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SUMMARY

Stalling of RNA Polymerase II (RNAPII) on chro-
matin during transcriptional stress results in poly-
ubiquitination and degradation of the largest subunit
of RNAPII, Rpb1, by the ubiquitin proteasome sys-
tem (UPS). Here, we report that the ATP-dependent
chromatin remodeling complex INO80 is required
for turnover of chromatin-bound RNAPII in yeast.
INO80 interacts physically and functionally with
Cdc48/p97/VCP, a component of UPS required for
degradation of RNAPII. Cells lacking INO80 are
defective in Rpb1 degradation and accumulate
tightly bound ubiquitinated Rpb1 on chromatin.
INO80 forms a ternary complex with RNAPII and
Cdc48 and targets Rpb1 primed for degradation.
The function of INO80 in RNAPII turnover is required
for cell growth and survival during genotoxic stress.
Our results identify INO80 as a bona fide component
of the proteolytic pathway for RNAPII degradation
and suggest that INO80 nucleosome remodeling ac-
tivity promotes the dissociation of ubiquitinated
Rpb1 from chromatin to protect the integrity of the
genome.

INTRODUCTION

Transcriptional elongation by RNA Polymerase II (RNAPII) is a

discontinuous process. Backtracking of RNAPII or hindrance

from chromatin structure, DNA damage, or other DNAmetabolic

processes during elongation can cause RNAPII to stall or arrest

irreversibly (Svejstrup, 2007). RNAPII can be an obstacle to DNA

replication and DNA damage repair machineries, posing a se-

vere threat to cell viability (Daulny and Tansey, 2009; Helmrich

et al., 2013). Polyubiquitination and degradation of RNAPII by

the ubiquitin proteasome system (UPS) is a mechanism known

to prevent transcriptional interference and resolve stalled poly-

merases on DNA (Wilson et al., 2013).
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Proteolysis of RNAPII is an evolutionarily conserved, tightly

regulated, multistep pathway (Wilson et al., 2013). In budding

yeast, it involves mono- and polyubiquitination of Rpb1 by the

E3 ligases Rsp5 and Cul3, respectively (Huibregtse et al.,

1997; Ribar et al., 2007). Ubiquitination of RNAPII is inhibited

by phosphorylation of serine 5 at the C-terminal domain of

Rpb1, thereby restricting degradation of RNAPII by the 26S

proteasome to the elongating complex (Somesh et al., 2005).

The 26S proteasome associates with transcribing genes (Auld

et al., 2006), supporting the idea that proteolysis of stalled

RNAPII takes place on chromatin. How stalled RNAPII is

released from its site of arrest for proteasomal degradation is a

largely unresolved question. A recent study in yeast proposed

the involvement of the protein segregase Cdc48 in this process

(Verma et al., 2011). Cdc48/p97/VCP is an evolutionarily

conserved essential AAA+ ATPase with a well-established role

in dissociating ubiquitinated substrates from protein complexes,

aggregates, or membranes (Jentsch and Rumpf, 2007; Meyer

et al., 2012). Cdc48 function is regulated by its binding to adaptor

proteins of the UBX family of ubiquitin receptors (Schuberth and

Buchberger, 2008). Cdc48 and its adaptor proteins Ubx4 and

Ubx5 are required for the turnover of chromatin-bound ubiquiti-

nated RNAPII under UV-induced DNA damage conditions

(Verma et al., 2011). While Deshaies and colleagues envisioned

a role of Cdc48 in the dissociation of ubiquitinated Rpb1 from

chromatin-bound Pol II holoenzyme, the molecular mechanism

for the release of stalled RNAPII from chromatin remains

unknown.

Chromatin is a compacted, yet highly dynamic nucleoprotein

structure. The SWI/SNF family of ATP-dependent chromatin re-

modeling enzymes plays an important role in regulating chro-

matin architecture. The SWI/SNF-like enzymes are DNA trans-

locases, which use the energy of ATP hydrolysis to move, eject,

or restructure nucleosomes, leading to profound changes in

chromosome organization (Saha et al., 2006). The current

model of function posits that nucleosome remodeling enzymes

control spatiotemporal accessibility of DNA to regulatory fac-

tors (Bartholomew, 2014; Clapier and Cairns, 2009). INO80 is

an evolutionarily conserved ATP-dependent chromatin remod-

eling complex (Conaway and Conaway, 2009) that controls

genome-wide organization of the chromatin landscape
c.
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(Papamichos-Chronakis et al., 2011; Yen et al., 2012). INO80

mediates nucleosome sliding (Udugama et al., 2011; Yen

et al., 2012) and nucleosome turnover (Yen et al., 2013) and fa-

cilitates H2A.Z/H2B dimer eviction (Papamichos-Chronakis

et al., 2011). INO80 has been directly implicated in a wide va-

riety of DNA metabolic processes, including transcription,

DNA replication, DNA-damage repair, and chromosome segre-

gation across species (Conaway and Conaway, 2009). Howev-

er, how INO80 function regulates nuclear processes remains

largely unknown. Here, we report that in Saccharomyces cere-

visiae, INO80 functions in the ubiquitin-proteasome system for

RNAPII proteolysis. We show that INO80 promotes degradation

of Rpb1 upon DNA damage conditions. INO80 physically inter-

acts with Cdc48 and associates with Rpb1 in the presence of

Cdc48, targeting Rpb1 primed for degradation. We demon-

strate that INO80 destabilizes nucleosomes and disrupts the

contacts between ubiquitinated Rpb1 and chromatin, suggest-

ing that INO80 is required for the release of poly-ubiquitinated

RNAPII arrested on chromatin. Our data provide evidence that

INO80 promotes cell viability and suppresses genomic insta-

bility by chromatin clearance of RNAPII, revealing a link be-

tween chromatin regulation and nuclear protein turnover.

RESULTS

INO80 Physically Interacts with the CDC48 Complex
To gain insight into the role of INO80 in DNAmetabolism, we con-

ducted a proteomic screen for protein-interacting partners of the

Ino80 ATPase. We performed mass spectrometry analysis on

calmodulin pull downs from exponentially growing yeast cells

expressing Ino80-TAP. Surprisingly, GO analysis and protein

network analysis by GENEMANIA (http://genemania.org/) of the

MS results revealed a statistically significant enrichment in ‘‘pro-

tein catabolicprocess’’ and ‘‘proteincomplexdisassembly’’ path-

ways,with false discovery rate < 10�5,with several INO80 interac-

tors involved in the ubiquitin signaling and ubiquitin-proteosomal

degradation pathways (Figure S1A). Among the hits, we found the

AAA-ATPase Cdc48 and its cofactors Ubx4, Ubx6, and Ubx7,

which form a nuclear complex with Cdc48 (Decottignies et al.,

2004) (Figure S1A). TAP co-immunoprecipitation experiments

confirmed the interaction between Ino80-TAP and Cdc48 (Fig-

ure 1A). In a reciprocal GFP-IP, Cdc48-GFP associated with

both Ino80 and the Arp5 subunit of INO80 (Figure 1B). Arp5 also

associated with the GFP-tagged Cdc48 cofactors Ubx4, Ubx5,

and Ubx7 in a GFP-IP assay (Figure 1C). These results indicate

that INO80 and CDC48 complexes associate in vivo.

Next, we testedwhether INO80 interacts directly with Cdc48 in

an in vitro assay. INO80 was FLAG-purified to homogeneity from

yeast cells expressing Flag-Ino80 (Figure S1B) and incubated

with recombinant StrepII-Cdc48 (Figure S1C). Both Flag-Ino80

and Arp5 were pulled down by Strep-Cdc48 (Figure 1D). This

result indicates a direct physical interaction between Cdc48

and INO80.

The INO80complexcontainsseveral distinctmulti-proteinmod-

ules, which are brought together through interactions of specific

subunits of the complex with the Ino80 ATPase (Tosi et al.,

2013). Notably, the specific subunits Arp8 and Arp5 control the

chromatin remodeling activity of INO80 (Shen et al., 2003), while
Mole
the high-affinity binding of Nhp10 to nucleosomes and distorted

DNA has been proposed to target INO80 on specific DNA sites

(Ray and Grove, 2012; Tosi et al., 2013). Co-IP analysis revealed

that binding of Cdc48 to Arp5 was abolished in cells lacking

Ino80, demonstrating that the interaction of Cdc48 with Arp5 re-

quires the catalytic Ino80 subunit and intact INO80 complex (Fig-

ure 1E). The association of Cdc48 with Arp5 remained unchanged

in arp8 and nhp10mutants compared to wild-type (WT) cells (Fig-

ure1E). Therefore, thechromatin-relatedARP5,ARP8, andNHP10

modules are dispensable for the binding of Cdc48 to INO80.

We further tested, by a co-IP against Arp5, whether Ubx4,

Ubx5, or Ubx7 may regulate the interaction between INO80

and CDC48. Arp5 interacted stronger with Cdc48 in the ubx4

mutant, while we also observed that Cdc48 protein levels were

decreased compared toWT (Figure 1F). The interaction between

Cdc48 and Arp5 was moderately reduced in the ubx5 mutant

and strongly decreased in ubx7 (Figure 1F). This result suggests

that Ubx5 and Ubx7 regulate the interaction between INO80 and

CDC48. Collectively, these data provide evidence for CDC48 as

an interacting partner of INO80.

Functional Interactions between INO80 and CDC48
Promote Cell Viability, Resistance to DNA Damage, and
Efficient DNA Replication
To test whether INO80 is functionally related to CDC48, we

analyzed the genetic interactions between components of the

two complexes. We deleted ARP8 in the temperature-sensitive

cdc48-3 mutant strain, since disruption of INO80 results in

lethality in the W303 strain background of cdc48-3. Strikingly,

while both arp8 and cdc48-3 mutants do not show substantial

growth defects at 25�C and 30�C, the arp8,cdc48-3 double-

mutant strain demonstrated synthetic sickness at 25�C and

synthetic lethality at 30�C (Figure 2A). These gross synthetic

phenotypes suggest that INO80 and CDC48 function in parallel

pathways to promote cell viability.

We evaluated whether the ATPase activity of Ino80 partici-

pates in the functional interactions with CDC48 under normal

conditions and under genotoxic stress induced by the presence

of the S-phase-dependent, DNA damage-inducing alkylating

agent methyl methane sulfonate (MMS) (Tercero et al., 2003),

the replicative stress-inducing ribonucleotide reductase inhibitor

hydroxyurea (HU) (Allen et al., 1994), and the radiomimetic agent

zeocin, which induces chromosome breaks independently of

DNA replication (Ramotar and Wang, 2003). Cell growth or

viability was not affected by disruption of the UBX factors in

any of the conditions tested (Figures 2B, 2C, and S2A). Inactiva-

tion of Ino80 by deleting INO80 or expressing an ATPase-dead

INO80 allele (ino80K737A) in ubx4 resulted in growth synthetic

defect in normal conditions and severe synthetic lethality in all

drugs tested (Figure 2B). The ino80,ubx5 strain also exhibited

synergistic defects, albeit to a lesser extent (Figure 2B). These

synthetic genetic interactions further support the view that

INO80 and CDC48 act in parallel pathways.

Genetic interactions were not observed when either ARP5 or

ARP8 was disrupted in the ubx6 and ubx7 mutants (Figures

S2B and S2C). However, slow growth and synthetic lethality in

genotoxic stress conditions were observed in deletion of either

ARP5 or ARP8 when combined with ubx4,ubx5 single or
cular Cell 60, 784–796, December 3, 2015 ª2015 Elsevier Inc. 785
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Figure 1. INO80 Physically Associates with

the CDC48 Complex

(A) Lysates from cells expressing Ino80-TAP were

subjected to mock-IP (beads) or IP against TAP

and immunoblotted for TAP and Cdc48.

(B) Lysates from cells co-expressing Ino80-TAP

and Cdc48 either untagged or tagged with GFP

were subjected to GFP-IP. Inputs and IP samples

were immunoblotted for GFP and Arp5.

(C) Lysates from cells expressing Ubx5, Ubx4, or

Ubx7 either untagged (control lane) or tagged

with GFP were subjected to GFP-IP and im-

munoblotted for Arp5 and GFP. Lanes for Ubx4

and Ubx7 pull downs were cropped from the same

blot and displayed side by side for clarity.

(D) Purified yeast FLAG-INO80 complex was

incubated with purified recombinant StrepII-

Cdc48 tethered to Strep-Tactin beads. Input,

bound, and flow-through samples were immuno-

blotted for Strep, Flag, and Arp5. Flow-through

lanes were cropped from a different exposure of

the same blot and displayed side by side with input

and bound samples for clarity.

(E) Lysates from cells expressing untagged or

GFP-tagged Cdc48 in the indicated strains were

subjected to GFP-IP (left) or IP against Arp5 (right)

and immunoblotted for Arp5 and GFP.

(F) Lysates from cells from the indicated strains

were subjected to mock-IP (IgG) or IP against Arp5

and immunoblotted for Arp5 and Cdc48. Values

reflect the enrichment of Cdc48 relative to Arp5 in

the IP, after normalization against the amount of

Cdc48 in the input. The value in WT was set arbi-

trarily to 1.0. The WT input is common for IgG and

WT samples. This experiment was performed in

parallel with the experiment in Figure 5E.

See also Figure S1.
ubx4,ubx5 double mutants (Figures 2C, S2B, and S2C). These

results indicate specific functional relationships between

INO80 and CDC48 and implicate the chromatin function of

INO80 in the functional crosstalk with CDC48 (Figure 2D).

We further evaluated the functional interaction between INO80

and CDC48Ubx4 in DNA replication by flow cytometry analysis.

The ubx4,arp8 cells required more than double the time to com-

plete DNA replication compared to arp8 and three times more

than WT and ubx4 cells (Figure 2E). This result suggests that

INO80 and CDC48 promote DNA replication in a synergistic

manner. No phosphorylation of the DNA damage marker

gH2AX (H2AS129Phos) or hyperphosphorylation of the check-

point protein Rad53 was observed in the ubx4,arp8 strain under

normal conditions (Figure S2D). Therefore, the synthetic delay in

S phase progression of the ubx4,arp8 strain is due to neither

persistent DNA damage (Rogakou et al., 1998) nor permanent

activation of the S phase checkpoint (Pellicioli et al., 1999).

Taken together, these data indicate that the function of INO80

in cell homeostasis and in viability under genotoxic stress are

related to CDC48-associated pathways.
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INO80 Promotes Degradation of Rpb1
Cdc48, together with Ubx4 and Ubx5, facilitates degradation of

Rpb1 (Verma et al., 2011). The genetic interactions of INO80 with

CDC48Ubx4,Ubx5 in DNA damage prompted us to investigate a

potential role for INO80 in the degradation of Rpb1 under

genomic instability-inducing conditions. We arrested WT,

ino80, and ino80K737A mutant cells in G1 and subsequently

released into S phase in the presence of MMS. Cycloheximide

was added to inhibit protein synthesis after cells had entered S

phase, in order to avoid blockage at the G1/S transition. Rpb1

abundance decreased inWT cells over time, indicating degrada-

tion of Rpb1 (Figure 3A). However, ino80 and ino80K737A cells

maintained high levels of Rpb1 protein, supporting a role for

INO80 in RNAPII degradation upon S-phase-dependent DNA

damage (Figure 3A).

Rpb1 degradation was defective in cdc48-3 and ubx4,ubx5

mutants upon MMS treatment (Figures 3B and S3A). Deletion

of INO80 in the ubx4 mutant strain resulted in a greater defect

in Rpb1 degradation (Figures 3C and S3B). These results impli-

cate INO80 and CDC48 in RNAPII degradation in MMS and point
c.



Figure 2. Functional Interactions between INO80 and Cdc48Ubx Complexes

(A) 5-fold serial dilution of cells from the indicated strains were plated onto YPD and incubated at the indicated temperatures for 3 days.

(B) Upper panel: serial dilution of cells from the indicated strains were plated onto YPD or YPD containing the indicated concentrations of hydoxyurea (HU),

zeocin, or methyl methanesulfonate (MMS) and incubated at 30�C for 4 days. All strains were grown in the same plate. Lower panel: serial dilutions of ino80 and

ino80,ubx4 cells expressing aWT INO80 allele or an ATPase-defective allele of INO80 (ino80-K277A) from the pRS416 plasmidwere plated onto SC-URAmedium

containing HU or zeocin at the indicated concentrations and incubated at 30�C for 3–4 days.

(C) 5-fold serial dilutions of cells from the indicated strains were plated onto YPD or YPD containing the indicated concentrations of HU, zeocin, or MMS and

incubated at 30�C for 4 days.

(legend continued on next page)
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toward discrete functions for INO80 and CDC48 in the RNAPII

proteolytic pathway.

The release of cells into S phase in the presence of HU led to a

strong turnover in Rpb1 protein levels in WT but not in ino80 (Fig-

ure S3C). In contrast, we observed normal degradation of Rpb1

in UV-irradiated ino80mutant cells (Figure S3D), indicating a role

for INO80 under specific genotoxic conditions.

G2/M arrested ino80 cells treated with zeocin also exhibited

severe defects in Rpb1 degradation, indicating that the role of

INO80 in degradation of RNAPII is not exclusively coupled to S

phase (Figure 3D). The levels of elongating RNAPII phosphory-

lated at serine 2 (Rpb1S2P) were decreased in WT but remained

largely unchanged in ino80 (Figure 3D). This data points to a role

for INO80 in the UPS-dependent inhibition of transcriptional

elongation during the DNA damage response (Pankotai et al.,

2012; Somesh et al., 2005).

To exclude long-term effects of INO80 deletion in the RNAPII

proteolytic pathway, we monitored Rpb1 degradation in a yeast

strain that allows for rapid, inducible degradation of Ino80

(ino80-td) at 37�C (Jónsson et al., 2004) (Figure S3E). WT and

ino80-td cells were arrested in G1 at 24�C and subsequently

releasedatpermissive temperature inmediumcontainingHU (Fig-

ure 3E) for sufficient time to activate the intra-S phase checkpoint

(FigureS3E).Whencellswere shifted to37�C,Rpb1wasefficiently

degraded in theWT cells, but not in the ino80-td strain (Figure 3E).

These data directly implicate INO80 in RNAPII degradation.

The Function of INO80 in Cell Growth and Maintenance
of Genome Stability Is Coupled to Ubiquitin-Dependent
Proteolysis of RNAPII
We tested for genetic interactions between INO80 and RNAPII

mutants deficient for ubiquitin-mediated proteolysis. Rpb1

degradation is mediated by ubiquitination at lysines K330 and

K695 (Somesh et al., 2007). While single K330 or K695mutations

confer no sickness or sensitivity to the genotoxic stress condi-

tions (Somesh et al., 2007) (Figure 4), the double-mutant

rpb1K330R,K695R is inviable, demonstrating the importance

of RNAPII ubiquitination in cell homeostasis (Somesh et al.,

2007). Strikingly, deletion of ARP8 in either rpb1K330R or

rpb1K695R mutants resulted in extreme synthetic sickness in

normal conditions and hypersensitivity in HU, zeocin, and

MMS (Figure 4). Therefore, a functional relationship between

INO80 and RNAPII proteolysis is critical for cell viability in normal

and genome instability-inducing conditions.

Concurrent Interaction of INO80 with RNAPII and Cdc48
We sought to understand how INO80 is integrated into the pro-

teolytic pathway for RNAPII. Interestingly, Rpb1 was identified

in our proteomic screen and in a co-IP assay for Ino80-TAP

(data not shown and Figure 5A). Both Ino80 and Arp5 associated
(D) Table summarizing the genetic interactions between different INO80 and Cdc4

are classified according to their strength, as following: strong (dark gray), interme

have not been tested.

(E) Cells from the indicated strains were synchronized in G1 phase with a-factor a

collected at the indicated times and analyzed for DNA content by flow cytometry

and arp8,ubx4 strains (not shown).

See also Figure S2.
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with Rpb1 in a reciprocal co-IP against Rpb1-GFP, confirming

the interaction between INO80 and RNAPII (Figure 5B). Further-

more, Rpb1S2P co-precipitated with Arp5 in a co-IP assay (Fig-

ure 5C). This result implies that INO80 is in contact with elon-

gating RNAPII.

To determine whether INO80 binds simultaneously to CDC48

and RNAPII, we developed an in vivo tandem pull-down assay,

first for Ino80-TAP and subsequently for Cdc48-GFP (Figure 5D,

scheme). Both Cdc48 and Rpb1 co-purifiedwith Ino80-TAP (Fig-

ure 5D). Almost all of Cdc48-GFP from the INO80-TAP pull down

was recovered in the GFP IP, demonstrating the efficiency of our

assay (Figure 5D). Furthermore, approximately 40% of both

Ino80 and Rpb1 released from the first IP were detected in the

second pull down for Cdc48, suggesting concomitant interaction

of INO80 with CDC48 and RNAPII (Figure 5D). In a different

tandem pull-down assay for Ino80-TAP followed by IP against

Rpb1, we also observed that a fraction of Cdc48 was recovered

in the second IP (Figure S4A). These results strongly suggest that

INO80, CDC48, and RNAPII engage into a ternary complex

formation.

To understand how the concurrent association of INO80

with RNAPII and CDC48 is regulated, we investigated whether

Ino80 and Ubx co-factors of Cdc48 participate in the association

of RNAPII with CDC48 or INO80, respectively. No significant

change in the interaction between Cdc48 and Rpb1 was

observed in the absence of Ubx4, Ubx5, or Ubx7 cofactors (Fig-

ure S4B). GFP-IP demonstrated that the interaction of Cdc48-

GFP with Rpb1 is not altered in the absence of INO80, ruling

out the possibility that INO80 mediates the recruitment of

Cdc48 to Rpb1 (Figure S4C). Binding of Rpb1 to Arp5 was not

altered in the ubx5 strain, while it was increased in the ubx4 strain

(Figure 5E). In contrast, cells lacking Ubx7 demonstrated a

reduced association of Rpb1 with Arp5 (Figure 5E). This result in-

dicates a role for Ubx7 in promoting the interaction between

INO80 and RNAPII.

The Interaction between INO80 and RNAPII Is Regulated
by the Ubiquitin-Proteasome System
The observation that Ubx7 regulates the Arp5-Rpb1 interaction

raises the possibility that ubiquitination may be important for

the association of INO80 with RNAPII. Notably, the binding of

Rpb1 to Arp5 was reproducibly decreased in the E3 ubiquitin

ligase rsp5-1mutant strain (Figure 6A, top panel), which is defec-

tive in ubiquitination of Rpb1 (Huibregtse et al., 1997). Further-

more, higher migratory species of Rpb1, indicative of ubiquiti-

nated Rpb1, were observed in the Arp5 pull down in WT, but

not in rsp5-1 cells (Figure 6A, bottom panel). This result indicates

that Rsp5 promotes the interaction of INO80 with Rpb1.

To directly test whether ubiquitination is necessary for the as-

sociation between INO80 and RNAPII, Arp5 co-IP from WT cells
8 co-factors, as shown in (A)–(C) and Figure S2A–S2C. The genetic interactions

diate (gray), and none (pale gray). N/A corresponds to genetic interactions that

nd subsequently released into YPD containing nocodazole. Cell samples were

analysis. Microscopy analysis showed similar bud emergence kinetics for arp8

c.
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  0    60    90   120  150  180  210CHX (min):   0    60    90  120  150  180  210   0    60    90   120  150  180  210

ino80K737A

1.0  1.1   0.7 0.4  0.5  0.2  0.2 1.0  0.8   0.8 0.6  0.5  0.5  0.6 1.0  0.7   0.6 0.5  0.5  0.5  0.6

WT ino80

  0    60    90   120  150  180  210CHX (min):   0    60    90  120  150  180  210

Rpb1 -

Pgk1 -
1.0  1.3  1.2 1.2  0.5  0.4  0.5 1.0 1.4  1.3 1.1  1.2  1.3  1.1

WT (W303) cdc48-3
  0     60   120   180   240CHX (min):   0     60   120   180   240

Rpb1 -

Pgk1 -
1.0  0.4  0.2  0.1   0.1 1.0  0.8  0.6 0.7   0.7

WT ino80
  0     60   120   180   240CHX (min):   0     60   120   180   240

ino80,ubx4
  0     60   120   180   240   0     60   120   180   240

ubx4

1.0   0.7  0.3 0.3  0.5 1.0   0.8  0.8 0.7  0.6 1.0   0.9  0.4 0.5 0.6 1.0   1.1 0.8 1.0 0.9

G1      S / MMS (45’)    +CHX ) +

HU (min): 

Rpb1 -

Pgk1 -

(legend on next page)
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Figure 4. The Function of INO80 in Cell Growth and Resistance to Genotoxic Stress Is Coupled to RNAPII Proteolysis

Serial dilutions of cells from the indicated strains were plated onto YPD or YPD containing the indicated concentrations of HU, zeocin, or MMS. Pictures of the

YPD plates were taken after 3 or 4 days of incubation at 30�C, as indicated. Pictures of the plates containing drugs were taken after 4 days of incubation.

Numbering indicates different isolates.
was subjected to in vitro deubiquitination (DUB) by incubating

the pull-down sample with recombinant ubiquitin-specific prote-

ase Usp2, followed by separation of the supernatant from the

beads. We found a 3-fold increase of the amount of Rpb1

released fromArp5 in the soluble fraction of the reaction contain-

ing Usp2 (Figure 6B). This result demonstrates that either deubi-

quitination by Usp2 promotes dissociation of Rpb1 from INO80

or that Usp2 competes for binding with UbRpb1 and thereby re-

duces its interaction with Arp5. Both scenarios further underline

the importance of ubiquitin in the interaction of INO80 with

RNAPII.

Polyubiquitinated Rpb1 accumulates in cells with compro-

mised proteasome function, which cannot efficiently degrade

Rpb1 (Beaudenon et al., 1999). Deletion of the 20S maturation

factor Ump1 dramatically increased the amount of Rpb1 bound

to Arp5 (Figure 6C). Similarly, in the conditional pre1-1, pre4-1ts

double-mutant strain for the assembly subunits of the 20S pro-

teolytic core Pre1 and Pre4, the interaction between Rpb1 and

Arp5 was strongly increased at the restrictive temperature of

37�C (Figure 6C). These results indicate that INO80 interacts

with RNAPII primed for degradation, identifying INO80 as a

bona fide component of the proteolytic pathway for RNAPII

degradation.
Figure 3. INO80 Controls Degradation of RNAPII

(A) Rpb1 abundance in WT and ino80 cells synchronized in G1 with a-factor and s

was added 45 min after release. Protein samples were acid-extracted at the indic

against Rpb1. Pgk1 serves as loading control. Values reflect the amount of Rpb1

against the respective loading control. The first point at each strain was set arbit

(B) Rpb1 abundance in WT and cdc48-3 cells synchronized in G1 and released

shifted to 37�C in medium containing 0.1%MMS and cycloheximide. Protein sam

quantifications are as in (A).

(C) Rpb1 abundance in cells from the indicated strains synchronized in G1 and

analysis, and quantifications are as in (A). The immunoblot of the 0 min time poin

displayed next to the 60 min samples for clarity. For original image, see Figure S

(D) Rpb1 abundance in WT and ino80 cells synchronized at G2/M with nocodazol

45 min after addition of zeocin. Protein samples were collected at the indicated tim

(upper panel) and serine 2 phosphorylated form of Rpb1 (Ser2P, lower panel). Va

(E) Left panel: schematic representation for conditional degradation of Ino80 in H

gene were grown in raffinose medium and arrested in G1 at 24�C. Cells were subs

HU. After 30min, galactose was added in the medium for 30min to induce express

Ino80, and cycloheximide was added in the medium. Right panel: WT and ino80

times in HU and protein extracts were prepared and analyzed as in (A).

See also Figure S3.
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Tight Binding of RNAPII to Chromatin in the Absence of
INO80
We next sought to delineate the role of INO80 in RNAPII proteol-

ysis. A chromatin fractionation assay revealed that both Cdc48

and the Rpt1 subunit of the 19S regulatory particle of the 26S

proteasome associated normally with chromatin in ino80 cells

in either normal or DNA damage-inducing conditions (Fig-

ure S5A). This result excludes the possibility that impaired degra-

dation of Rpb1 in ino80 is due to defective recruitment of either

Cdc48 or the proteasome to chromatin.

We asked whether INO80 regulates the binding of ubiquiti-

nated RNAPII to chromatin. Yeast cells expressing (His)6-tagged

Ub were subjected to chromatin fractionation, followed by a

NiNTA pull down under denaturing conditions to enrich for ubiq-

uitinated proteins, including poly-ubiquitinated species of Rpb1

(henceforth UbRpb1, Figure S5B). The rpb1K330R mutant ex-

hibited a significant decrease in the total and the chromatin-

bound UbRpb1 (Figure S5C), indicating binding of ubiquitinated

RNAPII to chromatin. Interestingly, UbRpb1 was highly enriched

in the chromatin fraction of ino80 and ino80K737A cells

when compared to WT (Figure 7A). Quantitative analysis indi-

cated an increase of UbRpb1 on chromatin in the absence of

INO80 by greater than 3-fold (Figure 7B). This result indicates
ubsequently released into YPD containing 0.06%MMS. Cycloheximide (CHX)

ated time points after cycloheximide addition and analyzed by immunoblotting

in the specific conditions relative to the starting time point after normalization

rarily to 1.0.

into YPD containing 0.1% MMS at 23�C for 45 min. Cells were subsequently

ples were collected at the indicated times after temperature shift. Analysis and

released into YPD containing 0.1% MMS. Cycloheximide treatment, sample

t sample for ino80 was cropped from the same exposure of the same blot and

3B.

e and treated with 100 mg/ml zeocin. Cycloheximide was added to the medium

es after cycloheximide addition and analyzed by immunoblotting against Rpb1

lues are as in (A).

U. In brief, wild-type and ino80-td cells carrying a galactose-inducible UBR1

equently released at the permissive temperature in medium containing 100mM

ion ofUBR1. Cells were subsequently shifted to 37�C to induce degradation of

-td cells, grown as described in the left panel, were collected at the indicated

c.
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Figure 5. INO80 and Cdc48 Associate

Simultaneously with Rpb1

(A) Lysates from cells co-expressing Ino80-TAP

and Rpb1-GFP were subjected to mock-IP or IP

against TAP and immunoblotted for GFP and TAP.

(B) Lysates from cells co-expressing Ino80-TAP

and Rpb1 untagged or tagged with GFP were

subjected to GFP-IP and immunoblotted for GFP,

TAP, and Arp5.

(C) Lysates fromWT cells were subjected tomock-

IP or IP against Arp5 and immunoblotted for Rpb1,

Rpb1S2P, and Arp5.

(D) Tandem immunoprecipitation assay was per-

formed on log-phase cells co-expressing either

untagged Ino80 (control) or Ino80-TAP with

Cdc48-GFP. Calmodulin affinity pull down for

Ino80-TAP was conducted in the first step (IP1),

followed by a second pull down against GFP (IP2).

Samples were immunoblotted for TAP, Rpb1, and

GFP. Values reflect the relative enrichment of the

corresponding protein in the second IP, over the

amount of the respective protein in the first IP.

(E) Lysates from cells from the indicated strains

were subjected to IP against Arp5 and immuno-

blotted for Arp5 and Rpb1. The WT input corre-

sponds to both IgG and WT IPs. This experiment

was performed from the same cell extracts as in

Figure 1F. Values are as in Figure 1F.

See also Figure S4.
that INO80 prevents accumulation of ubiquitinated RNAPII onto

chromatin.

To test whether INO80 deletion leads to stronger binding of

UbRpb1 to chromatin, we developed an assay to evaluate the

in vivo binding capacity of UbRpb1 to chromatin (Figure 7C).

Chromatin from yeast cells expressing His-Ub was isolated and

washed with 0.55 M and subsequently with 2 M NaCl solutions.

The wash fractions were collected and subjected to denatured

NiNTA pull down. Immunoblot analysis of the wash fractions for

proteins released from DNA under increased concentrations of

NaCl provides a mean to evaluate how strongly proteins,

including ubiquitinated Rpb1, associate with chromatin. Treat-

ment with 0.55 M NaCl released most of UbRpb1 from the chro-

matin of WT cells (Figure 7D). Interestingly, a long exposure

revealed the presence of a small amount of UbRpb1 in the WT

2 M NaCl wash fraction (Figure S5D). This suggests that a popu-

lation of UbRpb1 binds to chromatin tightly in normal conditions.

In agreement with a previous report (Verma et al., 2011), higher

levels of UbRpb1 bound to chromatin in the ubx4,ubx5 strain

compared to WT (Figure 7D). However, the amount of UbRpb1

in ubx4,ubx5 relative to WT remained essentially the same in all

fractions, indicating that CDC48Ubx4,Ubx5 does not regulate the

binding capacity of UbRpb1 to DNA. In contrast, the amount of

UbRpb1 detected in the 2 M NaCl wash in ino80 relative to WT

was increasedwhen compared to the relative amount of UbRpb1

found in the total chromatin of ino80 (Figure 7D). This result

indicates that in the absence of INO80 a greater population of

UbRpb1 binds tightly to chromatin.

It is possible that the increased amount of UbRpb1 on ino80

chromatin requires extensive washes, rather than higher ionic
Mole
conditions, in order to be released. We therefore modified our

assay, washing chromatin three times with 0.55 M NaCl before

proceeding with the final 2 M NaCl wash. Under these condi-

tions, UbRpb1 from WT cells was undetectable at the third

0.55 M NaCl wash fraction but could be readily detected in the

2 M NaCl fraction (Figures 7E and S5E). Importantly, the amount

of UbRpb1 in the 2 M NaCl wash fraction of the ino80 mutant

(Figure 7E) was substantially higher compared to WT. This result

provides further evidence that UbRpb1 tightly associates with

DNA in cells lacking INO80.

The persistent binding of UbRpb1 to DNA in the absence of

INO80 prompted us to evaluate the binding of other chromatin

bound proteins, including histones, under the same conditions.

In all strains, the heterochromatin protein Sir3 was completely

released from the chromatin fraction upon 0.55 M NaCl wash

(Figure 7D), demonstrating that stronger binding of proteins to

chromatin is not a general effect of INO80 loss. Histones H4

and H2A were released from WT chromatin at 0.55 M NaCl, as

expected (Piñeiro et al., 1991), and the same was observed in

ubx4,ubx5 (Figure 7D). In contrast, a substantial portion of his-

tones H4 and H2A was detected in the 2.0 M NaCl wash fraction

of the ino80 mutant (Figure 7D). This result shows that histones

are more resistant to dissociation from DNA in the absence of

INO80. Likewise, a 2 M NaCl wash was required for the release

of histone H3 from DNA in the ino80 mutant (Figure S5F) and

for the release of histone H4 from ino80 chromatin, which had

beenpreviouslywashed three timeswith 0.55MNaCl (Figure 7E).

In conclusion, loss of INO80 leads to strong binding of nucleo-

somal histones to DNA, correlating with the tighter association

of UbRpb1 with chromatin observed in the same strain.
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Figure 6. INO80 Interacts with Rpb1 in the

Context of the UPS

(A) Lysates from WT and rsp5-1 cells grown at

25�C and shifted to 37�C for 2 hr were subjected to

mock-IP with IgG (WT) or IP against Arp5 and

analyzed by immunoblot against Rpb1 and Arp5.

Upper and lower panels come from two indepen-

dent experiments.

(B) Lysates fromWT cells were subjected to mock-

IP with IgG or IP against Arp5. The bead-bound

samples were subjected to deubiquitination assay

in the presence or absence of recombinant Usp2.

Soluble and bead-bound fractions were isolated

and analyzed as in (A). Arp5 in supernatant reflects

the dissociation rates of the immunoprecipitated

samples in the deubiquitination reaction condi-

tions and serves as quality control. Values reflect

the ratio of the amount in the supernatant over

the total amount (supernatant + beads) for the

respective protein. Values of mock reactions were

set arbitrarily to 1.0. SD was 8%.

(C) Cell lysates from the indicated strains grown at

25�C or shifted to 37�C for 2 hr were subjected to

IP against Arp5 and analyzed as in (A).
DISCUSSION

Here, we provide evidence that the ATP-dependent chromatin

remodeling complex INO80 is directly implicated in degradation

of stalled RNAPII. Cells lacking INO80 exhibit aberrant accumu-

lation of polyubiquitinated Rpb1 on chromosomal DNA. In the

absence of INO80, UbRNAPII binds tightly to chromatin and

is impervious to degradation. INO80 interacts with RNAPII in

the context of the UPS. Our analyses show that the DNA-

dependent ATPase activity of the INO80 complex is required

for the function of INO80 in RNAPII proteolysis. We therefore

propose that clearance of stalled, ubiquitinated RNAPII from

chromatin occurs via an INO80-mediated chromatin remodeling

mechanism.

Integration of INO80 in the Ubiquitin-Mediated RNAPII
Degradation Pathway
Our data suggest that INO80 is a component of the ubiquitin-

proteasome system for RNAPII proteolysis. First, INO80 simulta-

neously interacts with RNAPII and Cdc48, a factor known to pro-

mote proteolysis of Rpb1 (Verma et al., 2011). Second, both

Ubx7 and the E3 ligase Rsp5 promote the interaction between

INO80 and RNAPII. Third, the INO80-RNAPII interaction is medi-

ated by ubiquitin and enhanced upon disruption of the 26S pro-

teasome. These observations posit INO80 downstream of Rpb1

ubiquitination and upstream of RNAPII degradation by the pro-

teasome. The strong synthetic negative genetic interactions be-

tween INO80 and CDC48mutants and the fact that simultaneous

deletion of INO80 and UBX4 exacerbates the defect in degrada-

tion of Rpb1 raise the possibility of crosstalk between INO80 and

CDC48 functions. It is therefore plausible that INO80 and CDC48
792 Molecular Cell 60, 784–796, December 3, 2015 ª2015 Elsevier In
may converge on stalled RNAPII and act in concert in order to

facilitate its efficient degradation. The role of the interaction be-

tween INO80 and CDC48 in RNAPII turnover is not clear yet.

Nevertheless, our discovery of a physical and functional interplay

between INO80 and CDC48 complexes in targeting RNAPII pro-

vides a molecular framework within which to investigate the

mechanistic underpinnings of their role in the RNAPII degrada-

tion pathway.

Evidence for a Chromatin-Related Mechanism for
RNAPII Extraction
The UPS pathway for RNAPII proteolysis is an extensively stud-

ied, multi-step process. Cdc48 has been implicated in the UV-

induced degradation of Rpb1 (Verma et al., 2011). We find that

INO80 is required for Rpb1 degradation in several different

DNA damage-inducing conditions, but not upon UV irradiation.

This is in agreement with the weak sensitivity of ino80 cells in

UV damage (Sarkar et al., 2010). While the reasons underlying

the specificity for INO80 requirement in RNAPII degradation un-

der different conditions are not clear, these data indicate that

global chromatin aberrations caused by ino80 mutations are

not a de facto obstacle for RNAPII degradation.

Our study reveals that Ino80 facilitates the release of stalled

RNAPII from DNA. Remarkably, we find that INO80, but not

Cdc48Ubx4/Ubx5, promotes loosening the contact between

UbRNAPII and chromatin. Moreover, deletion of INO80 does

not result in accumulation of the 26S proteasome on chromatin,

as has been reported for Cdc48 mutants (Verma et al., 2011).

These results point toward a distinction of function between

the chromatin remodeling and protein segregase activities of

INO80 and CDC48, respectively.
c.
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Figure 7. Tight Association of UbRpb1 with

Chromatin and Increased Nucleosome Sta-

bility in the Absence of INO80

(A) Log-phase WT, ino80, and ATPase-dead

ino80-K737A cells expressing 6xHis-tagged Ub

were fractionated into chromatin and soluble

fractions. NiNTA pull down under denaturing

conditions was conducted in all fractions. Immu-

noblot analysis was performed against Rpb1 on

the His pull-down samples (PD) and against Rpb1,

histone H3, and Pgk1 on the total proteins samples

(Input). Asterisk (*) denotes long time exposure.

(B) Quantification reflects the amount of chro-

matin-associated ubiquitinated Rpb1 relative to

histone H3 in WT and ino80 null cells. The amount

of ubiquitinated Rpb1 in the WT strain was set

arbitrarily to 1.0. The values represent the means

from five independent experiments, with error bars

reflecting SD.

(C) Schematic representation of the sequential

salt extraction assay for chromatin-associated

proteins as described in Experimental Procedures.

(D) Chromatin fromWT, ubx4,ubx5, and ino80 cells

expressing (His)6-tagged Ub was isolated by

chromatin fractionation and subjected to salt

extraction as described in (C) followed by NiNTA

pull down under denaturing conditions. Immuno-

blot analysis was performed against Rpb1 on the

His pull-down samples (PD) and against Rpb1,

Sir3, H4, and H2A on the total proteins samples

(Input). Values reflect the enrichment of UbRpb1 in

the respective mutant strain, after normalization

against the amount of UbRpb1 in WT in the same

fraction. The amount of UbRpb1 in WT for each

condition was set arbitrarily to 1.0. Lanes corre-

sponding to chromatin, wash 0.55 M, and wash

2 M were cropped from different exposures of the

same blot.

(E) Chromatin from WT and ino80 cells expressing

(His)6-tagged Ub was isolated by chromatin frac-

tionation and subjected to salt extraction as fol-

lows: chromatin was successively washed three

times with 0.55 MNaCl, followed by a final wash at

2 M. The different fractions were treated as in (A).

See also Figure S5.
The Swi/Snf-like ATPase factor Rad26 and its human homolog

Cockayne syndrome protein B (CSB) have been shown to be

involved in RNAPII processing during transcription-coupled

nucleotide excision repair (TC-NER). Rad26/CSB stimulates

lesion bypass by RNAPII, averting ubiquitination and proteolysis

of RNAPII (Anindya et al., 2007; Charlet-Berguerand et al., 2006;

Selby and Sancar, 1997; Woudstra et al., 2002). In contrast,

absence of INO80 leads to increased ubiquitination and defec-

tive degradation of RNAPII, suggesting that INO80 targets termi-

nally arrested RNAPII. Thus, it is interesting to speculate that

INO80 and Rad26/CSB might work in two independent and

compensatory chromatin-related pathways that control the

fate of RNAPII upon DNA damage.
Molecular Cell 60, 784–796,
How could INO80 facilitate dissociation

of RNAPII from chromatin? In a fashion

similar to that of the prokaryotic ATP-
dependent DNA translocase protein Mfd (Selby and Sancar,

1993), the DNA translocase activity of INO80 may disrupt the as-

sociation of RNAPII to DNA. In eukaryotes, elongating RNAPII

frequently stalls and can terminally arrest inside nucleosomes

(Bintu et al., 2012; Bondarenko et al., 2006; Churchman and

Weissman, 2011). Therefore, it is conceivable that release of ar-

rested RNAPII from nucleosomal DNAmay require the chromatin

remodeling activity of INO80. The requirement of the ATPase ac-

tivity of Ino80 in Rpb1 degradation and for preventing accumula-

tion of UbRNAPII on chromatin is in line with this model. In addi-

tion, our genetic analysis implicates the chromatin-related Arp8

module of INO80 in RNAPII proteolysis. Our observation that

INO80 promotes loosening of the histone-DNA contacts is in
December 3, 2015 ª2015 Elsevier Inc. 793



agreement with such amechanistic role for INO80. In such a sce-

nario, we envisage that the remodeling activity of INO80 could

potentially expose the active site at the clamp of RNAPII, which

is protected by the nucleosome (Chang et al., 2014). Such a

nucleosome remodeling action could thus allow access to termi-

nation or other specialized RNAPII-release factors, unlocking

RNAPII from DNA. Irrespective of the precise potential mecha-

nism of action, our data reveal that INO80 plays a key role in

orchestrating the extraction of RNAPII from chromatin.

Chromatin Remodeling at the Interface of Nuclear
Proteostasis and DNA Metabolism: Implication for
Genome Stability and Disease
Transcriptional interference with DNA replication and repair is

strongly associatedwith chromosomal recombination andmuta-

genesis, leading to increased genomic instability and high can-

cer occurrence (Aguilera and Garcı́a-Muse, 2013; Haffner

et al., 2011; Helmrich et al., 2013). Our data establish chromatin

clearance of UbRNAPII by INO80 as an essential step in the

RNAPII proteolytic pathway, critical for cell growth, in promoting

DNA replication and for prevention of genomic instability. It is

likely that INO80 function alleviates transcriptional stress from

sites of transcriptional interference with DNA replication and

repair.

The metazoan INO80 complex contains the deubiquitinating

enzyme Uch37 (UCH-L5), (Jin et al., 2005; Yao et al., 2008).

This is strong evidence for a putative functional link between

themetazoan INO80and theUPS.A recent report has associated

INO80, along with Uch37, the proteasome, and the RNAPII ma-

chinery, with progression of Alzheimer’s disease in humans (Ki-

kuchi et al., 2013). Furthermore, two recent studieshaveprovided

individual evidence for Ino80 and the nuclear UPS in maintaining

pluripotency and self-renewal of embryonic stem cells and re-

programming of somatic cells into induced pluripotent stem cells

(Buckley et al., 2012; Wang et al., 2014). Whether the role of

INO80 in development and disease is linked to the UPS is un-

known. Our work opens exciting avenues for the investigation

of the role of the metazoan INO80 in the nuclear UPS.

EXPERIMENTAL PROCEDURES

Yeast Strains

Strains used in this study are listed in Table S1. Gene deletions and other stan-

dard procedures were performed as described (Longtine et al., 1998).

Biochemical Techniques

Ino80-TAP was purified as in Sinha et al. (2009). Benzonase-treated yeast cell

extracts from Ino80-TAP or untagged strains were incubated with Calmodulin

Sepharose beads, and pull downs were analyzed by MS. The experiment was

conducted twice. Proteins recovered in the mock pull down or not recovered

in the biological replicates were removed from the Ino80 interactors’ list.

Immunoprecipitation against GFP-tagged proteins was conducted using

GFP antibody or GFP-TRAP beads. Chromatin fractionation was performed

as described in Papamichos-Chronakis et al. (2011). His-ubiquitin pull downs

in denaturing conditions were conducted as described in Becuwe et al. (2012).

The deubiquitination assay was conducted in the presence or absence of pu-

rified Usp2 (Enzo Life Sciences). The soluble and bead bound fractions were

collected separately and treated with SDS sample buffer. For the tandem

immunoprecipitation experiments, yeast cell lysates were first subjected to

pull down with calmodulin beads. The bound proteins were eluted, and a sec-
794 Molecular Cell 60, 784–796, December 3, 2015 ª2015 Elsevier In
ond pull down was performed on the eluate using either anti-GFP or anti-Rpb1

antibody. In vitro pull-down experiments were conducted incubating purified

S. cerevisiae Flag-Ino80 complex with recombinant purified StrepII-Cdc48

tethered to Strep-Tactin beads.

All biochemical experiments were reproduced at least twice. Images were

acquired by radiography film and the ImageQuant LAS 4000 mini Imager

(GE Healthcare). Quantification of non-saturated images was performed using

ImageJ software.

Cell Biology Assays

Cell spotting, cell-cycle arrest, and FACS analysis were performed as

described previously (Papamichos-Chronakis and Peterson, 2008).
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SAN1 Ubiquitin-protein ligase; involved in proteasome-dependent 
degradation of aberrant nuclear proteins 

BUL2 Component of the Rsp5 E3-ubiquitin ligase complex 
MDY2 Ubiquitin-like (UBL) domain-protein  
UBP13 Ubiquitin-specific protease  
UBP9 Ubiquitin-specific protease 
DEF1 RNA polymerase II degradation factor  

CDC48 AAA+-ATPase, segregates ubiquitinated proteins from 
complexes, membranes or aggregates   
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RPT1 19S regulatory particle subunit of the 26S proteasome 
RPT3 19S regulatory particle subunit of the 26S proteasome 
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Figure S1. Related to Figure 1. Physical association of INO80 and Cdc48 
(A) List of UPS factors identified by mass spectrometry in the INO80-TAP pull-down (left panel). Scheme illustrating the AAA+ ATPase 
Cdc48 with the UBX cofactors Ubx4, Ubx5, Ubx6 and Ubx7, which were found to interact with INO80 in this study (right panel).
(B) Upper panel: SDS-PAGE and silver staining showing immunoaffinity-purified Flag-INO80 complex.
Lower panel: Diagram to illustrate various modules of the INO80 complex, based on the scheme described by (Tosi et al., 2013).
(C) Upper panel: Coomassie gel to show different stages in the purification of StrepII-Cdc48. Lanes 1 and 2 show the StrepII-Cdc48
eluates from Strep-Tactin beads. Lanes A5-A9 show samples after gel filtration. 
Lower panel: Immunoblot analysis of the purified StrepII-Cdc48 protein using antibody against Strep.
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Figure S2. Related to Figure 2. Functional interactions between the INO80 and CDC48 complexes. 
(A, B, C) Fivefold serial dilutions of cells from the indicated strains were plated onto YPD, or YPD containing the indicated concentrations
of hydoxyurea (HU), zeocin or methyl methanesulfonate (MMS) and incubated at 30°C for 3 (panel A) or 5 (panel B, C) days. 
(A) The strains from upper and lower panels were all in the same plate. 
(D) Log-phase cells from the indicated strains were grown in normal conditions or in the presence of 0.06% MMS for two hours. 
Acid-extracted proteins were separated by SDS-PAGE and immunoblot analysis was performed for Rad53 and H2AS129Phos (H2A-P). 
The letter “P” indicates the hyperphosphorylated form of Rad53. The asterisk (*) indicates a cross-reacting protein. 
Pgk1 serves as a loading control.
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Figure S3. Related to Figure 3. The effect of INO80 depletion in Rpb1 degradation.
(A) Rpb1 abundance in cells from the indicated strains synchronized in G1 with α-factor and subsequently released into YPD 
containing 0.06% MMS. Cycloheximide (CHX) was added 45min after release. Protein were analyzed as in Figure 3.
(B) Unedited image of the ino80 samples of Figure 3C.
(C) WT and ino80 cells were synchronized in G1 phase with α-factor and subsequently released into YPD containing 100mM HU. 
Cycloheximide was added, or not (-), one hour after release into S phase. Protein samples were analyzed as in (A). Values reflect the amount
of Rpb1 in the specific conditions relative to the starting time-point after normalization against the respective loading control. 
(D) INO80 is not required for Rpb1 degradation in UV-irradiated cells. WT and ino80 log-phase cells were irradiated with 400 J/m2 and
transferred into fresh medium with or without cycloheximide (CHX). Protein samples were analyzed as in (A). Rpt1 serves as loading control.
(E) Rad53 phosphorylation in WT and ino80-td cells upon HU treatment. Left panel: schematic representation of the ino80-td degron strain.
Right panel: WT and ino80-td cells were collected at the indicated conditions and acid-extracted proteins were analyzed by immunoblot 
against Rad53. The letter “P” indicates the hyperphosphorylated form of Rad53.
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Figure S4. Related to Figure 5. Physical interactions of RNAPII with INO80 and CDC48.
(A) Tandem immunoprecipitation assay was performed on log-phase cells co-expressing either untagged Ino80 (control) or Ino80-TAP
with Cdc48-GFP. Calmodulin affinity pull-down for Ino80-TAP was conducted in the first step (IP1), followed by a second pulldown 
against Rpb1 (IP2). Samples were immunoblotted for TAP, Rpb1 and GFP. Values reflect the relative enrichment of the corresponding 
protein in the second IP, over the amount of the respective protein recovered in the first IP.
(*) Quantification of Cdc48 was not possible due to over-saturation of signal in IP1.  
(B) Lysates from the indicated strains were subjected to mock IP, or IP against Rpb1, and immunoblotted for Cdc48 and Rpb1. 
The WT input is common for IgG and WT samples. Values reflect the enrichment of Cdc48 relative to Rpb1 in the IP, after normalization
against the amount of Cdc48 in the input. This experiment was performed from the same cell extracts as in Figure 1F and 5E. 
The value in WT was set arbitrarily to 1.0. 
(C) Lysates from WT and ino80 cells expressing GFP-tagged Cdc48 were subjected to GFP immunoprecipitation. 
Inputs and IP samples were analyzed by immunoblot using antibodies against GFP and Rpb1.
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Figure S5. Related to Figure 7. Tight association of ubiquitinated RNAPII with chromatin in the absence of INO80.
(A) Chromatin recruitment of Cdc48 and Rpt1 in the absence of INO80. WT and ino80 cells expressing GFP-tagged Cdc48 were grown to 
log phase in normal conditions or in the presence of 0.06% MMS for two hours and subjected to chromatin fractionation. Protein extracts 
from whole cell extracts (WCEs), chromatin and soluble fractions were immunoblotted for GFP and the 26S proteasome subunit Rpt1. 
(B) A NiNTA pulldown was conducted under denaturing conditions on chromatin fractions isolated from WT cells expressing or not
6xHis-tagged Ub. Immunoblot analysis was performed against Rpb1.
(C) WCEs and chromatin from WT and rpb1-K330R cells expressing 6xHis-tagged Ub were isolated by chromatin fractionation, and subjected
to NiNTA pulldown under denaturing conditions. Immunoblot analysis was performed against Rpb1 on the His pull-down samples (PD) and
against Rpb1, histone H2A and G6PDH on the total proteins samples (Input). Asterisks denote short (*) and long (**) time exposures.
(D) Long time exposure of the immunoblot for UbRpb1 of Figure 7D.
(E) Long time exposure of the immunoblot for UbRpb1 of Figure 7E. For clarity, only the lanes from the last two 0.55M NaCl and the final 
2M NaCl washes are shown.
(F) Log-phase cells from WT and ino80 strains were fractionated into chromatin and soluble fractions. Chromatin was subjected to salt-
extraction as described in Figure 7C. Immunoblot analysis was performed on the indicated fractions using antibodies against histone H3 and
the cytoplasmic protein G-6-PDH. The chromatin sample corresponds to chromatin before NaCl washes, and the pellet sample corresponds to 
the remaining chromatin pellet after the two successive NaCl washes.



 

Supplemental Table: Yeast strains used in this study 

Strain      Genotype                             Reference/Source 

YM050   LS20 [Mat∆ ade2 can1r cyh2r lys S URA3-52 trp1∆     (Sandell and Zakian, 1993) 

               his3-∆200GAL:HO leu 2∆] 

YM085   LS20 ino80∆::KanMX 

YM181   LS20 arp8∆::KanMX 

YM194   LS20 arp5∆::KanMX 

YM286   MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 RPB1::GFP-HIS3MX INO80-TAP::KANMX 

YM295   MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 UBX4::GFP-HIS3MX INO80-TAP::KANMX 

YM291   MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 UBX7::GFP-HIS3MX  INO80-TAP::KANMX 

YM297   MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 CDC48::GFP-HIS3MX INO80-TAP::KANMX 

YM311   MATa ade2-1 can1-100 his3-11 leu2,3,112 trp1-1 ura3-1    (Verma et al., 2011) 

YM312   MATa his3-11 leu2,3,112 trp1-1 ura3-1 cdc48-3         (Verma et al., 2011) 

YM319   LS20 ubx4∆::HphMX 

YM320   LS20 ubx5∆::HphMX 

YM321   MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 CDC48::GFP-HIS3MX 

YM322   LS20 ubx6∆::HphMX 

YM323   LS20 ubx7∆::HphMX 

YM329   LS20 arp5∆::KanMX ubx4∆::HphMX 

YM330   LS20 arp5∆::KanMX ubx5∆::HphMX 

YM331   LS20 arp5∆::KanMX ubx6∆::HphMX 

YM332   LS20 arp5∆::KanMX ubx7∆::HphMX 

YM333   LS20 arp8∆::KanMX ubx5∆::HphMX 

YM334   MATa ade2-1 can1-100 his3-11 leu2,3,112 trp1-1 ura3-1 arp8∆::KanMX 

YM335   MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 CDC48::GFP-HIS3MX INO80-TAP::KANMX  

               ubx4∆::HphMX   

YM336   MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 CDC48::GFP-HIS3MX INO80-TAP::KANMX  

               ubx7∆::HphMX   

YM345   MATa his3-11 leu2,3,112 trp1-1 ura3-1 cdc48-3 arp8∆::KanMX 

YM355   MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

YM356   MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 CDC48::GFP-HIS3MX INO80-TAP::KANMX  

               ubx4∆::HphMX   

YM363   MATa ade2-1 can1-100 his3-11 leu2,3,112 trp1-1 ura3-1 rpb1K695R (Somesh et al., 2007) 

YM364   MATa ade2-1 can1-100 his3-11 leu2,3,112 trp1-1 ura3-1 rpb1K330R (Somesh et al., 2007) 

YM367   LS20 ino80∆::KanMX [pino80K737A-URA3] 

YM368   LS20 ino80∆::KanMX ura3::ino80K737A-URA3 

YM373   LS20 arp8∆::KanMX ubx4∆::HphMX 

YM375   LS20 ubx5Δ::hphMX ubx4Δ::kanMX 

YM379    MATa ade2-1 can1-100 his3-11 leu2,3,112 trp1-1 ura3-1 rpb1K695R arp8∆::KanMX   



 

YM380   MATa ade2-1 can1-100 his3-11 leu2,3,112 trp1-1 ura3-1 rpb1K330R arp8∆::KanMX   

YM381   LS20 ino80∆::KanMX ubx4∆::HphMX 

YM382   LS20 ino80∆::KanMX ubx5∆::HphMX 

YM388   MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 CDC48::GFP-HIS3MX ino80∆::KanMX 

YM390  LS20 arp8∆::KanMX ubx6∆::HphMX 

YM391  LS20 arp8∆::KanMX ubx7∆::HphMX 

YM393  LS20 arp8∆::KanMX ubx4∆::NatMX ubx5∆::HphMX 

YM403   MATa ade2-1 can1-100 his3-11 leu2,3,112 trp1-1 ura3-1 rpb1K695R arp8∆::KanMX 

YM404   MATa ade2-1 can1-100 his3-11 leu2,3,112 trp1-1 ura3-1 rpb1K330R arp8∆::KanMX 

YM418   LS20 ino80∆::KanMX ubx4∆::HphMX  [pino80K737A-URA3] 

YM471   MATa LS20 [ pCUP1-6xHisUb-LEU2] 

YM472   MATa LS20 ino80∆::KanMX  [pCUP1-6xHis-Ub-LEU2] 

YM477   MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 arp8∆::KanMX 

YM488   MATa ade2-1 can1-100 his3-11 leu2,3,112 trp1-1 ura3-1 [pCUP1-6xHisUb-LEU2] 

YM490   MATa his3-11,15 leu2-3,112 ura3      

YM492   MATa his3-11,15 leu2-3,112 ura3 pre1-1 pre4-1 (Le Tallec et al., 2007)  

YM493   MATa his3-11,15 leu2-3,112 ura3 ump1:: HPHMX4 (Le Tallec et al., 2007) 

YM563  MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 nhp10∆::KanMX 

YM645   MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 rsp5-1 

 

 

 

 

  



 

SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

MATERIAL AND METHODS 

Yeast strains  

Strains used in this study are derivatives of LS20, W303 and S288C genetic backgrounds and are listed 
in Table S1. Deletion of the INO80 or ARP5 genes is lethal in the W303 genetic background, but viable 
in the LS20 and S288C backgrounds. Gene deletions and other standard procedures were performed as 
described (Longtine et al., 1998). The functionality of all epitope-tagged proteins was confirmed by 
comparative functional analysis of the strains carrying the tagged proteins against wild-type strains. 

 

Dilution Assays and Flow Cytometry Analysis 

Cells were grown to log phase in YPD or appropriate selective medium, diluted to an A600 of 1.0 and 
plated in fivefold serial dilutions onto the indicated medium. Cells were then incubated at 30°C for 2 to 
5 days prior to data collection. 

 

Antibodies  

Monoclonal antibodies against GFP (7.1-13.1, Roche), Rpb1Ser2P (3E10, Millipore), Rpb1Ser5P (3E8, 
Millipore), Pgk1 (22C5D8, Abcam), Rpb1 (8WG16, Abcam), Ubiquitin (P4D1, Cell Signaling), 6X 
His (HIS.H8, Abcam) and polyclonal antibodies against Rpt1 (Abcam), Rpb1 (Y-80, Santa Cruz), C-
terminal domain of H3 (Abcam), H4 (Millipore), H2A (Abcam), H2A-S129P (Abcam), Rad53 (yC-19, 
Santa Cruz), TAP (Genscript), Arp5 (Abcam) were used.  

 

Purification of INO80 complex  

The INO80 complex was purified from Saccharomyces cerevisiae by FLAG immunoaffinity 
chromatography as described previously (Udugama et al., 2011). 

 

Purification of Cdc48 protein 

Yeast Strep-tagged CDC48 was cloned in the pFastBac vector and purified from Sf9 T25 insect cells in 
the Platform for Antibodies and Recombinant Proteins Production in Institut Curie, Paris. 

 

Immunoprecipitation of GFP-tagged proteins 

Immunoprecipitations were conducted using monoclonal GFP antibody (Roche), or GFP-TRAP beads 
as recommended by the manufacturer (Chromotek), with the following modifications concerning the 
cell lysis step. Log-phase cells were harvested by centrifugation, washed once in cold water, and 
resuspended in lysis buffer (10mM Tris HCl pH7.5, 150mM NaCl (or 300mM NaCl for CDC48-GFP), 
0.5mM EDTA, 0.5%NP40, 1mM PMSF) containing benzonase nuclease, Protease Inhibitor Cocktail 
(Roche) and glass beads (Scientific Industries – 0.5 mm). Cells were lysed by bead beating using the 
FAST PREP system. Cell lysates were then clarified by centrifugation, collected, and finally pull-down 
for GFP-tagged proteins using GFP-TRAP beads (Chromotek). 

 

Co-immunoprecipitation assays 

Log-phase cells were collected and lysed in buffer containing 10mM Tris-HCl, pH 7.5, 150mM NaCl, 
0.5mM EDTA, 0.5% NP40, with the addition of benzonase, PMSF and protease inhibitor cocktail. 
Lysates were pre-cleared at 13200 rpm for 30 minutes at 4°C, followed by incubation on a rotator for 1 
h at 4°C for benzonase treatment. The lysates were cleared again by centrifugation 13200 rpm for 30 
minutes at 4°C. For Arp5 immunoprecipitation, rabbit polyclonal anti-Arp5 antibody (Abcam) was 
prebound to protein A-sepharose beads (GE Healthcare) in lysis buffer for 4h at 4°C and incubated 
with cell lysates overnight. For TAP immunoprecipitation, rabbit polyclonal anti-TAP antibody was 
incubated with the lysates for 1 h at 4°C, followed by addition of protein A-sepharose beads for another 
hour. After extensive washing, the bound proteins were eluted in 2X SDS-PAGE sample buffer. 



 

 

In vitro deubiquitination assay 

The deubiquitination assay was conducted in buffer 100mM Tris-HCl, pH7.9, 5% glycerol, 1mM 
EDTA, 1mM PMSF and 1X protease inhibitor cocktail, in the presence or absence of purified Usp2 
(Enzo Life Sciences) at 37°C for 1.5h. The samples were briefly centrifuged and the soluble and bead 
bound fractions collected separately and treated with 2X SDS sample buffer.  

Tandem immunoprecipitation assay 

Tandem immunoprecipitation was carried out by harvesting exponentially growing cultures in lysis 
buffer containing 10mM Tris-HCl pH 7.5, 150mM NaCl. 0.5 mM EDTA pH 7.5, 0.5% NP-40, 
benzonase, 1 mM PMSF and protease inhibitor cocktail (Roche). Lysates were pre-cleared for 15min at 
13200rpm, and incubated at 4°C for 1h to allow the action of benzonase. The lysates were centrifuged 
again for 15min at 13200rpm at 4°C. The cleared lysates were first subjected to pulldown with 
calmodulin beads (Agilent Technologies) for 2h at 4°C, then washed 2X with wash buffer (10mM Tris-
HCl pH 7.5, 150mM NaCl. 0.5 mM EDTA pH 7.5, 2mM CaCl2, 1 mM PMSF and protease inhibitor 
cocktail. The bound proteins were eluted in buffer containing 10mM Tris-HCl pH 7.5, 150mM NaCl, 
10mM CaCl2, 0.5mM EDTA pH 7.5, 25mM EDTA,1 mM PMSF and protease inhibitor cocktail. A 
second pulldown was performed overnight at 4°C using either anti-GFP or anti-Rpb1 (Abcam) 
antibody. The beads were washed twice and treated with 2X SDS sample buffer. 

 

In vitro pulldown assay 

In vitro pulldown experiments were conducted using purified S. cerevisiae Flag-Ino80 complex and 
recombinant purified StrepII-Cdc48. The pulldown buffer contained 20mM Tris-HCl pH 8.0, 100mM 
NaCl. 0.01% NP-40 and 0.3% BSA. Strep-Tactin beads (IBA) were incubated with StrepII-Cdc48, then 
blocked with the pulldown buffer. The bead-bound Strep-Cdc48 was then incubated with the purified 
INO80 complex for 2h. All steps were carried out at 4°C. Following incubation the beads were washed 
twice with the pulldown buffer and treated with 2X SDS sample buffer.  

 

TAP-INO80 pulldown 

Ino80-TAP was purified as described (Sinha et al., 2009) with the following two exceptions: One-step 
Ino80-TAP pull-down was conducted against the CBP of the TAP-tag. Yeast extracts were treated with 
Benzonase nuclease (Millipore) to degrade nucleotides prior to binding to Calmodulin Sepharose 4B 
beads (GE Healthcare). To correct for proteins that bind non-specifically to the calmodulin beads, a 
mock CBP pull-down in similar normal conditions was conducted in yeast cells that were not tagged 
for INO80. All pull-downs were analyzed by mass spectrometry. The Ino80-TAP pull-down 
experiment was conducted twice. Proteins that were not recovered in both biological replicates were 
removed from the Ino80 interactors’ list.  

 

Proteomic analysis  

Immunoprecipitated proteins were migrated on SDS–PAGE gels. In-gel digests were performed as 
described in standard protocols. Briefly, following SDS-PAGE and washing of the excised gel slices, 
proteins were reduced with 10 mM DTT prior to alkylation with 55 mM iodoacetamide. After washing 
and shrinking of the gel pieces with 100% acetonitrile, in-gel digestion was performed using rLys-C 
(recombinant endoproteinase Lys-C, Promega) overnight in 25 mM ammonium bicarbonate at 30°C.  

The extracted peptides were analyzed by nano-LC-MS/MS using an Ultimate3000 system (Dionex 
S.A.) coupled to an LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). 
Samples are loaded on a C18 precolumn (300 µm inner diameter x 5 mm; Dionex) at 20 µl/min in 5% 
acetonitrile, 0.1% TFA. After 3 min of desalting, the precolumn was switched on line with the 
analytical C18 column (75 µm inner diameter x 15 cm; C18 PepMapTM, Dionex) equilibrated in 95% 
solvent A and 5% solvent B (5% acetonitrile, 0.1% acide formic and 80% acetonitrile, 0.085% formic 
acid). Bound peptides were eluted using a 5 to 52% gradient of solvent B during 57 min at a 200 nl/min 
flow rate. Data-dependent acquisition was performed on the LTQ-Orbitrap mass spectrometer in the 
positive ion mode. Survey MS scans were acquired in the Orbitrap on the 475-1200 m/z range with the 
resolution set to a value of 60 000. Each scan was recalibrated in real time by co-injecting an internal 



 

standard from ambient air into the C-trap (‘lock mass option’). The 5 most intense ions per survey scan 
were selected for CID fragmentation and the resulting fragments were analyzed in the linear trap 
(LTQ). Target ions already selected for MS/MS were dynamically excluded for 180 s. 

Data were acquired using the Xcalibur software (version 2.0.7) and the resulting spectra where then 
analyzed via the MascotTM Software created with Proteome Discoverer (version 1.2, Thermo 
Scientific) using the SwissProt S.cerevisiae (budding yeast) Protein Database. Carbamidomethylation 
of cysteines, oxidation of methionine, protein N-terminal acetylation and heavy lysine label (SILAC 
13C6) were set as variable modifications for all Mascot searches. Specificity of Lyc-C digestion was 
set for cleavage after Lys and two missed cleavage sites were allowed. The mass tolerances in MS and 
MS/MS were set to 2 ppm and 0.8 Da, respectively, and the instrument setting was specified as “ESI-
Trap.” The estimated false discovery rate (FDR) of all peptide and protein identifications was less than 
1%, by automatically filtering on peptide length, mass error and Mascot score of all peptide 
identifications. All quantified proteins have at least 3 peptides quantified (unique). To reduce the 
system error in each experiment, median normalization was applied. 

Proteins identified in both TAP-Ino80 and mock samples were removed from the INO80-protein 
interacting list. 

 

6xHis pulldown in denatured conditions assay 

Cells expressing an episomal 6xHis tagged ubiquitin under the control of the CUP1 promoter were 
grown to log phase, then Cu2+ was added to induce expression of Ub for two hours. Cells were 
subjected to chromatin fractionation, as described in (Papamichos-Chronakis et al., 2011). Briefly, cells 
were converted to spheroplasts by cell wall digestion using zymolyase 100T. Spheroplasts were then 
lysed by addition of Triton X-100 to 1% final concentration in the lysis buffer (20 mM Pipes KOH, pH 
6.8, 0.4M Sorbitol, 50mM KOAc, 2mM MgOAc, 0.5M PMSF, 1x Protease Inhibitor Cocktail, 20 mM 
NEM). An aliquot was collected, precipitated with TCA, and analyzed as whole cell extract. 
Remaining protein extracts were fractionated into supernatant and pellet fractions by centrifugation at 
12,000 x g for 15 min at 4°C. Supernatant was removed and precipitated with TCA, while the pellet 
was washed once with lysis buffer, and then treated as the supernatant. Protein extracts from total, 
supernatant and pellet fractions were then subjected to pulldown for 6xHis tagged ubiquitin in 
denaturating conditions as described in (Becuwe et al., 2012), with the exception of the use of HisPur 
Ni-NTA resin (ThermoScientific). Supernatant and pellet fractions were analyzed by immunoblotting 
as soluble and chromatin fractions, respectively.  

 

Protein degradation analysis  

Rpb1 degradation was examined in the presence of 500µgr/ml cycloheximide in the yeast cultures. 
Proteins from yeast whole-cell extracts were extracted with TCA as described previously (Papamichos-
Chronakis et al., 2011). Proteins were resolved on SDS-PAGE and analysed using commercial 
antibodies against the relevant proteins. 

 
  



 

SUPPLEMENTAL REFERENCES  
Becuwe, M., Vieira, N., Lara, D., Gomes-Rezende, J., Soares-Cunha, C., Casal, M., Haguenauer-
Tsapis, R., Vincent, O., Paiva, S., and Leon, S. (2012). A molecular switch on an arrestin-like protein 
relays glucose signaling to transporter endocytosis. The Journal of cell biology 196, 247-259. 
Le Tallec, B., Barrault, M.B., Courbeyrette, R., Guerois, R., Marsolier-Kergoat, M.C., and Peyroche, 
A. (2007). 20S proteasome assembly is orchestrated by two distinct pairs of chaperones in yeast and in 
mammals. Molecular cell 27, 660-674. 
Longtine, M.S., McKenzie, A., 3rd, Demarini, D.J., Shah, N.G., Wach, A., Brachat, A., Philippsen, P., 
and Pringle, J.R. (1998). Additional modules for versatile and economical PCR-based gene deletion 
and modification in Saccharomyces cerevisiae. Yeast 14, 953-961. 
Papamichos-Chronakis, M., Watanabe, S., Rando, O.J., and Peterson, C.L. (2011). Global regulation of 
H2A.Z localization by the INO80 chromatin-remodeling enzyme is essential for genome integrity. Cell 
144, 200-213. 
Sandell, L.L., and Zakian, V.A. (1993). Loss of a yeast telomere: arrest, recovery, and chromosome 
loss. Cell 75, 729-739. 
Sinha, M., Watanabe, S., Johnson, A., Moazed, D., and Peterson, C.L. (2009). Recombinational repair 
within heterochromatin requires ATP-dependent chromatin remodeling. Cell 138, 1109-1121. 
Somesh, B.P., Sigurdsson, S., Saeki, H., Erdjument-Bromage, H., Tempst, P., and Svejstrup, J.Q. 
(2007). Communication between distant sites in RNA polymerase II through ubiquitylation factors and 
the polymerase CTD. Cell 129, 57-68. 
Udugama, M., Sabri, A., and Bartholomew, B. (2011). The INO80 ATP-dependent chromatin 
remodeling complex is a nucleosome spacing factor. Mol Cell Biol 31, 662-673. 
Verma, R., Oania, R., Fang, R., Smith, G.T., and Deshaies, R.J. (2011). Cdc48/p97 mediates UV-
dependent turnover of RNA Pol II. Mol Cell 41, 82-92. 
 


	INO80 Chromatin Remodeler Facilitates Release of RNA Polymerase II from Chromatin for Ubiquitin-Mediated Proteasomal Degrad ...
	Introduction
	Results
	INO80 Physically Interacts with the CDC48 Complex
	Functional Interactions between INO80 and CDC48 Promote Cell Viability, Resistance to DNA Damage, and Efficient DNA Replication
	INO80 Promotes Degradation of Rpb1
	The Function of INO80 in Cell Growth and Maintenance of Genome Stability Is Coupled to Ubiquitin-Dependent Proteolysis of R ...
	Concurrent Interaction of INO80 with RNAPII and Cdc48
	The Interaction between INO80 and RNAPII Is Regulated by the Ubiquitin-Proteasome System
	Tight Binding of RNAPII to Chromatin in the Absence of INO80

	Discussion
	Integration of INO80 in the Ubiquitin-Mediated RNAPII Degradation Pathway
	Evidence for a Chromatin-Related Mechanism for RNAPII Extraction
	Chromatin Remodeling at the Interface of Nuclear Proteostasis and DNA Metabolism: Implication for Genome Stability and Disease

	Experimental Procedures
	Yeast Strains
	Biochemical Techniques
	Cell Biology Assays

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


