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The accessibility of eukaryotic genomes to the action of enzymes involved in

transcription, replication and repair is maintained despite the organization

of DNA into nucleosomes. This access is often regulated by the action of

ATP-dependent nucleosome remodellers. The INO80 class of nucleosome

remodellers has unique structural features and it is implicated in a diverse

array of functions, including transcriptional regulation, DNA replication and

DNA repair. Underlying these diverse functions is the catalytic activity of

the main ATPase subunit, which in the context of a multisubunit complex

can shift nucleosomes and carry out histone dimer exchange. In vitro studies

showed that INO80 promotes replication fork progression on a chromatin tem-

plate, while in vivo it was shown to facilitate replication fork restart after stalling

and to help evict RNA polymerase II at transcribed genes following the col-

lision of a replication fork with transcription. More recent work in yeast

implicates INO80 in the general eviction and degradation of nucleosomes fol-

lowing high doses of oxidative DNA damage. Beyond these replication and

repair functions, INO80 was shown to repress inappropriate transcription at

promoters in the opposite direction to the coding sequence. Here we discuss

the ways in which INO80’s diverse functions help maintain genome integrity.

This article is part of the themed issue ‘Chromatin modifiers and

remodellers in DNA repair and signalling’.
1. Introduction
Eukaryotic DNA is tightly packaged into nucleosomes, which are the simplest

units of chromatin. The canonical nucleosome contains 147 bp of DNA wrapped

twice around an octamer of histones, each containing two histone H2A-H2B het-

erodimers and a histone H3-H4 heterotetramer. In the presence of linker histones

and accessory scaffold proteins, chromatin achieves high levels of compaction,

reaching up to 104-fold linear compaction in the condensed mitotic chromosomes

of mammalian cells. In interphase, euchromatic domains become transiently

decompacted, while the transcription-resistant heterochromatic domains retain

their compact state. Despite this folding, both heterochromatin and euchromatin

seem to remain largely accessible to factors that mediate essential DNA-based

processes like replication, repair and transcription. How do eukaryotic cells

reconcile DNA compaction and accessibility?

Chromatin is rarely, if ever, in a static state. Nucleosome turnover, histone

replacement, histone variant deposition and the unfolding or shifting

of nucleosomes occur constantly. This remodelling of chromatin is not cell-

cycle-specific, and can be triggered either by internal signals like cellular

differentiation and DNA damage, or by external stimuli that induce new

transcriptional states. Chromatin access responds both to the action of ATP-

hydrolysing remodellers and to covalent post-translational modifications

(PTMs) on histones. The activities of the ATP-dependent remodellers include

histone exchange (canonical and variant forms), the eviction of histones or
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nucleosomes, and the repositioning or sliding of nucleosomes

along DNA. In addition, there is accumulating evidence

that nucleosome remodellers can facilitate the eviction of

non-histone factors from chromatin [1–3].

Nucleosome remodellers are multi-subunit complexes

containing an ATPase subunit of the Snf2 (sucrose

non-fermenting 2)-type of helicase. Based on the structural

characteristics of this subunit, remodellers have been classified

in four subfamilies: the SWI/SNF group (which bind acetylated

lysines), the ISWI group (containing SANT and SLIDE

domains), the CHD group (containing chromodomains that

bind methylated lysines) and the INO80 group (which has a

large insertion to its ATPase domain) [4–6]. In this article, we

focus primarily on the INO80 family of chromatin remodellers,

which is present in most species, including budding yeast and

humans. The INO80 group includes the INO80 and SWR1 com-

plexes (SRCAP in mammals), which carry a long insertion

within the Snf2-ATPase domain that is responsible for the

recruitment of the Rvb1/2 helicase, a hexameric subcomplex

consisting of two functionally related AAAþ ATPase subunits

(Rvb1/Rvb2 in yeast, or Tip49a/b, or pontin/reptin in mam-

mals). Both SWR1 and INO80 remodellers also contain

the Arp4-actin dimer and other actin-related proteins (Arp) [4].

INO80 complexes contain Arp5 and Arp8, as well as specialized

subunits, like the Ino eighty subunits 2 and 6 (Ies2 and Ies6). The

acquisition of divergent subunits in the holo-complex in diff

erent species appears to coincide with the expansion of species--

specific functions, such as the HMG variant Nhp10 in the

budding yeast INO80 complex or the gene-specific factor YY1

in mammalian INO80 [7]. Although both INO80 and

SWR1/SRCAP complexes contain the Arp4-actin and

Rvb1/Rvb2 subunits, and both contribute to aspects of

genome stability, their functions have diverged so strikingly

that in some cases they seem to have antagonistic roles [4].

Since its initial discovery in gene activation in response to

inositol starvation, INO80 has been implicated in a wide var-

iety of DNA-based transactions, including the regulation of

basal and inducible transcription, DNA replication, recombi-

nation and the repair of DNA damage (figure 1). Here we

provide a comprehensive view of INO80’s roles in transcrip-

tion and replication, and examine its recently reported

function in altering chromatin following DNA damage. We

discuss the experimental evidence that supports direct invol-

vement of the INO80 complex and, when data are available,

the conservation of such functions across species.
2. INO80 and transcription: a puzzling
connection

The INO80 ATPase was originally identified in a genetic screen

in Saccharomyces cerevisiae for mutants defective in gene acti-

vation in response to inositol depletion [8]. Several subsequent

studies across different species reported that INO80’s chromatin

remodelling function promotes the transcription of genes

induced by a variety of diverse signalling pathways, such as

PHO5 in yeast by phosphate depletion, and GRP78 in human

cells by endoplasmic reticulum stress [7,9,10]. Although these

early studies argued for a co-activator role in inducible gene

expression, transcriptomic data under unstressed conditions

showed that a large number of genes have altered transcript

levels in the presence or absence of INO80 remodelling function,

with almost as many transcripts shifted up as down [11,12]. For
instance, in an Affimetrix-based analysis of gene expression

comparing ino80 and arp8 deficient strains with an isogenic

wild-type background, 1156 genes had at least a 1.5-fold

change in steady state mRNA levels (approx. 20% of yeast

open reading frames (ORFs)), with 668 being upregulated and

488 showing reduced expression [12]. After exposure to the

alkylating agent methyl methanesulfonate (MMS) about 2500

genes showed altered expression in a wild-type background,

and only 80 genes failed to respond appropriately, either up

or down, in the ino80 mutant [12]. Thus INO80 did not primarily

mediate response to stress, but rather affected transcription

quite generally. It was therefore proposed that INO80 chromatin

remodelling has broad effects on promoters, facilitating both

transcriptional activation and repression by modulating the

position and composition of nucleosomes at promoters.

This hypothesis has been corroborated by recent studies.

RNA-seq in strains lacking either the catalytic Ino80 subunit,

or the Arp5-Ies6 core subcomplex, showed misregulation of

over 15% of the yeast genome, with roughly half of the

affected genes upregulated and the other half downregulated

[13], very much in line with earlier work [11,12]. It was then

examined whether the changes in transcript levels were a

direct or indirect effect of INO80 ablation. Indeed, in Yao

et al. [13], the broad effects on transcription could be corre-

lated with the occupancy of Ino80, Arp5 and Ies6 at the þ1

nucleosome of the transcriptional start site of the affected

genes, arguing strongly for a direct role in transcriptional

regulation. Consistently, an elegant genome-wide study

showed that INO80 can bind over 90% of budding yeast’s

gene promoters [14]. Remarkably, transcription expression

profiling in HeLa cells following RNA interference (RNAi)

against the hINO80 subunit revealed changes in expression

of a similar number of human genes (1936 ORFs in total),

again split nearly equally between upregulation and

downregulation [15].

A thorough analysis of Arp5/Ies6-dependent genes in bud-

ding yeast suggested that INO80 has a global effect on

metabolic pathways, with most genes involved in glycolysis

showing reduced expression and those of the mitochondrial

electron transport chain being increased upon loss of INO80

[13]. In addition, the yeast inositol pathway [8] and osmotic-

stress-regulated yeast genes [16] are INO80-regulated. Finally,

INO80 feeds back to ensure the appropriate expression of its

own subunits [12]. Looking beyond yeast, the situation was

somewhat different. The Drosophila INO80 was shown to facili-

tate transcriptional repression of ecdysone-regulated genes

during pre-pupal development [17], while loss of the human

INO80 affected expression of cell cycle genes, particularly

those under control of p53, including the cell-cycle regulator

p21Waf1/Cip1 [15]. In the mammalian case, it is unclear whether

the cell-cycle effects are direct or indirect, for example, due to

an accumulation of DNA damage. While budding yeast

INO80 affected transcription broadly in addition to mediating

a metabolic/osmotic stress response, in other species the genes

under INO80 control fall into specific subclasses. Below we

summarize recent advances in a mechanistic understanding

of INO80 and transcription.
3. Recruitment of INO80 at genes
Using the ChIP-exo technique to map each of the subunits of

INO80 across the genome at near-nucleotide resolution, Pugh
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Figure 1. Remodelling activities and cellular functions of the INO80 complex. The INO80 complex mediates several remodelling activities including histone variant
exchange (Htz1/H2A.Z removal), nucleosome spacing at genes, nucleosome remodelling/sliding and nucleosome eviction from DNA. (a) At genes, INO80 both
activates and represses transcription. On the one hand, it promotes transcription (solid green arrow) at the transcription start site (TSS) by positioning the 21
and þ1 nucleosomes and defining the nucleosome free region. On the other hand, it limits pervasive transcription at promoters where it reinforces transcription
directionality (repressing antisense RNA; green dashed arrows) at the TSS and at the transcription termination site (TTS) by removing either H2A.Z or by evicting the
transcription machinery. INO80 also limits the sense cryptic unstable transcripts (red dashed arrow) at the TSS. (b,c) During S-phase, INO80 (b) promotes replication
fork restart at damage sites and (c) solves the problem of replication – transcription collisions by evicting the transcription machinery (RNAPII and the Paf1 complex)
during replicative stress. (d ) DNA double-strand breaks (DSBs) are repaired either at the nuclear pore complex or on Mps3; the INO80 complex being required for DSB
relocalization to Mps3 in S- and G2-phases. (e) In the presence of several DSBs, INO80-C evicts nucleosomes from DNA, leading to chromatin decompaction and
global enhancement of chromatin mobility.
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and colleagues found that the INO80 complex occupies the

nucleosome free regions (NFRs) of the transcription start

sites (TSSs) of over 90% of budding yeast promoters [14].

Interestingly, INO80 is also recruited at transcription termin-

ation sites (TTSs) [18,19]. Although the role of INO80 at the

TTS is unknown, the presence of NFRs at the 30 end of

genes [20] provides further support on the model that

INO80 recognizes and preferentially binds DNA that is

devoid of nucleosomes. Its recruitment may reflect the

ssDNA binding activity attributed to human Arp8 [21]. In

line with this model, the association of INO80 to nucleosomes

is enhanced by extranucleosomal DNA of at least 20 nucleo-

tides compared to nucleosomes without additional linker

DNA [22]. These observations are reminiscent of SWR1

recruitment at NFRs, which also appears to rely on linker

DNA [23].

Enrichment of INO80 at promoters in some cases corre-

lates positively with transcriptional activity [16]. During the

activation of stress-response genes, its recruitment coincides

with that of RNAPII [24]. Consistently, INO80 has been
found to interact both with Rpb1 (subunit of RNAPII) and

the transcription elongation complex PAF1 [2,3], arguing

that the transcription machinery stabilizes, or cooperates

with the NFR, to facilitate INO80 recruitment. In contrast to

many other ATP-dependent chromatin remodelling

complexes, such as mammalian SWI/SNF, INO80 lacks his-

tone-binding motifs, such as CHD1- and bromo-domains.

These ‘reader’ motifs generally target complexes or proteins

to modified nucleosomes. The only characterized PTM

reader motif in the INO80 complex is the YEATS domain of

its subunit Taf14. The Taf14 YEATS domain binds to acetyl-

ated or crotonylated histone H3K9, both of which are found

at sites of active transcription. Whereas Taf14 is implicated

in both transcription and the DNA damage response

[23,25,26], it is also a subunit of the chromatin remodelling

complexes SWI/SNF, RSC, the NuA3 histone acetyltransferase

complex, as well as the TFIID and TFIIF general transcription

factor complexes. In budding yeast, the INO80-specific subunit

Nhp10 appears to have affinity for phospho-H2A-S129, but its

function in recruitment in vivo is unclear, and it is not found in
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INO80 complexes in other species. Instead of recognizing his-

tone modifications, it is speculated that INO80 recruitment

either creates the NFR or is dictated by it, after which histone

marks and/or specific factors (such as RNAPII) can stabilize

the NFR further. Unlike the case with the SWR1 remodeller,

no reported INO80 subunit deletion mutant was able to abro-

gate INO80 binding to chromatin completely. Thus, further

work is needed to clarify the mode of INO80 recruitment to

chromatin.
.org
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4. Chromatin remodelling function of INO80
The purified INO80 complex uses the energy of ATP hydrolysis

to mobilize canonical nucleosomes in cis [27,28] and to space

them approximately 30 bp apart [22]. To shed light on the con-

tribution of INO80 and other remodellers in nucleosome

positioning across the genome, the Korber laboratory devel-

oped an in vitro nucleosome reconstitution system [29]. This

assay combines yeast genomic DNA, recombinant canonical

histones and the four chromatin remodelling complexes RSC,

ISW2, INO80 and ISW1a purified from yeast cells [29]. Strik-

ingly, INO80 was the only remodeller tested able to

recognize and establish NFRs by itself, and to position correctly

the 21 andþ1 nucleosomes relative to the TSS (figure 1a) [29].

More specifically, INO80 cooperated with ISWIa to correctly

space the nucleosomes downstream to the TSS [29]. These

results suggest that INO80 has the intrinsic capability to prop-

erly organize the promoter nucleosome architecture, as well as

to reposition nucleosomes after their mobilization/destabiliza-

tion by the elongating transcription machinery. These

observations emphasize the crucial and very global role of

INO80 discussed above [14].

Apart from its activity on positioning canonical nucleoso-

mes, INO80 also has the capability to exchange nucleosomal

histone variant H2A.Z with free H2A in vitro [30], a function

that appears to be evolutionarily conserved [14,30–35]. Unlike

the SWI/SNF remodeller [36], INO80 does not generally evict

octomers at promoters upon gene activation [30], yet together

with SWI/SNF, INO80 is necessary for efficient nucleosome

remodelling during PHO5 gene activation, which renders the

promoter accessible to transcription factors and ensures full

PHO5 activation [9,10]. Supporting the notion that INO80-

mediated exchange of H2A.Z facilitates complete nucleosome

turnover [14], is the finding that the remodelling function of

INO80 enhances chromatin mobility of the PHO5 promoter,

as monitored by fluorescence microscopy of single locus trajec-

tories [37]. A similar increase in chromatin movement also

occurs under other conditions that reduce nucleosome occu-

pancy [38]. Interestingly, the pre-initiation complex of

RNAPII also promotes removal of H2A.Z from TSS [39].

Since the interaction of INO80 with the elongating RNAPII

machinery [2,3] promotes its recruitment to inducible promo-

ters [16,24], the eviction of H2A.Z by INO80 may take place

post-initiation, possibly to modulate the passage of RNAPII

through the þ1 nucleosome [40,41].

Two recent studies in yeast, one using a strain lacking Ino80

[42] and one that employed an anchor-away strain for con-

ditional depletion of Ino80 from the nucleus [39], reported

that the loss of INO80 complex activity did not have an effect

on the distribution or the occupancy levels of H2A.Z on chro-

matin. The underlying reasons for the discrepancies between

the different studies on the function of INO80 in H2A.Z
eviction are not clear. However, the use of different yeast back-

grounds, or a possible residual INO80 activity in the nucleus

during the time course of the anchor-away experiment, might

account for these discrepancies. It could be that there are mul-

tiple mechanisms for H2A.Z eviction which have varying

degrees of redundancy in different yeast backgrounds. It

should be noted that in some budding yeast backgrounds the

deletion of the INO80 gene is lethal, while in others, such as

S288C, the ino80 null allele is viable.
5. Regulation of non-coding transcription
by INO80

The depletion of INO80 affects the kinetics of both the induction

and repression of genes [10,24], yet it seems to have an even

more profound effect on the de-repression of non-coding tran-

scripts across the genome. Using an elegant fluorescent

reporter system to screen for mutants that upregulate non-

coding divergent transcription from a bidirectional promoter,

Buratowski and colleagues discovered that INO80 prevents

bidirectional transcription at functional promoters [43]. INO80

also enhances transcriptional silencing within heterochromatin

[18] and disruption of INO80 leads to extensive, pervasive tran-

scription of long non-coding RNAs (lncRNAs), most of which

are degraded by either the 30 –50 exonuclease activity of the

exosome or the 50 –30 exonuclease Xrn1 (figure 1a) [35].

How does INO80 repress intragenic and pervasive tran-

scription? Unstable non-coding RNAs are regulated both

transcriptionally and post-transcriptionally through degra-

dation by the nuclear exosome, or the 50 –30 exonuclease

Xrn1 [44]. Loss of H2A.Z from chromatin suppresses anti-

sense transcription from bidirectional promoters in budding

yeast and mouse embryonic stem cells (ESCs) [45]. Therefore,

it is possible that the eviction of H2A.Z by INO80 plays a role

in transcriptional repression of non-coding RNAs (ncRNAs)

[35]. Importantly, INO80 also blocks methylation of H3K79

by Dot1 in vitro and prevents aberrant deposition of

H3K79me outside the gene bodies or in heterochromatin

[18]. H3K79me is a histone PTM positively associated with

transcription elongation; thus its absence may promote tran-

scriptional silencing of cryptic promoters, as in telomeric

heterochromatin [46,47].

The impact of INO80 is not limited to antisense transcripts,

for inactivation of the INO80 complex also leads to the stabiliz-

ation of unstable sense ncRNA (cryptic unstable transcripts or

CUTs) on a genome-wide level [35]. In wild-type yeast cells,

CUTs are very rapidly degraded by Nrd1-Nab3-Sen1 and the

exosome, which indicates that INO80 may contribute to the

post-transcriptional silencing of non-coding transcription. The

function of INO80 in repressing expression of ncRNAs could

also reflect the recently characterized role of INO80 in facilitating

extraction of RNAPII from chromatin for its subsequent

degradation [2]. This occurs in the context of replication

fork–transcription complex collisions, where INO80 and the

checkpoint kinase Mec1-Ddc2 contribute to the eviction of

RNAPII and the PAF1 complex, leading to the transient degra-

dation of the former in yeast treated with hydroxyurea (HU)

[3]. Thus, the INO80 complex may reduce pervasive transcrip-

tion by multiple different mechanisms, e.g., histone removal

(H2A.Z), the prevention of histone H3K79 methylation, post-

transcriptional degradation or direct eviction of the transcription

machinery from the chromatin template (figure 1a,c).
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Remarkably, two of the initial genes exhibiting INO80-depen-

dent activation, PHO5 and INO1, are regulated by an antisense

ncRNA, suggesting that the silencing (ncRNA) and the activat-

ing (mRNA) functions of INO80 can occur at the same loci.
lsocietypublishing.org
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6. INO80 in DNA replication
The first evidence suggesting a role of INO80 in genome stab-

ility arose from the observation that yeast cells lacking key

INO80 subunits were hypersensitive to physical DNA

damage such as that provoked by ultraviolet (UV) and ionizing

radiation (IR), or MMS and HU, which generate replication

stress through different pathways [48]. IR creates single- and

double-strand breaks (DSBs) on the DNA template, whereas

UV treatment generates thymidine dimers, which secondarily

form breaks and ssDNA during the repair process [49].

INO80 is recruited rapidly to a specific HO-induced DSB in

yeast [12,50], providing evidence that this remodeller acts

directly at sites of DSBs. In this case, INO80 facilitates distinct

steps in the subsequent repair process [51].

The role of INO80 at stalled or damaged replication forks

was suggested by the fact that strains lacking the remodeller

function were very sensitive to HU, a potent inhibitor of the

ribonucleotide reductase (RNR), which catalyses the rate-

limiting step in the de novo deoxyribonucleotides (dNTP)

biosynthesis pathway. HU treatment leads to a drop in intra-

cellular dNTP levels, without completely exhausting the

pools [52]. This, in turn, reduces the kinetics of S-phase by

slowing fork speed and origin firing [53]. Whereas wild-type

cells are able to cope with relatively high levels of replication

stress, mutants of the replication machinery, the DNA replica-

tion checkpoint, or in replication fork restart pathways are

hypersensitive to replication stress [10,54]. Interestingly, repli-

cation-stress-induced lethality of ino80 mutants does not stem

from an impaired checkpoint response [51] nor a lack of tran-

scriptional response to replication stress [12]. Instead, INO80

may play a direct role in the restart of stalled replication forks.

Support for this hypothesis came from three independent

studies in budding yeast that mapped the INO80 complex to

about half of the known replication origins in HU-challenged

S-phase cells [55–57], as well as during normal S-phase pro-

gression [58]. The association of INO80 with origins appears

to be linked to replication or early S-phase, because only 4%

of the origins were still bound in G2. Unlike most of the

S-phase checkpoint effectors, INO80 binds almost equally to

early- and late-firing origins (55% versus 45%, respectively)

[55,56]. In mammalian cells, INO80 recruitment to replication

forks is mediated by ubiquitinylated H2A and the BRCA1-

associated protein 1 (BAP1) [58]. Additionally, the yeast

INO80 complex physically interacts with the replication

protein A (RPA) [59], suggesting that several factors/pathways

could favour INO80 binding to the replication forks.

What role does INO80 play at the replisome? Yeast cells

deprived of a functional INO80 complex progress more

slowly through a normal S-phase [60], and in mammalian

cells fork progression is also significantly delayed [61]. The

loss of INO80 in mouse embryos perturbs embryonic develop-

ment, but it is unclear whether this stems from defects in

transcription or replication [58]. Instead the best documented

phenotype of ino80 mutants in vivo with respect to replication,

is their failure to resume replication after an acute treatment

with genotoxic drugs (HU and MMS) [55,56,60,61]. Together
these observations implicate INO80 in normal DNA replication

as well as in the recovery from replication stress.

During replication stress, one of the main functions of the

DNA replication checkpoint is to protect stalled replication

forks from the formation of toxic recombination intermediates

that trigger an irreversible fork collapse [54]. In wild-type

cells exposed to HU the replisome remains engaged despite

the accumulation of ssDNA. In the presence of MMS, fork

reversal and/or translesion synthesis, which entails a switch

to error-prone polymerases, ensures fork progression. Depend-

ing on the lesion, Rad51-dependent strand invasion is often

necessary for fork restart [62,63]. Clearly, the responses of a

replication fork to MMS versus HU are very different, yet

INO80 appears to be involved in both. On acute fork arrest by

HU, the general function of INO80 appears to be downstream

of fork maintenance, given that arp8D and arp5D strains do not

exhibit fork collapse in response to HU [55,56]. Unlike the

situation with HU, the MMS-induced switch to translesion syn-

thesis is mediated through ubiquitinylation of the proliferating

clamp nuclear antigen (PCNA) by the Rad6-Rad18 complex

[64]. In this context, an ATPase-dead ino80 mutant failed to

recruit Rad18 to an MMS-stalled replisome, thus preventing

proper ubiquitinylation of PCNA [56]. The downstream recruit-

ment of the Rad51-dependent recombination machinery was

also compromised at MMS-stalled forks [56].

In the presence of HU, the loss of INO80 led to a delayed

resumption of fork elongation after removal of the drug, and

an increase in stable Mec1-Ddc2 and Rad52 foci in G2-phase,

indicating a delayed resumption for fork progression. This

could mean that either INO80 is needed to remove complexes

that block fork progression, or it could help recruit essential

factors for repair and recovery (figure 1b).

Further elucidation of INO80 function at replication forks

came from in vitro studies in which the Diffley and Remus

laboratories successfully reconstituted efficient DNA replica-

tion of naked DNA with purified proteins [65,66]. Upon

challenging this ‘minimal’ replication system with a chromatin

template, replication initially failed, reflecting a requirement

for extra factors. Chromatin template replication was restored

by the addition of the histone chaperone FACT, yet at a rate

far slower than in vivo [67]. Indeed, efficient replication of the

chromatin template was only achieved upon the addition of

two ATP-dependent remodellers, INO80 and ISWIa [67].

Neither remodeller could substitute for or replace the histone

chaperone FACT, yet normal replisome progression rates

were only achieved in the presence of nucleosome remodellers.

This is reminiscent of the observations of Shimada et al. [55],

and the finding that INO80 promotes the replication of late

heterochromatic domains in a normal S-phase in vivo [57].

As INO80 is able to remove nucleosomes around DSBs

[68,69], the complex could exhibit the same function ahead

of the replication fork. This view is strongly supported by the

fact that INO80 ATPase activity is required to promote restart

of stalled replication forks [60], and by the observation that

loss of both INO80 and the chromatin accessibility complex

(CHRAC) increases nucleosome density around replication

forks upon MMS treatment [70]. One cannot exclude that

INO80 helps process recombination intermediates, or helps

remove factors that impair recombination, given that ectopic

recombination is strongly reduced upon loss of INO80 function

[71]. Finally, the association of INO80 to the replication machin-

ery also seemed to favour other processes such as the

establishment of sister chromatid cohesion [72].
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7. INO80 promotes removal of RNAPII when
replication forks encounter transcription

INO80’s ability to remove proteins from chromatin is not

restricted to nucleosomes. Indeed, recent studies demonstrated

that the INO80 complex also promotes the removal of RNA

polymerase II (RNAPII) from chromatin in DNA damage con-

ditions [2] and during HU-induced replication stress [2,3]

(figure 1c). The removal of RNAPII required the interaction

of INO80 complex with Cdc48, which mediates protein degra-

dation by the 26S proteasome [2]. This newly identified role

was shown to occur during DNA replication where the repli-

some and the transcription machinery collide, thereby

jeopardizing completion of genome duplication [73]. In this

context, INO80 appeared to bind both RNAPII [2] and the

RNAPII-associated complex PAF1 [3]. Chromatin immunopre-

cipitation studies performed in mutants argued that both

INO80 and Paf1 are needed to achieve an efficient removal of

the transcription complex, and its transient degradation, at

sites where the replisome collides with highly transcribed

genes [3]. In this context, it is relevant to note that INO80 trig-

gers the proteasome-dependent degradation of histones

following Zeocinw-induced DNA damage as well [38], and

that both events require activation of the Mec1-Ddc2 check-

point kinase (ATR-ATRIP). This function of INO80 might be

specifically activated under stress conditions, given that several

subunits of the complex are phosphorylated by the checkpoint

kinase Mec1/ATR [74–76]. The requirement of Mec1 for the

degradation of RNAPII and histones argues that this event

may be an integral part of the DNA damage or DNA replica-

tion checkpoint response. Whether the checkpoint kinases

modulate INO80 subunit composition or its ligands at these

sites is unknown. Clearly, further work is necessary to clarify

how the Mec1-INO80-Paf1 triad helps remove RNAPII from

chromatin.
8. INO80 and chromatin mobility after DNA
damage

Coupled with the dynamics of nucleosomes are the much

longer range dynamics of the chromatin fibre within the

nucleus. Fluorescence microscopy studies showed that several

processes elicit long range chromatin movement: the shift of a

transcribed gene to the nuclear pore [77], the clustering of

active replication forks during S-phase [78], and the transfer

of difficult to repair DSBs or collapsed replication forks to the

nuclear envelope [71,79]. Moreover, if the sister chromatid is

not available for repair by homologous recombination (HR)

a search for an ectopic donor sequence ensues, which also

requires chromatin mobility. Whether chromatin movement

during this homology search is rate limiting or not for ectopic

recombination remains unclear.

Intriguingly, using a budding yeast system in which a DSB

is induced near a fluorescently tagged locus, it was shown that

this DSB moves more than the same locus uncleaved [80,81]. A

similar damage-induced increase in mobility was observed at

exposed mammalian telomeres [82]. In yeast, enhanced mobi-

lity required the damage checkpoint kinase Mec1/ATR, and

once a threshold of damage was reached, the enhanced mobility

was seen to propagate across the genome affecting the

dynamics of undamaged loci in a Rad53-dependent manner
[81,83]. In addition, a functional INO80 was required for DSB-

induced mobility of chromatin, both in cis and in trans
[83–85]. Consistent with this observation, the recruitment of

INO80 to an undamaged locus was sufficient to increase local

chromatin mobility [37] in a manner requiring the ATPase

activity of Ino80. The same increase in mobility was not

observed upon the targeting of other ATP-dependent

remodellers, like SWI/SNF or SWR1 [37].

A recent mass spectroscopy and nucleosome mapping

study brought some insight into the mechanism behind

enhanced chromatin mobility [38]. It was shown that about

30% of the four core histones are degraded upon Zeocinw- or

IR-induced DNA damage in a checkpoint- and INO80-

dependent manner [38]. The reduced histone density induced

chromatin decompaction and increased both the flexibility of

the chromatin fibre and its dynamics, a reflection of decreased

local constraint (figure 1e). A similar mechanism has been

documented in mammalian cells upon UV-induced damage,

even if in this case histones were displaced, in an INO80-

independent manner, from the site of the damage rather than

degraded [86]. The differences observed between yeast and

mammalian cells could either reflect the nature of the

damage (Zeocinw induces mostly single- and double-strand

breaks, whereas UV induces thymidine dimers) or divergence

in the repair process across evolution. Although the exact role

of INO80 in chromatin mobility is far from understood, the

fact that nucleosome eviction and histone degradation are

involved links it to functions previously ascribed to this

ATP-dependent remodeller.

The function of INO80-dependent chromatin mobility may

be many-fold, yet it could also simply be an inadvertent side

effect of the end-resection and chromatin remodelling events

that occur during DSB repair. On the other hand, chromatin

dynamics may facilitate relocation to subnuclear sites that

favour specific repair outcomes, or which harbour factors

that bias repair towards one pathway over another. In the

case of endonuclease-induced persistent DSBs, there are at

least two distinct sites at the nuclear periphery to which

INO80 can bind, and each has a different impact on repair. In

yeast, DSBs are recruited either to the nuclear pore complex

(NPC) or to Mps3, a SUN-domain protein anchored in the

nuclear envelope [87]. Both NPC and Mps3 binding require

the deposition of the histone variant Htz1/H2A.Z at the site

of the break by the ATP-dependent remodeller Swr1 in yeast

[71,88]. DSB association with Mps3 is favoured in S- and G2-

phases of the cell cycle, requires INO80, the recombination

factor Rad51 which binds to single-stranded DNA generated

by resection, and the SMC5/6-Mms21 SUMO-ligase

(figure 1d ) [71]. Recruitment to the NPC occurs in G1- as

well as S-phase, and requires a poly-SUMO chain deposited

by the SUMO-ligase Siz2. This, in turn, recruits the SUMO-

dependent ubiquitin ligase complex Slx5-Slx8 [79,89], which

is necessary for interaction with the Nup84 subcomplex of

the NPC. Artificial targeting of SUMO-fusions to an unda-

maged chromatin template showed that mono-SUMOylation

promotes Mps3 anchorage whereas poly-SUMOylation and

Slx5 recruitment favour relocation to the NPC [90]. Changes

in local tethering forces between and involving nucleosomes

are likely to be important for damage relocation.

While the mechanisms remain somewhat enigmatic, it is

nonetheless clear that the two anchorage pathways favour

different repair outcomes. Persistent DSB association to the

NPC promotes alternative recombination pathways such as
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microhomology-mediated recombination or break-induced

replication (BIR) to the detriment of Rad51-dependent canoni-

cal recombination events [90,91]. This extends to the repair of

eroded telomeres by ectopic recombination [92], and the recov-

ery from fork collapse at triplet nucleotide repeats [93].

Intriguingly, the only ATP-dependent remodeller involved in

nuclear pore binding is SWR1, as INO80 inactivation does

not alter any aspects of DSB anchorage to NPC. This function

of SWR1 may involve H2A-Z deposition, and is thus not lim-

ited to DSBs, but may affect gene promoters [94], telomeres

and centromeres [95]. On the other hand, Mps3-binding pre-

vents illegitimate recombination processes, thus limiting

unequal sister chromatid recombination and loss of genetic

information [71]. Mps3 binding may sequester DSBs that

were unable to find a proper homologous template during

homology search. Interestingly, Mps3 anchoring depends on

DNA end-resection, restricting this pathway to S- and G2-

phases, when exonucleases are active.

Whereas INO80 is one of several ATP-dependent chromatin

remodellers involved in promoting end-resection at DSBs in

yeast [68], SWR1 and Htz1/H2A.Z seem to inhibit resection

and to promote the loading of the NHEJ-Ku70/80 complex

both in yeast [68] and in mammals [96]. Intriguingly, subunits

of the INO80 complex, TIP49 (human) and the Rvb1/2 (yeast),

exhibit 30 to 50 helicase activity that unwinds 30 ssDNA overhangs

in vitro, which is consistent with a function of INO80 in the pro-

cessing of resected DNA ends [97]. This is consistent with the

observation that ino80 mutants are not defective in canonical

NHEJ repair assay, yet exhibit partial defects in specific HR-

mediated repair assay [68,88]. The loss of INO80 does not alter

spontaneous HR events at the MAT locus, but delays the rate of

HR upon MMS treatment [98]. The main difference between

the repair of the MAT locus by gene conversion and MMS-

induced HR is the involvement of the checkpoint. Given that

Mec1 directly phosphorylates several subunits of the INO80

complex under damage conditions, this modification may

restrict or alter the contribution of INO80 [75,76].
9. INO80 in development and disease
The INO80 complex contributes to transcription regulation,

DNA replication and DNA damage repair, three fundamental

processes that are required for proper embryonic development

and for cell integrity in an adult organism. Several studies in

the last few years have highlighted the importance of INO80

in mammalian development and disease. For instance,

during the generation of germ cells in meiosis, hundreds of

DSBs are induced and subsequently repaired to allow

exchange of genetic material between homologous chromo-

somes. In mice, INO80 is expressed in developing

spermatocytes at the early stages of meiotic prophase I [99],

and its conditional inactivation induces meiotic arrest and a

failure to repair DSBs generated during meiotic recombination

[99]. Interestingly, Ino80 knockout mice exhibit early embryonic

lethality [100], and other studies suggest that INO80 has a role

in the establishment and maintenance of pluripotency in ESCs

[101]. This may be related to its role in transcription, as INO80

facilitates the recruitment of Mediator and RNAPII to the
promoters of the pluripotency-network genes Oct4, Nanog,

Sox2, Klf4 and Esrrb, promoting their expression in ESCs [101].
INO80 also promotes activation of enhancers inducible by

the oestrogen receptor (ERa). The recruitment of INO80 at

ERa-dependent enhancers is impaired by ubiquitinylation of

H2B at K120 by RNF20/RNF4 (H2Bub1), which prevents

eviction of H2A.Z and represses transcriptional activation

[34]. As H2Bub1 facilitates methylation of H3K79 [102,103], it

is of interest to investigate potential crosstalk between INO80

and H2Bub1 in the Dot1L-dependent methylation of H3K79.

Recently, increased expression of HsINO80 has been

functionally associated with tumour progression. INO80 is

over-expressed in BRAF- and NRAS-mutated melanoma

cancer cells [104], as well as in anaplastic thyroid carcinoma

stem cells (ATC-CSCs) [105] and in cervical cancer samples

[16]. Whether its overexpression reflects the role of INO80 in

the survival of replication stress or in gene expression is unclear,

yet the downregulation of INO80 impaired melanoma cancer

cell growth and tumorigenesis [104]. Interestingly, INO80

occupies and activates the super-enhancers (SEs) of certain

oncogenes, apparently by increasing chromatin accessibility

and promoting recruitment of Mediator to these sites [104].

Given the similarities between promoters and enhancers

[106], it is expected that INO80 represses the production of

bidirectional non-coding RNAs at enhancers (eRNAs) and

SEs [107], particularly given the increase in aberrant lncRNAs

found in cancer cell lines [108]. In the context of cancer

development, the fact that INO80 controls the level

of spurious transcription (figure 1a) may impact non-coding

RNAs. Consistently, the knockdown of INO80 attenuated

stem-cell-specific properties of the aforementioned cancer

cells, including their ability to form tumours [16,105]. This

suggests that the role of INO80 in cancer cells is linked to its

stem-cell-promoting function.

Finally, besides cancer, INO80 the proteasome and the

RNAPII machinery have all been associated with progression

of Alzheimer’s disease [109], raising the possibility that degra-

dation of RNAPII by INO80 [2] is involved in neuronal cell

functions. The multiplicity of roles in chromatin dynamics

ascribed to INO80 makes it almost inevitable that INO80-

mediated remodelling and protein eviction impact a range of

human pathologies. Underlying this, however, is the funda-

mental question of how INO80 moves, evicts and exchanges

histones and non-histone factors, to facilitate DNA-based enzy-

matic events (figure 1). In many cases there is redundancy of

INO80 with other remodellers, which makes the identification

of INO80-specific functions even more difficult. In order to

understand its disease links, it will be crucial to determine

the crosstalk of INO80 with checkpoint kinases and other

stress signalling pathways.
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