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The transcription factor MYC binds specific DNA sites in cellu-
lar chromatin and induces the acetylation of histones H3 and
H4. However, the histone acetyltransferases (HATs) that are
responsible for these modifications have not yet been identified.
MYC associates with TRRAP, a subunit of distinct macromolecu-
lar complexes that contain the HATs GCN5/PCAF or TIP60.
Although the association of MYC with GCN5 has been shown,
its interaction with TIP60 has never been analysed. Here, we
show that MYC associates with TIP60 and recruits it to chro-
matin in vivo with four other components of the TIP60 complex:
TRRAP, p400, TIP48 and TIP49. Overexpression of enzymatical-
ly inactive TIP60 delays the MYC-induced acetylation of histone
H4, and also reduces the level of MYC binding to chromatin.
Thus, the TIP60 HAT complex is recruited to MYC-target genes
and, probably with other other HATs, contributes to histone
acetylation in response to mitogenic signals.
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INTRODUCTION

The transcription factor MYC is expressed in proliferating and
mitogen-stimulated cells, binds specific sites in genomic DNA
and induces histone acetylation (Bouchard et al., 2001;
Fernandez et al., 2003; Frank et al., 2001). This modification is
catalysed by histone acetyl-transferases (HATSs), which are recruited
to chromatin through their interaction with sequence-specific
transcription factors (Sterner & Berger, 2000). One possible medi-
ator of MYC-induced acetylation is TRRAP, a protein that binds
MYC (McMahon et al., 1998) and is recruited to MYC-binding
sites in chromatin (Bouchard et al., 2001; Frank et al., 2001).
TRRAP itself is not a HAT, but is found in distinct macromolecular
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complexes that contain HAT subunits, including GCN5, PCAF
and TIP60 (Sterner & Berger 2000; Amati et al. 2001). GCN5 and
PCAF are closely related proteins, and the complexes of which
they are part contain essentially the same subunits (Brand et al.,
1999; Martinez et al., 1998; Ogryzko et al., 1998; Vassilev
et al., 1998). TIP60 belongs to a distinct class of HATs (the MYST
family) and, except for TRRAP, the TIP60 and GCN5/PCAF com-
plexes share no known common components (Ikura et al., 2000).
Consistent with its interaction with TRRAP, MYC coprecipitates
with GCN5 from cell lysates (McMahon et al., 2000; S.T., unpub-
lished data). Here, we show that TIP60 is another cofactor for
MYC in vivo.

RESULTS AND DISCUSSION

To address whether MYC and TIP60 interact, 293 cells were
transfected with vectors expressing MYC and FLAG-haemagglutinin
(HA)-tagged TIP60. Immunoprecipitation with a TIP60-specific
antibody followed by immunoblotting showed specific co-immuno-
precipitation of MYC (Fig. 1A, upper panel). In addition, TIP60 was
recovered in MYC immunoprecipitates (Fig. 1A, lower panel). This
interaction was specific, as the MYST-family HAT, HBO1, did not
coprecipitate with MYC (data not shown). We failed to detect co-
precipitation of endogenous MYC and TIP60, possibly because of
low expression levels of both proteins. However, this interaction is
clearly observed on chromatin (see below).

To determine whether MYC recruits TIP60 to chromatin, quiescent
Ratl cells that expressed a conditionally active MYC-oestrogen-
receptor (ER) chimaera were treated with 4-hydroxytamoxifen
(OHT) and analysed by quantitative chromatin immunoprecipitation
(ChIP). Both MYC-ER and TIP60 appeared rapidly on nucleolin
(NUC) intron 1, but not on the ACHR promoter, which was used as a
control (Fig. 1B). The right panel in Fig. 1B shows the NUC PCR-
amplification curves for TIP60 immunoprecipitations performed in
triplicate, which were carried out either before or 1 h after MYC-ER
activation with OHT. DNA recovery was quantified as a percentage
of the total input chromatin, as described in Frank et al. (2001). To
confirm that a non-chimeric MYC protein also recruits TIP60, we
performed ChlIP on a human B-cell line (P493-6) that carries a tetra-
cycline (Tet)-repressible c-MYC transgene. On removal of Tet, MYC
associated with NUC intron 1, accompanied by the binding of
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TRRAP and TIP60, H4 acetylation (Fig. 1C), H3 acetylation, and the
induction of NUC messenger RNA expression (Fernandez et al.,
2003; Schuhmacher et al., 2001). None of these changes were
observed for a control promoter (ACHR; Fig. 1C). Thus, MYC is
sufficient for the recruitment of endogenous TIP60 to chromatin.
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Fig.1| MYC binds TIP60 and recruits it to chromatin in vivo. (A) 293T cells were
transfected with vectors expressing human MYC and FLAG-haemagglutinin
(HA)-tagged TIP60. Whole-cell lysates (400 pg) were immunoprecipitated (IP)
with antibodies against TIP60 (CLHF antiserum; upper panel) or MYC (C33
monoclonal; lower panel), followed by immunoblotting as indicated. ‘Total’
indicates that the whole-cell lysate (40 pg) was directly loaded for
immunoblotting. ‘Ctrl’ indicates that control IPs were performed with pre-
immune serum or with amonoclonal antibody of the same isotype as C33.

(B) Quiescent Rat1 cells expressing a MYC—oestrogen-receptor (ER) chimaera
were analysed by chromatin precipitation with MYC and TIP60 antibodies before
or after 4-hydroxytamoxifem (OHT) treatment. PCR analysis was performed
with primers that recognise MYC-bound E-boxes in NUC intron 1 or with
primers that amplify the ACHR promoter, which was used as a control. The

right panel shows representative PCR amplification curves from TIP60
immunoprecipitations, which were performed either before treatment with OHT
(-OHT) or 1 h after treatment (+OHT). (C) P493-6 cells were growth-arrested by
the addition of tetracycline (Tet) to serum-containing medium. To induce MYC
expression, cells were washed and resuspended in fresh serum-containing
medium without Tet (-Tet). Control cells were treated in an identical manner, but
in the continuous presence of Tet (+Tet). Chromatin immunoprecipitation
analysis was performed with antibodies against MYC, TRRAP, TIP60 or acetylated
histone H4 (AcH4), as indicated.
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We then showed that TIP60 is also recruited by endogenous
MYC. Following serum stimulation of Ratl cells, MYC bound chro-
matin and induced H4 acetylation at several previously character-
ized target loci (Frank et al., 2001; upper panels in Fig. 2A). TIP60
associated with the same sites (lower panels). The NUC promoter
was the most highly enriched in both MYC and TIP60 immuno-
precipitations, whereas the control ACHR promoter was not
enriched. The amplification of adjacent sequences in the NUC locus
(upper panel in Fig. 2B) showed that MYC, TIP60 and TRRAP
colocalized over the E-boxes in intron 1 (amplicon 3). Moreover, the
kinetics of MYC and TIP60 binding and H4 acetylation at this site
were essentially superimposable on each other (Fig. 2C), consistent
with a function of MYC in the recruitment of TRRAP and TIP60. To
prove this formally, we used Myc™ Ratl cells. In these cells, the
induction of H4 acetylation and NUC expression by serum is defec-
tive, but is readily restored by infection of the cells with a MYC-
expressing adenovirus (AdMYC; Frank et al., 2001). Similarly, serum
did not induce binding of TRRAP or TIP60 to NUC. This was the case
for MYC cells that were uninfected (data not shown) or infected
with the control adenovirus, AAGFP (expressing green fluorescent
protein; Fig. 2D, black bars). By contrast, ADMYC restored the
recruitment of TIP60 and TRRAP (Fig. 2D, shaded bars) to levels sim-
ilar to those seen in parental Rat1 cells (Fig. 2A). Both cofactors were
expressed at similar levels in Ratl and Myc™ cells, whether or not
cells had been treated with serum (data not shown). In conclusion,
MYC is required for recruitment of TRRAP and TIP60 to chromatin
during a normal mitogenic response.

TRRAP and TIP60 are part of a multi-subunit complex that also
includes, among other proteins, p400, TIP48 (also known as TAP54-[3)
and TIP49 (also known as TAP54-a; Fuchs et al., 2001; Ikura et al.,
2000). ChlIP analysis showed that these proteins were recruited to
NUC intron 1 in P493-6 cells on Tet removal (Fig. 3A). The same
result was obtained after serum stimulation in Ratl cells, in which
TIP48, TIP49 and p400 colocalized with MYC on intron 1 (Fig. 3B).
Thus, as tested by ChIP, MYC recruits at least five subunits of the
TIP60 complex. MYC can also be coprecipitated from cell lysates
with seven individual subunits, including TIP60 (Fig. 1A), TRRAP,
p400, TIP48, TIP49, BAF53 and f-actin (Fuchs et al., 2001;
McMahon et al., 1998; Park et al., 2002; Wood et al., 2000).
Although it has been suggested that MYC interacts with TIP48/49
and TRRAP/BAF53 within different complexes (Park et al., 2002;
Wood et al., 2000), it is able to bind the purified p400 complex
(which contains all the subunits except TIP60; Fuchs et al., 2001).
Our data are consistent with the latter result, suggesting that MYC
recruits the whole p400/TIP60 complex to chromatin.

To determine whether TIP60 has a role in MYC-induced acetyla-
tion, we constructed adenoviruses that express either wild-type TIP60
(AdTIP60wt) or an enzymatically inactive mutant (AdTIP60mut; Ikura
et al., 2000). We tested whether expression of AdTIP60mut would
interfere with the induction of H4 acetylation that was observed after
serum stimulation and simultaneous infection of Myc™- cells with
AdMYC. Under these conditions, both TIP60 proteins accumulated at
similar levels and did not influence MYC expression (data not
shown). AdTIP60mut reproducibly resulted in a delay of ~1 h in H4
acetylation at MYC target loci, whereas AdTIP60wt or AAGFP did not
cause any significant changes in H4 acetylation (Fig. 4, top panels).
Unexpectedly, TIP60mut also reduced the level of MYC binding to
several sites (Fig. 4, lower panel), suggesting that TIP60 HAT activity
somehow stabilizes MYC/MAX binding on chromatin. This may
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Fig.2| TIP60 associates with MYC target-loci. (A) Chromatin immunoprecipitation (ChIP) analysis of quiescent and serum-stimulated Rat1 cells using
antibodies against acetylated histone H4 (AcH4; upper panels) and TIP60 (lower panels). The MYC binding sites (NUC, HSP60, GPAT, NM23-H2, a-PT and
CAD) and the control site (ACHR) are the same as were used previously (Frank etal., 2001). (B) MYC, TIP60 and TRRAP colocalize on the NUC gene in Rat1 cells
stimulated with serum for 4 h. DNA that was recovered by ChIP using the antibodies indicated was amplified with different primer pairs to give amplicons 1-5 in
NUC, as indicated in the map. Numerical positions on the map are relative to the cap site, and correspond to the 5’ ends of the amplicons. (C) Kinetics of MYC
binding, TIP60 recruitment and H4 acetylation at NUC intron 1 after serum stimulation of Rat1 cells. (D) Serum-stimulated MYC~- cells were infected with either
a control adenovirus that expresses green fluorescent protein (AdGFP; black bars) or a MYC adenovirus (AdMYC, stippled bars). ChIP analysis showed that
AdMYC restored binding of TIP60 and TRRAP and H4 acetylation at NUC intron 1.

occur through the acetylation of MYC/MAX, histones or other pro-
teins. Consistent with the second of these possibilities, histone acety-
lation correlates positively with MYC binding (Fernandez et al.,
2003). In addition, the delay in H4 acetylation was longer than that
for MYC binding at some target sites, consistent with the possibility
that TIP60 acetylates histone H4.

MYC can induce the acetylation of histones H3 and H4 in vivo
(Bouchard et al., 2001; Fernandez et al., 2003; Nikiforov et al.,
2002). In vitro, TIP60 and its yeast orthologue, Esal, preferentially
acetylate H4, whereas GCN5, PCAF and yeast Gen5 preferentially
target H3 (Allard et al., 1999; Brand et al., 1999; Ikura et al.,
2000; Smith et al., 1998; Vignali et al., 2000; Xu et al., 1998).
Furthermore, deletion of the yeast Esal and Gcn5 genes selec-
tively decreases the in vivo acetylation levels of H4 and H3,
respectively (Kuo et al., 2000; Reid et al., 2000; Vogelauer et al.,
2000). Like TIP60, GCN5 can be co-immunoprecipitated with
MYC from cell lysates (McMahon et al., 2000; S.T., unpublished
data). Although evidence for the recruitment of GCN5 to MYC
target genes has not yet been found, this is probably due to tech-
nical limitations. Based on their enzymatic specificities, we
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speculate that MYC recruits both of the TRRAP-associated HATS,
GCN5/PCAF and TIP60, to mediate the acetylation of H3 and
H4, respectively. We note, however, that our data do not rule out
either distinct roles for TIP60 or the participation of GCN5 or
other HATs in H4 acetylation. As we may not have achieved a
quantitative blockade of TIP60 activity in our experiments, this
question remains unanswered.

So far, we have been unable to determine conclusively whether
TIP60 is required for the transcriptional activation of MYC target
genes. In particular, TIP60mut did not interfere with mRNA accu-
mulation (data not shown). However, given the slight delay in H4
acetylation (Fig. 4), an effect on mRNA levels might be too subtle to
detect. Notably, the ability of TIP60mut to inhibit double-strand
DNA-break repair after y-irradiation in HeLa cells was also transient
(Ikura et al., 2000), suggesting that this mutant may be a weak dom-
inant-negative allele. We also tried to suppress TIP60 expression by
using small interfering RNAs, but we did not achieve full suppres-
sion (see supplementary Fig. 1B), and did not reveal any effects on
MYC activity. The determination of the relative roles of TIP60,
GCNS5 and other HATs, such as C/EBP-binding protein (CBP)/p300
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(Vervoorts et al., 2003), in MYC-induced acetylation and transcrip-
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infectious unit) using a cationic-lipid-enhanced method (Frank
et al., 2001). For co-expression studies, cells were infected with
equal amounts of each virus, resulting in a total viral load of
2,000 particles per cell.

Antibodies. TIP60-specific antisera were raised against keyhole-
limpet-haemocyanin-conjugated peptides, which comprised the fol-
lowing residues of human TIP60: CRLPVLRRNQDNEDEWPLAE
(RLPV antiserum), CLGTDEDSQDSSDGIPSAPRM (CLGT antiserum)
and CLHFTPKDWSKRGKW (CLHF or CT antiserum). Antisera were
purified by binding to a peptide-conjugated Sulfolink gel (Pierce), and
pre-immune sera were purified on a protein A column. Each antibody
specifically recognised a transfected TIP60 protein in immunoblotting
or immunoprecipitation assays (see supplementary information
online; and data not shown), as well as recognising endogenous TIP60
in immunoblots from various cell lines (data not shown; see supple-
mentary information online for an example). In ChIP experiments,
each TIP60 antibody specifically enriched the MYC target site in NUC
intron 1 (data not shown). As the TIP60 antibody pool consistently
yielded the best signal, it was used for all experiments.

Antisera against TIP48 and TIP49 were raised against peptides
that were similar to those described previously in Wood et al.
(2000), and that differed only in the presence of carboxy-terminal
cysteines, which were added to enable crosslinking. The p400 anti-
body, F21, was raised against a peptide that comprised the C termi-
nus of p400 (Fuchs et al., 2001). All antibodies were affinity purified
as described above. Other antibodies used for ChIP were anti-MYC
(2 pg; N262; Santa Cruz (catalogue number SC164)), anti-acetylated-
histone-H4 (3 pl; Upstate Biotech (catalogue number 06-866)) and
affinity-purified anti-TRRAP-CT (Frank et al., 2001).
Co-immunoprecipitation assays. Human MYC and FLAG-HA-
TIP60 proteins were expressed in 293T cells by transient transfection
using the Fugene transfection reagent (Roche). Cells were lysed in
IPH buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 5 mM EDTA,
0.5% v/iv NP40, 1 mM dithiothreitol, 20 mM NaF, and protease
inhibitors). For immunoprecipitation and immunoblotting (Fig. 1),
we used the TIP60 antibody pool (see above), rabbit anti-HA
(Babco), and the anti-MYC monoclonals 9E10 (Babco) and C33
(Santa Cruz).

Chromatin immunoprecipitation assays. ChlIP assays and quantita-
tive PCR were performed as described in Frank et al. (2001). 2 g of
each antibody (see above) was used to precipitate chromatin from
1-4 x 107 cells. The PCR primers listed below were used to amplify
genomic sequences. For rat NUC (Genbank AH002217) amplicon
1: 5-CAGGCAGGCCGAGTACTTCT-3' and 5-TCCAGGTTCAG
AGAGGTGACTTC-3’; for amplicon 2: 5’-CAAGCTCAGTCTTTTG
CCTCAGA-3" and 5’-GGATCGGCGGGTAATGAAG-3’; for ampli-
con 3: 5-GGAGTGGGAGTACACGGGAA-3' and 5-GGAGTGG
GAGTACACGGGAA-3’; for amplicon 4: 5-GAGGTGGTGGC
CGAGGA-3’ and 5’-GCCGGCCTACAAATGCAC-3’; for amplicon 5:
5’-CCACGACAAATGACAAGTTTAGTGA-3' and 5-AAGCTGGA
CCCTGATTCCATCT-3’; for amplicon 6: 5-TCCTAACTGTACCAG
CCTTTCATG-3’' and 5-CGCCTCGGAAGCCTCC-3’; for human
NUC intron 1 (Genbank M60858): 5’-TTTTGCGACGCGTACGAG-
3’ and 5’-ACTAGGGCCGATACCGCC-3’; for the human ACHR pro-
moter (Genbank Y00508): 5’-CCTTCATTGGGATCACCACG-3’ and
5’-AGGAGATGAGTACCAGCAGGTTG-3'. Other primers were
described in Frank et al. (2001).

Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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