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Genomic analysis of Rad26 and Rad1–Rad10
reveals differences in their dependence on Mediator
and RNA polymerase II

Diyavarshini Gopaul,1 Cyril DenbyWilkes,1 Arach Goldar, Nathalie Giordanengo Aiach,
Marie-Bénédicte Barrault, Elizaveta Novikova, and Julie Soutourina
Université Paris-Saclay, CEA, CNRS, Institute for Integrative Biology of the Cell (I2BC), 91198 Gif-sur-Yvette, France

Mediator is a conserved coregulator playing a key role in RNA polymerase (Pol) II transcription. Mediator also links tran-

scription and nucleotide excision repair (NER) via a direct contact with Rad2/ERCC5(XPG) endonuclease. In this work, we

analyzed the genome-wide distribution of Rad26/ERCC6(CSB) and Rad1–Rad10/ERCC4(XPF)-ERCC1, addressing the ques-

tion of a potential link of these proteins withMediator and Pol II in yeast Saccharomyces cerevisiae. Our genomic analyses reveal

that Rad1–Rad10 and Rad26 are present on the yeast genome in the absence of genotoxic stress, especially at highly tran-

scribed regions, with Rad26 binding strongly correlating with that of Pol II. Moreover, we show that Rad1–Rad10 and Rad26

colocalize with Mediator at intergenic regions and physically interact with this complex. Using kin28 TFIIH mutant, we found

that Mediator stabilization on core promoters leads to an increase in Rad1–Rad10 chromatin binding, whereas Rad26 occu-

pancy follows mainly a decrease in Pol II transcription. Combined with multivariate analyses, our results show the relation-

ships between Rad1–Rad10, Rad26, Mediator, and Pol II, modulated by the changes in binding dynamics of Mediator and Pol

II transcription. In conclusion, we extend the Mediator link to Rad1–Rad10 and Rad26 NER proteins and reveal important

differences in their dependence on Mediator and Pol II. Rad2 is the most dependent on Mediator, followed by Rad1–Rad10,

whereas Rad26 is the most closely related to Pol II. Our work thus contributes to new concepts of the functional interplay

between transcription and DNA repair machineries, which are relevant for human diseases including cancer and XP/CS

syndromes.

[Supplemental material is available for this article.]

Chromatin binding constitutes an essential step for the functions
of nuclear proteins. Genome-wide location analysis is thus a pow-
erful tool to understand in vivo mechanisms of the chromatin-
associated proteins involved in transcription and DNA repair pro-
cesses. These analyses revealed the chromatin binding of Rad2, a
nucleotide excision DNA repair (NER) protein, in the absence of
exogenous genotoxic stress (Eyboulet et al. 2013). A high correla-
tion between Rad2 and Mediator occupancies on regulatory re-
gions (upstream activating sequences, UASs) was one of the
starting points to propose functional interplay between these
two nuclear components. NER constitutes two mechanistically
distinct subpathways: global genome repair (GGR) and transcrip-
tion-coupled repair (TCR). GGR occurs on chromatin with differ-
ent functional states and compaction levels. TCR corresponds to
a specialized pathway, allowing efficient repair of Pol II–blocking
DNA damages and resumption of transcription (Fousteri and
Mullenders 2008;Hanawalt and Spivak 2008). TheNERmachinery
consists of nearly 30 proteins, but the genome-wide distribution
of most NER proteins remains unknown in the absence of exoge-
nous genotoxic stress, as well as their relationship with Mediator
and Pol II.

Rad26 in yeast Saccharomyces cerevisiae, homologous to
ERCC6 (also known as Cockayne syndrome B protein [CSB]) in
mammalian cells, plays an essential role in the TCR pathway by in-

teracting with Pol II to initiate the TCR complex assembly (for re-
view, see Mullenders 2015; Boetefuer et al. 2018). Several lines of
evidence indicate that Rad26/ERCC6(CSB) activity is closely relat-
ed to Pol II transcription. Cryo-EM structures of yeast Rad26–Pol II
(Xu et al. 2017) and human Pol II complexes with CSB and other
TCR factors (Kokic et al. 2021) were recently determined, provid-
ing mechanistic insights into the role of Rad26 in TCR and in
the resolution of Pol II stalling in general (Wang et al. 2018).
Transcription-dependent binding of Rad26 was observed at select-
ed transcribed regions for two inducible genes and one constitu-
tively expressed gene without exogenous genotoxic stress (Malik
et al. 2010). In human cells, ChIP-seq analysis also showed CSB as-
sociation with chromatin in the absence of UV irradiation (Lake
et al. 2014; Wang et al. 2014). Fluorescence imaging experiments
showed a dynamic association of CSB with chromatin before UV
irradiation and a stabilization of this association upon UV stress
(van den Boom et al. 2004). Several lines of evidence implicate
CSB in transcription after UV irradiation (Rockx et al. 2000;
Proietti-De-Santis et al. 2006; Epanchintsev et al. 2017) or during
replicative cell growth (Lake et al. 2014;Wang et al. 2014). In vitro,
CSB was shown to enhance Pol II–transcription elongation (Selby
and Sancar 1997a). CSB interacts with the stalled Pol II complex
and promotes transcription at natural pause sites (Sarker et al.
2005).
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Rad1–Rad10 in yeast S. cerevisiae, homologous to the ERCC4
(XPF)-ERCC1 mammalian complex, is a structure-specific endonu-
clease essential for the NER pathway (for review, see McNeil and
Melton 2012; Faridounnia et al. 2018). Rad1–Rad10/ERCC4(XPF)-
ERCC1 functions as an endonuclease only as a heterodimer inwhich
Rad1/ERCC4(XPF) provides the 5′-endonuclease activity and Rad10/
ERCC1 regulates DNA– and protein–protein interactions. In vitro,
the two proteins are unstable in the absence of each other (Bailly
et al. 1992; van Vuuren et al. 1993). Together with the Rad2/
ERCC5(XPG) 3′-endonuclease, Rad1–Rad10/ERCC4-ERCC1 is essen-
tial for the dual incision of the damagedDNA inbothNERpathways.
Mutations in ERCC4(XPF)-ERCC1 human genes led to xeroderma
pigmentosum (XP) or XP combined with Cockayne syndrome
(XP/CS), the more severe XPF-ERCC1 progeroid syndrome (XF-E)
or Fanconi anemia (FA) (Cleaver et al. 2009; Menck and Munford
2014; Bukowska and Karwowski 2018). It has been recently shown
that impaired NER and the persistence of the repair machinery at
DNA lesions characterize XPF XP/CS patients with additional devel-
opmental andneurodegenerative symptoms (Sabatella et al. 2018). A
recent study reported that a dietary restriction in ERCC1-deficient
mice with accelerated aging features delayed genomic stress and im-
proved their lifespan, thereby proposing a model for age-related dis-
eases in which DNA lesions from exogenous and endogenous
sources reduce transcriptional output in a gene-size-dependentman-
ner (Vermeij et al. 2016). Additional roles of XPF-ERCC1 were also
proposed in chromatin looping andoptimal transcription activation
of nuclear-receptor (NR)-dependent genes together with XPG and
other NER factors (Le May et al. 2010, 2012). In a mouse model,
XPF-ERCC1 was dispensable for ongoing transcription but was pro-
posed to be involved in fine-turning of optimal activation of hepatic
genes (Kamileri et al. 2012).

Mediator is an essential multisubunit coregulator playing a
key role in RNA polymerase (Pol) II transcription (for review, see
Kornberg 2005; Soutourina 2018). This complex, conserved from
yeast to human cells, is crucial to transmit regulatory information
from specific transcription factors to the Pol II basal transcription
machinery. The importance of the Mediator complex is highlight-
ed by the fact that mutations or changes in the expression level of
Mediator subunits were implicated in many human diseases, in-
cluding cancers or neurodevelopmental diseases (Spaeth et al.
2011; Schiano et al. 2014). Our previous work suggests that
Mediator function extends beyond the transcription process
(Eyboulet et al. 2013).We showed that theMediator complex links
transcription andNER via Rad2/ERCC5 3′-endonuclease (Eyboulet
et al. 2013). Mediator physically interacts with the Rad2/ERCC5
DNA repair protein (Eyboulet et al. 2013; Kikuchi et al. 2015).
Genome-wide location analyses revealed Rad2 chromatin binding
in the absence of exogenous genotoxic stress. Rad2 was associated
with upstream activating sequences (UASs) and transcribed re-
gions of Pol II–transcribed genes, as well as with Pol III–transcribed
genes and telomeric regions (Eyboulet et al. 2013). No major tran-
scriptional role was observed for Rad2 in yeast, but our findings
suggestedMediator involvement in TCR. Genetic and genomic ap-
proaches further contributed to provide insights into the function-
al interplay between Rad2, Mediator, and Pol II, suggesting that
dynamic interactions between these nuclear components are in-
volved in Rad2 loading to the chromatin (Georges et al. 2019).

In this study, we analyzed the genome-wide location of TCR-
specific Rad26 protein and Rad1–Rad10 endonuclease that works
together with Rad2 in NER. We addressed the question of the po-
tential interplay of these proteins with Mediator and Pol II in the
absence of genotoxic stress.

Results

Genome-wide location analysis of Rad26

To date, no genomic data are available for many NER proteins in-
cluding Rad26, the TCR-specific component. To determine how
this protein is distributed on the yeast chromatin, we performed
Rad26 ChIP-seq experiments and analysis. Two yeast strains carry-
ing N-terminal or C-terminal HA-tagged version of Rad26 were
constructed. The strain expressing the N-terminally tagged
Rad26 was UV resistant in a GGR-deficient rad7Δ context, whereas
the C-terminally tagged version was UV sensitive (Supplemental
Fig. S1A), suggesting that this version was not fully functional.
The UV sensitivity was tested in a GGR-deficient context, because
the rad26 deletion alone does not lead to UV sensitivity in yeast
(van Gool et al. 1994). The functional N-terminal tagged version
was therefore used for further study.

ChIP followed by qPCR on selected regions showed that
Rad26 was enriched inside Pol II–transcribed genes (Supplemental
Fig. S2A). Specific examples of ChIP-seq profiles on Figure 1A illus-
trate Rad26 enrichment mostly on Pol II–transcribed genes and its
binding on intergenic regions. Analyses of Rad26 enrichment
peaks revealed that, indeed, this protein is mainly localized on
class II genes but also on other genomic regions such as intergenic
sequences, tRNA genes, and centromeres (Supplemental Fig. S3).
Further study was focused on Pol II–transcribed and promoter re-
gions, because tRNA genes and centromeres displayed an apparent
enrichment in control data sets from a nontagged strain preclud-
ing their precise genomic analysis.We compared the average occu-
pancyof Rad26with that of Pol II on Pol II–transcribed regions and
observed a linear relationship with a high R2 =0.90 (Fig. 1B)
and Spearman’s correlation of 0.90, whereas lower relationship
was determined with the nontagged control (Supplemental Fig.
S4A,C). Heat maps of tag density were generated for Rad26,
Mediator (Med17 subunit), and Pol II and compared on Pol II–tran-
scribed regions, clearly illustrating Rad26 colocalizationwith Pol II
(Fig. 1C). As previously described (Eyboulet et al. 2013, 2015; Jero-
nimo and Robert 2014), Mediator ChIP signal within transcribed
regions is close to untagged control and originates from a nonuni-
form background distribution. Rad26 ChIP-seq signal on tran-
scribed regions for each Pol II decile shows that Rad26 profile
follows exactly that of Pol II, from highest to lowest deciles (Sup-
plemental Fig. S4D).

We further analyzed the presence of Rad26 on intergenic
regions. Spearman’s correlation showed an absence or lower rela-
tionship with input or nontagged controls, respectively (Supple-
mental Fig. S4B). We then focused our analysis on the Mediator
enrichment peaks that correspond to UASs. The heat maps of tag
density for Rad26, Mediator (Med17 subunit), and Pol II unveil a
specific enrichment of Rad26 on UAS, illustrating a colocalization
with Mediator (Fig. 1D). This is associated with a Spearman’s cor-
relation coefficient equal to 0.71.

Previously, Rad26 occupancy at selected Pol II–transcribed
genes without exogenous genotoxic stress was shown to be tran-
scription dependent (Malik et al. 2010). Rad26 was enriched on
transcribed regions ofGAL and INO1 genes under inducible condi-
tions and RPS5 constitutively expressed genes (Malik et al. 2010).
In addition, Rad26 association to the GAL1 gene upon galactose
induction was reduced in the rpb1-1 Pol II mutant (Malik et al.
2010). Pol II occupancy was reduced in the rad26Δ mutant com-
pared to the wild-type (WT) strain during GAL gene induction.
However, no changes were observed for the steady-state level of
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Pol II occupancy upon full induction of GAL genes or on the RPS5
gene that is constitutively expressed (Malik et al. 2012). This sug-
gests that Rad26 is required for an optimal induction of Pol II–tran-
scribed genes. To further investigate Rad26 link to transcription,
we examined whether any effect of the rad26 deletion on
Mediator or Pol II occupancy could be identified under standard
growth conditions. Our ChIP experiments did not show any
difference between rad26Δ andWT strains in Mediator occupancy
on selected UASs (Supplemental Fig. S5A). Pol II occupancy of se-
lected class II genes in rad26Δ strain was similar to that of the
WT (Supplemental Fig. S5B). No growth phenotypes of rad26Δ
were observed in GGR-proficient and GGR-deficient (rad7Δ)
contexts (Supplemental Fig. S5C), except UV sensitivity in the

rad7Δ context, as expected for this TCR component (Supplemental
Fig. S1A).

Taken together, our results show a strong correlation between
Rad26 and Pol II on the yeast genome, which is consistent with a
close relationship between Rad26 and Pol II transcription, without
Rad26 having a major role in this process. Moreover, this analysis
revealed an unexpected colocalization of Rad26 and Mediator on
UASs within intergenic regions.

Genome-wide location analysis of Rad1–Rad10

Rad1–Rad10 endonuclease acts in NER as a dimer and together
with Rad2 for the dual excision of damaged DNA. To determine

A C

DB

Figure 1. Genome-wide analysis of Rad26 occupancy. (A) Examples of Rad26, Pol II, and Mediator (Med17) tag density profiles in the wild-type (WT)
context on Pol II–transcribed genes. Nontagged (NT) control is also included. (B) Rad26 ChIP-seq density versus Pol II ChIP-seq density on Pol II–transcribed
genes. Each point on the plot corresponds to one transcribed region. A linear regression (dotted line) and an R2 linear regression coefficient are indicated.
The dashed line corresponds to y= x. (C) Heat maps of Pol II, Rad26, andMediator (Med17) ChIP-seq occupancy on the 10% Pol II–most enriched regions
(scaled windows for 500 bp before TSS, between TSS and TES, and 500 bp after TES), sorted by decreasing Pol II occupancy. Median tag density profiles in
reads per million (RPM) are shown in upper panels. NT control is also displayed. (D) Heat maps of Mediator (Med17), Rad26, and Pol II ChIP-seq occupancy
centered on Mediator enrichment peaks (−500 bp to +500 bp; UASs), sorted by decreasing Mediator occupancy. Median tag density profiles in RPM are
shown in upper panels. NT control is also displayed.
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whether these proteins are enriched on
yeast chromatin in the absence of exoge-
nous genotoxic stress and whether their
occupancies are correlated, we performed
Rad1 and Rad10 ChIP-seq experiments.
No major difference in UV sensitivity
was observed for the strains carrying
N-terminal or C-terminal HA-tagged
Rad1 or Rad10 (Supplemental Fig. S1B),
suggesting that both HA-tagged versions
were functional. Our ChIP experiments
showed that N-terminally and C-termi-
nally tagged Rad1 and Rad10 were en-
riched inside selected Pol II–transcribed
genes, UASs, as well as Pol III–transcribed
genes and telomeric regions (Supplemen-
tal Fig. S2B,C), spanning similar groups
of genomic targets as Rad2 (Eyboulet
et al. 2013). The C-terminal tagged ver-
sions were used for ChIP-seq experi-
ments, because the ChIP signal-to-noise
ratios were higher (1.3–twofold) com-
pared to N-terminal tagged versions.

ChIP-seq analysis of Rad1 and
Rad10 enrichment peaks revealed that
they are distributed within Pol II–tran-
scribed and intergenic regions, Pol
III–transcribed genes, and telomeric and
centromeric regions (Supplemental Fig.
S3). A nonuniform background distribu-
tion was observed for tRNA genes and
centromeric regions in the control data
set from the nontagged strain. Our analy-
sis on the genomic scale was therefore
centered on Pol II–transcribed and pro-
moter regions, after removal of the re-
gions with the highest signals detected
in the nontagged control, as described
in Methods. Specific examples of ChIP-
seq profiles illustrate Rad1 and Rad10
enrichment on Pol II–transcribed genes
(Fig. 2A).We compared genome-wide oc-
cupancy of Rad1 with that of Rad10 on
Pol II–transcribed genes and observed a
linear relationship on transcribed and
intergenic regions (R2 = 0.90 and 0.71,
respectively) that is consistent with the
action of these two proteins as a dimer
(Fig. 2B,C). On transcribed regions,
Rad10 occupancy showed a linear rela-
tionship with that of Pol II and Rad26
(R2 =0.78 and 0.82, respectively) (Supple-
mental Fig. S4E–G). Analysis onMediator
enrichment peaks (UASs) also showed a
strong correlation between Rad1 and
Rad10 sets of data (Spearman’s correla-
tion coefficient equal to0.78) andmoder-
ate correlation between Rad1/Rad10 and
Mediator occupancies (Spearman’s corre-
lation coefficient equal to 0.57 and 0.60,
respectively) (Fig. 2D). Heat maps of tag
density for Rad1, Rad10, and Mediator

A

D

F G

H I

E

B C

Figure 2. Genome-wide analysis of Rad1 and Rad10 occupancy. (A) Examples of Rad1, Rad10, and
Mediator (Med17) tag density profiles in the WT context on Pol II–transcribed and intergenic regions.
Nontagged (NT) control is also included. (B,C) Rad10 ChIP-seq density versus Rad1 ChIP-seq density
on Pol II–transcribed regions (B) and intergenic regions (C). Each point on the plot corresponds to
one transcribed or intergenic region. A linear regression (dotted line) and an R2 linear regression coeffi-
cient are indicated. The dashed line corresponds to y= x. (D) Pairwise Spearman’s correlation coefficients
(SCCs) of ChIP-seq data were calculated for Rad1, Rad10, and Mediator on Mediator (Med17) enrich-
ment peaks (UASs). The colors correspond to the scale for SCCs indicated on the bottom. (E) Heat
maps of Mediator (Med17), Rad1, and Rad10 ChIP-seq profiles centered on Mediator (Med17) enrich-
ment peaks (−500 bp to +500 bp), sorted by decreasing Mediator occupancy. Median tag density pro-
files in RPM are shown in the upper panels. (F,G) Effect of the rpb1-1 Pol II mutation on Rad10 and Pol II
occupancies at selected regions. Quantitative ChIP assays were performed using α-Rpb1 antibody (Pol II;
F) and α-HA antibody against Rad10-HA (G). Cells were grown in selective SD medium complemented
with amino acids at 25°C and then shifted for 90 min at 37°C. GAL1-O amplicon was used as a negative
control. Quantities were normalized to qPCR performed on input DNA and are expressed as a percent-
age. The indicated value is the mean of three biological replicates, and error bars represent the standard
deviation. (H,I) Effect of the rpc25-S100P Pol III mutation on Rad10 and Pol III occupancies at selected
regions. Quantitative ChIP assays were performed using α-Myc antibody against Rpc160-13Myc Pol III
subunit (H) and α-HA antibody against Rad10-HA (I). Cells were grown in selective SD medium comple-
mentedwith amino acids at 25°C and then shifted for 10 h at 37°C. IGV amplicon (nontranscribed region
on Chromosome V) was used as a negative control. Quantities were normalized to qPCR performed on
input DNA and are expressed as a percentage. The indicated value is the mean of three biological repli-
cates, and error bars represent the standard deviation.
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(Med17 subunit) on Mediator enrichment peaks (UASs), as well as
metagene analysis, showed Rad1 and Rad10 enrichment on these
regions (Fig. 2E).

To address the question of transcriptional dependency of
Rad1 andRad10 chromatin occupancy on Pol II–transcribed genes,
we used a Pol II mutant, rpb1-1, that stops Pol II transcription after
a shift to nonpermissive temperature (Nonet et al. 1987). As ex-
pected, Pol II occupancy was reduced on Pol II–transcribed (class
II) genes in the rpb1-1 mutant compared with the WT strain (Fig.
2F). Rad10 occupancy on Pol II–transcribed genes followed that
of Pol II and was also reduced in this mutant (Fig. 2G), but no
changes were detected for UAS and telomeric regions (Supplemen-
tal Fig. S6A). A decrease in Rad1 occupancy was also observed on
selected Pol II–transcribed genes, even though the effect was less
pronounced (Supplemental Fig. S6B,C). Thus, the presence of
Rad1–Rad10 on Pol II–transcribed genes is dependent on Pol II
transcription.

A Pol III–specific mutant, rpc25-S100P, was similarly used to
impair Pol III transcription (Fig. 2H; Zaros and Thuriaux 2005).
In contrast to Pol II–transcription dependency, no significant
decrease was observed for Rad10 occupancy on Pol III–transcribed
(class III) genes, suggesting that the presence of this protein on
class III genes was independent of Pol III transcription (Fig. 2I).

We tested whether rad10 or rad1 deletion leads to any growth
phenotypes that could suggest a potential transcriptional implica-
tion for Rad1–Rad10. No growth differences between rad10Δ or
rad1Δ and WT strains were observed under different temperature
conditions, on different carbon sources, or for NTP depletion con-
ditions, except for a high UV sensitivity, as expected for key NER
proteins (Supplemental Fig. S6D). We also examined whether, un-
der standard growth conditions, rad10 or rad1 deletion can affect
Pol II andMediator occupancy.We did not observe any differences
between Pol II occupancy of the rad1Δ or rad10Δ strains compared
to the WT strain on selected genes (Supplemental Fig. S6E,G).
Similarly, no effect of rad1 or rad10 deletion onMediator occupan-
cy on selected UASs was detected (Supplemental Fig. S6F,H). Our
results suggest that Rad1–Rad10 do not play a major role in Pol II
transcription.

Taken together, our results show a strong correlation between
Rad1 and Rad10 on the yeast genome, consistent with their func-
tionas a dimer, and reveal their presenceon the chromatinwithout
exogenous genotoxic stress. Moreover, Rad1–Rad10 occupancy on
Pol II–transcribedgenes is transcriptiondependent, and theycoloc-
alize with Mediator on UASs within intergenic regions.

Mediator interacts with Rad1–Rad10 endonuclease

and Rad26 TCR-specific protein

Previously, we identified a physical link betweenRad2NERprotein
and Mediator complex that contributes to their functional inter-
play (Eyboulet et al. 2013). Given the colocalization of Rad26 and
Rad1–Rad10 proteins with Mediator on the yeast genome, we ex-
amined their potential physical interactions with Mediator by
coimmunoprecipitation (Co-IP) experiments. Our results show
that Mediator coimmunoprecipitates with Rad26, Rad1, and
Rad10 in crude extracts of yeast strains expressing Med17-Myc
and HA-Rad26, HA-Rad1, or Rad10-Flag (Fig. 3A–C). No Co-IP
was seen between Mediator and two other NER proteins, the
Rad4 protein specific to GGR and the Rad14 protein common for
both NER pathways (Supplemental Fig. S7). We observed that Co-
IP between Rad10 and Mediator remains unchanged in the rad2Δ

context, suggesting that Rad2 does notmediate this physical inter-
action (Fig. 3D).

To investigate whether the Mediator function is required for
Rad10 and Rad26 chromatin binding, we used themed17-138mu-
tant in which the Mediator head module dissociated from the rest
of the complex at the nonpermissive temperature (Thompson and
Young 1995; Holstege et al. 1998; Linder et al. 2006; Takagi and
Kornberg 2006). Our ChIP experiments show that Rad10 occupan-
cy was reduced on most of the tested promoters, UASs, and gene
bodies of Pol II–transcribed genes in this Mediator mutant com-
pared to theWTstrain (Fig. 3E; Supplemental Fig. S8A).Conversely,
Rad10 occupancy of telomeric and Pol III–transcribed regions did
not change under the same conditions. As expected, Pol II occu-
pancywas strongly reduced inmed17-138 (Fig. 3F).We then exam-
ined how the med17-138 mutation influences Rad26 chromatin
association (Fig. 3G; Supplemental Fig. S8B). Our results showed
that, in this mutant, Rad26 occupancy on promoters and UASs of
Pol II–transcribed genes remained similar to theWT strain. Howev-
er, this Mediator mutation reduced Rad26 occupancy on Pol II–
transcribed regions, together with a high decrease in Pol II occu-
pancy, supporting a correlation between Rad26 and Pol II chroma-
tin binding (Fig. 3G,H).

Taken together, our results showed that Rad1, Rad10, and
Rad26 physically interact with the Mediator complex. Moreover,
the loss ofMediator function led to a decrease in Rad10 occupancy
on Pol II–associated promoter, regulatory, and transcribed regions,
suggesting that Mediator influences the recruitment or stability of
Rad10 on the chromatin. On the contrary, Rad26 occupancy on
Pol II–associated promoter or regulatory regions was not affected
by med17-138 mutation. The presence of Rad26 was decreased
only within gene bodies of Pol II–transcribed genes, accompany-
ing reduced transcription.

Mediator stabilization in kin28 mutant impacts Rad1, Rad10,

and Rad26 chromatin binding

To investigate more precisely how changes in Mediator and Pol II
chromatin binding influence Rad1–Rad10 and Rad26 distribution
on the yeast genome, we used a mutant in the Kin28 TFIIH sub-
unit, kin28-ts16 (Cismowski et al. 1995). In this mutant, shifting
to nonpermissive temperature led to inhibition of Pol II CTD
Ser5 phosphorylation. As a consequence of impaired Kin28 func-
tion, Mediator is stabilized on core promoters, and Pol II is de-
creased on transcribed regions (Jeronimo and Robert 2014;
Wong et al. 2014; Jeronimo et al. 2016; Petrenko et al. 2016).
Previously, we used kin28-ts mutants to show that Mediator stabi-
lization on core promoters led to major changes in Rad2 occupan-
cy with a shift from UASs to core promoters and a decrease on Pol
II–transcribed regions (Georges et al. 2019).We showed the impor-
tance of dynamic interactions between Mediator, Rad2, and Pol II
for Rad2 loading to the chromatin.

To determine the genome-wide distribution of Mediator, Pol
II, Rad26, Rad1, andRad10 in the kin28mutant comparedwith the
WT, we performed ChIP-seq experiments for the Med17 Myc-
tagged Mediator subunit, Rpb1 Pol II subunit, HA-tagged Rad26,
Rad1, and Rad10 after a shift for 75 min to 37°C. ChIP followed
by qPCR was also performed on selected UASs, core promoters,
and transcribed regions (Supplemental Fig. S9). In agreement
with previous studies (Jeronimo and Robert 2014; Wong et al.
2014; Jeronimo et al. 2016; Petrenko et al. 2016; Georges et al.
2019), we observed Mediator stabilization on core promoters in
the kin28 mutant. Metagene analysis and heat maps centered on
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Med17 peaks in the kin28-ts mutant (corresponding to core pro-
moters) showed a large increase of Med17 occupancy in the
kin28-ts mutant compared to the WT and, conversely, a strong

decrease in Pol II occupancy (Supplemental Fig. S10). These chang-
es were highly reproducible with those of our previous work (Sup-
plemental Figs. S11, S12). We noted that Rad10 and Rad1

occupancies were increased at UASs in
the kin28mutant, following thatofMedi-
ator (Fig. 4A). Despite being also stabi-
lized on core promoters, Rad1 and
Rad10 occupancies did not present a
sharp peak in the kin28 mutant, unlike
that of Mediator (Fig. 4B; Supplemental
Figs. S11, S12). The maximal Rad10 or
Rad1 occupancy ratio between the mu-
tant and the WT was equal to 1.8 or 1.6,
respectively, on UASs (Fig. 4C) and 1.6
or 1.4 on core promoters (Supplemental
Fig. S12B). Rad26 enrichment on Media-
tor peaks remainedunchangedor slightly
increased in the kin28 mutant compared
to the WT. However, a large decrease of
Rad26 occupancy was observed in the
kin28 mutant on flanking regions corre-
lated with a decrease in Pol II occupancy
(Fig. 4A,B). For comparison, we also plot-
ted the Rad2 occupancy data (Fig. 4A,B;
Supplemental Fig. S11; Georges et al.
2019). An average tag density analysis at
intergenic regions shows a significant in-
crease for Mediator, Rad1, and Rad10
occupancy in the kin28 strain compared
to the WT (Fig. 4D). Heat maps centered
on Mediator peaks corresponding to
UASs as defined in the WT context illus-
trate these changes in Rad26, Rad10,
and Rad1 occupancies that accompany
the Mediator stabilization in the kin28
mutant (Fig. 4E).

Rad26 occupancy was strongly re-
duced at transcribed regions, together
with a strongdecrease in Pol II occupancy
in the kin28mutant (Fig. 5A). Rad10 and
Rad1 occupancies also followed the
decrease in Pol II occupancy. Figure 5A il-
lustrates how the kin28 mutation affects
Rad26, Rad10, and Rad1 occupancies, at
the top 10% of the most highly tran-
scribed Pol II–associated regions. Average
tag density analysis on the 10% Pol II–
most enriched genes shows a large
decrease in Pol II and Rad26 occupancies
in the kin28 mutant, as well as a smaller
but significant decrease in Rad1 and
Rad10 (Fig. 5B). Metagene analysis and
heat maps of ratios between the kin28
mutant and the WT illustrated these
changes in occupancy of Rad26, Media-
tor, Pol II, Rad1, and Rad10 in compari-
son with Rad2 (Fig. 5C; Supplemental
Fig. S13).

To investigate in detail the com-
plex relationship between different
NER proteins and transcriptional com-
ponents that co-occupy intergenic

A

C

E

G H

F

B

D

Figure 3. Rad1, Rad10, and Rad26 coimmunoprecipitate with Mediator, and the loss of Mediator
head in the med17-138 mutant decreases Rad10 chromatin binding. (A–D) Co-IP between Rad1,
Rad10, and Rad26 andMediator. Inputs are shown in right panels. (A)Mediator was immunoprecipitated
from crude yeast extracts viaMed17-Myc subunit with α-Myc antibody (IP), and western blotting with α-
HA antibody detected HA-Rad26 (Co-IP). (B–D) HA-Rad1 (B) or Rad10-Flag (C,D) was immunoprecipitat-
ed with α-HA or α-Flag antibody, respectively, and analyzed by western blotting with α-Myc antibody (B,
C ) against Med17-Myc subunit or rabbit polyclonal α-Med17 antibody (D) to detect the Med17
(Mediator) subunit (Co-IP) (left panels). WT (A–D) or rad2Δ (D) strains were used. IgG indicates a control
immunoprecipitation with IgG magnetic beads only (A,B). A strain carrying nontagged Rad10 was used
as a negative control in C and D. (E–H) Effect of the med17-138 mutation on Rad10, Rad26, and Pol II
occupancies at selected regions. Quantitative ChIP assays were performed using α-Rpb1 antibody (Pol
II) (F,H), and α-HA antibody against Rad10-HA (E) or HA-Rad26 (G). Cells were grown in selective SDme-
dium complemented with amino acids at 25°C and then shifted for 45 min at 37°C. GAL1-O amplicon
was used as a negative control. Quantities were normalized to qPCR performed on input DNA and are
expressed as a percentage. The indicated value is the mean of three biological replicates, and error
bars represent the standard deviation.
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Figure 4. Effect of the kin28-tsmutation on genome-wideMediator, Rad26, Rad1, and Rad10 occupancy at intergenic regions. (A) Average tag density in
Med17 (Mediator), Rad26, Rad1, and Rad10 ChIP-seq (from upper to lower panels) around Med17 (Mediator) enrichment peaks (−500 bp to +500 bp)
determined in WT (UASs). The Rad2 ChIP-seq data were from Georges et al. (2019). Average tag density in WT strains is indicated as a full line, whereas
average tag density in the kin28-ts strains is indicated as a dashed line. (B) Average tag density in Med17 (Mediator), Rad26, Rad1, and Rad10 ChIP-seq
(from upper to lower panels), around Med17 (Mediator) enrichment peaks (−500 bp to +500 bp) determined in kin28-ts (core promoters). Rad2 ChIP-seq
data were used (Georges et al. 2019). Average tag density in WT strains is indicated as a full line, whereas average tag density in kin28-ts strains is indicated
as a dashed line. (C) Mediator (in blue), Rad26 (in brown), Rad1 (in green), and Rad10 (in purple) occupancy ratios between the kin28-tsmutant and the
WT aroundMed17 (Mediator) peaks (UAS, 1000-bpwindow). Themaximum of the Rad1–Rad10 occupancy ratios is located at UAS, and themaximum for
Mediator occupancy ratios is shifted to core promoters. Rad26 occupancy ratio is only slightly increased at UASs. For clarity, the background of the plot for
ratios >1 is colored in clear red, and the background of the plot for ratios <1 is colored in clear green. (D) Boxplots showing changes in Med17 (Mediator),
Pol II, Rad26, Rad1, and Rad10 ChIP-seq at intergenic regions (intergenic regions for Pol II–transcribed genes in tandem or in divergent orientation, ex-
cluding intergenic regions encompassing Pol III–transcribed genes, centromeres, telomeres) in the WT (in dark blue) and the kin28-ts strains (in brown).
The asterisks represent a significant difference between the WT and the mutant at P-value < 2.2 × 10−16 in a Wilcoxon rank-sum test. (E) Heat maps of
Mediator (Med17), Pol II, Rad26, Rad1, and Rad10 ChIP-seq profiles centered on Mediator (Med17) enrichment peaks determined in WT (UASs, −500
bp to +500 bp), sorted by decreasingMediator occupancy. WT and kin28-ts strains were compared.Median tag density profiles in RPM are shown in upper
panels.
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regions, we took advantage of a multivariate method that allowed
us to complete pairwise correlations and to analyze simultane-
ously the genome-wide data sets for Mediator, Pol II, Rad1,
Rad10, and Rad26 in WT and kin28 mutant contexts (Supple-
mental Figs. S14–S16; Supplemental analysis). To reduce the
number of parameters and to construct an orthonormal coordi-
nate system for simultaneous comparison of several variables,
we applied principal component analysis (PCA). We then calcu-
lated the covariance between variables by projecting one variable

over the other in the orthonormal reference of the three PCs, and
plotted the covariance between the variables for the WT and the
kin28 mutant (Supplemental Fig. S16). Our analyses confirmed a
high correlation between the Rad1 and Rad10 proteins, consis-
tent with their function as a dimer. This analysis is in agreement
with the stabilization of Mediator in the kin28 mutants that
changes the relationships between Pol II, Rad1–Rad10, Rad26,
and Mediator. Moreover, our multivariate approach shows that
the stabilization of Mediator enhances the covariance between

A B

C

Figure 5. Effect of the kin28-ts mutation on genome-wide Mediator, Pol II, Rad26, Rad1, and Rad10 occupancy at transcribed regions. (A) Average tag
density in Med17 (Mediator), Pol II, Rad26, Rad1, and Rad10 ChIP (from upper to lower panels) on the 10% Pol II–most enriched regions (scaled windows
for 500 bp before TSS, between TSS and TES, and 500 bp after TES). For comparison, the Rad2 ChIP-seq data were fromGeorges et al. (2019). Average tag
density in WT strains is indicated as a full line, whereas average tag density in the kin28-ts strains is indicated as a dashed line. (B) Boxplots showing changes
in Med17 (Mediator), Pol II, Rad26, Rad1, and Rad10 ChIP-seq on the 10% Pol II–most enriched regions in WT (in dark blue) and the kin28-ts strains (in
brown). The asterisks represent a significant difference between the WT and the mutant at P-value < 1 ×10−10 (∗∗) or < 2.2 × 10−16 (∗∗∗) in a Wilcoxon rank-
sum test. (C) Heat maps of Mediator (Med17), Pol II, Rad26, Rad1, and Rad10 ChIP-seq occupancy ratios between the kin28-tsmutant and the WT on the
10% Pol II–most enriched regions (scaled windows for 500 bp before TSS, between TSS and TES, and 500 bp after TES), sorted by decreasing Mediator
occupancy ratio. Average log2 ratios are shown in upper panels.
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Rad26 and Mediator, as well as between Rad26 and Rad1–Rad10,
suggesting coordinated changes in their genome-wide occupan-
cy. When Mediator is stabilized on core promoter, Rad26 occu-
pancy tends to evolve in the same way as Mediator and Rad1–
Rad10.

Taken together, our results show that Rad1 and Rad10 chro-
matin binding in the kin28 mutant is increased at UASs when
Mediator is stabilized on core promoters and is reduced on tran-
scribed regions by a decrease in Pol II transcription. Rad26 occu-
pancy in this mutant is mainly impacted by a large decrease in
Pol II occupancy on gene bodies with no changes or a slight in-
crease in Rad26 binding at UASs. By tak-
ing advantage of the orthonormal
referential based on PCA,weunderscored
a strong covariance between Rad1 and
Rad10, in accordance with their action
as a dimer, and a strong correlation be-
tween their genome-wide occupancy.
Moreover, this analysis improved our un-
derstanding of the Rad26 relationship
with Mediator and Rad1–Rad10 by re-
vealing the increase in the covariance be-
tween Rad26 and Mediator or Rad1–
Rad10 that accompanies Mediator stabi-
lization at core promoters.

Discussion

In this study, we performed genome-
wide location analysis of Rad1/ERCC4,
Rad10/ERCC1, and Rad26/CSB NER pro-
teins in the yeast Saccharomyces cerevisiae,
addressing the questions on their chro-
matin binding in the absence of exoge-
nous genotoxins and their potential
relationships with Mediator and Pol II.
Our results showed that Rad26 and
Rad1–Rad10 associate with chromatin
in the absence of exogenous genotoxic
stress, indicating that the chromatin
binding of these proteins is not restricted
to DNA damage-inducing conditions.
However, despite similarities in genomic
localization, we showed that their func-
tional link with Pol II and Mediator dif-
fers substantially, suggesting different
modes of recruitment and/or function.

With NER being coupled with tran-
scription,we investigated the relationship
between Rad1–Rad10 or Rad26 and Pol II.
Consistentwithprevious studies, Rad26 is
themost closely related to Pol II transcrip-
tion. All the proteins show positive corre-
lation with Pol II, with Rad26 being very
highly correlated and their presence on
Pol II–transcribed genes is transcription
dependent. However, our results with
rad1, rad10, or rad26 deletion mutants
suggest that Pol II transcription does not
absolutely require these proteins. Thus,
the loading of Rad1, Rad10, and Rad26
proteins on chromatin could physically

depend on Pol II and/or could be required to resolve potential geno-
mic instability associated with Pol II transcriptional activity. It
should also be noted that Rad26/CSB has a DNA-dependent ATPase
activity that canbe important for chromatin remodeling and regula-
tion of chromatin structure (Selby and Sancar 1997b; Newman et al.
2006; Lake et al. 2014). This activity can help Pol II to pass through
nucleosomes (Xu et al. 2020) and lead to a Rad26 requirement for
TCR downstream from the +1 nucleosome (Duan et al. 2020).

We previously discovered the link between Rad2 and
Mediator, showing that Rad2 chromatin binding depends on Pol
II transcription and involves dynamic interactions with Mediator

Figure 6. Schematic summary for Rad1–Rad10 and Rad26 in the interplay between Mediator, Rad2,
and Pol II. Schematic representation suggests how Rad1–Rad10 and Rad26 findings can be integrated
into functional interplay between Mediator, Pol II, and Rad2 that we recently proposed (André et al.
2021). The figure allows us to compare Rad1–Rad10 and Rad26 with Rad2. Our data show similarities
between Rad2 and other Rad proteins (Rad26, Rad1–Rad10) in their genomic distribution and physical
interactions. They also reveal important differences in their dynamics with respect to Mediator. Activator
(Act) is indicated in blue, Rad2 in pink, Pol II in purple, Rad26 in orange, and Rad1–Rad10 dimer in ma-
genta. Mediator subunits are colored according to the modules: in light blue, red, yellow, and green for
Mediator tail, head, middle, and Cdk8 kinase modules, respectively. Double-headed arrows indicate in-
teractions between different proteins. (Top) Rad2, Rad1–Rad10, and Rad26 physically interact with
Mediator. Moreover, Rad2 and Rad1–Rad10 recruitment to UAS is dependent on Mediator. (Middle)
Rad2 was proposed to be transferred to transcribed regions through interactions with Pol II, and a tran-
sient Mediator–Pol II intermediate(s) (in brackets), formed at core promoters. A transfer of Rad1–Rad10
between UAS and transcribed regions can be also proposed. (Bottom) A strong correlation was observed
between Rad26 and Pol II on transcribed regions. Rad1–Rad10 occupancy was also correlated with Pol II.
Chromatin binding of all proteins (Rad1–Rad10, Rad2, and Rad26) was Pol II transcription dependent.
Our results suggest that the recruitment mechanisms of Rad26 on UAS and transcribed regions could
be independent.
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and Pol II (Eyboulet et al. 2013; Georges et al. 2019). In this work,
we showed that the Mediator link to NER proteins is not restricted
to Rad2 but also includes Rad1–Rad10 and Rad26. Figure 6 propos-
es how our findings on Rad26 and Rad1–Rad10 can be integrated
into a schematic representation of the link between Rad2,
Mediator, and Pol II (André et al. 2021). Our data show that phys-
ical interactions between Rad1, Rad10, or Rad26 and Mediator, as
well as their genome-wide co-occupancy ofMediator-enriched reg-
ulatory regions, were similar to previous results for Rad2 (Eyboulet
et al. 2013). However, considerable differences were observed be-
tween Rad2, Rad1–Rad10, and Rad26 with respect to changes in
Mediator function and chromatin binding. In particular, the loss
of Mediator function induced by the dissociation of the
Mediator head in the med17-138 mutant led to a significant
decrease in Rad10 occupancy on regulatory and promoter regions,
whereas no changes could be observed for Rad26 on these regions.
This result suggests that Mediator, and in particular the Mediator
head module, is required for recruitment or stability on the UAS
of Rad10 but not Rad26. We could not exclude the possibility
that other Mediator modules influence Rad26 recruitment.

Moreover, whenMediatorwas stabilized on core promoters in
the kin28 TFIIH mutant, Rad1 and Rad10 occupancy increased on
regulatory regions, whereas Rad26 occupancy of these regions re-
mained similar to the WT or only slightly increased (Fig. 4B). In
bothMediator and TFIIHmutants, Rad1–Rad10weremore impact-
ed by changes in Mediator function or binding than Rad26. This
can suggest independentmechanisms of Rad26 recruitment to reg-
ulatory and transcribed regions and potential implication of other
proteins enriched at UASs (Fig. 6, top and bottom). Our data in the
kin28mutant suggest a possibility of Rad1–Rad10 transfer between
UAS and transcribed regions, as previously proposed for Rad2
through transient Mediator–Pol II intermediates at core promoters
(Fig. 6,middle; Georges et al. 2019; André et al. 2021). Rad1–Rad10
occupancy did not follow exactly that of Rad2 or Mediator in the
kin28 context, because Rad1–Rad10 occupancy is increasedmainly
at UAS. This fact could be explained by the differences in the posi-
tion of Rad proteins with respect to UAS or core promoters in tran-
sient intermediates formed at core promoters. Similar to the Pol II
relationship, deletion of either of the rad1, rad10, or rad26 genes
led to unchanged chromatin binding ofMediator. AmongNER fac-
tors, the Rad2 genomic binding shows the highest correlationwith
Mediator on regulatory regions (Eyboulet et al. 2013), as well as the
highest increase in occupancy accompanying Mediator stabiliza-
tion on core promoters in the kin28 mutant (Georges et al.
2019). Our results show that Rad1 and Rad10 association with
UASs is also increased byMediator stabilization, although to a less-
er extent, whereas Rad26 is the least impacted. As discussed above,
Rad26 and Rad1–Rad10, similar to Rad2, are correlated with Pol II
on transcribed regions, and their occupancy is Pol II transcription
dependent (Fig. 6, bottom). Our analysis of ChIP-seq data im-
proved our understanding of the relationship between Rad26,
Rad1–Rad10, Pol II, andMediator. Despite the fact that we observe
no changes or a slight increase in Rad26 occupancy on core pro-
moters using standard ChIP-seq analysis, the multivariate ap-
proach reveals an increase in covariance between Rad26 and
Mediator or Rad1–Rad10 in kin28mutant. Our work thus provides
directions for further studies on the physical and functional inter-
actions of these proteins.

We showed that in addition to Pol II–transcribed genes and
intergenic regions, Rad1, Rad10, and Rad26 are also enriched at
Pol III–transcribed genes, telomeres, and centromeres, suggesting
interesting perspectives for possible functions of these proteins.

Rad2 was also present on Pol III–transcribed genes, telomeres,
and centromeres (Eyboulet et al. 2013). Unlike Pol II transcription
dependency, the presence of Rad10 on Pol III–transcribed genes
was unchanged in a Pol III mutant. This suggests a Pol III–indepen-
dent Rad10 recruitment and a potential involvement of other Pol
III transcription components such as TFIIIB or TFIIIC. A complex
distribution of Rad1–Rad10, Rad2, and Rad26 proteins and their
colocalization at a number of genomic features could be related
to their different functions in DNA repair pathways, telomere
maintenance, or R-loop-induced genome instability that remain
to be fully uncovered. In particular, the enrichment of Rad2,
Rad1–Rad10, and Rad26 on regions predisposed to form R-loops
raises a possibility that the recruitment of these proteins is linked
to RNA–DNA hybrid formation or resolution (Sollier et al. 2014).
We noted that the Rad26 and Rad1–Rad10 enrichment profiles
on Pol II–transcribed genes with a higher signal at the 3′-end
(Fig. 5A) resemble those observed for R-loops, in comparison
with a more equal distribution of Pol II along the genes (Wahba
et al. 2016). For intron-containing genes, this R-loop profile was
proposed to be related to a higher enrichment of second exons
(El Hage et al. 2014).

In conclusion, our genome-wide location analysis reveals that
Rad1–Rad10 and Rad26 NER proteins are present on the yeast
chromatin in the absence of exogenous genotoxic stress, raising
important questions and providing interesting perspectives for fu-
ture research. Our results suggest that the Mediator link to NER is
not restricted to the Rad2 protein and can be more complex, pro-
viding new information on functional dynamics between Rad1–
Rad10, Rad26, Pol II, and Mediator at the genome-wide scale.
Future experiments will help to understand how this interplay
works in the presence of DNA damage.

Methods

Strains

All S. cerevisiae strains used in this study can be found in
Supplemental Table S1.

Spotting assay

Yeast cells were grown on plates for 3 d at 30°C. Cells were then
scraped and diluted in water at 1 OD600. The yeast suspension
was serially diluted by 10-fold, and 3 μL was spotted on different
media (YP medium supplemented with glucose, galactose, etha-
nol, or glycerol) or UV-irradiated at 5 or 20 J/m2 (UV Stratalinker
1800) and incubated for 3 d or 5 d with mycophenolic acid
(25 or 50 μg/mL). Cells were grown at 30°C or at the indicated
temperature.

Co-IP experiments

Co-IP experiments were conducted as previously described
(Georges et al. 2019). Briefly, 100 mL of cells exponentially grown
at 30°C was collected by centrifugation and used for protein ex-
tract preparation. Anti-HA (12CA5, Abcam Ab1424), anti-Myc
(9E10, Abcam Ab32), or anti-Flag (M2, Sigma-Aldrich F3165) anti-
bodies were used to immunoprecipitate tagged proteins from
crude extracts.

ChIP experiments

ChIP experiments were performed in triplicate. One hundred mil-
liliters of three independent cultures were grown as indicated be-
low, depending on the strain used.
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• rad2, rad26, rad1, and rad10 deletion mutants and the corre-
sponding WTs were grown at 30°C.

• In RPB1 WT and rpb1-1 mutant contexts, cells were grown at
25°C to midexponential phase and then shifted for 90 min to
37°C.

• In RPC25 WT and rpc25-S100P mutant contexts, cells were
grown at 25°C to midexponential phase and then shifted for
10 h to 37°C.

• In MED17 and med17-138 mutant contexts, cells were grown at
25°C to midexponential phase and then shifted for 45 min to
37°C.

• In KIN28 WT and kin28 mutant contexts, cells were grown at
25°C to midexponential phase and then shifted for 75 min to
37°C.

ChIP experiments were performed as follows, except for
kin28-ts and the corresponding WT samples, which were per-
formed on an IP-Star compact automated system (Diagenode) as
previously described (Georges et al. 2019). Cells exponentially
growing (0.6 OD600) in 100mL of YPDwere treated with formalde-
hyde at a final concentration of 1% for 10 min for DNA–protein
cross-linking. The reactionwas stopped by adding glycine to a final
concentration of 500 mM and incubating for 5 min. Cells were
washed twice with cold 20 mM Tris-HCl (pH 8). Cells were then
lysed by bead-beating for 30 min at 4°C in a FA/SDS buffer
(50 mM HEPES KOH at pH 7.5, 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS) containing
PMSF (FA/SDS+PMSF). Chromatin was sheared using a S220 fo-
cused-ultrasonicator (Covaris) for 10min at 150W and duty factor
10 to obtain DNA fragments of ∼200 bp.

Fifty microliters of Dynabeads pan mouse IgG was washed
twice with cold PBS and then incubated with anti-HA (12CA5,
70 ng/μL), anti-Myc (9E10, 30 ng/μL), or anti-Rpb1-CTD
(8WG16, 100 ng/μL; Covance cat # MMS-126R) in cold PBS-0.1%
BSA for 1 h at 4°C. The antibody-coated beads were washed twice
with cold PBS-0.1% BSA for 10 min and one quick wash with FA/
SDS buffer. Sonicated chromatin (about one-fourth of the total)
and antibody-coated beads were incubated for 2 h at 21°C under
agitation. Beads were washed three times with FA/SDS+500 mM
NaCl. The beads were then washed with IP buffer (10 mM Tris-
HCl at pH 8, 0.25 M LiCl, 1 mM EDTA, 0.5% NP-40, 0.5% sodium
deoxycholate), followed by onewash in TE buffer (10mMTris-HCl
at pH 8, 1 mM EDTA). Elution was performed for 20 min at 65°C,
under agitation in a pronase buffer. Pronase, at a final concentra-
tion of 1 mg/mL, was added to the eluate and incubated for 30
min at 37°C. For the input, sample was also treated with pronase.
Cross-links were reversed by overnight incubation at 65°C. RNase
A at a final concentration of 0.025 mg/mL was added to immuno-
precipitated DNA (IP) and input DNA (IN) and incubated for 1 h at
37°C. DNAwas purified using aQiagen kit for PCR purification, ac-
cording to manufacturer’s protocol.

Three independent biological replicates were used for quanti-
tative analysis. qPCR experiments were performed using qPCR
MasterMix SYBR Green (Takyon) and primers listed in
Supplemental Table S2.

For ChIP-seq, KIN28 WT and kin28-ts mutant were grown at
25°C to midexponential phase and then shifted for 75 min to
37°C. Three independent biological replicates were combined,
and library preparation for sequencing was made as previously de-
scribed (Georges et al. 2019).

Data analysis

ChIP-seq data were analyzed using the following procedure. Reads
were first trimmed with cutadapt (v1.12) (Martin 2011) then

mapped on the S. cerevisiae genome (University of California at
Santa Cruz [UCSC] version sacCer3) using Bowtie 2 (v2.3.4.3)
(Langmead and Salzberg 2012). Files were converted using
SAMtools (v0.1.18) (Li et al. 2009) and deepTools (v3.3.0)
(Ramírez et al. 2016); only unique reads were kept. Read counts
were first normalized in RPM and then by qPCR data on a set of se-
lected regions, using the ratio between WT and mutant strains as
previously described (Eyboulet et al. 2015). The number of
mapped reads for each ChIP-seq experiment and normalization
coefficients is indicated in Supplemental Table S3.

The transcribed (mRNA) regions were determined using the
transcription start sites (TSSs) and transcription end sites (TESs)
of mRNA genes taken from Pelechano et al. (2013) and Malabat
et al. (2015) (n=5337). ARS (n=196), centromeres (n=16), telo-
meres (n=32), snRNAs (n=6), snoRNAs (n=77), tRNAs (n=299),
rDNA (n=27), LTRs (n=383), and retrotransposons (n=50) coor-
dinates were taken from the YeastMine database (Balakrishnan
et al. 2012). Intergenic regions were defined as nontranscribed re-
gions not overlapping any of the previously listed genome features
or their direct flanking sequences, resulting in 3929 regions.

PeaksweredetectedwithMACS2 (v2.1.3) (Zhanget al. 2008),us-
ing the input data set and ChIP-seq data set from the nontagged
strain (Georges et al. 2019) as controls. The nontagged control
data set is available at ArrayExpress (https://www.ebi.ac.uk/
arrayexpress/) under accession number E-MTAB-7081. Only
peaks passing the quality filter were kept (fold_change≥1.5× and
P-value<1×10−10). Genome distribution of the peaks was deter-
mined based on their summit coordinates. For the heat maps, peaks
were oriented according to the closest TSS (maximum 1 kb away),
and only peaks located in the intergenic regions were used.

To correct for nonuniformbackgrounddistribution and to take
into account an apparent enrichment of some regions, in particular
some highly expressed genes seen in ChIP-seq data set with non-
tagged strain, 2.5% of transcribed regions and 2.5%of intergenic re-
gions showing the highest signals in nontagged control were
excluded from the analysis. We also removed the 10% of detected
Mediator peaks with the highest nontagged signal, leading to the fi-
nal number of 85 in the WT and 1136 in the kin28-ts mutant.

Heat maps and correlation matrices were generated by
deepTools. R (v3.5.1) (R Core Team2018) was used to generate pro-
files, boxplots, and dotplots (ggplot2) (Wickham 2009). The aster-
isks in boxplots represent a significant difference between the WT
and the mutant at P-value<0.05 (∗), <1 ×10−10 (∗∗), or <2.2 ×10−16

(∗∗∗) in a Wilcoxon rank-sum test (Bauer 1972).
PCA was performed as follows. The number of PCs used in

PCA was determined by Pareto chart of a distribution of sample
variance as a function of PCs that allows the visualization of the
percentage of explained total variance by PCs (Wilkinson
2006). To evaluate how different variables participate in the con-
struction of PCs, the norm of each variable in the orthonormal
referential defined by {PC1, PC2, PC3} was calculated as

‖ R ‖=
���������������������

PC2
1 + PC2

2 + PC2
3

√

. The larger the norm value, the more

the variable contributes to the variability observed in a data set.
The contribution of each variable to three PCs was expressed in
the normal referential {Med17, Pol II, Rad1, Rad10, Rad26}. To ver-
ify howvariables covariate in the data set, one variablewas project-
ed over the other in the orthonormal referential {PC1, PC2, PC3} as
�X · �Y = �X

∥

∥

∥

∥

∥

∥

�Y
∥

∥

∥

∥

∥

∥
cos (�X�Y). The covariance of the variables was cal-

culated by normalizing the obtained product by the vector
norms. The covariance between variables was plotted using
an ellipsoid representation with the width of the ellipsoid
(small radius) corresponding to the dispersion between the two
variables.
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sion number E-MTAB-10828.
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