg38 and the GENCODE v32 comprehensive annotation wherever relevant and with default parameters unless otherwise stated. To
create a common set of isoforms for all samples, all reads were passed to the FLAIR ‘align’, ‘correct’, and ‘collapse’ (with
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—-no_redundant best_only) modules. Then, this isoform set was supplied to FLAIR ‘quantify’ together with reads for the pairwise com-
parisons. The pairwise read counts were then passed to the FLAIR ‘diffExp’ and ‘diffSplice’ modules for differential isoform usage and
alternative splicing event analyses. FLAIR ‘quantify’ was run with all samples to obtain read counts for principal component analysis
(PCA) which was done using DESeq2® (v1.30.1) with variance stabilizing transformation. For the downstream PCA and differential
isoform usage analyses, only transcripts from annotated genes were considered. The scripts ‘predictProductivity.py’ and ‘plot_iso-
form_usage.py’ available on the FLAIR GitHub page were used to create the isoform usage plots.

DRB/TT:hem-s€d to measure RNAPII progression following release from DRB

DRB/TT.hem-S€q Was carried out as previously described with minor modifications.*” Briefly, control and siMIDC1 treated cells were
incubated with 100 uM DRB (5,6-dichlorobenzimidazole 1-B-D-ribofuranoside; Sigma-Aldrich, D1916) for 3.5 h and DRB inhibition
released for 10, 20, 30 and 40 min by 3 washes pre-warmed PBS. For each time point, newly synthesized RNA was labeled with
1 mM 4-thiourudine (4sU, Biosynth Carbosynth, NT06186) for 10 min immediately prior to harvest by addition of TRIzol (Thermo
Fisher, 15,596,026) directly on top of the cell monolayer. Samples were prepared in duplicates for all time points. Total RNA was har-
vested using TRIzol including an additional chloroform cleanup and isopropanol precipitated. 50 g of total RNA were spiked in with
0.5 pg of yeast spike-ins (Saccharomyces cerevisiae W303a cells labeled with 5mM 4-thiouracil (4tU, Sigma, 440736) for 5 min, see
Gregersen et al., 2022 for detailed procedure). RNA was fragmented for 20 min on ice by base hydrolysis and returned to a neutral pH
buffer prior to biotinylation as previously described.*” For the addition of biotin to 4sU residues we used the MTSEA Biotin-XX linker
(Biotium, BT90066). Biotinylated RNA was purified by phenol:chloroform and isopropanol precipitation, heat denatured and used for
purification with uMACS Streptavidin microbeads (Miltenyi, 130-074-101). 4sU-RNA was eluted from beads using 2 rounds of
100 mM DTT and cleaned up with the RNeasy MinElute Cleanup Kit (Qiagen, 74204) using 1.5x excess of ethanol for the RNA pre-
cipitation compared to the supplied protocol to ensure recovery of small RNA fragments. The concentration of 4sU-RNA was
measured by Qubit (RNA high sensitivity assay, ThermoFisher Q32852) and the size range was determined by high sensitivity
RNA assay on a TapeStation (high sensitivity RNA ScreenTape, Agilent, 5067-5579). 12 ng of 4sU RNA was used for next-generation
sequencing library preparation with the NEBNext Ultra Il directional RNA kit (NEB, E7760) using Unique Dual Index UMI Adaptors
(NEB, E7416) following the protocol for degraded RNA (RIN 1-2) without additional RNA fragmentation. Libraries were amplified using
11 PCR cycles, concentration measured by Qubit (DNA high sensitivity assay) and size distribution assessed using TapeStation (high
sensitivity D5000 ScreenTape, Agilent, 5067-5592). The final library size distribution peaked at 350 nt, corresponding to an insert size
of 200 nt. Libraries were sequenced on a NextSeq2000 (lllumina) with P3 v100 flow cell (130 cycles) in paired-end mode.

Reads for each sample were marked with UMIs and aligned against the Homo sapiens GRCh38 and Saccharomyces cerevisiae
sacCer3 reference genomes with Ensembil release 106 transcript annotations using STAR v2.7.2b.%° Resulting genome alignment
BAM files were filtered off multi-mapped reads with Samtools v1.14 (-q 10) and deduplicated using UMItools.?* The yeast spike-
in was used to account for differences in library size between samples. The reads uniquely mapping to the yeast genome were quan-
tified and used for normalization between merged replicates samples. bigWig files were generated by converting merged BAM files
with the deeptools’ bamCoverage function and scaled based on spike-in ratios.®> Spipe-in normalized merged replicates were
plotted as metagene using the deeptools’ plotProfile function. For measuring transcription wave progression and elongation rate
metagene plots were generated from bam files as has been already described.®®

QUANTIFICATION AND STATISTICAL ANALYSIS
GraphPad Prism (Version 8.0) was used for the statistical analysis. The p value was calculated by unpaired student t-tests. Details

about the number of values/biological replicates, can be found in the corresponding figure legends. In all cases, NS: not significant
(p > 0.05), *: p < 0.05, **: p < 0.01, **: p < 0.001, and ***: p < 0.0001.
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