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Abstract

Protein acetylation is mediated by histone acetyltransferases (HATs) and deacetylases (HDACs),

which influence chromatin dynamics, protein turnover and the DNA damage response. ATM and

ATR mediate DNA damage checkpoints by sensing double-strand breaks and single-strand-DNA–

RFA nucleofilaments, respectively. However, it is unclear how acetylation modulates the DNA

damage response. Here we show that HDAC inhibition/ablation specifically counteracts yeast

Mec1 (orthologue of human ATR) activation, double-strand-break processing and single-strand-

DNA–RFA nucleofilament formation. Moreover, the recombination protein Sae2 (human CtIP) is

acetylated and degraded after HDAC inhibition. Two HDACs, Hda1 and Rpd3, and one HAT,

Gcn5, have key roles in these processes. We also find that HDAC inhibition triggers Sae2

degradation by promoting autophagy that affects the DNA damage sensitivity of hda1 and rpd3
mutants. Rapamycin, which stimulates autophagy by inhibiting Tor, also causes Sae2 degradation.

We propose that Rpd3, Hda1 and Gcn5 control chromosome stability by coordinating the ATR

checkpoint and double-strand-break processing with autophagy.

HATs and HDACs target histones and non-histone proteins1–4 and regulate chromosome

dynamics. They also influence the DNA damage response through acetylation of key DNA

repair and checkpoint proteins2. HDACs can be classified into three classes on the basis of
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sequence similarity5. HDAC inhibition is a promising therapeutic strategy against cancer6,

and certain inhibitors—such as valproic acid (VPA)7—affect class I and II HDACs.

The DNA damage checkpoint response is mediated by two PI3 kinases, ATR and ATM

(Mec1 and Tel1 in yeast, respectively)8. ATR is assisted by ATRIP (Ddc2 (also known as

Lcd1) in yeast) and, in response to DNA damage, activates a signal transduction pathway

that coordinates cell cycle events with DNA repair and controls apoptosis in mammals. In

yeast, the Rad53 (CHK2 (also known as CHEK2) in humans) protein kinase has a pivotal

role in transducing ATR signalling8. Double-strand breaks (DSBs) are dangerous DNA

lesions that can be repaired by different recombination processes, depending on the cell

cycle phase9. In G2, DSBs are processed into single-strand DNA (ssDNA) and engaged

intohomologous recombination-mediated repair pathways9,10. Although several DNA repair

proteins are acetylated, the functional significance of these modifications is mostly

unknown.

Protein acetylation has been also implicated in promoting degradation of certain proteins

through autophagy2,11. Autophagy is a highly conserved process involved in protein and

organelle turnover and results in their vacuolar (lysosomal in mammals) degradation.

Crosstalk between ubiquitination and autophagy has been reported12,13. Autophagy is

triggered by a variety of stimuli, including nutrient starvation and TOR1 inhibitors, some of

which are currently into clinical trials for cancer therapy14–16.

Here we report a connection between the ATR pathway, DSB repair, protein acetylation and

autophagy.

VPA counteracts the DNA damage response

We investigated how HDAC inhibition by VPA affects the DNA damage response in

budding yeast. VPA treatment per se did not activate Rad53 (data not shown), but

counteracted Rad53 phosphorylation after exposure to 4NQO (an ultraviolet-mimetic drug)

in G1 and G2 cells or exposure to MMS (a DNA-alkylating agent) in S phase cells

(Supplementary Fig. 1a). It is unlikely that VPA limits the accumulation of checkpoint

activators, because inhibition of protein synthesis did not influence Rad53 phosphorylation

(Supplementary Fig. 1b). As cycloheximide treatment did not restore checkpoint activation,

it is also unlikely that VPA enhanced negative checkpoint regulators (Supplementary Fig.

1b). We then analysed the effect of VPA in cells experiencing a single and irreparable DSB

at a specific chromosomal locus. We overexpressed HO, a yeast nuclease that recognizes a

specific DNA sequence17 (Fig. 1a–c and Supplementary Fig. 2). Checkpoint activation after

DSB formation requires Cdc28 (CDK1 in mammals) activity and DSB resection, which

generates RPA–ssDNA nucleofilaments and recruitment of the Ddc2–Mec1 complex8,10.

Ten kilobases of ssDNA must accumulate to trigger Rad53 activation, which occurs 90 min

after DSB formation17. After HO induction in G2, VPA counteracted Rad53

phosphorylation (Fig. 1a). VPA also affected Mec1-dependent Ddc2 and Srs2

phosphorylation8,18. We next measured DSB resection at three loci (0.2, 1.6 and 5.7 kb from

the break site) (Fig. 1b and Supplementary Fig. 2a). Resection rates were reduced compared

to untreated conditions. Without VPA, resection of the 5.7-kb fragment was obvious at 120

min, whereas with VPA resection was still impaired after 300 min. Hence, VPA-treated cells

failed to accumulate the 10 kb of ssDNA needed for Rad53 activation. We then measured

the recruitment of Rfa1 and Ddc2 to the DSB region with or without VPA by chromatin

immunoprecipitation (ChIP) analysis (Fig. 1c and Supplementary Fig. 2b). VPA

counteracted Rfa1 and Ddc2 recruitment at the 0.2-kb and 1.6-kb fragments, indicating that

DSB processing and signalling are crippled in VPA. As DSB resection is a key step in

homologous recombination, VPA should also impair recombination frequencies.
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Spontaneous ectopic recombination frequencies19 were indeed reduced by VPA treatment

(Fig. 1d). Hence, VPA counteracts DSB resection and signalling, thus affecting homologous

recombination and the signal transduction response mediated by Mec1.

Sae2 and Exo1 are degraded in VPA-treated cells

Next we analysed the early events mediating DSB processing (Fig. 2). Mre11 is the first

factor recruited to a DSB to activate Tel120. Mre11 indirectly influences DSB resection and

its removal from the DSB region depends on Sae2, a CDK1 target involved in DSB

processing20,21. Exo1, Dna2 and Sgs1 (BLM in human cells), are also implicated in

resection22–24. We reasoned that VPA could limit the recruitment of Mre11 at DSBs25. The

timing of Mre11 loading at the 0.2-kb fragment was comparable with or without VPA, but

Mre11 association persisted in VPA-treated cells (Fig. 2a and Supplementary Fig. 2c).

Hence, VPA does not counteract DSB processing by preventing Mre11 recruitment.

VPA treatment affected Sae2 and Exo1 protein levels. After 180 min of HO induction in

VPA, Sae2 and Exo1 were barely detectable whereas Mre11 was not affected (Fig. 2b).

Hence, VPA affects Sae2 and Exo1 turnover, although with different kinetics as the decrease

in Exo1 level was delayed compared to Sae2 (Fig. 2b and data not shown). These results

account for the VPA-dependent accumulation of Mre11 because Sae2 is needed for Mre11

displacement at the DSB region15,20, but may also explain the VPA-induced DSB resection

defect as both Sae2 and Exo1 influence DSB resection.

VPA stimulates autophagy

We tested whether VPA induces autophagy in yeast as in mammals26. Autophagy induction

correlates with: (1) vacuolar staining of Cherry–Ape1, an aminopeptidase specific for the

CVT (cytoplasm to vacuole targeting) subpathway, and perivacuolar foci and vacuolar

staining of GFP–Atg8, an autophagosome component27; (2) increased enzymatic activity of

Pho8Δ60, an autophagy marker28; and (3) processing of GFP–Atg829.

Yeast cells grown in YPD medium (Fig. 3a) showed mostly Cherry–Ape1 foci but very little

Cherry vacuolar staining. The foci may reflect Ape1 oligomer formation after synthesis29.

Under conditions of nitrogen starvation (SD-N medium), cells exhibiting fluorescent

vacuolar staining increased, whereas the foci diminished. These results reflect starvation-

induced autophagy27. VPA treatment partially mimicked starvation conditions. YPD cells

showed few GFP–Atg8 foci and little vacuolar staining. Conversely, starved cells expressed

GFP–Atg8 foci and showed vacuolar staining. This trend was recapitulated in VPA. We then

measured the Pho8Δ60 activity (Fig. 3b) in wild-type cells and in mutants in ATG1,

encoding an essential autophagy kinase30. YPD wild-type and atg1 mutants exhibited basal

Pho8Δ60 activity. Under starvation or in VPA, Pho8Δ60 activity increased in wild-type cells

but not in atg1 mutants. We then analysed GFP–Atg8 processing (Fig. 3c). Whereas YPD

wild-type cells did not undergo GFP–Atg8 cleavage, starved and VPA cells exhibited an

Atg1-dependent GFP–Atg8 processing. These results indicate that VPA induces autophagy.

VPA-induced Sae2 acetylation and degradation

Next we tested whether Sae2 and/or Exo1 were acetylated. We immunoprecipitated

overexpressed HA–Sae2 in cells ± VPA with anti-HA and subsequently ± anti-acetyl-Lysine

antibodies. Recovered Sae2 increased in VPA (Fig. 4a), indicating that Sae2 is acetylated.

We failed to detect acetylated Exo1, although acetylated Exo1 has been previously

described2. Autophagy is the preferred pathway for the degradation of oligomeric complexes

that cannot be recognized by the ubiquitin–proteasome system and form toxic

aggregates13,31. Certain proteins are specifically shunted into the autophagic pathway when
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they are hyperacetylated11. Hence, Sae2 might be degraded through autophagy, as its level

declines in VPA, it is acetylated and forms complexes32. We tested whether Sae2

disappearance in VPA was dependent on autophagy (Fig. 4b–d). Phenylmethylsulphonyl

fluoride (PMSF) inhibits serine proteases but also blocks autophagy by inhibiting vacuolar

proteases33. PMSF treatment counteracted Sae2 disappearance in VPA (Fig. 4b). We also

tested whether genetic inactivation of autophagy would affect Sae2 levels. Deletion of ATG1
or ATG19 (specific for the CVT pathway)30 partially compensated Sae2 destabilization in

VPA (Fig. 4c). Finally, rapamycin, which induces autophagy by inhibiting Tor134, also

destabilized Sae2 in an ATG1-dependent manner (Fig. 4d and data not shown). Thus, in

VPA, autophagy contributes to Sae2 degradation perhaps through acetylation as has been

reported for the Huntingtin protein11.

Gcn5, Rpd3 and Hda1 control Sae2 levels

We tested whether VPA-induced phenotypes can be recapitulated in rpd3 and hda1 mutants,

altered in two class I and II HDACs, respectively35. rpd3 hda1 double mutants showed

hypersensitivity to 4NQO and hydroxyurea (HU; a DNA synthesis inhibitor) compared to

single mutants and wild-type cells, whereas only rpd3 cells were hypersensitive to MMS

(Fig. 5a). Damage-induced recombination was reduced in hda1 rpd3 mutants (data not

shown). Hence, Rpd3 and Hda1 may partially substitute for each other to respond to DNA

damage and to assist homologous recombination, and may be targeted by VPA. We analysed

Rad53 phosphorylation in G1 or G2 arrested wild-type, hda1, rpd3 and hda1 rpd3 cells

treated with 4NQO, MMS and HU and found that the double mutants failed to promote

robust checkpoint activation (data not shown). Thus, both Hda1 and Rpd3 influence Rad53

activation. In response to DSB formation, rpd3 and hda1 rpd3 cells showed a severe and

equivalent defect in Rad53 phosphorylation (Fig. 5b), and rpd3 cells were resection

defective although less than double mutants. Hence, Hda1 and rpd3 influence DSB

processing and signalling, although to a different extent. Sae2 failed to accumulate at wild-

type levels in hda1 rpd3 cells after HO induction in G2 (Fig. 5c). Thus, the impairment in

checkpoint activation and DSB processing and the Sae2 instability observed in VPA can be

recapitulated in rpd3 hda1 mutants. The action of Rpd3 and Hda1 is counteracted by the

Gcn5 HAT (SAGA in mammals)36. We found that, in the absence of Gcn5, VPA and

rapamycin-mediated destabilization of Sae2 were attenuated (Fig. 5d, e).

The observations described earlier lead to the expectation that autophagy might contribute to

the hdal rpd3 sensitivity to DNA damaging agents. atg1 and wild-type cells exhibited

comparable survival rates in response to camptothecin (CPT) treatment whereas hdal rpd3
cells exhibited hypersensitivity to CPT (Fig. 5f). ATG1 ablation partially counteracted CPT-

induced lethality in hdal rpd3 cells. Hence, in hdal rpd3 mutants, the Atg1-mediated

autophagic response contributes to cell lethality, perhaps by destabilizing key DNA damage

response factors.

Discussion

We showed that class I and II HDACs influence the DNA damage response at three levels

(Supplementary Fig. 4a): checkpoint activation throughout the cell cycle, DSB processing in

G2/M and degradation of key recombination protein(s). The following considerations

indicate that HDACs mediate a global DNA damage response. Firstly, besides Sae2, Cdk1,

Ku, MRN, Blm2 and Rfa1 (our unpublished observations) are also acetylated. Secondly,

Sae2 acetylation might influence its own accumulation, thus resembling certain phenotypes

of sae2Δ cells such as the inability to remove Mre11 from the DSB site37. However, in

contrast to sae2 mutants, checkpoint activation and DSB resection are markedly impaired by

HDAC inhibition, indicating that Sae2 is not the only relevant target. Accordingly, also

Robert et al. Page 4

Nature. Author manuscript; available in PMC 2014 February 26.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Exo1 is degraded in VPA, perhaps as a consequence of Sae2 destabilization. Thirdly, the

DSB resection defects caused by HDAC inhibition might explain the lack of checkpoint

signals (RPA filaments) in G2/M but not the checkpoint impairment in G1 and G2 cells

treated with the ultravioletmimetic drug 4NQO38, as 4NQO-induced checkpoint signalling

does not require DSB resection. Because all the damaging agents used lead to the

accumulation of RPA filaments through different mechanisms, perhaps Rfa1 acetylation also

influences checkpoint signalling.

The Tip60 HAT positively influences ATM39. This observation seems at odds with the

findings that class I and II HDACs stimulate ATR. It is possible that HATs and HDACs

have both positive and negative roles depending on the checkpoint subpathway. However, as

ATR activation depends on the processing of DSBs (that represent ATM signals), it is

possible that HAT-mediated ATM activation is a non-direct consequence of ATR inhibition.

We note that after HDAC inhibition ATM/Tel1-mediated histone H2A phosphorylation is

not affected (data not shown), probably because Mre11 maintains Tel1 active by remaining

loaded at the DSB. Moreover, the fact that Gcn5/ SAGA promotes Sae2 degradation implies

that this HAT indirectly negatively influences ATR signalling, perhaps by generating

acetylated substrates for the autophagic pathway and/or by directly promoting autophagy.

Histone 3 lysine 9, 14, 18, 23 (converted to glycines) and histone 4 lysine 5, 8, 12, 16

(converted to arginines) mutants, altered in H3 and H4 acetylation, still activate the

checkpoint (Supplementary Fig. 1c), thus indicating that H3 and H4 histone acetylation does

not have a relevant role for checkpoint activation.

HDAC inhibition induces autophagy throughunknown processes15,26 and we show that

HDAC impairment destabilizes Sae2 through an autophagic pathway. However, the

magnitude of autophagy induction after HDAC inhibition is not as strong as that in nitrogen-

starved cells. Tor1 counteracts autophagy34 and we showed that rapamycin affects Sae2

turnover. The finding that Gcn5/SAGA ablation counteracts Sae2 degradation in VPA- and

rapamycin-treated cells pinpoints the HAT activity involved in this regulatory process.

Intriguingly, gcn5 mutants are sensitive to rapamycin. Moreover, dna2 mutants are altered in

DSB resection and require TOR1 overexpression40 for suppression. A tantalizing hypothesis

is that an excess amount of Tor1 rescues dna2 mutants by counteracting authophagy-

mediated Sae2 destabilization.

We propose that (Supplementary Fig. 4b) after DSB formation, the broken chromosome arm

is relocated close to the nuclear envelope41. Rpd3 and Hda1 will keep Sae2 in the

deacetylated form that influences Mre11 dynamics at the DSB site37. Sae2 is then released

from the DSB site, perhaps as a multimeric form32 and Gcn5-mediated acetylation shunts it

into autophagy-mediated degradation. This last step might be needed to counteract extensive

DSB resection and/or simply to eliminate Sae2 once the first step of DSB processing has

been accomplished; we note that exposure to reactive oxygen species, ultraviolet and

ionizing radiation, besides damaging DNA, can cause protein damage and protein–DNA

crosslinking42, and certain damaged repair proteins or crosslinked proteins might have to be

destroyed to prevent cellular problems. Cells may use specific autophagy subpathways

rather than recycle all the cellular components, including those that are not damaged. This

notion is supported by the observation that Sae2 degradation depends on Atg19, a factor

specific for certain types of selective autophagy.Inany case, triggering unprogrammed

autophagy-mediated turnover of key repair proteins, either by inhibiting HDACs and/or

Tor1 would contribute to DNA damaging sensitivity. CtIP is ubiquitinated43 and Sae2 levels

under normal conditions increase after proteosome inhibition with MG132 (data not shown).

These observations, besides indicating that Sae2 also undergoes ubiquitination, may account

for the partial rescue of Sae2 levels in atg mutants. Crosstalk between ubiquitination and
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autophagy has previously been described12. Future work will address the contribution of

both pathways to DSB metabolism.

METHODS SUMMARY

Strains are listed in Supplementary Table 1. Growth conditions, synchronization and HO

induction have previously been described10. VPA was used at 10 mM unless otherwise

indicated. Nitrogen starvation (SD-N) medium, viability and recombination analysis have

previously been described19,28. Error bars represent s.d. calculated from at least three

independent experiments. FACS analysis, TCA extraction and SDS–PAGE have previously

been described44. For immunodetection of Rad53 we used EL7 and F9 antibodies45. For

Myc, HA, PK, PGK1, Flag and GFP we used the 9E10, 12CA5, V5-TAG, 22C5 and M2

antibodies, respectively. Protein quantification was normalized with respect to PGK1 and

accumulation was calculated as the ratio of VPA- or rapamycin-treated to untreated cells.

Resection experiments were previously described10. Purified genomic DNA was digested

with StyI (0.2-, 1.6-kb fragments) or NcoI (5.7 kb) and treated for Southern blot analysis.

The density of the HO-cut band at t = 30 min (Supplementary Fig. 2a) was set to 100%. The

total amount of DNA loaded in each sample was normalized by re-probing the blots with

probe Control D located 170 kb from the HO site. ChIP analysis was previously described46.

The fold enrichment of fragments located 0.2 kb and 1.6 kb from the DSB was calculated as

the ratio between the value of the fragment of interest and the value of the fragment used as

control (ARS305). The number obtained was divided for the same ratio calculated for the

whole cell extract samples of each time point. Primers for resection and ChIP experiments

are the same as used previously47. Samples for microscopic analysis were fixed in 4%

formaldehyde for 5 min at room temperature (21 °C) and washed in cold 1 × PBS. Images

were taken with an Olympus BX51 fluorescent microscope. Oil immersion ×100 objective

UPlan APO, NA 1.4 was used. We used an 800 ms exposure time for Cherry and 400 ms for

GFP. Alkaline phosphatase activity was measured using the Pho8Δ60 assay as described28.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. VPA treatment counteracts DNA double-strand-break processing
a–c, RFA1::FLAG DDC2::MYC cells were arrested in G2 and released in YP galactose to

induce HO endonuclease. After 30 min, the culture was split in two: +VPA and −VPA. a,

Samples were processed for western blot using anti-Rad53, Srs2 and Ddc2 antibodies. b, A

schematic diagram showing probe locations with respect to the HO cut site. The resection

rate was calculated as the rate of HO cut band disappearance. c, Fold enrichment of the 0.2-

kb fragment was calculated after ChIP of Rfa1–Flag, Ddc2–Myc. d, VPA effect on ectopic

recombination (rec.) in wild-type (WT) cells. Error bars represent standard deviation (s.d.)

calculated from four independent experiments.
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Figure 2. VPA affects Sae2 and Exo1 but not Mre11 protein levels
a, MRE11::MYC cells were treated as in Fig. 1a. Cell samples were processed for ChIP

analysis and the fold enrichment of the 0.2-kb fragment after ChIP of Mre11–Myc without

(−VPA) or with (+VPA) VPA was calculated. b, EXO1::FLAG SAE2::PK MRE11::MYC
cells were grown as in a. Cell samples were taken and processed for western blot analysis

using anti-Flag, PK and Myc antibodies.
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Figure 3. GFP–Atg8 Cherry–Ape1 cellular distributions in VPA-treated cells
a, Cherry::APE1 GFP::ATG8 cells were grown and shifted to YPD, nitrogen starvation

(SD-N) or YPD+VPA medium for 3 h. Samples were processed for microscopy. The table

shows numbers corresponding to the experiment. Percentage of fluorescence signals is

presented and error bars represent the s.d. obtained from three independent experiments.

DIC, differential interference contrast. Scale bars, 3 μm. b, Pho8Δ60 and Pho8Δ60 atg1Δ
cells were grown as in a. Pho8Δ60 activity was calculated by measuring alkaline

phosphatase levels. Error bars represent s.d. calculated from five independent experiments.

c, GFP::ATG8 and GFP::ATG8 atg1Δ cells were grown as in a. Cell samples were

processed for western blot using anti-GFP antibody. Quantification is presented in

Supplementary Fig. 3.
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Figure 4. Sae2 in VPA-treated cells
a, 4HA–Sae2 was immunoprecipitated ± VPA with anti-HA and subsequently ± anti-acetyl-

Lysine. Eluate was analysed using anti-HA. Lane 1: input Sae2; 2: input Sae2–HA –VPA; 3:

as in 2 but + VPA; 4: 3 μl elution Sae2–HA – VPA after anti-HA immunoprecipitation (IP;

input AcK-IP); 5: double amount of 4; 6: IP anti-AcK elution from anti-HA IP of Sae2–HA

– VPA; 7: as in 6 but + VPA. b, SAE2::PK erg6Δ cells were treated as in Fig. 2a. After 30

min induction, VPA and PMSF were added or not. Samples were processed for western blot

using anti-PK. c, Wild-type SAE2::PK, SAE2::PK atg1Δ and SAE2::PK atg19Δ cells were

grown as in b. After 30 min induction, VPA was added or not and samples treated as in b. d,

Wild-type SAE2::PK cells were grown as in b. After 120 min induction, rapamycin (200 ng

ml−1) was added or not and samples were treated as in b.
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Figure 5. Gcn5, rpd3 and Hda1 influence Sae2 levels and cell survival in atg1 mutants in
response to DNA damage
a, Survival of wild-type, rpd3Δ, hda1Δ and rpd3Δ hda1Δ strains after 4NQO, MMS and HU

treatment. Error bars represent s.d. calculated from seven independent experiments. b, HO

was induced in G2 wild-type, hdalΔ, rpdΔ and hdalΔ rpdΔ cells and western and Southern

blot analyses were performed. c, Wild-type SAE2::PK and hdalΔ rpdΔ SAE2::PK cells were

grown as in b and western blot was performed as in Fig. 4b. d, e, Wild-type SAE2::PK and

gcn5Δ SAE2::PK strains were grown as in b and after 30 min of HO induction either VPA

(d) or rapamycin (e) was added or not. Western blot was performed. f, Percentage of

viability of wild-type, atg1Δ, rpd3Δ hdalΔ and atg1Δ rpd3Δ hdalΔ strains. Error bars

represent s.d. calculated from four independent experiments.
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