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Little is known about how cells ensure DNA replication in the face of RNA polymerase II (RNAPII)-mediated
transcription, especially under conditions of replicative stress. Herewe present genetic and proteomic analyses from
budding yeast that uncover links between the DNA replication checkpoint sensor Mec1–Ddc2 (ATR–ATRIP), the
chromatin remodeling complex INO80C (INO80 complex), and the transcription complex PAF1C (PAF1 complex).
We found that a subset of chromatin-bound RNAPII is degraded in a manner dependent onMec1, INO80, and PAF1
complexes in cells exposed to hydroxyurea (HU). On HU,Mec1 triggers the efficient removal of PAF1C and RNAPII
from transcribed genes near early firing origins. Failure to evict RNAPII correlates inversely with recovery from
replication stress: paf1Δ cells, like ino80 and mec1 mutants, fail to restart forks efficiently after stalling. Our data
reveal unexpected synergies between INO80C, Mec1, and PAF1C in the maintenance of genome integrity and
suggest a mechanism of RNAPII degradation that reduces transcription–replication fork collision.
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Genomes are particularly at risk as cells passage through
S phase. Perturbation of DNA replication leads to gross
chromosomal rearrangements and translocations, which
arise from replication fork collapse and double-strand
breaks (DSBs) (Hustedt et al. 2013; Zeman and Cimprich
2014). The DNA replication checkpoint (DRC) limits
genome instability by orchestrating multiple cellular re-
sponses that promote the maintenance and recovery of
stalled forks (Branzei and Foiani 2010). Indeed, the sensor
kinase Mec1–Ddc2 (ATR–ATRIP) recognizes ssDNA and
its ligand, RPA, which accumulate at stalled replication
forks, activating a kinase cascade known as the DRC
(Tourriere and Pasero 2007).
Recent phosphoproteomic analyses have shown that

many factors involved in chromatin remodeling and tran-
scription, besides DNA replication and repair factors, are
targets of checkpoint kinases (Bastos de Oliveira et al.

2015; Hustedt et al. 2015). Among these is the INO80
complex (INO80C), a 15-subunit nucleosome remodeler
conserved from yeast to humans that slides and modifies
the composition of nucleosomes on aDNA template (Ger-
hold et al. 2015). INO80C both is a target of the DRC and
physically associateswith the downstream effector kinase
Rad53/CHK2 (Morrison et al. 2007; Chen et al. 2010).
INO80Cmaps tomany transcription start sites in budding
yeast yet also contributes to DSB repair and replication
fork restart following removal of hydroxyurea (HU) (Ger-
hold et al. 2015). Interestingly, INO80C can down-regu-
late transcription by repressing short-lived noncoding
RNA at intergenic sites (Alcid and Tsukiyama 2014), pos-
sibly by restricting accessibility for RNA polymerase (Xue
et al. 2015).
In S-phase cells, transcription and replication compete

for the same DNA template, making the transcriptional
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machinery a frequently encountered obstacle for replica-
tion forks (Gonzalez-Aguilera et al. 2008; Azvolinsky
et al. 2009). Several mechanisms minimize the negative
impact of transcription on DNA replication independent-
ly of the checkpoint. For instance, tRNA genes are tran-
siently silenced by Maf1 to promote the passage of
replication forks during normal S phase in eukaryotic cells
(Nguyen et al. 2010). In addition, both bacteria and eu-
karyotes express specific DNA helicases such as Sen1/
Senataxin or Aquarius, which remove proteins and/or
RNA–DNA hybrids that hinder replication fork progres-
sion (Brambati et al. 2015). Under stress, additional mech-
anisms deal with transcription–replication interference.
For example, during osmotic stress, Hog1 targets the rep-
lication fork proteinMrc1, which leads to a reduced rate of
DNA polymerase elongation and a decreased rate of origin
firing (Duch et al. 2013). Finally, an activated checkpoint
kinase, Mec1/ATR, is thought to release actively tran-
scribed genes from the nuclear periphery upon HU-in-
duced replication stress, although how this affects fork
recovery is unclear (Bermejo et al. 2011). The S-phase-spe-
cific activation of the checkpoint kinase cascade in bud-
ding yeast is specifically compromised in a MEC1 allele,
mec1-100 (Cobb et al. 2005).

DNA–RNA hybrids that displace one DNA strand (R
loops) form spontaneously at highly transcribed genes
(El Hage et al. 2014; Santos-Pereira and Aguilera 2015).
These structures appear more frequently in mutants
that affect RNA3′ end processing, termination, and nucle-
ar export (Wellinger et al. 2006). Interestingly, such
mutants also display high rates of spontaneousDNAdam-
age, impaired replication fork progression, and tran-
scription-associated recombination (Tuduri et al. 2009;
Gomez-Gonzalez et al. 2011). The inactivation of the
PAF1 complex (PAF1C, composed in budding yeast of
Paf1, Rtf1, Leo1, Ctr9, and Cdc73), which travels with
RNA polymerase II (RNAPII), leads to an accumulation
of R loops (Wahba et al. 2011), increased recombination
rates (Chang et al. 1999), and an elevated sensitivity to
replication stress (Dronamraju and Strahl 2014). Consis-
tently, recentwork showed that the transcriptionmachin-
ery itself (i.e., RNAPII) seems to contribute to replication
fork restart on HU or after base alkylation (Felipe-Abrio
et al. 2015).

In unstressed cells, one of the main functions of the
conserved PAF1C is to promote transcription elongation
by facilitating recruitment of the Set2 histone methyl-
transferase, which deposits H3K36me3 on gene bodies.
Additionally, PAF1C targets Rad6-Bre1 to promoters, al-
lowing H2BK123 monoubiquitylation, which in turn
helps themethylation of H3K4 by Set1/COMPASS, a hall-
mark of active transcription (Wood et al. 2003). Finally,
PAF1C is required for proper 3′ end processing and termi-
nation of mRNA and snoRNA (Penheiter et al. 2005).

Although transcription–replication interference has
been identified as a major source of genome instability
in recent years, few studies have examined the role of
theMec1/ATRcheckpoint kinase in such conflicts. Using
a conditional genetic interaction screen, we explored
the link between transcription-mediated blocking of repli-

cation forks and Mec1–Ddc2. We found that the S-phase
checkpoint-deficient mec1-100 mutant exhibits strong
negative genetic interactions with mutations in various
subunits of PAF1C or INO80C when cells are exposed
to HU, suggesting that these complexes may cooperate
to promote survival during replicative stress. Examining
this relationship further, we found that PAF1C, like
Mec1 and INO80C, is required to promote fork progres-
sion and restart under replication stress. In addition, we
show that Mec1–Ddc2 can physically associate with
INO80C and PAF1C and phosphorylates components of
each complex. Since PAF1C is associated with RNAPII,
we checked whether PAF1C and INO80C help resolve
conflicts between the replication and transcription ma-
chineries. This was confirmed by showing that Mec1,
INO80C, and PAF1C contribute to the displacement or
degradation of RNAPII during HU-induced replication
stress. This Mec1–INO80C–PAF1C pathway of RNAPII
removal is genetically distinct from the Rad26–Def1-in-
duced RNAPII degradation that occurs in response to
UV. Our work suggests that RNAPII is evicted from chro-
matin and degraded upon collision with replication forks
in order to facilitate replication under stress conditions.

Results

Conditional synthetic lethality between mec1-100
and loss of INO80C and PAF1C subunits

The budding yeast mutant mec1-100 carries two point
mutations upstream of its kinase domain, which together
compromise Rad53 activation on HU in S phase, although
mec1-100 is fully competent to activate this same check-
point cascade in G2/M (Hustedt et al. 2015). In brief, this
suggests that mec1-100 loses S-phase-specific interac-
tions that in turn compromise survival on HU. To find
this pathway, a high-throughput and conditional genetic
interaction screen, termed epistatic miniarray profiling
(EMAP), was carried out using the S-phase-specific
mec1-100 allele crossed into 1311 strains deleted for non-
essential genes implicated in nuclear functions (Hustedt
et al. 2015). The growth rates of double mutants were
compared with those of single mutants in the presence
of 0, 20, and 100mMHU in order to identify genetic path-
ways that are required for survival in the face of replica-
tion stress.

A number of mutants showed synergistically negative
interactions uniquely in cells exposed to HU (Fig. 1A).
Among the strongest negative scores of the screen are
genes involved in DNA damage checkpoint signaling
(TEL1 and RAD9), targeting to the nuclear pore
(NUP133,NUP170,NUP188, andAPQ12), and resolution
of stalled forks or recombination intermediates (XRS2,
MUS81, and RAD59). This is consistent with a require-
ment for DNA damage tolerance pathways sensu lato to
cope with lesions arising from replication fork collapse
in a mec1-100 background (Fig. 1A). We also identified
strong negative interactions with factors involved in ei-
ther the ubiquitin/proteasome pathway, chromatin re-
modeling, or basic RNAPII regulation. Strikingly, the
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loss of INO80C subunits (IES5, IES2, and NHP10) or
PAF1C subunits (RTF1 and CDC73) was strongly syner-
gistic with mec1-100 on HU but not in its absence.
Thus, loss of intact PAF1C and INO80C compromised
survival in cells experiencing chronic replication stress.
We confirmed these genetic interactions by crossing the

S-phase-specificmec1-100 allele with deletionmutants of

various INO80C and PAF1C subunits in a haploid W303
background and scoring for survival under conditions of
replication stress. The double mutants were much more
sensitive to very low doses of HU than the single mutants
(Fig. 1B) and were also sensitive to slightly higher doses of
methyl methanesulfonate (MMS), which alkylates bases
and activates the DRC when the lesions encounter a

Figure 1. Mec1 shows strong synergistic lethality with INO80C and PAF1C subunits on HU. (A) Overview of genetic interaction screen
(EMAP) (full data in Hustedt et al. 2015). Query strainmec1-100was combined with 1311mutant strains, and doublemutant growth was
scored on 0, 20, and 100mMHU. Alignment by synthetic lethality scores on 20mMHU. The bottom panel reveals mutations exhibiting
strong negative genetic interactions (blue) withmec1-100 specifically in HU. Transcriptional machinery is indicated in green, chromatin
remodeling subunits are shown in red, and the ubiquitin/proteasome pathway is indicated in brown. (B) Confirmation and extension of the
negative EMAP interactions betweenmec1-100 and either PAF1Cor INO80C subunits. A fivefold dilution series of cells fromexponential
YPD cultures of the indicated strains was spotted on YPD with or without the indicated dose of HU.

Mec1–PAF1–INO80 evict RNAPII at stalled forks
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replication fork (Supplemental Fig. S1A). Not only was ge-
netic synergy seenwith the checkpoint kinase (Mec1), but
combining ies2Δ (INO80C) with cdc73Δ (PAF1C) was also
synergistically lethal on HU (Fig. 1B). An alignment of the
overall profiles of genetic interactions for null alleles in
PAF1C and INO80C (Supplemental Fig. S1B) showed a
high degree of similarity, a fact that further argues for a
common function (Collins et al. 2007). Finally, the triple
mutant (mec1-100, ies2Δ, and cdc73Δ) was more sensi-
tive to very low HU concentrations than any of the pair-
wise combinations, suggesting that Mec1, INO80C, and
PAF1C may contribute in slightly different ways to cell
survival of replication stress (Fig. 1B).

INO80C interacts with Mec1–Ddc2 and PAF1C

Previouswork suggested that Ino80 canbe found inhigher-
order complexes of different sizes (Shen 2004). Given that
components of INO80C andMec1–Ddc2 are necessary for
the survival of replication stress, we then asked whether
these two complexes physically interact, making use of a
strain that carries a Flag epitope inserted after the INO80
ORF (Shen et al. 2000; Tosi et al. 2013) and a 6xHis motif
fused to MEC1. We immunoprecipitated INO80C using
anti-Flag beads and then tried to separate pure INO80C
from that bound toMec1-6xHis, by immobilizedmetal af-
finity chromatography (IMAC) and stepwise imidazole
elution.The 100mMimidazole elution fractioncontained
Mec1 and its cofactor, Ddc2, alongwith the 15 subunits of
INO80C (Tosi et al. 2013) at roughlyequivalent stoichiom-
etry, as judged by Coomassie blue staining of an SDS-
PAGE gel (Fig. 2A; Supplemental Fig. S2A). In-solution di-
gests andmass spectrometry (MS) confirmed the presence
of all subunits of INO80C andMec1–Ddc2 and revealed an
additional five copurifying proteins. Surprisingly, these
were the five subunits of PAF1C: Paf1, Rtf1, Ctr9, Leo1,
and Cdc73 (Fig. 2A; Supplemental Fig. S2; Jaehning
2010). The fraction of INO80C recovered in complex
withMec1–Ddc2 and PAF1Cwas <5%of the total cellular
complement of INO80C, arguing that only a subfraction of
the available complex associates stablywith the other two
complexes (Supplemental Fig. S2). Nonetheless, since the
purification protocol involved tandem affinity steps and
multiple large-volumewashes, it argues for some physical
interaction between these multisubunit complexes.

The topology of INO80C–Mec1–PAF1C interactions

To validate this hypothesis of molecular contact, we com-
bined chemical cross-linking and MS analysis (XL-MS), a
methodwell suited to detect interfaces between lowabun-
dance, macromolecular complexes (Leitner et al. 2010).
Weused the primary amine-specific disuccinimidyl suber-
ate (DSS) that cross-links two lysines at a Cα–Cα span dis-
tance of ≤30 Å (Tosi et al. 2013). XL-MS results for the
INO80C–Mec1–PAF1C fraction revealed largely the
samecontact sites between the subunits of INO80Caspre-
viously detected for purified INO80C (Fig. 2B, green lines;
Tosi et al. 2013). In addition, we recovered and validated
five cross-links that support the existence of intercomplex

interactions: three between Mec1 and INO80C (Fig. 2B,
red lines linking Mec1 and Ies2, and Taf14 and the Ino80
helicase SANT-associated [HSA] domain) and two be-
tween PAF1C and INO80C (Fig. 2B, red lines linking the
Cdc73 C terminus with Arp5 or with the Ino80 RecA2
domain). These sites of contact occur in exposed domains
that are available for protein–protein contacts and include
the docking site for actin and actin-related proteins; name-
ly, the Ino80 HSA domain (Chen et al. 2013; Tosi et al.
2013). Many additional intracomplex contact sites were
also detected and validated in our assay (Fig. 2B, black
lines; Supplemental Table S2). Thosewithin INO80C sug-
gest that the remodeler recovered with Mec1–Ddc2 as-
sumes a compact rather than extended conformation
(Watanabe et al. 2015). In conclusion, our XL-MS data ar-
gue for direct contact between Mec1–INO80C and
PAF1–INO80C, although it is not possible to comment
on the stability of the interaction. Given that our recovery
of cross-linked peptides is nonsaturating, the data do not
exclude that PAF1C and Mec1–Ddc2 interact.

Coimmunoprecipitation strategies corroborate
intercomplex interactions

To confirm the intercomplex contacts,weused an alterna-
tive two-step affinity purification scheme from a strain in
which all three complexes bear epitope tags (Ino80-Flag,
Ddc2-HA and Rtf1-PK, and GA-9247). After Flag purifica-
tion of Ino80, Western blot analysis shows the presence
of all three epitope-tagged complexes in the eluate (Fig.
2D), consistent with the results of Figure 2A. We subse-
quently performed an immunoprecipitation from the
Flag eluate for the PK-tagged PAF1C (Rtf1-PK). Whereas
the bulk of Ino80-Flag and Ddc2-HA was not recovered
with PAF1C (Supplemental Fig. S2B), prolonged exposure
of the Western blot of Rtf1-PK immunoprecipitation frac-
tions revealed that Ino80-Flag and Ddc2-HA were recov-
ered at levels well above the control (beads only) (Fig.
2D). Benzonase treatment, which degrades nucleic acids,
did not ablate the interaction, although the interaction
was slightly stabilized by the addition of ssDNA after ben-
zonase treatment (Supplemental Fig. S2C). To rule out any
risk of Flag epitope cross-reactivity, we used a third strain
that bears endogenously tagged Ino80-Myc, Ddc2-HA,
andLeo1-PK.Using anArp5-specific antibody to immuno-
precipitation fromthis cell extract,weprobed forMyc,HA,
and PK tags at the expectedmolecular weights. Indeed, all
complexes were found in an immunoprecipitation of the
INO80C subunit Arp5 (Fig. 2E), although Leo1-PK and
Ddc2-HAwere recovered less efficiently than INO80-Myc.

While there appears to be interaction between INO80C
with both Mec1–Ddc2 and PAF1C, it is not possible to
postulate a stable trimeric complex. Attempts to estimate
the size of higher-order complexes in the Flag immuno-
precipitation eluate by Superose 6 gel filtration column
suggest that both PAF1C (Rtf1-PK) and Mec1–Ddc2
(Ddc2-HA) elute as more than one higher-order structure,
each with some overlap with the broad elution profile
of INO80C, in fractions clearly distinct from the void
volume (Supplemental Fig. S2D, fractions 27–29 and
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21–23). We conclude that these complexes, which show
strong genetic interactions on HU, are capable of physical
interaction (Fig. 2C).

The INO80–Mec1–PAF1 complexes harbor multiple
phosphorylation sites

The interaction between these complexes is consistent
with existing data showing that multiple subunits of
INO80 (Ies4, Ies1, and Ino80) and the PAF1C subunit
Leo1 are phosphorylation targets of Mec1–Ddc2 on HU

(Hustedt et al. 2015). In addition, the ATPase subunit it-
self, Ino80, is phosphorylated at residue Ser115 by Rad53
(Fig. 3A; Supplemental Table S3; Bastos de Oliveira et al.
2015). We performed an additional phosphoproteomic
analysis to compare modification states between wild-
type and rad53Δsml1Δ cells and found that Arp8 in
INO80C and Ctr9 in PAF1C are phosphorylated by
Rad53 upon exposure to HU as well (Supplemental Table
S4). Intriguingly, other phospho-acceptor sites increase,
rather than decrease, in the absence of Rad53 on HU (Sup-
plemental Table S4), whichmay reflect the elevated levels

Figure 2. A subset of INO80C interacts with Mec1–Ddc2 and PAF1C. (A) Yeast strain GA8791 was used for the purification of Flag-
INO80C, followed by Ni-NTA column chromatography. A subset of INO80C coeluted with 6xHis-tagged Mec1 from Ni-NTA, and the
final elution contained Mec1–Ddc2 and the complete PAF1C as confirmed by MS. (B) A lysine-specific cross-link interaction map of
the fraction containing all three complexes. Light-green lines indicate interprotein cross-links similar to those found in a previous
INO80C cross-link map (Tosi et al. 2013). Black (intracomplex) and red (intercomplex) lines show new cross-links found in this study
(see Supplemental Table S2). (C ) Schematic model of PAF1C and Mec1–Ddc2 association with INO80C based on intercomplex cross-
links. Intra-INO80C contacts may point toward a compact conformation or slightly altered location of the Arp5–Ies6 module. (D)
Ino80-Flag purification of a cell extract containing epitope-tagged Ino80-Flag, Ddc2-HA, and Rtf1-PK. Subsequent purification with a
PK antibody (V5) contains Ino80-Flag and Ddc2-HA (vs. beads-only control). Western blots for Flag and HA after PK immunoprecipitation
were exposed longer than the corresponding PK Western blot. (E) Alternative coimmunoprecipitation to test the interaction between
INO80C, PAF1C, and Mec1–Ddc2 using an Arp5 antibody. Signals over background can be detected for Ino80-MYC, Rtf1-PK, and
Ddc2-HA in an Arp5 pull-down compared with a beads only control.
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of fork-associated damage that occur in the absence of
Rad53, which in turn increasesMec1 and/or Tel1 activity.

To validate these phosphoproteomic findings, we tested
whether INO80C subunits are modified in vitro by the
copurifying Mec1–Ddc2 complex (Mallory and Petes
2000). We incubated the INO80C–Mec1 fraction isolated
by Flag tag purification with γ-32P-ATP in the presence
or absence of caffeine. Analysis by SDS-PAGE and radiog-
raphy indicates that bands comigrating withMec1, Ino80,
Ddc2, and Ies4—bona fide targets of Mec1–Ddc2 (Paciotti
et al. 2000; Hustedt et al. 2015)—incorporate 32P in
a caffeine-sensitive manner (Fig. 3B). MS confirmed caf-
feine-sensitive enrichment for SQ/TQ acceptor sites on

Mec1 (Ser38), Ino80 (Ser51, Thr568), and Ies4 (Ser2) after
incubation with ATP (Fig. 3B, labeled in red). The other
bands incorporating γ-32P in a caffeine-sensitive manner
in the complex could not be unambiguously assigned
based on migration alone (Fig. 3B) but appear to corre-
spond to Arp5, Arp8, or Ies2. We also confirmed that sub-
units of PAF1C are specifically modified by Mec1–Ddc2
by incubating Mec1 recovered by immunoprecipitation
with PAF1C isolated from yeast. Besides the kinase sub-
units themselves, Rtf1, Leo1, and Paf1 appear to acquire
caffeine-sensitive modification (Fig. 3C). Finally, the puri-
fied INO80C, PAF1C, Mec1–Ddc2 fraction was shown
to retain caffeine-sensitive kinase activity for a well-

Figure 3. PAF1C and INO80C are phosphorylated by the DRC kinases upon replicative stress. (A) Phosphopeptides identified in either
PAF1C or INO80C subunits under replicative stress (HU or MMS) from two recent phosphoproteomic studies (Bastos de Oliveira et al.
2015; Hustedt et al. 2015). Phosphorylation sites include SQ sites, notably in Ies4 (INO80C) and Leo1 (PAF1C) (see Supplemental Table
S3). Mec1- and Rad53-dependent phosphorylation on HU is indicated. (B) In vitro Mec1 kinase assay using 32P on purified INO80C sub-
units identified bymolecular weights (see Fig. 2). TheNi-NTA elution of purifiedMec1–Ddc2, INO80C, and PAF1Cwas incubated in the
presence of γ-32P-ATPwith orwithout 30mMcaffeine for 30min at 30°C. In a separate experiment,MS analysis allowed the identification
of Mec1, Ino80, and Ies4 caffeine-dependent phosphopeptides (shown in red) after the kinase assay. (C ) In vitro Mec1 kinase assay on pu-
rified PAF1C. Myc-tagged Mec1 was immunoprecipitated and incubated alone or with purified PAF1C as in B. Light (LC) and heavy (HC)
IgG chains are indicated.
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characterized Mec1–Ddc2 target peptide, PHAS-1 (Sup-
plemental Fig. S2E;Mallory and Petes 2000). We conclude
not only that INO80C and PAF1C are modified in re-
sponse to replication stress but that multiple subunits
are modified by Mec1–Ddc2 in vitro. However, given the
multiplicity of phosphoacceptor sites, it is difficult to as-
certain the functional relevance of such modifications.

Paf1 promotes replication under HU-induced stress

Whereas our initial analysis detected strong genetic inter-
actions necessary for the survival of replication stress be-
tween null alleles of single subunits of these three
complexes, strains lacking only Leo1, Rtf1, or Cdc73 did
not show significant sensitivity to 5 or 10 mM HU (Fig.
1B). To see whether this insensitivity reflected the degree
of stress imposed, we checked the growth of these three
individual mutants along with paf1Δ on plates containing
either 50mMHUor 0.01%MMS.At higher levels of dam-
age, deletion of any single subunit of the RNAPII-associat-
ed factor PAF1C indeed sensitized cells to replication
stress (Fig. 4A).
Given that Mec1 and INO80C not only are required for

the survival of chronic exposure toHUbut also contribute
to replication fork progression after brief exposure to
acute levels of HU (Branzei and Foiani 2010; Gerhold
et al. 2015), we examined whether this was also true for
PAF1C. We compared the resumption of replication in
paf1Δ andmec1-100mutants by FACS following a 2-h ex-
posure to 0.2 M HU. Although wild-type cells resumed
replication and fully duplicated their genomes by 75
min after HU removal, paf1Δ cells showed a severe delay
in the recovery process, much like the mec1-100 mutant
(Fig. 4B). To confirm that this delay in replication was
due to impaired fork progression, wemonitoredDNA syn-
thesis at the level of individual replication forks using
DNA combing (Fig. 4C). Consistent with the FACS analy-
sis, we found that replication forks synthesize shorter
stretches in paf1Δ versus wild-type cells in both early
S phase (90 min in HU; 12 vs. 13 kb) (Fig. 4D,E) and mid-S
phase (180min inHU; 25.5 kb vs. 32.5 kb) (Fig. 4D,E). Tak-
en together, this confirms that PAF1C itself impacts repli-
cation fork progression in the face of replication stress.

PAF1C is removed from chromatin upon HU treatment
in a Mec1-dependent manner

To account for this surprising effect of an RNAPII cofactor
on DNA polymerase progression, we first asked whether
PAF1C relocates to replication sites in HU-treated cells,
aswas observed for Sen1 (Alzu et al. 2012). However, using
ChIP-qPCR (chromatin immunoprecipitaton [ChIP] com-
bined with quantitative PCR [qPCR]), we could not detect
any significant enrichment of PAF1C at stalled forks,
whether at early firing origins (ARS305 and 306) or late fir-
ing origins (ARS809 and ARS911) (Supplemental Fig.
S3G). Previous work demonstrated that PAF1C associates
with the elongating RNAPII in asynchronously growing
cells (Wade et al. 1996), dropping off upstream of the poly-
adenylation site (Mayer et al. 2010), yet no one had

tracked PAF1C in cells synchronously enduring replica-
tive stress. Therefore, we examined the chromatin associ-
ation of PAF1C in cells synchronized in G1 with those
released into early S phase on HU using ChIP-qPCR at
two loci known to bind PAF1C in asynchronous condi-
tions. ChIP for the PAF1C subunit Leo1 showed that a sur-
prisingly large fraction of PAF1C was lost from PYK1 and
YEF3 genes after HU treatment in wild-type cells (Fig. 4F).
As phosphorylation of Leo1 is deficient in a mec1-100
strain (Hustedt et al. 2015), we tested whether the mec1-
100 allele affects PAF1C eviction by ChIP-qPCR for
Leo1 in G1 and HU, comparing wild-type and mec1-100
cells. We found that Leo1 removal was compromised in
mec1-100 cells, suggesting that its release from chromatin
requires an S-phase-specific function of Mec1 (Fig. 4F).
This correlates with a mec1-100-sensitive phosphoryla-
tion event in Leo1 on HU (Hustedt et al. 2015).

RNAPII disengages from chromatin during HU-induced
replicative stress

Transcription is known to hinder the progression of repli-
cation forks (Felipe-Abrio et al. 2015), and this might be
further enhanced when replication forks reduce speed or
are unable to progress in the absence of a functional DRC
(Poli et al. 2012). Since PAF1C disengages from chromatin
upon HU treatment, we reasoned that the transcription
machinery itself may also be removed from chromatin.
To address this possibility, we performed chromatin frac-
tionation (Fig. 5A) to measure the global level of RNAPII
associated to chromatin in synchronized wild-type cells
exposed to HU. When compared with the level detected
in G1-phase cells, we found that the level of RNAPII on
chromatin is reduced to 55% (Fig. 5B,D). In order to accom-
modate variations in RNAPII levels that might arise from
the cell cycle (G1 vs. S phase), we compared RNAPII levels
in α-factor-arrested cells (G1) with an early time point in
S phase without HU (released for 20 min). In unperturbed
S-phase cells, on the other hand, we observed that level
of chromatin-bound RNAPII increases over that in G1
(Supplemental Fig. S3A,B). Thus, we conclude that RNA-
PII is selectively evicted from chromatin when S-phase
cells are exposed to replication stress. Finally, using specif-
ic phospho-antibodies, we checked whether the initiating
(Rpb1 Ser5-P) or elongating (Rpb1 Ser2-P) form of RNAPII
was preferentially evicted from chromatin upon HU-in-
duced stress. Only the initiating RNAPII (Ser5-P) seems
to be evicted from chromatin on HU (Supplemental Fig.
S3B,C), consistent with the fact that INO80C preferential-
ly binds near sites of transcriptional initiation (Shimada
et al. 2008) and the fact that the steady-state levels of
mRNA of the loci tested do not change as a reflection of
this eviction event (Supplemental Fig. S4I).

RNAPII eviction from chromatin during replication
stress depends on Mec1

Given that Mec1 was required for PAF1C removal from
chromatin during HU-induced stress (Fig. 4), we next test-
ed whether Mec1 is required for RNAPII eviction. We
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Figure 4. PAF1Cpromotes replication underHU-induced replication stress. (A) A defined number of exponentially growing cells (fivefold
dilutions) was spotted on YPD or YPD plates containing the indicated dose of HU. (B) Flow cytometry analysis of DNA content. Asyn-
chronous cells were treated for 2 hwith 200mMHU.AfterHU removal, recovery from replication stresswasmonitored (time inminutes).
(C,D) Analysis of replication fork progression at the single-molecule level byDNAcombing. (C ) Schematic of the experimental procedure:
Exponentially growing cells were synchronized in G1 with α factor and released in S phase in the presence of 200 mM HU. Newly repli-
cated DNAwas labeled with BrdU for 90 and 180 min. (D) Representative images of DNA fibers are presented. (Green) BrdU; (red) DNA;
(gray) BrdU tracks only. Bar, 10 kb. (E) The graph depicts the distribution of BrdU track lengths. Box and whiskers indicate 25th–75th and
10th–90th percentiles, respectively. Median BrdU track length is indicated in kilobases. Asterisks indicate the P-value of the statistical
test (Mann-Whitney rank sum t-test). (∗∗) P-value < 0.01. (F ) ChIP-qPCR (chromatin immunoprecipitaton [ChIP] combined with quanti-
tative PCR [qPCR]) was performed on Leo1-3PK (PAF1C subunit) in G1 and after 60 min in S phase +0.2 M HU. Leo1 enrichment was
quantified at two loci (PYK1 and YEF3). Data are expressed as fold enrichment. Error bars represent SEM of two individual experiments.
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Figure 5. RNAPII is rapidly removed from chromatin following HU treatment in S phase. (A–D) RNAPII association to chromatin was
analyzed using chromatin fractionation. (A) Schematic of the experimental procedure: Exponentially growing cells were synchronized in
G1with α factor and released for 60min in S phase in the presence of 200mMHU. (T) Total protein extracts; (S) soluble proteins; (C) chro-
matin-associated proteins. (B,C ) Fractions were subjected to SDS-PAGE followed by immunoblotting with anti-Rpb1-CTD (RNAPII),
anti-Mcm2, and anti-tubulin (Tub1) antibodies. Mcm2 was used as a loading control for chromatin, whereas Tub1 was used as a loading
control for total protein. (D) Quantification of Rpb1 retained on chromatin after HU treatment, expressed as a percentage over the starting
level in G1 (dotted line). Error bars represent SD of at least two individual experiments for each mutant. (E–H) RNAPII retention on chro-
matin in HUwas assessed by ChIP-qPCR bymeasuring the level of Rpb1 both in G1 and after 60 min in S phase +0.2MHU. Rpb1 enrich-
ment was quantified at two loci: PYK1 (E) and YEF3 (G). Data are expressed as a percentage of input. Error bars represent SEM of three
individual experiments. (F,H) Graphs depict the mean percentage of Rpb1 kept on chromatin after HU treatment, calculated as a ratio
HU/G1 level derived from the mean ChIP-qPCR values.
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monitored chromatin-bound RNAPII in G1-arrested
versus HU-arrested S-phase cells lacking theMec1 check-
point kinase (Fig. 5C,D). Indeed, whereas RNAPII eviction
was∼45% inwild-type cells, we scored only 13% eviction
in isogenic mec1Δsml1Δ cells. The mec1Δ strain depends
on SML1 deletion for viability; thus, as a control, we
checked for RNAPII removal in response to HU in a
sml1Δ strain. An isogenic sml1Δ strain resembled the
wild-type cells for RNAPII eviction from chromatin
upon exposure to HU (Fig. 5C,D). To discriminate be-
tween a direct role of Mec1 and the involvement of down-
stream effectors of the DRC, we assessed RNAPII levels
after HU treatment in a rad53Δsml1Δ strain. Interesting-
ly, RNAPII eviction occurs in the absence of Rad53 (Sup-
plemental Fig. S3E). We conclude that Mec1, and not the
downstream DRC, controls RNAPII removal.

PAF1C and INO80C contribute to HU-dependent
RNAPII removal

Because Mec1–Ddc2 directly and specifically modifies
PAF1C and INO80C subunits on HU, exhibits negative
genetic interactions, and coimmunoprecipitates with
both complexes, we reasoned that PAF1C and INO80C
might also control RNAPII engagement, thereby increas-
ing tolerance of replication stress by reducing replication
fork collision with active transcription. To test this, chro-
matin fractionation was used to measure RNAPII levels
after exposure to HU in paf1Δ and arp8Δ strains. Similar
to the results obtained for mec1Δsml1Δ, both paf1Δ and
arp8Δ mutants failed to reduce the level of chromatin-
associated RNAPII after the induction of replicative stress
(10% RNAPII eviction in arp8Δ vs. 13% and 4% in
mec1Δsml1Δ and paf1Δ strains, respectively) (Fig. 5B,D).
Since paf1Δ cells exhibit a delay in the activation of
Rad53 upon HU treatment (Supplemental Fig. S3F), we
confirmed the RNAPII eviction defect in cdc73Δ, another
mutant of the PAF1C that does not interfere with Rad53
phosphorylation in HU (Supplemental Fig. S3D–F).
Thus, the PAF1C effect is not due to indirect ablation of
the DRC. It is also possible that the PAF1C leads indirect-
ly to RNAPII eviction by promoting expression of an HU-
induced factor. We therefore scored RNAPII eviction in
wild-type cells unable to synthesize new proteins by treat-
ing them with cycloheximide. HU-induced RNAPII re-
moval occurs identically in the absence of de novo
protein synthesis (Supplemental Fig. S3E,D), supporting
the notion that PAF1C acts directly in the eviction pro-
cess. Taken together, our data argue that the HU-induced
removal of RNAPII from chromatin depends on not only
Mec1 but also two of its substrates: PAF1C and INO80C.

RNAPII eviction at sites of transcription–replication
interference

To determinewhether RNAPII eviction during replicative
stress is general or due to specific fork–RNAPII collision,
we measured RNAPII at various sites of replication–tran-
scription interference by ChIP-qPCR. We first examined
several highly transcribed loci that are known to bind

PAF1C (Mayer et al. 2010) and sit close to early and effi-
cient origins of replication. PYK1 andYEF3 have a codirec-
tional configuration for transcription and replication
polymerasemovement, while PDC1 and snR13 transcribe
into the fork. Using available BrdU-IP–chip maps (Poli
et al. 2012), wewere able to precisely position the distance
covered by individual replication forks at the studied
loci (Supplemental Fig. S4A–H). While PDC1, PYK1,
and snR13-TRS31 are fully replicated, YEF3 is located
∼10 kb from the replication machinery after 60 min in
HU (Supplemental Fig. S4B). Using RT-qPCR, we con-
firmed that these loci do not show cell cycle or HU
stress-induced changes in steady-statemRNA levels (Sup-
plementalFig. S4I),unlikegenesthatarespecificallydown-
regulated in S phase, like FUS1 (Supplemental Fig. S5I).

Quantitative ChIP-qPCR allowed us to compare the
amount of RNAPII engaged at these loci in G1 as com-
pared with the level after 60 min on HU. In a wild-type
strain, we scored an∼75%decrease of RNAPII association
at PYK1, PDC1, and snR13-TRS31 and a 60%drop atYEF3
even though this gene is not yet replicated at the time
point analyzed (Fig. 5E–H; Supplemental Fig. S4). Given
that RNAPII levels were reduced at a locus prior to
its replication, we extended our analysis to other loci
with the aim of discriminating between a cis effect medi-
ated by direct collision with the replication machinery
and a global effect generated by the replication stress.
First, we could exclude that all loci show a similar drop
in RNAPII: We did not observe any change in RNAPII lev-
el at MUP1, a gene located far away from any replication
forks and whose transcription is not affected by the
HU treatment (Supplemental Figs. S4, S5E,I). For a locus
that is specifically repressed by the HU treatment,
FUS1, we could not detect RNAPII at all (Supplemental
Figs. S4, S5H,I). In contrast, we detected de novo recruit-
ment of RNAPII at RNR4, a highly HU-induced gene lo-
calized far from replication sites (Supplemental Figs. S4,
S5F,I). Collectively, these data support the view that
HU-induced replicative stress does not lead to a global re-
moval of RNAPII, consistent with the fact that some
genes are actually induced by such stress. The effect oc-
curs primarily at genes that have encountered the replica-
tion machinery, yet it seems to propagate to some nearby
loci (e.g., YEF3).

To examine further this notion of propagation to genes
near predicted sites of replication fork–RNAPII collision,
we chose two genes—BAP2 and HIS4—that are found
close to replication forks (1 and 1.1 kb, respectively) (Sup-
plemental Fig. S4G,H) but are not yet replicated after
60 min on HU, much like YEF3. We detected a drop in
RNAPII levels at BAP2, much like YEF3, but not at
HIS4 (Supplemental Fig. S5G,H). This may reflect the ef-
ficiency of firing of the nearby origin, the efficiency of
transcription, or the specific character of the transcription
factors bound at this promoter. Indeed, HIS4 transcripts
are at least fivefold lower than those of the other loci (Sup-
plemental Fig. S5I). These results argue that RNAPII re-
moval occurs in cis at sites at which transcription and
replication machineries collide but also suggest that it
can propagate to a subset of nearby loci.
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Mec1 and PAF1C are required to evict RNAPII at sites
of replication fork collision

We next tested how Mec1, PAF1C, or INO80C contrib-
utes to RNAPII removal at these specific loci. Consistent
with our previous results, paf1Δ cells failed to evict
RNAPII on HU at PYK1 (Fig. 5E,F), YEF3 (Fig. 5G,H),
PDC1 (Supplemental Fig. S5A,B), and, to a lesser extent,
snR13-TRS31 (Supplemental Fig. S5C,D). Surprisingly,
we did not detect differences between arp8Δ and wild-
type cells at the four loci tested (Fig. 5E–H; Supplemental
Fig. S5A–D), although we did detect compromised evic-
tion on a global level in arp8Δ cells (Fig. 5B,D). This may
indicate that INO80C functions only at a subset of tran-
scribed loci or within a specific genomic context.
OurChIPanalysis showed that loss ofMec1compromis-

es the removalofRNAPII atPYK1 andYEF3 (Fig. 5E–H)but
not at PDC1 and snR13-TRS31 (Supplemental Fig. S5A–

D). Interestingly, both PYK1 and YEF3 are transcribed in
the same direction as the replication fork, while PDC1
and snR13-TRS31 are transcribed against the fork. Intrigu-
ingly, previous work implicated Sen1 specifically in the
maintenance of replication fork stability only in this latter
configuration (Alzu et al. 2012). We note that cells bearing
themec1-100 allele, like rad53Δsml1Δ or sml1Δ alone, are
still able to remove RNAPII on HU at these specific loci
(Supplemental Fig. S6). This is not surprising, given that
mec1-100 retains catalytic activity and primarily compro-
mises Rad53 activation during the DRC. Our data argue
that Mec1 plays a direct role in RNAPII eviction during
replicative stress when transcription and replication are
codirectional.

RNAPII is degraded upon HU-induced
replication stress

Stalled RNAPII after UV irradiation is actively degraded
by the transcription-coupled nucleotide excision repair
(TC-NER) machinery (Somesh et al. 2005). Since tran-
scription–replication conflicts are likely to stall both ma-
chineries, we reasoned that RNAPII degradation could be
responsible for the reduced levels of RNAPII found on
transcribed genes that encounter replication forks. To
test this hypothesis, we monitored the total level of
Rpb1 in a time-course experiment using wild-type cells
synchronized in G1 and then released into a replication-
stressed S phase. Total levels of Rpb1were rapidly and sig-
nificantly reduced after the release from α factor into me-
dium containing HU, dropping to ∼65% of the G1 level
(Fig. 6A,B) at a population scale. We could also provoke
Rpb1 degradation by directly treating asynchronously
growing wild-type cells with 0.2M HU, although, as ex-
pected, the response occurs less synchronously (Supple-
mental Fig. S7A). To rule out an alternative effect of HU
(other than replication fork progression), we treated cells
blocked in G1 with HU. As expected, HU in the absence
of replication did not reduce total levels of RNAPII (Sup-
plemental Fig. S7B,C), allowing us to conclude that repli-
cation itself is required for the observed reduction in
RNAPII levels.

It has recently been proposed that damage-stalled
RNAPII is stably associated to chromatin and requires
both INO80 and the proteasome to be removed from the
DNA template (Lafon et al. 2015). To investigate whether
the RNAPII degradation that we scored upon replicative
stress is proteasome-mediated, we measured RNAPII as-
sociation to chromatin after HU treatment in a pre1-1
pre2-2 strain, which has severe defects in the 26S-mediat-
ed proteolysis. Interestingly, in cells lacking a functional
proteasome machinery, RNAPII removal from chromatin
is inhibited (Fig. 6C). This suggests that RNAPII removal
and degradation during replicative stress are coupled.
Finally, we sought to confirm our population-based re-

sults for RNAPII degradation on a single-cell level by
using high-resolution microscopy to follow the intensity
of both RNAPII (Rpb1-eGFP) and PAF1C (Paf1-Ruby2)
during exposure to HU. Consistent with Western blot
analysis, we show that Rpb1 levels in individual cells pro-
gressively decrease as cells endure HU-induced replica-
tion stress, reaching ∼65% of the G1 level after 150 min
in HU (Fig. 6D,E). Again, Rpb1 degradation does not hap-
pen in G1-phase cells treated with HU (Fig. 6E). Unlike
Rpb1, Paf1 levels do not decrease significantly upon HU-
induced replicative stress (Fig. 6F).
Based on the observation that eviction and degradation

of RNAPII are coupled upon HU treatment and the fact
that both Mec1 and INO80 deal with damage-stalled
RNAPII (Taschner et al. 2010; Lafon et al. 2015), we next
checked whether Mec1 was required for RNAPII degrada-
tionuponHUtreatment. Indeed, consistentwith its role in
RNAPII removal, Mec1 was also required for degradation
of RNAPII in HU (Fig. 6A,B; Supplemental Fig. S7A), al-
though the mec1-100 did not compromise RNAPII degra-
dation (Supplemental Fig. S6I,J). Finally, we also checked
whether RNAPII degradation requires PAF1C or INO80C
integrity. Again, both the paf1Δ and arp8Δ mutants com-
promised RNAPII degradation on HU (Fig. 6A,B). Thus, a
fraction of RNAPII is degraded specifically in S-phase cells
undergoing replication stress through a pathway that de-
pends on Mec1, PAF1C, and INO80C.

Degradation of RNAPII on HU differs from UV-induced
degradation

In the presence of UV-inducedDNAdamage, RNAPII deg-
radation is a last-resort mechanism for survival, induced
by Def1 through polyubiquitination and counteracted
by Rad26/CSB (Gaillard and Aguilera 2013). Deleting
RAD26 in a def1Δ strain restores normal degradation of
RNAPII in response to UV (Woudstra et al. 2002) and par-
tially rescues mec1Δsml1Δ sensitivity to UV (Taschner
et al. 2010). To determine whether there is overlap be-
tween the Mec1–PAF1C–INO80C eviction that we ob-
served on HU and the Mec1–Rad26–Def1 pathway on
UV, we first screened for genetic synergy or epistasis be-
tween mec1Δsml1Δ, paf1Δ, or arp8Δ with rad26Δ under
chronic exposure to HU. The growth of rad26Δ cells on
HU was indistinguishable from that of wild-type cells
(Supplemental Fig. S7D), and there was no synergy or sup-
pression of HU sensitivity when rad26Δwas coupledwith

Mec1–PAF1–INO80 evict RNAPII at stalled forks

GENES & DEVELOPMENT 347



Figure 6. HU-induced degradation of RNAPII requires a functional DRC, INO80C, and PAF1C and does not involve TC-NER. Exponen-
tially growing cells were synchronized in G1with α factor and released in S phase in the presence of 0.2MHU. (A–C,G,H) Protein extracts
were collected at the indicated times (in minutes) as either total protein (A,B,G,H) or cellular fractions (C ). (T) Total proteins; (S) soluble
proteins; (C) chromatin-associated proteins. Proteins were subjected to SDS-PAGE followed by immunoblotting with the indicated anti-
bodies. Tub1 and Mcm2 were used as a loading control for total protein and chromatin fraction, respectively. (B,G) Quantitation of total
Rpb1afterHUtreatment, expressedasapercentageover thestarting level inG1 (black line).Errorbars representSDofat least twoindividual
experiments for each strain. (C ) Quantitation of Rpb1 retained on chromatin after HU treatment. (D–F). Live single-cell analysis of Rpb1-
EGFP and Paf1-Ruby2 intensities in eitherG1 +HUor S phase +HU. (D) Representative images of yeast cells at the indicated time. (Green)
Rpb1-EGFP; (red) Paf1-Ruby2. Bar, 2 μm. (E,F) Quantitation of Rpb1 and Paf1 fluorescence intensities, as indicated, measured on the same
set of cells expressed as percentage over the G1 level (T0). Error bars are expressed as SEM (62 and 24 measurements on individual cells,
respectively, for S +HU andG1 +HU). (G,H) Quantitation of total Rpb1 levels in paf1Δ, rad26Δ, and paf1Δrad26Δ upon release in S phase
+ 0.2 MHU.

Poli et al.

348 GENES & DEVELOPMENT



the othermutations. On the other hand, as expected, there
was a partial rescue of mec1Δsml1Δ sensitivity to UV ex-
posure by rad26Δ (Supplemental Fig. S7D). Given that nei-
ther the UV nor the HU sensitivity of paf1Δ or arp8Δ
strains was alleviated by combining the mutation with
rad26Δ (Supplemental Fig. S7D), we conclude that RNA-
PII degradation on HU is most likely distinct from the
Rad26–Def1 pathway on UV (Fig. 6G,H), although there
may be cross-talk on some level.

Discussion

Recent studies highlight the importance of coordinating
transcription and replicationmachineries in S-phase cells.
Multiple pathways ranging fromRNAprocessing and tran-
scriptional termination to specific helicases that remove
DNA–RNA hybrids (Brambati et al. 2015) facilitate repli-
cation fork progression and promote genome stability. A
recent report identified RNAPII itself as a dual-function
factor that can block the progression of replication forks
and favor replication restart, albeit by an unknownmech-
anism (Felipe-Abrio et al. 2015). Interestingly,Mec1–Ddc2
(ATR–ATRIP) was reported to help release actively tran-
scribed genes from the nuclear periphery in order to limit
topological impediments thatmight stall replication forks
(Bermejo et al. 2011). On the other hand, no mechanism
has been described to date for removal of the transcription
machinery from DNA that is being replicated.
Here, we show that RNAPII is quickly evicted and de-

graded in response to HU-induced replication stress in a
manner that requires the RNAPII-associated complex
PAF1 and the activity of Mec1 kinase (Fig. 7). This seems
not to reflect a global shutdown of transcription but rather
a local event that is controlled by activation of fork-asso-
ciated Mec1–Ddc2. RNAPII eviction is also dependent on
INO80C; the loss of INO80C integrity is synthetic-lethal
on HU with mec1 or paf1 mutations (Fig. 1). INO80C
has been shown to travel with the replication fork and
facilitate replication fork restart after stalling (Papami-
chos-Chronakis and Peterson 2008; Shimada et al. 2008),
yet it also maps to +1 nucleosomes at the transcription
start site of many genes (Yen et al. 2013). Here we found
INO80C implicated in eviction of RNAPII upon replica-

tion stress. It acts additivelywith PAF1C andMec1 kinase
to promote cell survival on HU (Fig. 7). One way to
achieve this cooperativity is by phosphorylating subunits
of PAF1C and INO80C as part of the DRC. We note that
although some subunits are targeted by other kinases,
Mec1–Ddc2 does phosphorylate subunits of both com-
plexes, and all three complexes influence the RNAPII
eviction that wemonitored on HU. The role of this mech-
anism may be to clear away RNAPII to allow replication
fork restart after fork–RNAPII collision.

Sites of replication fork–transcription collision show
RNAPII eviction

Recently, an elegant study demonstrated that most DSBs
in HU-stressed wild-type cells map to active replication
origins that fire near highly transcribed genes (Hoffman
et al. 2015). Consistent with our observations, mec1 mu-
tants exhibited an increased number of DSBs in the pres-
ence of HU compared with wild-type cells, probably
reflecting the activation of late firing origins and the sub-
sequent increase of replication–transcription conflicts.
Among the high-frequency DSBs generated in the absence
ofMec1were breaksmapped in close proximity to the loci
ARS106-PYK1 and ARS1219-YEF3, the two loci at which
we scoredMec1-dependent removal of RNAPII. Thus, one
role of the DRC may be to prevent replication fork col-
lapse or DSBs by promoting the removal of RNAPII where
transcription and replication forks are likely to collide.
The loci at which we monitored this phenomenon are
very close to origins of replication and either have been
replicated or will soon be by 2 h on HU (Supplemental
Fig. S4). This mechanism could account for the loss of vi-
ability observed in strains that are mutated for individual
components of these complexes and the additivity ob-
served when such mutants are combined (Fig. 1). The
pathway is summarized in Figure 7.
The degradation of RNAPII that we detected on HU is

reminiscent of the UV damage-induced degradation of
stalled RNAPII (Gaillard and Aguilera 2013). In this latter
phenomenon, Def1 promotes RNAPII degradation by
ubiquitination, whereas the TC-NER factor Rad26/CSB
inhibits this degradation (Gaillard and Aguilera 2013).

Figure 7. Schematic description of replication stress-in-
duced removal and degradation of the transcriptionalma-
chinery at stalled forks mediated through Mec1–Ddc2,
INO80C, and PAF1C. Upon HU-induced replication
stress, Mec1–Ddc2 is activated by ssDNA. The kinase
may modify RNAPII cofactor PAF1C and/or INO80C,
both of which will be present on promoters of transcrib-
ing genes. Proximity to the fork-associated checkpoint
kinase may activate the eviction of RNAPII-Ser5P and
PAF1C, facilitated by INO80C at some promoters. RNA-
PII is then degraded by the proteasome near the site of
collision or after eviction from chromatin. The system
appears to preferentially act at genes transcribed in the
same direction as the fork, and Mec1 effects may propa-
gate slightly ahead of the fork.
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Interestingly, in theabsenceofbothRad26andDef1,RNA-
PII degradation regains wild-type kinetics, suggesting the
involvement of other pathways that ensure survival
(Woudstra et al. 2002). Although it has been reported that
Mec1 promotes TC-NER activation after UV treatment
by phosphorylating Rad26 (Taschner et al. 2010), rad26Δ
neither enhances RNAPII degradation nor increases sensi-
tivity to HU by drop assays (Supplemental Fig. S7D). Fur-
thermore, we did not see an increase, but rather a
reproducible drop, in the efficiency of RNAPII degradation
on HU in rad26Δ cells on HU when compared with wild-
type strains. Consistently, there was no rescue observed
for double mutants in which rad26Δ is combined with ei-
ther themec1Δ, paf1Δ, or arp8Δmutation.

A further argument for the independence of these path-
ways is that RAD26 ablation in a paf1Δ mutant does not
rescue the RNAPII degradation defect on HU. Thus, the
TC-NER pathway appears to be distinct from the evic-
tion of RNAPII machinery in the context of replication
fork stalling. Moreover, the eviction provoked by tran-
scription–replication fork interference is an immediate re-
sponse, with RNAPII being degraded rapidly (15 min after
release intoHU,with a peak at 30min), whileUV-induced
degradation ismuch slower (Harreman et al. 2009).We did
see an effect of rad26 deletion on a paf1Δ strain treated
with HU, in that the accumulation of RNAPII that occurs
after long periods of incubation is reduced (Fig. 6; Supple-
mental Fig. S7A).

Although transcription–replication interference may
also occur during progression through a normal S phase,
there was no global reduction of chromatin-bound Rpb1
in an unperturbed population of S-phase cells. This is con-
sistent with the fact that Mec1 modifies largely different
sets of proteins in unperturbed S-phase cells than it does
in S-phase cells under stress (Hoch et al. 2013; Bastos de
Oliveira et al. 2015). Whereas HU-induced removal of
RNAPII from chromatin requires Mec1, it does not re-
quire the downstream kinase Rad53/CHK2. This is rein-
forced by our observation that some phosphoacceptor
sites in INO80C and PAF1C subunits on HU are depen-
dent onMec1 but not Rad53 (Hustedt et al. 2015). Indeed,
bothMec1 and Rad53make distinct contributions toward
cell survival in the face of replicative stress (Hustedt et al.
2013). It remains to be seen whether modification by
checkpoint kinases alters the activity and/or function of
INO80C and PAF1C in this context.

A novel role for PAF1C in polymerase eviction

Our results indicate that PAF1C inactivation leads to de-
fects in replication fork progression and restart onHU that
are similar tomutations in INO80CorMec1 (Fig. 4). How-
ever, unlike INO80C, Mec1, and the termination factor
Sen1, which bind replication forks on HU (Shimada
et al. 2008; Alzu et al. 2012), there is no enrichment of
PAF1C at early or late origins. This suggests that PAF1C
is present at sites of transcription–replication interference
due to its interaction with the transcribing RNAPII.
Mec1-induced dissociation of PAF1C from the RNAPII
complex might help to remodel/destabilize the transcrip-

tion machinery, favoring Rbp1 removal from chromatin
and/or its degradation.

The requirement for INO80C to cope with HU stress
was associated with a defect in PCNA ubiquitination by
Rad18 and impaired Rad51-mediated restart of replication
(Falbo et al. 2009). On the other hand, INO80C is found at
ARS elements and may play a role in normal fork elonga-
tion through chromatin (Shimada et al. 2008). Our data
suggest that INO80C contributes to RNAPII eviction
and degradation following HU treatment and extend a
study that links INO80C to Cdc48 and the proteasome
for the removal of RNAPII from chromatin in the presence
of MMS (Lafon et al. 2015). Interestingly, DNA damage-
independent degradation of RNAPII seems to occur on
chromatin, since Cdc48 and several subunits of the pro-
teasome are recruited to transcribed genes (Verma et al.
2011; Karakasili et al. 2015). Our data argue that RNAPII
eviction and degradation that we observed on HU are cou-
pled, sincewe could not observe a reduction of chromatin-
associated RNAPII in a pre1-1 pre2-2 proteasomemutant.
Still, it remains to be addressed whether RNAPII is first
evicted and then degraded or whether RNAPII degrada-
tion happens directly at chromatin sites of fork stalling.

Much like FACT, a chromatin remodeler that also re-
duces R-loop formation to enable replication fork progres-
sion through transcribed regions (Herrera-Moyano et al.
2014), INO80C was reported to limit the abundance of
spurious and unstable noncoding RNA transcripts (Alcid
and Tsukiyama 2014). This may be related to the RNAPII
eviction that we scored on HU. In cells lacking INO80C,
R-loop accumulation is expected to increase, which
would aggravate replication problems incurred by the
presence of HU. Although the number of specific loci
studied here is small,Mec1-dependent removal of RNAPII
was not observed at two loci that are predicted to generate
head-on collisions, in contrast to Sen1, which appears to
act only at such sites (Alzu et al. 2012). Rather, Mec1 ef-
fects were observed at loci transcribed codirectionally
with the nearest replication fork. It has been observed
that head-on collisions are more detrimental to cell sur-
vival (Prado and Aguilera 2005). Thus, if Mec1 proves to
remove only codirectional RNAPII at the genome-wide
level, its ability to clean up these, but not head-on colli-
sions, might explain why these latter generatemore geno-
mic instability in wild-type cells.

Locus-specific RNAPII eviction on HU

Variability in the response to transcription–replication in-
terference may also be due to the set of transcription fac-
tors and specific features of the chromatin found at the
gene of interest. At the four loci tested by ChIP-qPCR,
RNAPII removal was not impaired in the INO80Cmutant
arp8Δ (Fig. 5; Supplemental Fig. S5), yet this may mean
that INO80C was not originally bound at these loci. Our
data do suggest that RNAPII removal is, to some extent,
locus-specific, although multiple pathways exist to re-
solve transcription–replication interference. The fact
that Mec1, PAF1C, and INO80C act at least partially on
nonoverlapping genomic loci is consistent with their
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synergistic effects on viability in double or triple mutants
on HU.
We detected for the first time interactions between

Mec1 and INO80C and between INO80C and PAF1C
and present evidence for larger complexes being formed
(Fig. 2). Most likely, Mec1–Ddc2 is brought to sites of
collision by the replication machinery, while PAF1C ac-
cumulates there due to transcribing RNAPII. INO80C re-
cruitment may be influenced in part by promoter-specific
factors.We note thatMec1 also forms a transient complex
with the SWI/SNF complex, which is another chromatin
remodeler implicated in both DSB repair and transcrip-
tional control (Kapoor et al. 2015). Transient interactions
such as these may be mediated by post-translational mod-
ifications, allowing rapid translation of signal cascades
into chromatin configurations. Future studies will be di-
rected toward elucidating the exact contribution made
by each complex and the impact of Mec1–Ddc2 on their
respective activities. It will also be important to deter-
mine the conservation of this pathway, which helps sup-
press the genome instability that arises from collisions
between transcription machinery/R loops and replication
forks.

Materials and methods

Yeast strains, cultures, and flow cytometry

All strains used are listed in Supplemental Table S1. YEPmedium
was supplemented with 2% glucose. MATa cells were synchro-
nized in G1 by adding 5 μg mL−1 α factor for 170 min at 25°C.
G1-blocked cells were released into S phase ± 0.2 MHU. Flow cy-
tometry samples were prepared as previously described (Haase
and Lew 1997). Data were acquired on a FACScalibur (Becton
Dickinson) and analyzed with Cell Quest software.

Fractionation, protein extracts, and Western blotting

Fractionationwas performed as previously described (Pasero et al.
1999). TCA precipitated protein extracts were resolved by SDS-
PAGE (criterion: TGX 4%–15%; Bio-Rad). Western blotting was
performed with a mouse monoclonal anti-Rpb1-CTD (8WG16;
Abcam, ab817), a mouse monoclonal anti-tubulin (Woods et al.
1989), and a goat polyclonal ant-Mcm2 (yN-19; Santa Cruz Bio-
technology, sc-6680). Total protein extracts were normalized for
tubulin, whereas chromatin fraction were normalized to Mcm2.
Blots were scanned with an ImageQuant LAS4000 Mini (GE
healthcare), and semiquantitative determination of protein level
was performed using ImageJ (Fiji) software.

RNAPII and Paf1 ChIP

ChIP-qPCR was performed as described in Katou et al. (2003) us-
ing anti-PK clone SV5-Pk1 (Serotec) and anti-Rpb1-CTD (8WG16;
Abcam, ab817) coupled to Dynabeads (Invitrogen; protein A and
sheep anti-mouse M280 IgG). For quantitative PCR, background
controls were determined using uncoupled Dynabeads, and en-
richment was normalized to chromatin input and transcription-
negative site. Primers are available on request.

DNA combing

DNAcombingwas performed as described (Bianco et al. 2012) us-
ing a mouse monoclonal anti-ssDNA (Chemicon, clone 16-19)

and a rat monoclonal anti-BrdU (Abcys, clone BU1/75). Images
were recorded on a Leica DM6000 microscope equipped with a
CoolSNAP HQ CCD camera (Roper Scientific) and were pro-
cessed as described (Bianco et al. 2012).

EMAP

The EMAP analysis was performed as described in Guenole et al.
(2013), and suppressive (not synergistic) effectswere elucidated in
Hustedt et al. (2015).

Endogenous purification of INO80–Mec1–PAF1 and XL-MS

A 6xHis tag was introduced after the coding region of MEC1 in
the background of a double-Flag-tagged INO80 (Shen et al.
2000), and the purification and cross-link studies are described
in the Supplemental Material.

Coimmunoprecipitation

Yeast strains were harvested in log phase, washed in HN0.5
(25 mM HEPES at pH 7.9, 500 mM NaCl, 10% [v/v] glycerol,
0.05% [v/v] NP40, 1 mM EDTA, 1 mM DTT), resuspended in
HN0.5 containing Complete protease inhibitor mix (Roche),
and disrupted with zirconia/silica beads (BioSpec) in a MP Fast-
Prep24. Immunoprecipitation was first performed using anti-
Flag M2 magnetic beads (Sigma, M8823). Beads were optionally
washed with at least 10× bead volume benzonase buffer (25 mM
HEPES at pH 7.9, 100 mM NaCl, 10% [v/v] glycerol, 0.05% [v/
v] NP40, 2 mM MgCl2, 1 mM DTT) and then treated for 30 min
with >1000 U of benzonase nuclease (Sigma). Beads were then
washed with at least 25× bead volume HN0.5 and then with
12× bead volume HN0.1 (25 mM HEPES at pH 7.9, 100 mM
NaCl, 10% [v/v] glycerol, 0.05% [v/v] NP40, 1 mM EDTA,
1 mMDTT). Ino80-Flag elution was performed with 4x bead vol-
umes of 200 ng/µL 3xFlag peptide (Sigma) in HN0.1. Flag elution
was incubated with either Dynabeads Prot G (Life Technologies)
coupled to anti-PK (V5) antibody (SM 1691, Acris) or uncoupled
beads as a control. Beads were washed with at least 30× bead vol-
ume HN0.1, and bound proteins were subjected to SDS-PAGE
and Western blotting with the same anti-Flag M2, anti-PK, or
anti-HA F7 (SC7392). Alternatively, immunoprecipitation was
performed with beads coupled to purified anti-Arp5 antibody
(Shimada et al. 2008) on extracts from cells lacking the Flag tag.

Purification of soluble PAF1C

Overnight culture of yeast strain GA-9524 with a TEV protease-
cleavable 9× PK tag was harvested, washed in HN0.5, resuspend-
ed inHN0.5 containingComplete protease inhibitormix (Roche),
and disrupted with zirconia/silica beads (BioSpec) in a MP
Fast-Prep24. Cell extract was incubated with anti-PK (V5) anti-
body (SM 1691; Acris) coupled to Dynabeads Prot G (Life Tech-
nologies). Beads were washed with at least 30× bead volume
HN0.5, and PAF1C was solubilized by overnight cleavage with
3 µg of TEV protease. TEV protease was removed via concentra-
tion of PAF1C in an Amicon centrifugal filter with 100 kDa of
MWCO.

Kinase assays and mass spectroscopic analysis
of phosphopeptides

The radioactive γ-32PATP kinase assay was performed as de-
scribed (Hustedt et al. 2015). Myc-tagged Mec1 was recovered
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by immunoprecipitation and titrated into a fixed amount of ac-
ceptor peptide PHAS-1 or incubated with purified PAF1C with
or without 30 mM caffeine for 30 min at 30°C. The Flag-purified
INO80C–Mec1–Ddc2 complex was added at ∼90, 45, and 12.5 ng
to the PHAS-1 substrate with γ-32P-ATP. 32P incorporation was
monitored by phosphorimaging. Identification of phosphopepti-
des was done as described previously (Hustedt et al. 2015).

Microscopy

Live microscopy used an Olympus IX81 microscope equipped
with a Yokogawa CSU-X1 scan head, an EM-CCD Cascade II
(Photometrics), a ASI MS-2000 Z-piezo stage, and a PlanApo
100×, 1.45 NA total internal reflection fluorescence microscope
oil objective. Fluorophores were excited at 561 nm (mCherry,
∼30 μW) and 491 (GFP, ∼75 μW). Bright-field images were ac-
quired using a CoolLED diode. Imagingwas performed in filtered,
nonautoclaved YPADusing anOnix CellAsicmicrofluidic cham-
ber to regulate cell synchronization in α factor and the release into
200mMHU. Time-lapse series (150min total) of 50 optical slices
per stack were acquired for 30 time points at intervals of 5 min,
with each slice being exposed for 30 msec per laser line. Images
were deconvolved usingHuygens Pro and channel-aligned. Lasers
were used for the 561 and 491 lines at 6% and 5%, respectively.
Bleaching did not occur in these conditions until 5 h.

Image analysis

Deconvolved imageswere analyzed as amerged stack in ICY.Nu-
clei were detected and segmented using HK means and active
contours and followed through the time series. The integrated nu-
clear intensity was calculated for each cell nucleus.
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