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Summary

CAG/CTG trinucleotide repeats are unstable, fragile sequences that strongly position

nucleosomes, but little is known about chromatin modifications required to prevent genomic

instability at these or other structure-forming sequences. We discovered that regulated histone H4

acetylation is required to maintain CAG repeat stability and promote gap-induced sister chromatid

recombination. CAG expansions in the absence of H4 HATs NuA4 and Hat1 and HDACs Sir2,

Hos2, Hst1 depended on Rad52, Rad57, and Rad5, and were therefore arising through homology-

mediated post-replication repair (PRR) events. H4K12 and H4K16 acetylation were required to

prevent Rad5-dependent CAG repeat expansions, and H4K16 acetylation was enriched at CAG

repeats during S-phase. Genetic experiments placed the RSC chromatin remodeler in the same

PRR pathway, and Rsc2 recruitment was coincident with H4K16 acetylation. Here we have

utilized a repetitive DNA sequence that induces endogenous DNA damage to identify histone

modifications that regulate recombination efficiency and fidelity during post-replication gap-

repair.
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Introduction

CAG/CTG trinucleotide repeats can expand beyond a stable threshold of approximately 35

repeats and cause several heritable neurodegenerative diseases, including Huntington’s
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disease, myotonic dystrophy type 1, and many spinocerebellar ataxias (Mirkin, 2007). Once

expanded, the repeat becomes increasingly unstable and prone to further expansion,

exacerbating the disease phenotypes in successive generations (McMurray, 2010). Repeat

expansions can occur during DNA processing events in which DNA is rendered transiently

single stranded, allowing the repeats opportunity to form stable secondary structures that can

interfere with nick repair, Okazaki fragment ligation, and replication fork progression

(Mirkin, 2007). In addition, expanded repeats are fragile sites and breakage of the CAG

repeat is highly length-dependent (Freudenreich, 2007). Repeat instability can occur via

misalignment during DNA repair, 3′ strand slippage events, or incorporation of 5′ hairpin

structures (McMurray, 2010; Mirkin, 2007; Panigrahi et al., 2005).

Histone modifications occur during different types of repair, but those that occur after

double-strand break (DSB) induction are best understood. At the occurrence of a DSB, the

MRX complex (MRN) binds the broken DNA ends and activates the Mec1 (ATR) and Tel1

(ATM) kinases, which will in turn phosphorylate histone H2A (H2AX in mammals),

creating a γH2AX domain (Bao, 2011). The γH2AX domain acts as a platform for further

recruitment of repair-associated proteins, including the NuA4 histone acetyltransferase

(HAT) complex that acetylates histones flanking the break site (Downs et al., 2004; Murr et

al., 2006). Histone H3 and H4 N-terminal tail acetylation peaks at 0.6 kb from a nuclease

induced DSB in budding yeast two hours after HO-induction (Tamburini and Tyler, 2005),

and can be detected to approximately 1.5 kb from a DSB break site in mammalian cells (Xu

et al., 2010). In yeast, the catalytic component of the NuA4 complex is the HAT Esa1.

Along with the HATs Hat1 and Gcn5, Esa1 is recruited to an HO DSB during homologous

recombination (HR) (Tamburini and Tyler, 2005; Parthun et al., 2007), and also contributes

to non-homologous end-joining (NHEJ) (Bird et al., 2002; Choy and Kron, 2002; Lin et al.,

2008). In mammalian cells, the NuA4 complex homolog includes the HAT Tip60, the

scaffold protein Trrap, the chromatin remodeler p400, and the helicases Ruvbl1 and Ruvbl2

(Seeber et al., 2013). As repair of a DSB progresses, histone deacetylases (HDACs) are

recruited to the lesion, presumably to reestablish the original chromatin structure. In yeast,

the HDACs Rpd3, Hst1, and Sir2 are recruited to an HO break, appearing as the repair

process is completed (Tamburini and Tyler, 2005; Lin et al., 2008). In mammalian cells, the

Sir2 ortholog SIRT1 is recruited to an I-SceI break, and HDAC1 and HDAC2 of the NuRD

complex are required for efficient HR and NHEJ (Oberdoerffer et al., 2008; Bao, 2011).

Though it is well-established that histone acetylation occurs at a DSB, the consequence of

histone acetylation to repair outcome or fidelity of the repair event remains unclear.

Additionally, much less is known about the contribution of histone acetylation to other types

of repair, such as HR at a single-stranded DNA gap or during post-replication repair (PRR),

and the subset of HATs and HDACs that contribute to these repair pathways remain to be

elucidated. CAG repeats create site-specific replication and repair difficulties due to the

formation of hairpin structures. The inherent instability of the repeat tract allows repair

fidelity to be assessed by monitoring expansions and contractions of the repeat (Fig. 1A).

Therefore, CAG repeats present an interesting sequence at which to study the contribution of

histone acetylation and chromatin factors to repair outcome.
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Here, an analysis of HATs and HDACs in Saccharomyces cerevisiae revealed that CAG

repeat expansion frequency is significantly increased in mutants defective in either histone

H4 N-tail acetylation or deacetylation, and this increase is dependent on homology-mediated

recombination events as well as the error-free PRR protein Rad5, suggesting that

endogenous damage at the CAG repeat requires dynamic H4 acetylation and deacetylation

to promote PRR with fidelity. The RSC2 chromatin remodeler is recruited to the CAG

repeat concurrent with H4K16 acetylation. Further, H4 acetylation by the NuA4 complex

and RSC2 are both required for gap-induced sister chromatid recombination (SCR). We

propose that acetylation of the H4 tail promotes gap-induced SCR through recruitment of

RSC2 chromatin remodeling activity, and this is a general mechanism that ensures fidelity

of post-replication recombination events.

Results

Histone H4 HATs Esa1 and Hat1 prevent CAG/CTG repeat expansions

Considering that CAG repeats strongly bind nucleosomes (Wang, 2007) and create a site-

specific challenge to replication and repair, we sought to determine whether CAG stability

was dependent on regulated histone acetylation. We utilized an expanded (CAG)85 repeat on

a yeast artificial chromosome (YAC) and detected the frequency of repeat expansions and

contractions by PCR (Fig. 1A; Table S1). While CAG expansions were not increased in the

absence of Gcn5, which targets H3 and H2B N-tail lysines and is recruited to DSBs, or in

the absence of Sas3, a HAT that together with Gcn5 is responsible for most H3 acetylation

(Tamburini and Tyler, 2005; Lin et al., 2008; Kimura et al., 2002; Millar and Grunstein,

2006), CAG repeats were destabilized in the absence of H4 HATs Esa1 and Hat1 (Fig. 1B;

Table S1).

Esa1 is the catalytic subunit of the NuA4 complex that acetylates all four lysines in the

histone H4 tail as well as H2A N-terminal tail lysine residues (Millar and Grunstein, 2006;

Smith et al., 1998; Allard et al., 1999), and is a primary HAT required for H4 acetylation in

vivo (Millar and Grunstein, 2006; Smith et al., 1998; Allard et al., 1999; Clarke et al., 1999;

Bird et al., 2002). ESA1 is essential in S. cerevisiae, therefore we used two mutant alleles to

study Esa1 function: esa1-1851, which is hypersensitive to DNA-damaging agents and

shows a loss of H4 acetylation at 30°C; and esa1-L357H, which is not DNA damage

sensitive and displays wildtype levels of H4 acetylation at 30°C (Bird et al., 2002). CAG

repeat expansions were significantly increased in the esa1-1851 mutant (Fig. 1B) but not in

cells with the esa1-L357H allele at 30°C (Table S1), implicating H4 acetylation in

preventing repeat expansions. Expansion frequency was not increased in an H2A-NΔ mutant

(Table S1). Thus, H4 appears to be the relevant acetylation target of Esa1 for CAG repeat

maintenance.

Hat1 acetylates newly synthesized H4 on lysines 5 and 12 (Ma et al., 1998). The hat1Δ

mutant displayed a 4.5-fold increase in CAG repeat expansions over the wildtype (Fig. 1B).

Deletion of Sas2, a HAT responsible for acetylation of H4K16 proximal to telomeres

(Kimura et al., 2002), did not affect repeat stability (Fig. 1B). Thus, Esa1 and Hat1 are the

primary H4 HATs necessary to prevent CAG expansions.
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H4 HDACs protect against CAG repeat instability

Since efficient acetylation of histone H4 lysine residues is important to maintain CAG

repeats, we next characterized the effect of histone deacetylation by examining CAG

stability in HDAC mutants. Expansion frequency was slightly elevated in the sir2Δ and

hst1Δsir2Δ mutants while the hst1Δhos2Δ, hos2Δsir2Δ, and hst1Δhos2Δsir2Δ mutants all

displayed significant increases in CAG repeat expansion frequency (Fig. 1C). Since all three

HDACs have specificity for H4K16 (Millar and Grunstein, 2006), this residue would not be

efficiently deacetylated in the triple hst1Δhos2Δsir2Δ mutant, implicating H4K16

modification as an important contributor to CAG repeat stability. Interestingly, Hos2 and

Hst1 appear to be working independently of the Set3 complex to prevent CAG repeat

instability, as deleting other Set3 complex members or Sum1 (Pijnappel et al., 2001) did not

increase CAG repeat instability (Table S1).

Rpd3 is a global HDAC that, redundantly with Hos2, catalyzes deacetylation of H3 and H4

N-terminal lysine residues, with the exception of H4K16 (Millar and Grunstein, 2006).

Notably, neither the rpd3Δ nor the rpd3Δhos2Δ mutant showed an increase in CAG repeat

expansions compared to wildtype cells (Fig. 1D); therefore this HDAC is not involved in

protection against CAG expansions. Interestingly, loss of Rpd3 did lead to a significant

decrease in contraction frequency (Table S1), similar to the suppression of (CAG)20

expansions observed after Rpd3L knockdown, which was attributed to stabilization of the

Sae2 nuclease (Debacker et al., 2012). Hda1 also targets both histone H3 and the Sae2

nuclease (Robert et al., 2011), and we showed previously that Sae2 is required to prevent

(CAG)70 expansions (Sundararajan et al., 2010). Since the expansion frequency in the

hda1Δ mutant was equivalent to both the hda1Δhos2Δrpd3Δ and hda1Δsae2Δ mutants (Fig.

1D), we conclude that the relevant Hda1 target is most likely Sae2.

Taken together with the HAT mutant instability, our data show that H4 N-tail lysines must

be both acetylated and deacetylated to prevent CAG expansions. This result suggests that a

dynamic process is required, rather than a particular histone modification state. Of note, the

HAT mutants esa1-1851, esa1-1851 sas2Δ and hat1Δ, as well as the HDAC mutants

hst1ΔhosΔ2 and hst1Δhos2Δsir2Δ exhibited a significant or borderline significant increase

in contractions as well, whereas the other tested HATs and HDACs did not (Table S1). The

profile of HATs and HDACs involved in preventing CAG instability is overlapping but not

identical to those found to play a role at an HO-induced break (Tamburini and Tyler, 2005;

Lin et al., 2008). Thus, the primary type of damage caused by the expanded CAG repeat that

requires H4 acetylation to be repaired with fidelity may not be a DSB.

Modifiable H4 N-terminal lysines prevent CAG repeat expansions

The HATs and HDACs that are most important in preventing CAG repeat expansions have

overlapping specificity at H4 N-terminal lysines, but also have targets on H3 and potentially

on proteins other than histones. To directly test if H3 or H4 N- tail lysines are important for

CAG repeat stability we tested expansion frequency in a series of H3 and H4 mutants.

Notably, the H3-NΔ mutant did not show a significant increase in expansions (Fig. 2A),

demonstrating that H3 N-terminal lysine acetylation is not significantly affecting CAG

repeat stability. To test the contribution of the H4 N-terminal lysine residues, repeat stability
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was measured in strains with unacetylatable arginine substitutions. Expansions were

significantly increased in both the H4K12R and H4K16R mutants, but only modestly

increased in the H4K5,8R mutant (Fig. 2A), establishing that H4K12 and H4K16 acetylation

are of primary importance in maintaining CAG repeat stability. H4K16Q and H4K5,8,12Q

strains, with glutamine mutations that mimic acetylated lysine, also displayed elevated levels

of repeat expansions, confirming that deacetylation of the H4 tail is also important (Table

S1). The presence of a single acetylatable residue in the H4 N-terminal tail rescued

hypersensitivity to the DSB-inducing agent CPT and this rescue was independent of the

position of the lysine on the N-terminus (Bird et al., 2002). Our results, however, reveal that

acetylation of H4K12 and H4K16 are both vital to maintaining fidelity of repair within the

CAG repeat, since loss of either acetylatable residue was almost as severe as the loss of

three or all four acetylation sites (Fig. 2A). Nucleosome deposition in yeast is normal unless

H4K5,8, and 12 residues are all mutated, along with the H3 N-terminus (Ma et al., 1998;

Parthun, 2007), therefore the defects observed in the K12R and K16R mutants cannot be

attributed to a deposition defect. The small additional increase in expansions in the

H4K5,8,12R and H4K5,8,12,16R mutants could be due to an added effect due to a

chromatin assembly defect present in these mutants but not in the single mutants, or

alternatively indicate a minor level of redundancy in the repeat stability function of the H4

N-terminal lysines.

H4K16 acetylation is enriched at an expanded CAG repeat during S-phase

ChIP analysis was used to determine whether acetylation of H4K12 and H4K16 residues

was directly detectable at an expanded CAG repeat tract. The level of DNA damage at CAG

repeats is relatively low: 10–20% of cells with an expanded CAG tract show some sign of

stress (Sundararajan and Freudenreich, 2011), whereas an HO-induced DSB occurs in ~90%

of cells (Tamburini and Tyler, 2005). Thus, we used cells with a longer (CAG)155 repeat

tract to maximize the chance of detecting histone modification enrichment compared to a no

repeat (CAG)0 control. Histone H4K16 acetylation was significantly increased at the CAG

tract 20 minutes after cells were released from G1 phase (early S phase) whereas this

enrichment was not observable at the no repeat control (Fig. 2B, Fig. S1A, B). The

H4K16ac enrichment was not due to a change in histone levels, as histone H3 levels

remained relatively constant over the time course (Fig. S1C). In contrast, H4K12 and H4K5

acetylation were not enriched at the CAG repeat compared to the no repeat control (Fig. 2C,

S1D). Thus, though the genetic data shows that H4K12 acetylation is important for stability

of the repeat, it does not appear to be specifically induced by repair. Interestingly, γH2AX

levels were elevated at the CAG repeat coincident with H4K16 acetylation at 20 min into S

phase but with a longer persistence, peaking at 40 min, mid-S phase (Fig. 2D; S1B). The

level of γH2AX enrichment is consistent with the level observed at other impediments to

replication (e.g. tRNA genes or LTRs, ~1.4-fold) (Szilard et al., 2010).

The transient nature of the H4K16 modification at the repeat during S-phase along with the

relatively modest level of H2A-S129 phosphorylation and the known ability of CAG/CTG

repeats to impede fork progression (Kerrest et al., 2009; Pelletier, 2003), suggested that

dynamic histone acetylation is associated with a replication-coupled event. We were unable

to detect enrichment of H4K16 acetylation at a fork stalled by hydroxyurea (HU) treatment
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by ChIP (Fig. S2); therefore, the H4K16 acetylation enrichment observed at the CAG repeat

is likely not due to fork stalling alone. Instead, H4K16 acetylation could mark other fork-

associated events that commonly occur at CAG repeats, including fork reversal, nicks, gaps,

or sister chromatid recombination (Fouché et al., 2006; Panigrahi et al., 2005; Kerrest et al.,

2009).

Histone H4 acetylation state maintains CAG repeat stability by promoting sister chromatid
recombination during post-replication repair events

To determine if the absence of Esa1 or Hat1 activity results in increased DSBs or a defect in

repairing DSBs occurring at the repeat, we tested chromosomal fragility of the CAG repeat

in the esa1-1851, hat1Δ, and H4 K-to-R single mutants. CAG repeats did not show

increased fragility in any of these mutants, including an esa1-1851 strain with a longer

(CAG)155 repeat (Fig. 3A; Fig. 3B; Table S2). Therefore, any double-strand breaks that

occur at the CAG repeat in the absence of H4 acetylation can be repaired with normal

efficiency.

We next examined if expansions in the absence of H4 N-tail lysine acetylation and

deacetylation are arising during NHEJ or HR. If expansions arise during a repair event, they

should be suppressed in the absence of that pathway. Expansions in the esa1-1851 HAT or

hst1Δhos2Δsir2Δ HDAC mutants were still elevated when Lif1, a DNA ligase IV complex

member, was deleted, indicating that they are not arising during NHEJ-dependent events

(Fig. 3C). In contrast, the absence of Rad52 suppressed repeat expansion and contraction

frequency in both HAT and HDAC mutants to levels at or below the wildtype or rad52Δ

single deletion levels (Fig. 3C; Table S1).

Considering that expansions were Rad52-dependent and the S-phase timing of H4K16

acetylation at the repeat, we examined the contribution of error-free post-replication repair

and sister-chromatid recombination to CAG repeat maintenance. The error-free branch of

PRR repairs replication-associated lesions using homology-mediated template switch,

whereby the newly synthesized sister chromatid is used as a template for repair. The

mechanism remains poorly understood, but error-free PRR and the generation of a template-

switch intermediate requires the action of Rad5, a DNA-dependent ATPase and PCNA

ubiquitin ligase, as well as the Rad51 paralog Rad57 (Vanoli et al., 2010; Minca and

Kowalski, 2010). The increased repeat expansion frequency in the H4 HAT and HDAC

mutants was suppressed in the absence of Rad5 or Rad57, and expansions occurring in the

H4K12R and H4K16R mutants were also dependent on Rad5 (Fig. 3C). We conclude that

CAG repeat expansions that occur in the absence of regulated H4 acetylation are arising

during a Rad52-, Rad5- and Rad57-dependent event, such as the template switch that is

required for homology-mediated post-replication repair.

To evaluate if H4 acetylation is necessary to promote SCR in non-repetitive DNA, we took

advantage of an assay that measures the rate of unequal SCR as an indicator of overall SCR

rates (Mozlin et al., 2008; Fig. 4A; Table S3). We found that both Rad57 and Rad5 are

required for SCR (Fig. 4B), in agreement with previous reports (Mozlin et al., 2008; Zhang

and Lawrence, 2005). Interestingly, SCR rates were not decreased in the hst1Δhos2Δsir2Δ

mutant, but rather were slightly increased (Fig. 4B). In contrast, SCR rates were
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significantly decreased from the wildtype in both the esa1-1851 mutant and a strain deleted

for Yng2, a NuA4 complex member critical for histone H4 acetylation (Loewith et al., 2000;

Choy and Kron, 2002) (Fig. 4B). Therefore, the HAT activity of NuA4 is required to

promote wild-type levels of spontaneous SCR. To determine if the critical NuA4 substrate

promoting SCR was the acetylated H4 tail as was the case for CAG stability, SCR rates were

measured in the H4K12R and H4K16R mutants. SCR was suppressed in both mutants; the

suppression in the H4K16R strain was significant and equivalent to the esa1-1851 and

yng2Δ mutants (Fig. 4C). Thus, acetylation of the H4 tail, in particular K16 acetylation, is

critical for spontaneous SCR.

NuA4 is required for MMS-induced sister chromatid recombination

Based on our data, it seemed most likely that CAG expansions occurring when H4-tail

acetylation is defective were arising during an SCR event initiated by damage at the repeat.

We sought to determine if stalled forks or single-stranded DNA gaps could initiate SCR, and

with what protein requirements. Cells were treated for 1 hr with HU to stall replication forks

or methyl methanesulfonate (MMS) to induce single-stranded gaps; the short treatment

favored the formation of single-stranded lesions as opposed to DSBs. While stalling

replication forks with HU was not sufficient to induce SCR, single-stranded gaps created by

MMS induced a significant increase in SCR (Fig. 4D), in agreement with previous results

(Fasullo et al., 2001; Choy and Kron, 2002). The MMS-induced increase was suppressed in

a rad5Δ strain, indicating that this treatment is inducing template switch events (Fig. 4D).

NuA4 activity is also required for the MMS-induced increase in SCR, as it was significantly

reduced in the esa1-1851 mutant (Fig. 4D). This suggests that H4 acetylation marks gaps

that form when the replication fork bypasses a lesion (or CAG hairpin), and that this

modification is required for efficient template switch recombination.

RSC1 and RSC2 promote CAG repeat stability and RSC2 is needed for gap-induced sister
chromatid recombination

Acetylation dynamics could be influencing the efficiency and fidelity of post-replication

repair by promoting one or more aspects of daughter strand gap repair. Acetylated histones

can disrupt higher-order chromatin structure to facilitate repair protein binding (Shogren-

Knaak et al., 2006; Murr et al., 2006). However, if the role of H4K12 and H4K16

acetylation was primarily to relieve chromatin condensation to facilitate repair, the HAT and

HDAC mutants would be predicted to have opposite effects on CAG repeat stability. As this

was not the case (Fig. 1), an alternative hypothesis is that acetylated residues could directly

recruit one or more acetyl-lysine binding proteins that are important for gap induced HR

repair. To test the direct recruitment model, we examined CAG repeat stability in the

absence of proteins with bromodomains, which bind acetyl-lysine.

RSC is a multisubunit chromatin remodeler that exists in at least two different isoforms

which contribute differentially to DNA repair: while RSC1 is required for nucleosome

sliding at a DSB (Chambers et al., 2012), RSC2 is localized by ChIP to stalled replication

forks and is required for PCNA ubiquitination after MMS and UV damage, as is the RSC

homolog BAF180 in human cells (Niimi et al., 2012). We tested CAG stability in the

absence of two RSC bromodomain-containing subunits, Rsc1 and Rsc2. CAG expansion
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frequency is significantly increased in both the rsc1Δ and rsc2Δ mutants (Fig. 5A),

demonstrating the requirement of both RSC complex members in CAG repeat maintenance.

In contrast, Snf2, the bromodomain-containing catalytic component of the SWI/SNF

chromatin remodeler that is recruited to DSBs (Seeber et al., 2013), is not required for CAG

repeat stability (Fig. 5A).

Finally we tested Bdf1, a double bromodomain-containing protein that can directly interact

with acetylated histone H3 and H4 N-terminal tails and can target the SWR1 histone

exchange complex to chromatin (Kurdistani et al., 2004; Altaf et al., 2010). The absence of

Bdf1 led to a significant increase in CAG expansions; however, a deletion of Swr1 or Htz1

had no effect (Fig. 5A; Table S1). Thus the action of Bdf1 in preventing CAG instability is

not due to its role in SWR1 recruitment and histone exchange, and instead may be due to its

ability to bind acetylated H4 tails.

If H4 acetylation is recruiting a bromodomain-containing protein to the CAG repeat, we

expect to see epistasis between esa1-1851 and a mutant of that protein. Expansions in the

esa1-1851 rsc1Δ, esa1-1851 rsc2Δ, and esa1-1851 bdf1Δ mutants are equivalent to the esa1

single mutant, consistent with Rsc1, Rsc2, and Bdf1 working within the same pathway as

Esa1 to maintain CAG repeats (Fig. 5B). Also, similar to H4 acetylation mutants,

expansions in both the rsc1Δ and rsc2Δ mutants were suppressed in the absence of Rad5

(Table S1), supporting that these remodelers play a role in the PRR template switch

pathway. Strains mutant for Esa1, Rsc1, Rsc2, and Bdf1 have all been shown to be MMS-

sensitive, with esa1 and rsc2 mutants showing the greatest sensitivity (Bird et al., 2002;

Oum et al., 2011; Garabedian et al., 2012).

To assess if these proteins are contributing to SCR, we measured rates of unequal sister

chromatid recombination in the absence of Rsc1, Rsc2, and Bdf1. Rsc1 and Rsc2 are

required for wild-type levels of spontaneous SCR, consistent with a previous report using a

different assay (Oum et al., 2011), and Bdf1 is also required (Fig. 5C). However, while

MMS treatment leads to a significant increase in SCR in the rsc1Δ mutant, SCR is

suppressed in the MMS-treated rsc2Δ and bdf1Δ mutants (Fig. 5D), similar to the esa1-1851

and rad5Δ mutants (Fig. 4D). This suggests that the RSC2 isoform, specifically, and Bdf1

are required for gap-induced SCR.

To further explore the difference between the function of the RSC2 and RSC1 remodelers

during gap repair, we used ChIP to determine recruitment of the Rsc2 and Rsc1 subunits to

the CAG repeat. Significantly, the Rsc2 protein was recruited to the CAG tract with the

same timing as H4K16 acetylation, peaking 20 minutes into S phase, which supports the

idea that H4K16ac could be recruiting RSC2. The Rsc1 protein was also strongly recruited

to the repeat but with later timing, consistent with the data that it plays a role in preventing

expansions and promoting SCR, yet with a different profile than esa1-1851, rsc2Δ and

bdf1Δ strains with respect to repair of MMS-induced damage.
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Discussion

Histone H4K16 acetylation is a novel marker of post-replication HR repair

Here we have identified a novel role for histone H4 acetylation in maintaining genomic

stability during post-replication gap repair. Thus, like DSB repair, the error-free branch of

PRR is regulated by histone modification, but with a different profile of HATs and HDACs

involved. In particular, our data show that H4K16 acetylation by NuA4 is a repair-induced

modification that is important for both the efficiency of sister chromatid recombination and

the fidelity of repair. Deacetylation of H4K16 by the Hos2, Sir2, and Hst1 HDACs is also

important as defects in this step impact repair fidelity and increase the likelihood of a CAG

expansion; deacetylation is not required for normal levels of sister chromatin recombination,

suggesting a role during the resolution step of repair.

A CAG or CTG hairpin structure can impair polymerase progression leading to a fork stall

or a gap behind the fork that requires SCR to be resolved (Kerrest et al., 2009; Pelletier et

al., 2003). Indeed, previous 2D analysis of replication through a (CTG)55 repeat on a yeast

chromosome revealed the formation of joint molecules that could represent reversed forks or

other template switch events between sister chromatids (Kerrest et al., 2009). Though DSBs

can also occur at expanded CAG repeats, our results support that the pathway described here

is primarily related to template switching and gap-induced recombination.

Role of chromatin remodeling at H4 acetylated regions

Our results indicate that both acetylation by HATs and deacetylation by HDACs are

important for maintaining CAG stability. Therefore, though chromatin decompaction may

be one important outcome of H4K16ac, high-fidelity repair requires dynamic acetylation. By

deleting proteins containing a bromodomain that could act as an acetyl-lysine binding

pocket, we identified Rsc2 as an attractive candidate for direct recruitment to H4 acetyl-

lysines at a gap. Indeed, maximal Rsc2 recruitment coincides with maximal H4K16

acetylation at the CAG repeat.

The RSC remodeling complex has previously been implicated in NHEJ, HR, and

spontaneous sister chromatid exchange (Seeber et al., 2013; Oum et al., 2011). Here we have

shown that while both Rsc1 and Rsc2 are required for spontaneous SCR, Rsc2 is specifically

required for MMS-induced SCR. In this respect, Rsc2 is similar to Esa1 and Rad5,

suggesting cooperation with the Nu4A complex during repair of gaps. Rsc1 and Rsc2 are

also recruited to the repeat at different times during the repair process: Rsc2 is recruited

early, whereas Rsc1 is recruited later, when H2A phosphorylation peaks. The RSC

remodeling complex was proposed to promote SCR by cohesin loading (Oum et al., 2011).

However, in a previous study, CAG repeat instability was not increased in the scc1-73

cohesin mutant or the scc2-4 cohesin loading mutant (Gellon et al., 2011). Though we

cannot rule out a role for RSC in cohesin loading as the temperature sensitive Scc1 and Scc2

mutants may retain some cohesion function, we favor a role for RSC2 in remodeling

chromatin at the CAG repeat to promote repair.

The bdf1Δ mutant also exhibited increased CAG repeat expansions and was required for the

MMS-induced increase in SCR, similar to Esa1 and Rad5. Free histone H4 is acetylated at
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lysines 5, 8, and 12 by Hat1, and this pattern is required for proper histone deposition during

replication and repair (Ma et al., 1998; Parthun, 2007), and would therefore already exist on

newly replicated DNA. Indeed, we did not detect a repeat-specific increase in acetylated

H4K5 or K12. Bdf1 preferentially binds H4 acetylated on lysines 8 and 12 but not 16, thus

as proposed (Millar et al., 2004), there could be a switch between an initial chromatin state

where H4K12 is acetylated, H4K16 is not, and Bdf1 is bound, and a damage-induced state

where H4K16 acetylation would disfavor Bdf1 binding and allow access by other factors

(such as Rsc2) to the H4 tail. One possibility is that the H4K12R mutation, the absence of

Hat1, or the absence of Bdf1 all impair this switch and thus the downstream events needed

for efficient template switch recombination, explaining their phenotypes.

A model for H4 acetylation during post-replication gap repair

We suggest a model in which post-replicative lesions, such as a gap left behind after the fork

encounters a lesion or hairpin that impedes replication, require acetylation of H4K16 for

efficient Rad52-, Rad5-, and Rad57-dependent repair off the sister chromatid; for example,

by stabilizing the template switch intermediate or facilitating D-loop progression (Fig. 6,

left). At an HO-break, histone acetylation and NuA4 recruitment was abolished in the

absence of Rad52 or Rad51, respectively, indicating that acetylation is triggered by an event

during HR (Tamburini and Tyler, 2005; Bennett et al., 2013). Our data are also consistent

with H4 acetylation occurring during recombination since expansions were suppressed to

wildtype levels in the esa1-1851 rad52Δ and hat1Δrad52Δmutants (Fig. 3C). On the other

hand, deacetylation likely occurs later in the process as repair is completed, since the

H4K16ac mark had disappeared by late S/G2. We propose that dynamic acetylation

promotes recombinational repair by acting as a locus-specific marker for efficient targeting

of the chromatin remodeler RSC2 to the gap to promote efficient D-loop progression (Fig. 6;

left). NuA4 binding may be facilitated by interaction with γH2AX (Downs et al., 2004),

consistent with ChIP data showing that Mre11 and γH2AX are both present at an expanded

CAG tract by the time of H4K16ac (Sundararajan et al., 2010; this study), or may be

recruited by the Rad51-ssDNA filament as suggested by (Bennett et al., 2013). Our results

do not rule out that H4-tail acetylation could affect the recruitment of additional repair

factors, or that structural changes in chromatin induced by H4 acetylation could also

contribute to the overall repair process.

In the context of repetitive DNA, the absence of proper acetylation and remodeling could

lead to instability by impeding D-loop extension during gap repair. Therefore, in the absence

of functional NuA4, a lack of H4K16 acetylation would lead to impaired recruitment of

RSC2, inefficient SCR, and low fidelity repair (Fig. 6; middle). The dissociation of the 3′

end of the invading strand would allow opportunity for secondary structure formation in the

repetitive DNA. In the orientation studied, a gap on the lagging strand template would be

associated with a CTG repeat on the invading nascent lagging strand, which could form a

hairpin leading to an expansion. Hairpin formation on one of the template strands, followed

by failure to be copied, could lead to contractions. Alternatively, premature dissociation of

the invading strand would allow opportunity for misalignment in a subsequent reinvasion,

leading to a repeat length change (not shown).
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H4 deacetylation, on the other hand, may either be important to promote repair factor

dynamics at the site of the lesion or to designate when repair is complete, restoring

chromatin compaction and inhibiting reinvasion by the Rad51 filament. The absence of the

H4 HDACs would result in a global increase in H4 acetylation, leading to loss of the locus-

specific signal of damage, impairing timely recruitment of repair factors to the lesion, and

resulting in low fidelity repair (Fig. 6, right). Alternately, since SCR levels were normal or

even slightly elevated in the hst1Δhos2Δsir2Δst rain, recruitment may be normal but

resolution of the repair process may be impaired, leading to excessive D-loop extension or

Rad51 filament reinvasions, and thereby more opportunities for CAG repeat expansions.

Balance between productive repair and repeat instability during post-replication HR

To maintain genomic stability, lesions must be repaired in a fashion appropriate to lesion

type and stage of the cell cycle. Homologous recombination and post-replication template

switching are mechanisms by which a lesion can be repaired using a homologous template

to ensure no loss of genetic material; therefore these repair pathways are protective to

genome integrity. In fact, both pathways have been demonstrated to prevent CAG repeat

fragility and stability (Sundararajan et al., 2010; Daee et al., 2007; this study, Fig. 3C),

presumably because when not available, other inappropriate repair pathways are engaged

that lead to poor repair or repeat length changes. However, although protective for genome

stability, if repair proceeds inappropriately or in a compromised manner, expansions can

arise via HR. Recent studies in srs2Δ,mre11Δ, and ctf18Δ/dcc1Δ mutants showed that repeat

expansions in these backgrounds were generated in a Rad51- or Rad52-dependent process

(Kerrest et al., 2009; Sundararajan et al., 2010; Gellon et al., 2011), and those proteins all

have important roles in controlling SCR. In addition, Rad5 was found to promote expansion

of GAA and ATTCT repeats which was proposed to occur because of misalignment during

template switching, resulting in addition of repeat units during synthesis (Shishkin et al.,

2009; Cherng et al., 2011).

Altogether, these results indicate that Rad5-dependent template switching coupled to Rad52-

dependent SCR is a common pathway for repairing lesions that occur at expanded repeats or

other structure-forming sequences, but in a manner prone to generating repeat length

changes if not properly regulated. The present study introduces the new finding that H4K16

acetylation is required to ensure accurate repair during Rad5-dependent template switches.

Conclusions

H4K16 acetylation has a demonstrated role in DNA repair in mice and human cells

(Krishnan et al., 2011; Li et al., 2010; Sharma et al., 2010) and the loss of H4K16

acetylation has been associated with human cancers (Fraga et al., 2005; Pfister et al., 2008).

Studies in human cells support that H4 acetylation is important in promoting HR events; for

example, TIP60-dependent H4 acetylation has been shown to diminish 53BP1 binding and

promote BRCA1-dependent HR (Tang et al., 2013), and depletion of MOF leads to deficient

recruitment of repair factors to IR foci and a decrease in sister chromatid exchanges (Sharma

et al., 2010; Li et al., 2010). Therefore, a role for H4 acetylation in promoting SCR may be

conserved from yeast to humans. Given our results, this modification is predicted to be
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particularly important during post-replicative repair events in human cells, at both non-

repetitive sequences and structure-forming repeats.

Our results add to the understanding of how the cell can use histone modification to direct

repair of non-DSB lesions and to facilitate the fidelity of the repair process. Promoting

repair fidelity will conserve genomic integrity and prevent loss of heterozygosity, protecting

from cancer and disease. In addition, our data suggest that it is not only the marks

themselves but the dynamic regulation of the histone modifications that is important to

prevent mutagenic repair. A change in the balance of this regulation via expression

differences of the HATs and HDACs involved or by other means could also influence the

probability of trinucleotide repeat expansion, which varies widely between tissues and

developmental windows.

Experimental Procedures

Yeast strains and plasmids

Yeast strains used in this study are listed in Table S4. Mutants were created using one-step

gene replacement and gene disruptions were confirmed by PCR. Introduction of the esa1

alleles and H4 point mutations was confirmed by sequencing. Additional information is

available in the Supplemental Experimental Procedures. All experiments were performed at

30°C.

CAG fragility and stability assays

Stability and fragility assays were performed on the YAC CF1 depicted in Fig. 1A as

previously described (Sundararajan et al., 2010). Tract length changes were assessed using

high-resolution gel images of PCR products in Photoshop. All expansion and contraction

data are in Table S1; fragility assay data are in Table S2.

Sister chromatid recombination assays

Assays were performed as previously described (Mozlin et al., 2008) with the following

modifications: strains were grown in 5ml YEPD at 30°C until saturation; total viable cell

count was calculated by plating 10−5 dilutions on YC; recombinants were selected by

plating 10−2 dilutions on YC-Ade-Trp or YC-Ade-Ura. For drug treatment, colonies freshly

grown on solid YEPD were resuspended in 1ml YEPD with MMS (0.033%) or HU (0.2M),

exposed for 1 hour at 30°C, and washed twice with distilled water before beginning the

assay. Each assay was performed in at least triplicate; outliers were calculated using Grubb’s

test and removed before statistical analysis using the Student’s t-test. All SCR rate data are

in Table S3.

Chromatin immunoprecipitation

ChIP was performed 2–3 times per strain as previously described (Aparicio et al., 2005)

using anti-phospho H2A-S129 (Abcam) and residue-specific H4 acetyl lysine antibodies that

do not react to peptides with the corresponding lysine to arginine substitution (Fig. 2, Fig.

S1, Upstate; Fig. S2, Millipore); Dynabeads (Novagen) or IgG agarose beads (Sigma) were

used for immunoprecipitation. TAP-tagged Rsc proteins were isolated using IgG agarose
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(Sigma) or IgG sepharose 6 Fast Flow beads (GE Healthcare), and samples were washed in

FA lysis buffer (Aparicio et al., 2005) with increased NaCl concentration (1M) to reduce

background signal. DNA levels were quantified by qPCR using SYBR green PCR

mastermix (Roche); qPCR reactions were run in duplicate or triplicate. PCR conditions and

primer sequences are available upon request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• H4 HATs and HDACs promote post-replication HR repair to prevent CAG

repeat expansions

• Histone H4K16 acetylation is enriched during S-phase at an expanded CAG

repeat tract

• Gap-induced sister chromatid recombination requires H4K16ac and Esa1 of

NuA4

• The RSC2 remodeler contributes to gap repair and fidelity of template switch

events
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Figure 1. H4 HDACs and HATs protect against (CAG) 85 repeat expansions
(A) A (CAG)85 tract is on the right arm of YAC CF1. Repeat length was measured by PCR

amplification using primers (red) up- and downstream from the repeat. The frequency of

(CAG)85 expansions was measured in strains lacking (B) histone H3 and H4 HATs, (C)

histone H4 HDACs, (D) histone H3 HDACs and the endonuclease Sae2. Expansion

frequencies were tested for significant deviation from wildtype frequency using Fisher’s

exact test, *p<0.05. See also Table S1.
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Figure 2. Acetylatable H4K12 and H4K16 maintain (CAG)85 repeat stability; H4K16 is
acetylated at a CAG repeat tract
(A) CAG tract lengths were measured by the PCR-based stability assay (Fig. 1A) in H3 or

H4 mutant strains. In these cells, the chromosomal copies of H3 and H4 have been deleted

and mutant H3 and H4 are expressed from a plasmid. Histone mutants are compared to a

strain containing wildtype H3 and H4 expressed from the plasmid for statistical analysis by

Fisher’s exact test, *p<0.05. (B-D) Histone H4K16ac, H4K12ac, and H2AS129

phosphorylation were detected in α-factor synchronized cultures by ChIP at time points after

release into fresh media; qPCR used primers 0.4 and 0.6 kb upstream of the CAG repeat.

Fold enrichment was calculated relative to an ACT1 internal control. The averages and

standard errors (SEM) for at least three independent experiments are plotted. See also Figure

S1 and S2.
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Figure 3. Expansions in the absence of H4 HATs and HDACs occur during homology-mediated
repair of (CAG)85 repeats
(A)Fragility of YAC CF1 (Fig. 1A) with 85 or 155 CAG repeats, as indicated, was measured

by fluctuation assays (Sundararajan, 2010). The average of a minimum of three replicates

per strain background is shown with standard error (SEM); esa1 refers to the esa1-1851

allele. Statistical deviation from wildtype was tested by the Student’s t-test. (B) As in (A)

except using strains with the indicated mutated histone copies on a plasmid, compared to a

strain with the wildtype H3/H4 genes on a plasmid and 85 CAG repeats on the YAC. (C)

CAG tract lengths were measured by the PCR-based stability assay (Fig. 1); *p<0.05 to

wildtype, ^p<0.05 suppression from HAT or HDAC mutant, Fisher’s exact test. See also

Tables S2 and S1.
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Figure 4. Sister chromatid recombination depends on Esa1, Rad5, and H4K16 acetylation
(A) Unequal sister chromatid gene conversion from Trp+ Ade− to Trp+ Ade+ can be used as

a measure of sister chromatid recombination rates; Ade+ recombinants can also arise via

intra-chromatid gene conversion but selection for Trp+ (or Ura+ in (C)) eliminates

intrachromatid pop-out recombinants (Mozlin, 2008). Only gene conversion of the lower

chromatid and the resulting product is shown. (B) Rates of spontaneous SCR. (C) SCR was

measured in H4 point mutants using a Ura+ Ade- construct (URA3 in place of TRP1). Point

mutants were expressed from a plasmid in cells in which the endogenous H3 and H4 genes

were deleted. Point mutants were compared to a strain that expresses the H3/H4 wildtype

from the plasmid for statistical analysis. (D) SCR rates were measured in cells treated for

one hour with MMS (0.033%), or HU (0.2M). Statistical deviation using the Student’s t-test

is indicated, *p<0.05 from wildtype, ^p<0.05 from wildtype MMS treated. Data are the

average of at least 3 experiments +/− SEM. See also Table S3.
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Figure 5. The RSC chromatin remodelers are required to prevent CAG repeat expansions,
facilitate SCR, and are recruited to the CAG repeat
(A, B) Instability was measured as in Fig. 1A; *p<0.05 to wildtype, Fisher’s exact test. (C)

Spontaneous SCR rates were measured and analyzed as in Fig. 4A, B. (D) MMS-induced

SCR as in Fig. 4D. (E–F) Recruitment of TAP-tagged Rsc proteins to 0.6 kb from the CAG

repeat was measured by ChIP in α-factor synchronized cells at time points after release into

fresh media; qPCR was run as in Fig 2B. Background levels were determined by IgG pull-

down in a CAG-155 strain containing no TAP tag; percent of input sample precipitated is

shown with no normalization to another locus. Averages and standard errors (SEM) for 2–4

independent replicates for each time point are shown.
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Figure 6. A model for dynamic histone H4K16 modification at CAG repeats in response to
endogenous DNA damage
At the occurrence of a replication-associated, single-stranded DNA gap, histone H4 is

acetylated at lysine 16 (orange dots) to mark the lesion. Alternatively, a stalled or reversed

fork could be the initiating event (not shown). These modifications promote high-fidelity

sister chromatid recombination and repair, through recruitment of Rsc2 (left panel). Rsc1

may contribute to a later step, such as resolution. In the absence of H4 acetylation by NuA4,

remodeler recruitment is impaired, leading to inefficient and low fidelity SCR (middle

panel). In the absence of H4 deacetylation by the HDACs, SCR still occurs, but reduced

resolution or multiple invasions results in repeat additions (red DNA).
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