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The MYST family histone acetyltransferase complex
regulates stress resistance and longevity through
transcriptional control of DAF-16/FOXO
transcription factors
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Abstract

The well-known link between longevity and the Sir2 histone
deacetylase family suggests that histone deacetylation, a modifi-
cation associated with repressed chromatin, is beneficial to lon-
gevity. However, the molecular links between histone acetylation
and longevity remain unclear. Here, we report an unexpected
finding that the MYST family histone acetyltransferase complex
(MYS-1/TRR-1 complex) promotes rather than inhibits stress resis-
tance and longevity in Caenorhabditis elegans. Our results show
that these beneficial effects are largely mediated through tran-
scriptional up-regulation of the FOXO transcription factor DAF-16.
MYS-1 and TRR-1 are recruited to the promoter regions of the daf-
16 gene, where they play a role in histone acetylation, including
H4K16 acetylation. Remarkably, we also find that the human MYST
family Tip60/TRRAP complex promotes oxidative stress resistance
by up-regulating the expression of FOXO transcription factors in
human cells. Tip60 is recruited to the promoter regions of the
foxo1 gene, where it increases H4K16 acetylation levels. Our
results thus identify the evolutionarily conserved role of the MYST
family acetyltransferase as a key epigenetic regulator of DAF-16/
FOXO transcription factors.
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Introduction

Aging is associated with a loss of chromatin repression, and chro-

matin status is controlled by alterations in epigenetic marks, includ-

ing histone acetylation. The well-known link between longevity and

the Sir2 histone deacetylase gene family suggests that histone

deacetylation, a modification associated with repressed chromatin,

is beneficial to longevity [1–5]. However, the role of Sir2 in regulat-

ing invertebrate lifespan is controversial [6], and a positive link

between histone acetylation and longevity has also been reported

[7].

In the nematode Caenorhabditis elegans, reduced insulin/IGF-

like signaling (IIS) greatly extends the organism’s lifespan [8]. This

effect depends on the activity of the FOXO transcription factor DAF-

16, which is a key pro-longevity protein. The insulin–FOXO pathway

is evolutionarily conserved, and posttranslational control mecha-

nisms of DAF-16/FOXO, such as the control of DAF-16 nuclear

translocation by AKT-mediated phosphorylation, have been well

established [8]. However, the regulation of DAF-16/FOXO at the

transcriptional level has remained unclear.

Dietary restriction is an effective and reproducible intervention

for extending lifespans in multiple diverse species. In C. elegans, an

intermittent fasting (IF) regimen effectively extends the organism’s

lifespan, and can be used as a model system to identify lifespan

regulators. Our previous work has shown that target of rapamycin

(TOR) and Rheb are involved in IF-induced longevity [9]. TOR is a

member of the highly conserved family of Ser/Thr-protein kinases,

termed phosphatidylinositol 3-kinase-related kinase (PIKK). Because

the down-regulation of let-363 (C. elegans TOR) results in partial

inhibition of IF-induced longevity [9], we hypothesized that other

PIKK family proteins might also be involved in IF-induced

longevity.

In this study, we show that the MYST family acetyltransferase

complex, the MYS-1/TRR-1 complex, up-regulates the expression of

daf-16 and its target genes. Our results demonstrate that both MYS-1

and TRR-1 are recruited to the promoter regions of the daf-16 gene,

where they play a key role in histone acetylation, including histone

H4 lysine 16 acetylation. Our results also show that the human

MYST family Tip60/TRRAP complex promotes oxidative stress resis-

tance by up-regulating the expression of FOXO transcription factors

in human cells. Tip60 is recruited to the promoter regions of foxo1

gene, where it increases H4K16 acetylation levels. These results
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identify the evolutionarily conserved role of the MYST family HAT

complex in the control of FOXO transcription factors, which are key

regulators of stress resistance and longevity in diverse organisms.

Results and Discussion

To examine the possibility that other PIKK family proteins might be

involved in IF-induced longevity, we measured the lifespan of

worms fed RNAi bacteria expressing dsRNA targeting PIKK family

members under both ad libitum (AL) and IF conditions. There are

six PIKKs in mammals: ATM, ATR, DNA-PKcs, SMG-1, mTOR, and

TRRAP. Five out of the six are conserved in C. elegans, and ATM-1,

ATL-1, SMG-1, LET-363, and TRR-1 are the C. elegans homologues

of ATM, ATR, SMG-1, mTOR, and TRRAP, respectively. trr-1 RNAi

as well as let-363 RNAi suppressed IF-induced longevity, whereas

the RNAi of other PIKK family members did not (Figs 1A and

EV1A).

TRRAP protein is a member of the PIKK family; however, it does

not possess kinase activity, because it lacks the conserved amino

acids required for ATP binding and catalytic activity for phosphate

transfer. In mammals, TRRAP serves as a common component of

the Tip60 (also called KAT5) histone acetyltransferase (HAT)

complex, which regulates transcription by modifying local chro-

matin through histone acetylation. In worms, a loss-of-function

mutation in trr-1 causes a multivulva phenotype, which is strikingly

similar to that of the mys-1 mutant [10] (a C. elegans orthologue of

Tip60), thus suggesting that TRR-1 and MYS-1 act cooperatively as a

HAT complex in vivo. To investigate the role of mys-1 in lifespan

regulation, we performed mys-1 knockdown. Similar to trr-1 RNAi,

mys-1 RNAi almost completely suppressed IF-induced longevity

(Fig 1A). In addition, IF-induced longevity was completely

suppressed in trr-1(n3630) and mys-1(n4075) mutants (Fig EV1B).

These results demonstrate the involvement of trr-1 and mys-1 in

IF-induced longevity. However, the suppression of IF-induced lon-

gevity in the trr-1(n3630) and mys-1(n4075) mutants may also have

been related to developmental abnormalities in these mutants

because their lifespan under AL conditions was reduced compared

with that of the wild-type N2 animals. To avoid potential

developmental abnormalities, we then suppressed trr-1 or mys-1

expression, after the completion of development, by feeding RNAi.

Down-regulating trr-1 or mys-1 after the completion of development

also resulted in near-complete suppression of IF-induced longevity

(Fig EV1C). Therefore, we concluded that the suppression of IF-

induced longevity via trr-1 or mys-1 depletion is unlikely to be

caused by developmental abnormalities.

An IF regimen delays the age-dependent decline in locomotor

activity; hence, we next investigated the locomotor activity of

worms subjected to trr-1 or mys-1 RNAi. The results showed that

trr-1 RNAi and mys-1 RNAi suppressed the IF-induced delay in the

age-dependent decline in locomotor activity (Fig EV1D), thus indi-

cating that trr-1 and mys-1 are necessary for IF to slow aging.

To examine whether TRR-1 and MYS-1 form a complex, similar

to the mammalian Tip60 HAT complex, we performed immunopre-

cipitation experiments using an anti-Tip60 antibody that specifically

recognized the MYS-1 protein in C. elegans extracts (Fig EV1E).

Protein immunoprecipitated with this anti-Tip60/MYS-1 antibody

from extracts of control RNAi-treated worms contained the TRR-1

protein in addition to the MYS-1 protein (Fig 1B), indicating that

TRR-1 and MYS-1 are in the same complex. The amounts of TRR-1

and MYS-1 protein in the complex were greatly reduced when the

worms were treated with trr-1 RNAi or mys-1 RNAi (Fig 1B), thus

confirming their complex formation in vivo. The lifespan measure-

ments showed that double knockdown of trr-1 and mys-1 did not

show an additive effect on lifespan compared to the single knock-

down of trr-1 or mys-1 (Fig 1A). This result is also consistent with

the idea that TRR-1 and MYS-1 exist in the same complex.

To analyze the role of the TRR-1-containing MYS-1 HAT complex

in lifespan regulation, we focused on the IIS effector DAF-16. As

shown in Fig 1A, the RNAi of trr-1 or mys-1 led to a slight reduction

in the mean lifespan, even under AL conditions, suggesting that this

HAT complex is required to maintain a normal lifespan, in which

DAF-16 plays a role. Moreover, the longevity effect of IF is mediated

at least in part by DAF-16 [9]. Therefore, we speculated that the

MYS-1 HAT complex might regulate longevity by controlling DAF-

16 activity. To test this idea, we examined whether trr-1 and mys-1

were required for the extended lifespan of daf-2 mutants, which

depends on DAF-16 activity. The lifespan of daf-2(e1370) mutants

▸Figure 1. The MYS-1 HAT complex regulates longevity and oxidative stress resistance.

A Survival curves of the indicated RNAi-treated N2 worms under AL and IF are shown [control RNAi, n = 117 (AL), 98 (IF); trr-1 RNAi, n = 117 (AL), 107 (IF); mys-1 RNAi,
n = 118 (AL), 104 (IF); trr-1;mys-1 RNAi, n = 111 (AL), 106 (IF)]. The bars represent the mean lifespan of three independent experiments. n, total number of worms in
three independent experiments. Error bars, SD. ***P < 0.001, n.s., not significant; one-way ANOVA followed by Tukey’s test.

B Immunoprecipitates with anti-Tip60/MYS-1 antibody from extracts of the indicated RNAi-treated N2 worms at day 2 adulthood were subjected to immunoblot
analysis using anti-TRR-1 antibody. Representative images of two independent experiments are shown.

C Survival curves of the indicated RNAi-treated daf-2(e1370) mutants (left) or daf-16(mu86) mutants (right) under AL are shown [daf-2(e1370) mutants n = 180 (control
RNAi), 180 (trr-1RNAi), 180 (mys-1RNAi); daf-16(mu86) mutants n = 178 (control RNAi), 180 (trr-1RNAi), 180 (mys-1RNAi)]. The bars represent the mean lifespan from
three independent experiments. n, total number of worms in three independent experiments. Error bars, SD ***P < 0.001, one-way ANOVA followed by Tukey’s test.

D Survival curves of the indicated RNAi-treated N2 worms or daf-2(e1370) mutants, which were exposed to 5 mM hydrogen peroxide (H2O2) [N2 worms n = 180
(control RNAi), 180 (trr-1RNAi), 180 (mys-1RNAi); daf-2(e1370) mutants n = 180 (control RNAi), 180 (trr-1RNAi), 180 (mys-1RNAi)] or 250 mM paraquat [N2 worms
n = 128 (control RNAi), 128 (trr-1RNAi), 128 (mys-1RNAi); daf-2(e1370) mutants n = 90 (control RNAi), 90 (trr-1RNAi), 90 (mys-1RNAi)] at the young adult stage, are
shown. The number of surviving worms was counted every hour. Error bars represent the SD derived from three independent experiments. n, total number of worms
in three independent experiments.

E Indicated RNAi-treated N2 worms at the young adult stage were exposed to 5 mM H2O2 for 30 min, and sod-3 mRNA expression levels were determined by qRT–PCR.
The value of the control RNAi-treated N2 worms (0 mM H2O2) was set to 1. Error bars represent the SD derived from three independent experiments. *P < 0.05,
**P < 0.01, ***P < 0.001, one-way ANOVA followed by Tukey’s test. See also Fig EV1.

Source data are available online for this figure.
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was markedly reduced by trr-1 or mys-1 RNAi (Fig 1C, left),

whereas the lifespan of daf-16(mu86) null mutants was only slightly

decreased by trr-1 or mys-1 RNAi (Fig 1C, right). These results indi-

cate that the MYS-1 HAT complex regulates lifespans at least partly

through DAF-16.

Because previous studies have demonstrated a correlation

between increased stress resistance and extended lifespan [11,12],

we examined the role of the MYS-1 HAT complex in oxidative

stress resistance. The trr-1 RNAi or mys-1 RNAi treatment mark-

edly reduced the resistance to oxidative stress, such as exposure

to H2O2 or paraquat, in both the wild-type N2 worms and daf-2

(e1370) mutants (Fig 1D). The extent of the reduced oxidative

stress resistance caused by trr-1 or mys-1 RNAi was similar to that

caused by daf-16 RNAi (Fig 1D). Moreover, the expression of

superoxide dismutase (SOD-3), which plays an important role in

protection against oxidative stress, was markedly reduced by trr-1

or mys-1 RNAi in both the H2O2-treated and untreated worms

(Fig 1E), in which the extent of reduction was similar to that

caused by daf-16 RNAi (Fig 1E). Thus, these results demonstrate a

requirement for the MYS-1 HAT complex in oxidative stress

resistance.

We next examined the mRNA expression of hsp-12.6, a well-

known DAF-16 transcriptional target, and found that hsp-12.6

mRNA expression levels were markedly reduced in trr-1 RNAi- and

mys-1 RNAi-treated worms, as well as in daf-16 RNAi-treated worms

in both the N2 worms and daf-2(e1370) mutants (Fig 2A, left).

Additionally, the increased fluorescence of HSP-12.6::GFP in the

fasting worms was markedly decreased by the treatments with trr-1

or mys-1 RNAi, as well as with daf-16 RNAi (Fig 2A, right).

All of the above results led us to hypothesize that the MYS-1

HAT complex regulates the expression of daf-16 itself. Therefore,

we performed quantitative PCR analyses and immunoblotting exper-

iments, and the results clearly showed that trr-1 RNAi or mys-1

RNAi markedly reduced daf-16 expression at both the mRNA

(Fig 2B, upper) and protein (Fig 2B, lower) levels. Moreover, the

expression level of DAF-16::GFP in the DAF-16::GFP worms was

markedly reduced by trr-1 RNAi or mys-1 RNAi (Fig 2C). The

reduced expression of DAF-16::GFP was most clearly observed in

the intestine (Fig 2C, left). Furthermore, to examine whether

MYS-1- overexpression affects the mRNA levels of daf-16 and its

transcriptional target, sod-3, we produced transgenic worms which

overexpressed MYS-1. Expression levels of both daf-16 and sod-3

were markedly increased in MYS-1-overexpressing worms

(Fig EV2A). We then examined whether the MYS-1 HAT complex

might regulate other genes that are known to be involved in the

regulation of longevity and stress resistance. Our analysis showed

that none of these genes, including eat-2, daf-2, pha-4, hsf-1, and

skn-1, were significantly affected by trr-1 RNAi or mys-1 RNAi

(Fig EV2B). Therefore, transcriptional regulation by the MYS-1 HAT

complex appears to be specific to daf-16 among longevity/stress

resistance-regulating genes.

In mammals, TRRAP is also a component of a Gcn5/PCAF HAT

complex, and thus, TRR-1 may also function in a Gcn5/PCAF HAT

complex. To address this issue, we knocked down the pcaf-1 gene

that encodes the sole C. elegans Gcn5/PCAF-like histone acetyl-

transferase. The result showed that pcaf-1 RNAi did not alter the

expression of daf-16 at both the mRNA and protein levels

(Fig EV2C), and thus suggests that the MYS-1 HAT complex, but not

the PCAF-1 HAT complex, appears to be a critical regulator for daf-

16 expression.

Recently, multiple daf-16 isoforms have been shown to function

cooperatively, with two particular daf-16 isoforms, daf-16a and daf-

16d/f, playing a major role in the regulation of longevity and stress

resistance [13]. Therefore, we examined the effect of knocking

down trr-1 or mys-1 on the expression of each daf-16 isoform at day

2 adulthood and found that trr-1 or mys-1 RNAi markedly reduced

the expression levels of all daf-16 isoforms (Fig 2D). Together, these

results indicate that the MYS-1 HAT complex up-regulates the

expression of all daf-16 isoforms and promotes longevity and stress

resistance.

The mammalian Tip60 (MYST) HAT complex co-activates gene

expression through histone H4 acetylation [14], and Tip60-mediated

acetylation of histone H4 at lysine 16 (H4K16) is well known to

facilitate gene expression [15]. Thus, we performed an immunoblot-

ting analysis using whole-worm lysates to determine the acetylation

state of the histones. RNAi knockdown of trr-1 or mys-1 dramati-

cally decreased histone H4K16 acetylation and modestly decreased

histone H4K12 acetylation (Fig 3A). Changes in the overall acetyla-

tion levels of histone H4 and H3 by trr-1 or mys-1 RNAi were not

evident (Fig 3A). Moreover, the acetylation levels of histone H3K9

and H3K14 were not affected by trr-1 or mys-1 RNAi (Fig 3A).

We then performed chromatin immunoprecipitation (ChIP)

assays on the daf-16 genes. The analyses using anti-MYS-1 antibody

(anti-Tip60 antibody) revealed the physical interaction between

MYS-1 and the promoter regions of the daf-16a, daf-16b, and daf-

16d/f genes and demonstrated that the interaction with the daf-16a

and daf-16d/f promoter regions was strong and the interaction with

the daf-16b promoter region was relatively weak (Fig 3B and C).

▸Figure 2. The MYS-1 HAT complex regulates the expression of DAF-16 and its transcriptional targets.

A Total RNA was extracted from the indicated RNAi-treated N2 worms or daf-2(e1370) mutants at day 2 adulthood, and hsp-12.6 mRNA expression level was
determined by qRT–PCR (left). Error bars represent the SD derived from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA followed
by Tukey’s test. The value of the control RNAi-treated N2 worms was set to 1. Representative images of HSP-12.6::GFP expression in the indicated RNAi-treated HSP-
12.6::GFP worms under fasting and feeding conditions are shown (right). Scale bar, 100 lm.

B Total RNA was extracted from the indicated RNAi-treated N2 worms at day 2 adulthood, and the daf-16 mRNA expression level was determined by qRT–PCR (upper).
Error bars represent the SD derived from three independent experiments. ***P < 0.001, one-way ANOVA followed by Tukey’s test. The value of the control RNAi-
treated N2 worms was set to 1. Worm extracts from the indicated RNAi-treated N2 worms or DAF-16::GFP worms at day 2 adulthood were subjected to immunoblot
analysis using an anti-DAF-16 antibody (bottom). Representative images of three independent experiments are shown.

C Representative images of DAF-16::GFP expression in the indicated RNAi-treated DAF-16::GFP worms at day 2 adulthood are shown (left). Scale bar, 100 lm. Worm
extracts from the indicated RNAi-treated DAF-16::GFP worms at day 2 adulthood were subjected to immunoblot analysis using an anti-DAF-16 antibody (right).

D Total RNA was extracted from the indicated RNAi-treated N2 worms at day 2 adulthood, and the mRNA expression levels of daf-16 isoforms were determined by
qRT–PCR. Error bars represent the SD derived from three independent experiments. **P < 0.01, ***P < 0.001, one-way ANOVA followed by Tukey’s test. The value of
the control RNAi-treated N2 worms was set to 1. See also Fig EV2.
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Figure 3. The MYS-1 HAT complex is recruited to the daf-16 promoter region and contributes to histone acetylation.

A Whole-worm lysates isolated from the indicated RNAi-treated N2 worms at day 2 adulthood were subjected to immunoblot analysis using the indicated antibodies.
Representative images of three independent experiments are shown.

B MYS-1 binding was examined by ChIP–PCR using crosslinked DNA–protein complexes isolated from the indicated RNAi-treated N2 worms at day 2 adulthood with
anti-Tip60/MYS-1 and control IgG antibody. PCR amplification was done with specific primers for the daf-16 promoter region and the daf-16 30UTR. Representative
images of two independent experiments are shown. Genomic DNA in the input samples was used as a positive control.

C MYS-1 binding and histone H4K16 acetylation status were examined by ChIP–qPCR using crosslinked DNA–protein complexes isolated from the indicated RNAi-
treated N2 worms at day 2 adulthood with anti-Tip60/MYS-1, anti-AcH4K16 and control IgG antibody. The bars represent the percentage of total input DNA for each
ChIP sample, and error bars represent the SD derived from three independent experiments. **P < 0.01, ***P < 0.001, one-way ANOVA followed by Tukey’s test. See
also Fig EV3.

Source data are available online for this figure.
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Figure 4. The Tip60 HAT complex regulates FOXO1 expression in mammalian cells.

A HeLa cells were transfected with the indicated siRNA, and each sample was subjected to qRT–PCR (left) or immunoblot analysis (right). Error bars represent the SD
derived from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant; one-way ANOVA followed by Tukey’s test. The value of the
control siRNA-transfected cells was set to 1.

B Total cell lysates extracted from the indicated siRNA-transfected HeLa cells were subjected to immunoblot analysis using anti-FOXO1 antibodies. Representative
images of three independent experiments are shown.

C Total RNA was extracted from the indicated siRNA-transfected HeLa cells, and the mRNA expression levels of Mnsod, p21, and p27 were determined by qRT–PCR.
Error bars represent the SD derived from three independent experiments. ***P < 0.001, one-way ANOVA followed by Tukey’s test. The value of the control siRNA-
transfected cells was set to 1.

D Tip60 binding was examined by ChIP–PCR using crosslinked DNA–protein complexes isolated from the indicated siRNA-transfected HeLa cells with anti-Tip60 and
control IgG antibody. PCR amplification was done with specific primers for the foxo1 and gapdh promoter regions. Representative images of two independent
experiments are shown. Genomic DNA in the input samples was used as a positive control.

E Tip60 binding and histone H4K16 acetylation were examined by ChIP–qPCR using crosslinked DNA–protein complexes isolated from the indicated siRNA-transfected
HeLa cells with anti-Tip60, anti-AcH4K16, and control IgG antibody. The bars represent the percentage of total input DNA for each ChIP sample, and error bars
represent the SD derived from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA followed by Tukey’s test.

Source data are available online for this figure.
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Figure 5. The Tip60 HAT complex regulates the cellular defense against oxidative stress in mammalian cells.

A The indicated siRNA-transfected HeLa cells were exposed to 100 lM H2O2, and the percentage of surviving cells was measured by crystal violet staining at the
indicated times. Error bars represent the SD derived from three independent experiments. **P < 0.01, ***P < 0.001, one-way ANOVA followed by Tukey’s test.

B The indicated siRNA-transfected HeLa cells were exposed to 100 lM H2O2, and the mRNA expression level of Mnsod and catalase was determined by qRT–PCR at the
indicated times. Error bars represent the SD derived from three independent experiments. The value of the control siRNA-transfected cells (0 lM H2O2) was set to 1.

C Total RNA was extracted from the indicated RNAi- or plasmid-transfected HeLa cells, and the mRNA expression levels of Mnsod, catalase, p21, and p27 were
determined by qRT–PCR. Error bars represent the SD derived from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant; one-way
ANOVA followed by Tukey’s test. The value of the control siRNA-/empty vector-transfected cells was set to 1.

D The indicated RNAi- or plasmid-transfected HeLa cells were exposed to 100 lM H2O2, and the percentage of surviving cells was measured by crystal violet staining
after 24 h. Error bars represent the SD derived from three independent experiments. ***P < 0.001, n.s., not significant; one-way ANOVA followed by Tukey’s test. See
also Fig EV4.
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Notably, this assay also revealed that TRR-1 was recruited to the

daf-16 promoter region, because the interactions between MYS-1

and the daf-16 promoter regions were inhibited by trr-1 RNAi

(Fig 3B and C). Remarkably, the assays using anti-AcH4K16 anti-

body showed that both MYS-1 and TRR-1 were required for histone

H4K16 acetylation in these promoter regions (Fig 3C). Therefore,

these results strongly suggest that the MYS-1 HAT complex is

recruited to daf-16 promoter regions and involved in the transcrip-

tional regulation of daf-16 genes through histone acetylation.

We then examined whether overexpression of DAF-16, which

has been shown to be up-regulated by the MYS-1 HAT complex,

could rescue the defects in trr-1/mys-1 RNAi worms. We used DAF-

16::GFP worms as worms overexpressing DAF-16. The results

clearly showed that DAF-16 overexpression promoted lifespan and

restored the response to IF (Fig EV3).

DAF-16/FOXO, TRR-1/TRRAP, and MYS-1/Tip60 are all highly

conserved proteins that are expressed in diverse eukaryotic organ-

isms. Hence, the regulation of foxo genes by the MYST family HAT

complex is likely to be conserved in mammals. Caenorhabditis

elegans has one foxo gene (daf-16), whereas mammals have four

foxo family members: foxo1, foxo3, foxo4, and foxo6. We sought to

determine whether the expression levels of foxo family members

might be regulated by the Tip60 HAT complex, by using siRNAs

against trrap and tip60 in HeLa cells. trrap siRNA and tip60 siRNA

led to a 39% and a 55% decrease in their respective target gene’s

expression (Fig 4A). Our results showed that the histone H4K16 and

H4K12 acetylation levels were markedly and modestly decreased,

respectively, by trrap siRNA or tip60 siRNA in HeLa cells (Fig 4A).

The results were consistent with those in trr-1 RNAi-treated or

mys-1 RNAi-treated worms (see Fig 3A). Both siRNAs significantly

reduced FOXO1 expression at both the mRNA and protein levels

(Fig 4A and B) and slightly reduced foxo6 mRNA levels (Fig 4A). In

addition, the mRNA levels of the FOXO1 transcriptional targets

Mnsod, p21, and p27 [16] were also reduced by trrap siRNA or tip60

siRNA (Fig 4C), whereas the mRNA levels of foxo4 and foxa1,

another forkhead family member, were not reduced by trrap siRNA

or tip60 siRNA (Fig 4A). These results show that the Tip60 HAT

complex regulates the FOXO1 expression in HeLa cells.

Because FOXO1 expression was shown to be markedly down-

regulated by trrap siRNA or tip60 siRNA, we then performed ChIP

assays on the foxo1 gene. Assays using anti-Tip60 antibody showed

that Tip60, along with TRRAP, was recruited to the promoter

region of foxo1 (Fig 4D and E). In addition, ChIP assays using anti-

AcH4K16 antibody showed that both Tip60 and TRRAP were

required for histone H4K16 acetylation in the foxo1 promoter region

(Fig 4E). These results strongly suggest that the Tip60 HAT complex

is recruited to the foxo1 promoter region and plays an important role

in the transcriptional regulation of the foxo1 gene through histone

acetylation in human cells.

FOXO transcription factors have multiple functions, including

the regulation of stress resistance [17]. Because we identified the

Tip60 HAT complex as an important epigenetic regulator of foxo1,

we then examined the possibility that the Tip60 HAT complex

might regulate cellular defense against oxidative stress in HeLa

cells. The results showed that tip60 siRNA and trrap siRNA mark-

edly reduced cellular resistance to oxidative stress at rates similar

to those induced by foxo1 siRNA (Fig 5A). We next investigated

the role of the Tip60 HAT complex and FOXO1 in the oxidative

stress-induced up-regulation of the antioxidant genes Mnsod and

catalase. After treatment with H2O2, Mnsod and catalase mRNA

expression increased and reached a maximum level after 12 and

6 h, respectively, and these increases were suppressed by tip60

siRNA and trrap siRNA, as well as by foxo1 siRNA (Fig 5B).

Finally, we examined whether overexpression of FOXO1 could

induce the expressions of its transcriptional targets and rescue the

response to oxidative stress in the absence of trrap or tip60. HeLa

cells were transfected with a FOXO1 expression vector (Fig EV4).

FOXO1 overexpression increased the mRNA levels of its transcrip-

tional targets and rescued the oxidative stress resistance in the

absence of tip60 or trrap (Fig 5C and D). Collectively, these

results show that the Tip60 (MYST) HAT complex regulates cellu-

lar stress resistance, at least partly through up-regulating FOXO1

expression.

This study demonstrates that the MYST family HAT complex

(MYS-1/TRR-1-containing complex in C. elegans or Tip60/TRRAP-

containing complex in human) up-regulates FOXO transcription

factors (daf-16 in C. elegans and foxo1 in human) and thus regulates

stress resistance in both species, as well as longevity in C. elegans.

Our analyses showed that the MYS-1/TRR-1 complex up-regulates

the expression of daf-16 and its target genes and demonstrated that

both MYS-1 and TRR-1 are recruited to the promoter regions of the

daf-16 gene, where they play a key role in histone acetylation,

including histone H4 lysine 16 acetylation. Our results also show

that the human MYST family Tip60/TRRAP complex promotes

oxidative stress resistance by up-regulating the expression of FOXO

transcription factors in human cells. Tip60 is recruited to the

promoter regions of the foxo1 gene, where it increases H4K16 acety-

lation levels.

Thus, our study illustrates the evolutionarily conserved role of

the MYST family HAT complex in the control of FOXO transcription

factors, which are key regulators of stress resistance and longevity

in diverse organisms. Although a large number of previous studies

have elucidated posttranslational control mechanisms of DAF-16/

FOXO [18], its transcriptional control mechanisms, especially its

epigenetic control mechanisms, have remained unclear. In fact, the

present study is the first to identify an epigenetic regulator of daf-

16/foxo gene expression. In conclusion, our findings provide novel

insights into the regulatory mechanisms of aging and stress

resistance by uncovering a new player, the MYST family HAT

complex.

Materials and Methods

Caenorhabditis elegans strains

All of the nematodes were cultured using standard C. elegans

methods [19]. The following C. elegans strains were used for this

study: wild-type N2; MT12352, trr-1(n3630)/mIn1[dpy-10(e128)

mIs14]; MT13172, mys-1(n4075) V/nT1[qIs51]; CF1038, daf-16

(mu86); CB1370, daf-2(e1370); TJ356, zls356[daf-16::gfp; rol-6];

and NIS1013, kytEx1013[Phsp-12.6::hsp12.6::gfp; rol-6]. To generate

MYS-1-overexpressing worms, the fragment of the 50 upstream

sequence and the fragment of the coding region were amplified

using PCR and the obtained fragments were cloned into the

pPD95.75 vector. Transgenic worms were generated by
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microinjecting the plasmid into wild-type N2 worms at 25 ng/ll,
with the transformation marker.

Cell culture

HeLa cells were maintained in Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 10% fetal calf serum, penicillin, and

streptomycin at 37°C in 5% CO2.

RNA interference

RNAi was performed by the feeding method as previously described

[20]. The first 500 nucleotides from the coding regions of trr-1, mys-

1, let-363, atl-1, atm-1, and smg-1 complementary DNA were used

for RNAi. The primers used were as follows: trr-1 left, 50-CCGC
GGATGGATCCGGCTATGGCTT-30, and trr-1 right, 50-GGTACCCACT
CGCCGTCAGATCAAT-30; mys-1 left, 50-CCGCGGATGACCGAGCCGA
AGAAGG-30, and mys-1 right, 50-GGTACCATTGCATCTTCACTAT
GGC-30; let-363 left, 50-CCGCG GATGCTCCAACAACACGGAA-30,
and let-363 right, 50-GGTACCGCTTTTGAAGCCATCTTGA-30; atl-1

left, 50-CCGCGGATCGATAAGGATGTTTCAG-30, and atl-1 right,

50-GGTACCATTCCACTTCAAATGATAT-30; atm-1 left, 50-CCGCGGG
AACCTGATAGAACAGTTT-30, and atm-1 right, 50-GGTACCAACAT
TGCAGCATAAACAT-30; smg-1 left, 50-CCGCGGATGATAACATCG
AGAAACA-30, and smg-1 right, 50-GGTACCTTCAAACAGTGGTT
ATAAA-30. To generate the RNAi construct for double

knockdown of trr-1 and mys-1, the first 500 nucleotides from the

coding region of mys-1 cDNA were amplified by PCR and inserted into

the trr-1 RNAi construct. The primers used were described above.

The pcaf-1 gene silencing was done using RNAi library [21]. For RNAi

experiments, HT115 bacteria with RNAi plasmids were seeded on

RNAi plates, and worms were fed with RNAi bacteria from egg to day

2 adulthood, unless otherwise mentioned. Animals fed HT115

bacteria carrying an empty pPD129.36 vector were used as controls.

Small interfering RNAs (siRNAs) were transfected into HeLa cells

with Lipofectamine 2000 (Invitrogen) according to the manufac-

turer’s protocol and harvested 48 h later. In all experiments, each

siRNA was transfected using a final concentration of 20 nM. The

following siRNAs were used: human trrap siRNA [22], 50-AAUGGC
UCGAAAGGAAUGG-30; human tip60 siRNA [23], 50-GACGUAAGAA
CAAGAGUUAUU-30; and human foxo1 siRNA [24], 50-GAGCGUGCC
CUACUUCAAGTT-30 (all RNA oligonucleotides were purchased from

Sigma). MISSION siRNA Universal Negative Control #1 (Sigma) was

used as a control.

Transfection

Complementary DNA (cDNA) of foxo1 was isolated by PCR and

ligated into pcDNA3 vector. HeLa cells were transfected by using

Lipofectamine 2000 (Invitrogen) according to the manufacturer’s

protocol and harvested 48 h later.

Lifespan analysis

The lifespan analysis and intermittent fasting were performed as previ-

ously described [9]. All of the experiments were conducted at 20°C.

P-values were calculated using one-way ANOVA followed by Tukey’s

test with the mean lifespan.

Locomotion activity

The worms were picked into M9 buffer in individual wells of 35-mm

culture dishes and allowed to equilibrate for 1 min. A single bend

was defined as a complete movement through the midpoint and

back, and the number of body bends in 1 min was counted. IF was

started at day 2 adulthood. This assay was performed at day 2, day

6, and day 14 of adulthood at 20°C.

Fluorescence microscopy

The worms expressing DAF-16::GFP or HSP-12.6::GFP were synchro-

nized and grown on RNAi bacteria from hatching until the L4/young

adult stage and then transferred to FUdR-containing plates. For the

DAF-16::GFP strains, the worms were collected at day 2 adulthood.

For the HSP-12.6::GFP strains, the worms were transferred to new

plates with or without food at day 2 adulthood and collected after

2 days of fasting. Both strains were fixed with 2% formaldehyde for

2 min at room temperature and observed with a Zeiss Axioplan2.

Assays for oxidative stress resistance

To assay H2O2 or paraquat sensitivity, worms were transferred to

M9 buffer containing 5 mM H2O2 or 250 mM paraquat and incu-

bated at 20°C until death. The worms that did not move after a

gentle mechanical touch were scored as dead, and the number of

surviving worms was counted every hour.

Crystal violet assay

To assess the sensitivity to H2O2, HeLa cells transfected with siRNAs

were exposed to 100 lM H2O2 for 0–36 h and fixed with 4%

paraformaldehyde and then stained with 0.1% crystal violet. The

dye was dissolved in 10% acetic acid, and absorbance was

measured at OD590 nm.

Quantitative RT–PCR

Total RNA was isolated using TRIzol (Invitrogen). Reverse tran-

scription was performed with a QuantiTect� Reverse Transcription

kit (Qiagen) according to the manufacturer’s instructions. cDNA

was subjected to quantitative PCR analysis using an ABI 7300 Real-

Time PCR System (Applied Biosystems) with a SYBR Green PCR kit

(Roche). Each value was normalized to act-1 or gapdh. The primer

sequences are available on request.

Immunoprecipitation and immunoblot analyses

For the immunoprecipitation analysis, the worms were lysed in IP

buffer (0.1% NP-40, 150 mM NaCl, 1 mM EDTA, 5% glycerol, 20 mM

HEPES (pH 7.6), 1 mM PMSF, and 1 lg/ml aprotinin and 10 lM
MG132) and the supernatant was incubated with anti-Tip60 antibody

(Abcam) or control rabbit IgG (Santa Cruz Biotechnology) for 4 h at

4°C. Protein G-Sepharose beads (GE Healthcare) were then added to

the sample and rotated overnight at 4°C. After several washes with

wash buffer (0.1% NP-40, 150 mM NaCl, and 20 mM HEPES (pH

7.6)), the pellet was lysed with SDS-sample buffer and subjected to

immunoblot analysis using anti-Tip60 or anti-TRR-1 antibodies (a kind
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gift from Dr. Horvitz, H.R.). The immunoblot analysis was performed

according to standard protocols using anti-DAF-16 (Santa Cruz

Biotechnology), anti-AcH4K16 (Millipore), anti-AcH4K12 (Millipore),

anti-AcH3K9 (Millipore), anti-AcH3K14 (Millipore), anti-AcH4 (Milli-

pore), anti-AcH3 (Millipore), anti-FOXO1 (Cell Signaling), and anti-

tubulin antibodies (Sigma). a-Tubulin was used as a loading control.

Chromatin immunoprecipitation assay

The chromatin immunoprecipitation assays were performed as

previously described [25]. Briefly, the worms were grown on RNAi

bacteria from hatching until the L4/young adult stage and harvested

at day 2 adulthood. HeLa cells were transfected with scrambled or

target gene-specific siRNA and harvested 48 h later. After fixation

with 1% formaldehyde, the worms and cells were lysed and soni-

cated (Diagenode, Bioruptor). Then, 10% of the total lysate was

removed for input control, and the remaining lysates were diluted

in IP dilution buffer. Immunoprecipitation was performed overnight

at 4°C with 2 lg of specific antibodies conjugated to Protein

G-Sepharose beads. The antibodies used for immunoprecipitation are

as follows: anti-Tip60 antibody, anti-AcH4K16 antibody, and normal

rabbit IgG. The beads were washed, and the DNA–protein complexes

were eluted. After reverse crosslinking and purification, the DNA was

amplified and separated on 1% agarose gels. The relative enrichment

levels were measured by quantitative PCR. Amplification of the

daf-16 30UTR or gapdh promoter regions served as negative controls.

Expanded View for this article is available online.
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