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We demonstrate that transformation-transactivation domain-associated protein (TRRAP) binding and the
recruitment of histone H3 and H4 acetyltransferase activities are required for the transactivation of a silent
telomerase reverse transcriptase (TERT) gene in exponentially growing human fibroblasts by c-Myc or N-Myc
protein. However, recruitment of TRRAP by c- or N-Myc is dispensable for the partial induction of several
basally expressed genes in exponentially growing primary and immortalized fibroblasts. Furthermore, recruit-
ment of TRRAP is required for c-Myc- or N-Myc-mediated oncogenic transformation but not for the partial
restoration of the growth defect in myc-null fibroblasts. A segment of the adenovirus E1A protein fused to a
transformation-defective N-Myc protein carrying a small deletion in the transactivation domain specifically
restores interaction with TRRAP, activates the silent TERT gene, induces acetylation of histones H3 and H4
at the TERT promoter, and transforms primary cells. Accordingly, wild-type L-Myc is much less efficient in
TRRAP binding, activation of the silent TERT gene, and transformation of primary fibroblasts. Nevertheless,
L-Myc is a potent activator of several basally expressed genes and can fully restore the growth defect of
myc-null cells. These results suggest a differential requirement for TRRAP for several Myc-mediated activities.

Myc overexpression has long been associated with a number
of human malignancies and with the acquisition of the trans-
formed phenotype in many animal models (19, 27). In addi-
tion, basal expression of Myc is required for progression
through the cell cycle and for normal embryonic development
(14). Myc is a transcriptional activator when it binds as a
heterodimer with Max to the consensus site CACGTG. Only
the C-terminal 100 amino acids of Myc are required for Max
dimerization and DNA binding, whereas the remaining N-
terminal domain contains segments capable of transcriptional
transactivation and nuclear cofactor binding. The relationship
between transactivation, the recruitment of nuclear cofactors,
and Myc biological activity is complex and unclear. On one
hand, there is a general dependence on transactivation for
many Myc biological activities; however, a naturally occurring
shorter form of Myc (MycS) that is defective in transactivation
can still rescue the growth defect in c-myc-null cells (51). On
the other hand, small deletions of evolutionarily conserved
domains (called Myc boxes I and II [MBI and MBII]) abolish
Myc oncogenic activity in primary cells, the induction of apo-
ptosis, and the ability to block differentiation (18, 22, 46).
These same mutants retain the ability to transactivate most
promoters in transient-expression assays (5).

A growing number of genes have been ascribed as down-
stream targets of Myc regulation; however, only a small num-
ber have been shown to be direct targets in vivo (12, 13). The
criteria for considering a given gene as a Myc target vary
between studies, and Myc may regulate different sets of genes
dependent on Myc level and other cellular factors (12). How-
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ever, the most compelling evidence for direct Myc-dependent
regulation is the ability to cross-link Myc to a specific chromo-
somal consensus binding site. We were interested in determin-
ing mechanisms of activation of specific cellular promoters in
the context of their native chromosomal location. We focused
on four promoters, CAD, CDK4, HSP60, and telomerase re-
verse transcriptase (TERT), that have functional binding sites
for Myc/Max heterodimers and/or that can be directly cross-
linked to Myc in vivo (9, 16, 21, 28). However, TERT regula-
tion differs dramatically from the other genes in exponentially
growing cells, since TERT is silent in almost all somatic cells
(25), whereas the other genes are ubiquitously expressed. In-
terestingly, Myc is the only transcription factor capable of
interacting with the TERT promoter and inducing its expres-
sion from the chromosomal locus (49). Proteins like E2F or
E1A, which in many in vivo assays demonstrate activities sim-
ilar to that of Myc, fail to activate TERT (49). Since TERT
expression is up-regulated in the vast majority of human cancer
cells, it was of particular interest to address how this normally
silenced gene can be activated by Myc.

An important aspect of gene regulation is the interplay be-
tween basal transcription factors and local chromatin structure.
The packaging of DNA into an ordered array of nucleosomes
is a general repressor of transcription, and many genetic and
biochemical studies demonstrate that gene regulation is de-
pendent on factors that remodel or modify the local chromatin
structure surrounding specific promoters (reviewed in refer-
ence 47). The discovery of the transformation-transactivation
domain-associated protein (TRRAP) and TIP49/TIP48 as co-
factors essential for Myc-induced transformation provided an
important link between chromatin modification and Myc-de-
pendent phenotypes (35, 36, 50). Interestingly, recruitment of
these cofactors by Myc occurs via interactions with the MBII
domain. A series of recent studies have attributed TRRAP and
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TIP49/TIP48 to a number of complexes. First was a human
ortholog of the yeast SAGA complex, which contains TRRAP,
the human homologue of GCN5 or PCAF, but no TIP49/
TIP48 (37). This complex possesses H3-histone acetyltrans-
ferase activity (HAT). Another TRRAP-containing complex
has the TIP60 H2/H4 HAT as well as TIP49/TTP48 (29). This
complex shares many subunits with a p400 complex (23), but
the latter complex lacks HAT activity. The TIP49/TIP48 pro-
teins are also involved in other distinct complexes (39), and the
majority of cellular TIP49/TIP48 exists in complexes that do
not contain TRRAP (G. LeRoy and G. Wang, unpublished
data).

The role of histone acetylation in transcriptional activation
by Myc is not clear. On one hand, a number of studies reported
that activation of the Myc target genes CAD and TERT occurs
without concomitant increases in histone H3 or H4 acetylation
(16). On the other hand, Myc recruits HAT activity (36), and
the recruitment of TRRAP to the promoter of several Myc-
responsive genes following serum stimulation was associated
with induction of H4 and/or H3 acetylation (8, 21).

In the present study, we were interested in determining the
mechanism of activation of specific cellular promoters in the
context of their native chromosomal location in exponentially
growing primary and immortalized cells. We found that the
activation of a silent TERT gene in exponentially growing
primary human fibroblasts requires TRRAP recruitment and is
accompanied by both H3 and H4 acetylation. On the other
hand, TERT regulation differs dramatically from that of other
genes in exponentially growing cells. We also demonstrate that
Myc mutants that lose their ability to interact with TRRAP fail
to activate TERT in primary cells but are still able to activate
transcription of basally expressed genes in both primary cells
and myc-null fibroblasts (34). An analysis of wild-type L-Myc
protein and N-Myc mutants demonstrated that TRRAP bind-
ing was largely dispensable for normal cell proliferation and
the induction of basally expressed genes.

MATERIALS AND METHODS

Vectors. Expression plasmids were created by standard methods in a cytomeg-
alovirus promoter-driven vector containing a FLAG epitope tag or in the retro-
viral expression vector pPLXSH and were verified by sequence analysis. Details of
individual constructs are available upon request.

Cell culture, transfection, and retroviral infection. Primary human fibroblasts
(IMR90), rat embryo fibroblasts, rat c-myc-null fibroblasts (HO15.19), the ret-
roviral producer PhoeNX cell line, and HEK 293 cells were cultured in Dulbec-
co’s modified Eagle medium supplemented with 10% calf serum.

Retroviral infection of IMR90 and HO15.19 cells was performed according to
the method described in reference 40, using PhoeNX cells. PhoeNX cells were
transfected via the calcium phosphate method. To obtain a transduced popula-
tion, after completion of infection IMR90 or HO15.19 cells were selected for
resistance to hygromycin (150 pg/ml) for 7 days.

Reverse transcription-PCR. Total RNA was isolated from infected cells using
TRIzol reagent (GIBCO-BRL). Reverse transcription of 1 to 3 pg of RNA was
performed using the SuperScript First-Strand Synthesis System (GIBCO-BRL),
according to the manufacturer’s instructions. PCR was performed on cDNA
using the following sets of oligonucleotides: human TERT-specific oligonucleo-
tides, HT1 (CGGAAGAGTGTCTGGAGCAA) and HT2 (GGATGAAGCGG
AGTCTGGA); human glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-
specific oligonucleotides, HG1 (CTCAG-ACACCATGGGGAAGGTGA) and
HG2 (ATGATCTTGAGGCTGTTGTCATA); human CDK4-specific oligonu-
cleotides, HCD1 (GTGGACATGTGGAGTGTTGG) and HCD2 (GCCCTCT
CAGTGTCCAGAAG); human HSP60-specific oligonucleotides, HHSP1 (ACA
AGTGATGTTGAAGTGAATG) and HHSP2 (ATTGCTGGAATTTTGAGT
GTTC); rat TERT-specific oligonucleotides, RT1 (CGTAAGAGTGTGTGGA
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GCAA) and RT2 (GGATGAAGCGCAGTCTGCA); rat GAPDH-specific
oligonucleotides, RG1 (AACGGATTTGGCCGTATTGGCCG) and RG2 (GA
CAATCTTGAGGGAGTTGTCATA); rat CDK4-specific oligonucleotides,
RCD1 (TGGGTGCGGTGCCTATGGGA) and RCD2 (CGCATCTGGTAGC
TGTAGATTC); and rat HSP60-specific oligonucleotides, RHSP1 (ACAAGTG
ATGTTGAAGTGAATG) and RHSP2 (ATTGCAGGAATTTTAAGTGCTC).
Oligonucleotides specific for human and rat CAD cDNA were CAD1 (GGTG
GATCTGGAGCATGAGTGGA) and CAD2 (AGATGGAAGCGGCCATCA
GGAAG). For the quantitative analysis of PCR products, oligonucleotides HT1,
HG1, HCD1, HHSP1, RT1, RG1, RCDI1, RSP1, and CADI were end labeled
with [y-*P]ATP. Amplification was performed in a T3 Thermocycler (Biometra)
for 31 cycles (TERT), 19 cycles (GAPDH), and 21 cycles (CAD) at 94°C for 45 s,
60°C for 45 s, and 72°C for 60 s, followed by a final extension step at 72°C for 5
min. The optimal number of cycles for exponential amplification was determined
by kinetic analysis. All quantitative PCRs were repeated at least two times. PCR
products were resolved on a 6% polyacrylamide gel and were quantitated using
the Molecular Dynamics Phosphor Imaging System.

Immunoprecipitation. HEK 293 cells were transfected by the calcium phos-
phate method. Cells were lysed using F buffer (44) 48 h after transfection. For
immunoprecipitations, lysates were incubated with anti-FLAG antibodies with
constant rocking at 4°C overnight, followed by several 1-h washes in F buffer
and/or F buffer supplemented with 0.3 M NaCl. Elution was carried out over-
night at 4°C in F buffer supplemented with FLAG peptide (100 pg/ml). To
determine levels of protein production, proteins eluted from beads were resolved
on sodium dodecyl sulfate (SDS) polyacrylamide gels and were Western blotted
to a nitrocellulose membrane. Membranes were probed with anti-FLAG anti-
bodies (M2, Sigma), anti-c-Myc (N262), anti-N-myc (C19), anti-TRRAP (T17),
and anti-GCNS5 (N18), all from Santa Cruz. Antibodies against TIP49 and
BAFS53 were previously described (39, 50).

Chromatin immunoprecipitation. Retrovirally infected IMR90 cells were
cross-linked by adding formaldehyde (final concentration, 1%; Fisher Scientific)
directly to the cells on a rocking tissue culture dish for 10 min at room temper-
ature. Cross-linking was terminated by addition of glycine to a final concentra-
tion of 125 mM. Fixed cells were washed with phosphate-buffered saline con-
taining 0.5 mM phenylmethylsulfonyl fluoride (PMSF) followed by scraping cells
in swelling buffer [5 mM piperazine-N,N’-bis(2-ethanesulfonic acid) (pH 8.0), 85
mM KCl, 0.5% NP-40, 0.5 mM PMSF, and 100 ng of leupeptin and aprotinin per
ml]. Cells were incubated on ice for 20 min and were then Dounce homogenized.
Nuclei were harvested by centrifugation (4,500 X g) following resuspension in
sonication buffer (0.1% SDS, F buffer, 0.5 mM PMSF, and 100 ng of leupeptin
and aprotinin per ml) and were sonicated on ice to obtain 1,000- to 2,000-bp-long
DNA fragments. After sonication, lysates were cleared by microcentrifugation at
10,000 X g. Lysates were normalized according to their optical density measure-
ments. Each lysate was diluted six times with dilution buffer (F buffer, 0.5 mM
PMSF, and 100 ng of leupeptin and aprotinin per ml) and were normalized by
dilution in immunoprecipitation buffer (0.015% SDS, F buffer, 0.5 mM PMSF,
and 100 ng of leupeptin and aprotinin per ml). The normalized chromatin lysates
were precleared overnight with preblocked protein A/G beads. Protein A/G
beads were preblocked by incubation in immunoprecipitation buffer containing 1
pg of salmon sperm DNA per ml and 1 pg of bovine serum albumin per ml for
3 h at 4°C. Precleared lysates were incubated with 1.5 pg or 5 pl of anti-
acetylated histone H3 or H4 antibodies (Upstate Biotechnology), respectively, at
4°C overnight. Beads were washed and eluted, followed by reversing cross-linking
and DNA isolation using the Qiagen PCR purification kit. Eluted material was
subjected to quantitative PCR amplification. PCR was performed using human
TERT-promoter specific primers SC-9 (AGTGGATTCGCGGGCACAGA) and
SC-10 (AGCACCTCGCGGTAGTGGCT). To normalize samples by the
amount of nonspecific DNA, we amplified a region in the third intron of the
human B-globin gene using the following primers: SC-46 (ATCTTCCTCCCAC
AGCTCCT) and SC-47 (TTTGCAGCCTCACCTTCTTT). Oligonucleotides
SC-9 and SC-46 were end labeled with [y-*’PJATP. The optimal number of
cycles for exponential amplification was determined by kinetic analysis. PCR
products were resolved on a 4 or 6% polyacrylamide gel. PCR products were
quantitated and normalized using the Molecular Dynamics Phosphor Imaging
System.

HAT assay. Complexes containing FLAG-tagged proteins were eluted from
the FLAG-conjugated beads by addition of excess FLAG peptide (100 pg/ml) in
HAT assay buffer (50 mM Tris-HCl at pH 8.0, 10% glycerol, 50 mM KCl, 0.1 mM
EDTA, 1 mM dithiothreitol, 1 mM PMSF, and 10 mM butyric acid). Core
histones from HeLa cells (3 pg) along with [**CJacetyl coenzyme A were incu-
bated with each eluate at 30°C for 30 min.
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FIG. 1. Activation of endogenous genes by c-Myc, c-MycA, and L-Myc. IMR90 and HO15.19 cells were infected with empty vector or retroviral
vectors expressing FLAG-tagged c-myc or c-mycA cDNAs (A) or empty vector and c-myc or L-myc cDNA (B). To determine protein expression,
normalized cell lysates were immunoprecipitated with anti-FLAG antibodies and were resolved on an SDS-8% polyacrylamide gel followed by
Western blotting with anti-FLAG specific antibodies. Quantitative PCR was performed with cDNA synthesized on total RNA isolated from
infected cells using radiolabeled oligonucleotides specific for human or rat genes indicated in the center. Quantitation of PCR products was
performed using the Molecular Dynamics Phosphor Imaging System. Numbers below a panel indicate the induction (n-fold) determined by
dividing a TERT-, CDK4-, HSP60-, or CAD-specific signal by a corresponding GAPDH-specific signal and by the ratio of these signals in the vector

(V) lane. RT-PCR, reverse transcriptase PCR.

RESULTS

Considerable effort has been expended to define a collection
of genes that mediate Myc function, but few studies have
addressed the mechanism by which Myc activates individual
target genes. Mutations that disrupt the evolutionarily con-
served MBII region in the transactivation domain of c-Myc
have generally been found to have unaltered transactivation in
transient assays (5, 30), yet these same mutants are defective in
cell transformation assays (10, 46). On the other hand, the
L-Myc protein, which possesses an intact MBII domain, is also
severely defective for oncogenesis in most assays (6). Gene
knockouts of L-myc are viable, unlike the knockouts of c-myc
and N-myc (14, 26, 43, 45). We were interested in determining
if chromatin-modifying factors interacting with the Myc family
proteins were required for Myc-dependent activation of spe-
cific cellular promoters in the context of their native chromo-
somal location in normally growing cells and if different Myc
family proteins exhibited differential gene activation. We fo-
cused on several promoters (TERT, CAD, HSP60, and CDK4)
that have functional binding sites for Myc/Max heterodimers
and that can be directly cross-linked to Myc in vivo.

MBII is required for activation of the TERT gene in IMR90
cells. As an initial assay for the activation of Myc regulated
genes, we tested gene expression in response to wild-type c-
Myc and the c-Myc(A129-145) mutant (c-MycMBIIA hereaf-
ter) that is defective for oncogenic activity. The TERT gene is

silent in IMR90 cells, and ectopic expression of wild-type c-
Myc activates expression as described previously (49). In con-
trast, the c-MycMBIIA mutant was completely defective in
TERT activation (Fig. 1A). Unlike the case for TERT, expres-
sion of the CAD, CDK4, and HSP60 genes is readily detectable
in IMR90 cells, and expression is enhanced approximately
threefold by ectopic wild-type c-Myc. Interestingly, the c-Myc-
MBIIA protein also induced CAD, CDK4, and HSP60 expres-
sion, although to a lesser extent (Fig. 1A). These data demon-
strate that the ability of c-Myc to activate a silent gene like
TERT is completely dependent on MBII, whereas other genes
exhibit only a modest MBII dependence.

We next examined expression of all four genes in an estab-
lished fibroblast cell line in which the c-myc genes were
knocked out by homologous recombination (34). Unlike what
is found in IMRO0 cells, the TERT gene is expressed even in
the absence of endogenous c-Myc in c-myc-null fibroblasts
(Fig. 1A). TERT is induced by reconstitution with either wild-
type c-Myc (5.4-fold) or c-MycA (threefold). The response of
the CAD, CDK4, and HSP60 genes was similar to that in
IMROO0 cells, with approximately three- and twofold induction
by wild-type c-Myc and by c-MycMBIIA, respectively. Thus,
TERT, CAD, CDK4 and HSP60 expression is sustained in
immortalized cell lines in the absence of c-Myc, and the mod-
est Myc-dependent transactivation of these genes does not
depend on the MBII domain.
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FIG. 2. Recruitment of nuclear cofactors by L-Myc and N-Myc.
HEK 293 cells were transiently transfected with FLAG-tagged con-
structs encoding proteins shown on the top. Normalized cell lysates
were prepared and immunoprecipitated with anti-FLAG antibodies.
Immunoprecipitated complexes were resolved on a gradient SDS-
polyacrylamide gel and were probed by Western blotting with several
antibodies indicated on the left. Protein molecular masses are shown
on the right in kilodaltons.

L-Myc is a weak activator of TERT but not of other Myc
targets in IMR90 cells. We were next interested in whether or
not other Myc family proteins had a similar capacity to activate
endogenous promoters. L-Myc has been described as having
both weak oncogenic activity and poor transactivation in tran-
sient assays (4, 6). We transduced a FLAG-tagged L-Myc pro-
tein into IMR90 cells, which was expressed at the same level as
c-Myc as determined by Western blotting (Fig. 1B). L-Myc
reproducibly activated the TERT gene to approximately 20%
of the level induced by c-Myc (Fig. 1B). On the other hand,
other Myc targets (CAD, CDK4, and HSP60) were up-regu-
lated by L-Myc to the same extent as by c-Myc. In contrast to
its response in transient assays, the activity of L-Myc in recon-
stituted c-myc-null fibroblasts paralleled that of c-Myc, where
all four Myc target genes were induced two- to threefold. Thus,
L-Myc exhibits transactivation activity similar to that of c-Myc,
with the noteworthy exception of activation of the TERT gene
in primary human fibroblasts.

TERT activation correlates with TRRAP binding. The data
above establish a strong requirement for the MBII of c-Myc for
TERT activation in primary cells. Previously it was reported
that the MBII domain in c- and N-Myc was involved in an
interaction with several nuclear cofactors, including TRRAP,
TIP48/49, and BAF53 (35, 39, 50). We were interested in
establishing a direct link between recruitment of individual
cofactors by the Myc family proteins and the activation of
Myc-responsive genes. We first tested if L-Myc bound to the
same cofactors to which other Myc family proteins did. To this
end, FLAG-tagged L-Myc and N-Myc proteins were tran-
siently expressed in HEK 293 cells and were tested for binding
to endogenous nuclear cofactors. L-Myc binding to TRRAP
and TIP49 was substantially reduced compared to that of N-
Myc (Fig. 2). However, binding of nuclear cofactors to L-Myc
was still detectable in comparison to the situation for N-Myc-
MBIIA, which showed no binding to the nuclear cofactors
tested. This weak binding of L-Myc to TRRAP correlates well
with its impaired ability to activate the silent TERT gene in
IMRY0 cells, but as with c-MycMBIIA, it does not correlate
with the ability of L-Myc to activate other Myc target genes.

E1A-N-MycA chimeras selectively bind to TRRAP. Further
support for a link between TRRAP recruitment and TERT
activation came from an unexpected direction through studies
of the adenoviral oncoprotein E1A. E1A shares many of the
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FIG. 3. E1IA-N-MycA chimeras selectively precipitate TRRAP
from HEK 293 cells. (A) Normalized whole-cell lysates were prepared
from HEK 293 cells that constitutively express the adenovirus E1A
protein. Immunoprecipitates were resolved on an SDS-polyacrylamide
gel and were probed for the presence of TRRAP in Western blotting
using homemade rabbit anti-TRRAP antisera. Results of these studies
demonstrate that TRRAP specifically associates with the E1A protein
in vivo. 220, 220 kDa. (B) Schematic representation of the E1A-N-
MycA fusion proteins. E1A portion of the chimera, MBII domain, and
DNA binding domain are shown by striped, hatched, and dotted boxes,
respectively. (C) Recruitment of nuclear cofactors by N-Myc-derived
proteins. HEK 293 cells were transiently transfected with FLAG-
tagged constructs encoding proteins shown in panel B. Normalized cell
lysates were prepared and immunoprecipitated with anti-FLAG anti-
bodies. Immunoprecipitated complexes were resolved on a gradient
SDS-polyacrylamide gel and probed by Western blotting with several
antibodies, indicated on the left. Protein molecular masses are shown
on the right in kilodaltons.

biological activities of c-Myc, including oncogenic transforma-
tion of primary cells in cooperation with the H-rasG12V on-
cogene, blocking of differentiation, and promotion of apoptosis
(20). E1A is thought to predominantly act through the E2F
family of transcription factors (42). It was previously shown
that TRRAP bound to the E2F transactivation domain (35)
and that TRRAP recruitment was important for E2F activity
(33). Since E1A and E2F bind to many of the same cellular
cofactors, we tested if E1A bound to TRRAP. As shown in Fig.
3A, immunoprecipitates of E1A from HEK 293 cells indeed
contained TRRAP when assayed by Western blotting. The
biological consequences of E1A binding to TRRAP are pres-
ently unknown, but E1A may modify SAGA function in ade-
novirus-infected cells or bind to other TRRAP-containing
complexes (23).

It was previously shown that chimeric proteins with the E1A
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FIG. 4. EIA-N-MycA chimeras restore the transactivation potential of N-MycA. IMR90 (A) and HO15.9 (B) cells were infected with the
retroviral vectors carrying cDNAs for proteins shown in Fig. 3B. To determine protein expression, normalized lysates from infected cells were
immunoprecipitated with anti-FLAG antibodies and were resolved on an SDS-8% polyacrylamide gel followed by Western blotting with
N-Myc-specific antibodies. Quantitative PCR was performed on cDNA synthesized on RNA isolated from cells expressing the constructs indicated
on the top. PCR was done using radiolabeled oligonucleotides specific for cDNA of human (A) or rat (B) genes shown in the center. Quantitation
of PCR was done using the Molecular Dynamics Phosphor Imaging System. Numbers below a panel indicate an induction (n-fold) determined by
dividing a TERT- or CAD-specific signal by a corresponding GAPDH-specific signal and by the ratio of these signals in the vector (V) lane. A

representative experiment is shown.

N terminus fused to the c-Myc DNA binding domain were
potent oncogenes (41). The binding of EIA to TRRAP
prompted us to test if this interaction could explain the onco-
genic activity of E1A-Myc chimeras and be used to molecularly
complement the defect in TRRAP binding of the MBII muta-
tions in Myc. We used a FLAG-tagged N-Myc expression vec-
tor, since N-Myc binds avidly to TRRAP, and we also derived
a deletion mutant in the N-Myc MBII domain that is defective
in both TRRAP binding and oncogenic activity (Fig. 2 and see
below). We then constructed a series of chimeras in which
various segments of the EIA N terminus were fused to the
N-MycMBIIA protein (Fig. 3B).

We first tested if a specific EIA domain could restore
TRRAP binding to N-MycMBIIA. Proteins were transiently
expressed in HEK 293 cells, immunoprecipitated through a
FLAG epitope tag, and assayed for TRRAP binding by West-
ern blotting. Preliminary mapping demonstrated that E1A
amino acids 1 to 86 could restore TRRAP binding (data not
shown), which was subsequently narrowed to E1A amino acids
10 to 39 (Fig. 3C), although binding was consistently weaker
than to wild-type N-Myc. Fusion of E1A amino acids 10 to 33
to N-MycMBIIA failed to restore binding (Fig. 3C), implicat-
ing E1A amino acids 33 to 39 as critical for TRRAP interac-
tion. We also tested the EIA-N-Myc chimeras for binding to
another Myc cofactor, TIP49. There was no enhancement of
TIP49 binding to the EIA-N-MycA chimeras compared to that
to N-MycMBIIA (Fig. 3C). Thus, a small E1A domain selec-
tively reconstitutes binding of TRRAP to an N-Myc mutant
with a deletion of the MBII region but not binding to another
Myc-associated complex(es).

E1A-MycA chimeras activate the silent TERT gene. The
E1A-N-MycA chimeras, wild-type N-Myc, and N-MycA were
each introduced into IMR90 and c-myc-null fibroblasts to assay
their ability to activate target gene expression. Remarkably,
the E1A(10-39)-N-MycMBIIA fusion protein that bound to
TRRAP could also activate the silent TERT gene in IMR90,
similar to wild-type N-Myc (Fig. 4A). In contrast, the N-Myc-
MBIIA mutant and the E1A(10-33)-N-MycMBIIA fusion pro-
teins were completely defective in TERT activation. The
response of the endogenous CAD gene to N-Myc and the
E1A-N-Myc chimeras was similar to that for c-Myc in IMR90
cells. A representative experiment (Fig. 4A) demonstrated that
N-Myc provided a 3.2-fold activation of CAD, whereas N-
MycMBIIA induced CAD 2.1-fold. Each of the E1A-N-Myc-
MBIIA chimeras activated CAD to a similar extent, including
the E1A(10-33)-N-MycMBIIA fusion that failed to activate
TERT in IMRY90. All proteins were expressed at similar levels,
although N-MycA was reproducibly expressed at a higher level
than was wild-type N-Myc and although the E1A chimeras
were expressed at a lower level (Fig. 4A, top gel). These data
provide a further link between recruitment of TRRAP by Myc
and its ability to activate transcription of the silent TERT
locus.

In c-myc-null fibroblasts, the response of the CAD and
TERT genes to the N-Myc and E1A-N-MycMBIIA proteins
was slightly higher than that in primary human fibroblasts. As
shown in Fig. 4B, expression of CAD and TERT was induced
4.5- and 4.7-fold by N-Myc, and 2.2- and 3.6-fold, respectively,
by N-MycMBIIA. The E1A(10-39)- and E1A(10-33)-N-Myc-
MBIIA proteins enhanced CAD and TERT expression to a



VoL. 22, 2002

A
60
=~ 50
=
o
£ 40
=
o 30 F
£
2 20
o
Q
10
0
Vector C L N NA 10-39 10-33
E1A-NA fusions
B
20
18
16
14
= 12
2 10
3
.g 8
o 6
4
2
0

Vector C L N NA 10-39 10-33

E1A-NA fusions

FIG. 5. Distinct phenotypes of c-Myc, L-Myc, N-Myc, and E1IA-N-
MycA chimeras in cell growth and primary cell transformation.
(A) Doubling times of myc-null cells reconstituted with the indicated
Myc-derived proteins. (B) Oncogenic activity of the Myc family pro-
teins and E1IA-N-MycA chimeras in primary rat embryo cells. c-myc,
L-myc, N-myc, N-mycA, or EIA-N-mycA chimeras were cotransfected
with H-rasG12V into early passage rat embryo fibroblasts, and foci
were scored after 18 days.

level similar to that induced by wild-type N-Myc. There was no
correlation between TERT activation and CAD activation in
c-myc-null fibroblasts by fusion proteins that can activate
TERT, i.e., E1A(10-39)-N-MycMBIIA, and cannot activate
TERT, i.e., EIA(10-33)-N-MycMBIIA, in IMR90 cells (com-
pare Fig. 4A and B).

It is noteworthy that the ability of N-MycMBIIA to induce
transcription of basally expressed genes in c-myc-null fibro-
blasts (exemplified by the CAD and TERT genes) correlates
well with its ability to complement the growth defect of these
cells. As shown in Fig. 5A, N-Myc completely rescues the
slow-growth phenotype of c-myc-null cells, decreasing their
doubling time from 45 to 16 h. Expression of N-MycMBIIA
also resulted in a decrease of the doubling time to approxi-
mately 26 h. The EIA-N-MycMBIIA chimeras both restored
the growth rate of c-myc-null cells to levels that were interme-
diate between those of N-Myc and N-MycMBIIA. Expression
of E1A(10-39)-N-MycA provided a doubling time of 21 =+
0.3 h versus 26 = 5 h for E1A(10-33)-N-MycA. Interestingly,
L-Myc, despite poor binding to TRRAP, restored the growth
rate of c-myc-null cells to a level nearly identical (20 h) to that
resulting from the expression of c-Myc or N-Myc (Fig. 5A).

N-Myec, c-Myc, and E1A-N-MycMBIIA proteins recruit
HAT activity to the TERT promoter in IMR90 cells. The data
above strongly suggest that recruitment of a TRRAP-contain-
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ing complex(es) by Myc is required for activation of the TERT
gene in primary human fibroblasts. Several recent studies have
demonstrated that TRRAP may exist in a complex with GCNS,
a histone H3-specific acetyltransferase (36, 38); TIP60, a his-
tone H4-specific HAT (29); or a novel undefined H4 HAT
complex (39). Moreover, recruitment of H4 (and to a lesser
extent H3) HAT activity correlated with the activation of sev-
eral Myc-responsive genes in starved cells after serum stimu-
lation (8, 21). We were interested in whether Myc was able to
recruit a specific HAT activity to the nucleosomes on the
TERT promoter in IMR90 cells. We first tested if interactions
with TRRAP were crucial for recruiting HAT activity by Myc.
To this end, complexes containing FLAG-tagged N-Myc, N-
MycMBIIA, and E1A(10-39)-N-MycMBIIA proteins were
transiently expressed in HEK 293 cells, immunoprecipitated
using FLAG-specific antibodies, eluted from the beads, and
assayed for HAT activity and the presence of TRRAP. As
shown in Fig. 6A, N-Myc coimmunoprecipitates TRRAP and
both H3- and H4-specific acetyltransferase activity. In contrast,
the N-MycA protein fails to recruit TRRAP and any HAT
activity, whereas E1A(10-39)-N-MycA recruits both TRRAP
(Fig. 2) and H3- and H4-HATSs. The HAT activity recruited by
E1A(10-39)-N-MycA was not as robust as that for wild-type
N-Myc, consistent with the smaller amount of TRRAP re-
cruited by this fusion. L-Myc also recruited a reduced level of
HAT activity compared to that recruited by N-Myc, but the
level was higher than that for N-MycMBIIA (Fig. 6A).

We were next interested in whether N-Myc and E1A(10-
39)-N-MycMBIIA recruited histone H3- and/or H4-specific
acetyltransferase activity to the TERT promoter. Antibodies
specific to acetylated histone H3 or H4 were used to immuno-
precipitate cross-linked chromatin from IMR90 cells express-
ing N-Myc, N-MycMBIIA, E1A(10-39)-N-MycMBIIA, c-Myc,
c-MycMBIIA, or vector. After reversal of the cross-linking,
DNA was purified and subjected to quantitative PCR with
oligonucleotides corresponding to the region of the TERT
promoter encompassing two Myc binding sites or to a region of
similar size in the third intron of a silent B-globin gene for a
control purposes. As shown in Fig. 6B, there was a significant
enrichment of the TERT promoter sequences (3.9- to 6.1-fold)
in the samples immunoprecipitated with anti-acetylated H3
and anti-acetylated H4 antibodies from all cells in which the
TERT gene was activated [c-Myc, N-Myc, or E1A(10-39)-N-
MycMBIIA] compared to the empty vector, using B-globin as a
normalization control. There was very little or no enrichment
in samples obtained from cells expressing c-MycA or N-Myc-
MBIIA, in which the TERT gene is silent. We assume that the
signal from the B-globin gene represents a measure of nonspe-
cific DNA binding to the beads during the immunoprecipita-
tion step, since this gene should be silent in primary fibroblasts.
However, we cannot exclude the possibility that there is a low
level of histone acetylation even on silent genes, including the
silent TERT locus. Taken together our data demonstrate that
Myc-dependent activation of the silent TERT gene in IMR90
cells requires recruitment of TRRAP-containing complexes to
the TERT promoter and that this recruitment is accompanied
by increased acetylation of histones H3 and H4 in the pro-
moter area.

TRRAP binding correlates strongly with Myc family onco-
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FIG. 6. Recruitment of histone acetyltransferase activity by Myc fam-
ily proteins. (A) Complexes containing the transiently expressed FLAG-
tagged proteins designated on the top were immunoprecipitated from
lysed HEK 293 cells using anti-FLAG antibodies. FLAG-tagged proteins
were eluted from the beads and were assayed for HAT activity on equal
amounts of core histones isolated from HeLa cells. Reaction mixtures
were resolved on gradient SDS—4 to 15% polyacrylamide gels and were
transferred to a nitrocellulose membrane. The upper section of the mem-
brane was probed by Western blotting with the antibodies designated on
the left. Protein molecular weights are shown on the right. The bottom
portion of the membrane was subjected to fluorography for HAT activity.
Positions of histones H3 and H4 are shown on the right. 66, 66 kDa.
(B) IMR90 cells were infected with retroviral vectors carrying the cDNAs
indicated on the top. To determine protein expression, normalized lysates
from infected cells were immunoprecipitated with anti-FLAG antibodies,
resolved on SDS-8% polyacrylamide gel, followed by Western blotting
with anti-N-Myc antibodies. cDNA was synthesized on RNA isolated
from cells infected with the constructs indicated above and was used as a
template in PCR with radiolabeled oligonucleotides specific for human
TERT or GAPDH cDNA. Cells infected with the constructs indicated
above were cross-linked and lysed, and chromatin was immunoprecipi-
tated (ChIP) with either anti-acetylated H3 or anti-acetylated H4 histone
antibodies followed by the reversion of the cross-linking and DNA isola-
tion. Isolated DNA was used in PCR with radiolabeled oligonucleotides
flanking Myc binding sites in the promoter of the human TERT gene or
a DNA region of similar size in the third intron of a silent 3-globin gene.
Quantitation of PCR products was performed using the Molecular Dy-
namics Phosphor Imaging System. Numbers below a panel indicate a
difference (n-fold) in a signal intensity determined by dividing a TERT-
specific signal by a corresponding globin-specific signal and by the ratio of
these signals in the vector lane. RT-PCR, reverse transcriptase PCR.

genic activity. One of the most revealing assays for Myc onco-
genic function is the transformation of primary rodent cells in
cooperation with the H-rasG12V oncogene (31). This assay
was originally used to demonstrate the potent transforming
activity of E1A-Myc chimeras (41), so we were interested in
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determining if the EIA-MycMBIIA proteins described above
would also transform cells and how this activity related to that
of L-Myc. Each expression construct was cotransfected with
H-rasG12V into early passage rat embryo fibroblasts (31), and
foci of transformed cells were scored after 18 to 21 days. As
shown in Fig. 5B, c-Myc and N-Myc are highly oncogenic,
whereas deletion of the N-Myc MBII abolishes transforming
activity. L-Myc has a significantly weaker transforming activity,
consistent with earlier reports (6). Fusion of E1A sequences 10
to 39 to N-MycMBIIA partially rescued N-Myc transforming
activity. In contrast, the fusion of E1A(10-33) to N-MycMBIIA
was as defective as N-MycMBIIA (Fig. 5B). Thus, mapping of
E1A segments that rescue the oncogenic activity of Myc in
primary cells identifies the same region (10-39) as that re-
quired for activation of the silent TERT gene and the defective
E1A(10-33) fusions define amino acids 33 to 39 as a critical
boundary for both activities.

The fusion of E1A sequences to N-MycMBIIA mutants re-
stored binding to TRRAP, but we wanted to demonstrate a
more direct involvement of TRRAP in the biological activity of
the chimeras. We previously described a segment of TRRAP
(amino acids 1261 to 1579) that is a dominant inhibitor of Myc
oncogenic activity when ectopically expressed in conjunction
with the H-rasG12V oncogene. Cotransfection of plasmids ex-
pressing TRRAP(1261-1579) and E1A(10-39)-N-MycMBIIA
proteins strongly inhibited focus formation in rat embryo fi-
broblasts (90%) compared to cotransfection of E1A(10-39)-
N-MycMBIIA with the empty vector (data not shown). These
results support the coimmunoprecipitation experiments and
argue for a direct involvement of TRRAP in the oncogenic
activity of EIA-MycMBIIA chimeras.

DISCUSSION

Recruitment of TRRAP by Myc family proteins. It has long
been known that Myc-mediated cellular phenotypes largely
depend on the integrity of the Myc transactivation domain,
particularly MBII. Several recent studies defined nuclear fac-
tors capable of interaction with MBII, thus providing molecu-
lar insight into mechanisms of Myc action (35, 50). TRRAP, an
integral component of human SAGA and TIP60 complexes
(29, 48), is the first polypeptide shown to interact with MBII
(35). Human SAGA-related complexes contain GCN5/PCAF
and specifically acetylate histone H3, whereas the TIP60 com-
plex acetylates predominantly histone H4. Recently, another
TRRAP-containing complex with H4 HAT activity that does
not contain TIP60 was reported (39). Results obtained from
histone acetylation in vitro and chromatin immunoprecipita-
tion in cultured cells strongly suggest that Myc interacts with at
least two distinct TRRAP-containing complexes containing
HATS with different histone specificity. A third TRRAP-con-
taining complex that lacks HAT activity has also been de-
scribed recently (23). Other Myc-interacting proteins include
TIP48, TIP49, and BAF53 (39, 50), which can be involved in
other TRRAP-containing (29) or non-TRRAP complexes (Le-
Roy and Wang, personal communication). In our study, it was
important to determine the individual involvement of these
proteins in Myc-dependent pathways. We found that L-Myc
interacts with TRRAP/TIP49 polypeptides and recruits HAT
activity much more weakly than c- or N-Myc, which correlates
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well with the weak oncogenic activity of L-Myc in the H-ras
cooperation assay.

We used a small fragment of adenoviral E1A protein (amino
acids 10 to 39) to selectively restore an interaction with
TRRAP in the context of a MBII deletion without detectable
concomitant binding to TIP49 (Fig. 3C). This portion of E1A
does not overlap the conserved CR1, CR2, and CR3 regions
implicated in other protein-protein interactions and E1A func-
tions (3). A previous study of E1A-interacting proteins identi-
fied a 400-kDa band in immunoprecipitates from adenovirus-
infected cells that was dependent on amino acids 4 to 49 (2),
overlapping the 33-39 boundary that defines TRRAP recruit-
ment to the EIA-N-MycMBIIA fusion proteins. An E1A mu-
tant with a deletion of amino acids 26 to 35 was defective for
p400 binding but retained the ability to transform baby rat
kidney cells in combination with H-rasG12V (2). However,
more detailed analysis of the E1AA26-35 mutant reveals a
substantial deficiency in transforming activity and TRRAP
binding compared to what is found in wild-type E1A (15). It is
not yet clear if p400 is TRRAP or is a recently described
Swi/Snf-related protein of similar migration (23). It is tempting
to speculate that E1A binding to TRRAP might alter its ac-
tivity or the activity of TRRAP-containing, chromatin-modify-
ing complexes. E1A itself does not activate TERT expression
(49), presumably because it lacks a DNA binding domain that
would target the protein to the TERT locus.

An array of complexes have been found to contain TRRAP
and/or bind to Myc proteins (reviewed in the introduction). At
face value, the observation that the E1A(10-39)-N-MycMBIIA
protein binds to TRRAP but not to TIP49 argues that the
chimera does not bind to either the TIP60 or p400 complex,
both of which contain TIP49 (23, 29). It was recently shown
that a TRRAP-associated H4 HAT complex can be distin-
guished biochemically from the TIP60 complex, although the
enzyme itself has not been identified (39). It is tempting to
speculate that this latter complex is recruited by the E1A-N-
MycMBIIA chimera.

TRRAP-dependent activation of Myc-responsive genes. Telo-
merase is a two-component ribonucleoprotein DNA polymer-
ase composed of telomerase RNA and TERT (reviewed in
reference 25). Telomerase synthesizes short DNA repeats at
chromosomal ends and is required for maintaining genomic
stability (reviewed in reference 1). Although telomerase is ac-
tive in many fetal tissues during embryonic development, its
activity is gradually repressed in most somatic cells shortly after
birth. However, the TERT gene becomes active again during
cell immortalization and in the vast majority of human cancers
(25). Despite an extensive search for TERT transcriptional
activators, Myc is the only factor at present that has been
shown to activate expression of a silent TERT gene by binding
to its promoter (49). However, the molecular mechanism of
this activation by Myc was not elucidated. We showed that
overexpression of c-Myc, N-Myc, and, to a much lesser extent,
L-Myc activates expression of the silent TERT gene. The use
of Myc mutants and E1A-Myc fusion proteins provides com-
pelling evidence that TERT activation and nucleosome mod-
ification directly result from the recruitment of TRRAP and its
associated histone H3 and H4 HAT activities by the Myc trans-
activation domain.

An important finding from these studies is the striking dif-
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ference between primary and immortalized exponentially
growing cells in their requirement for TRRAP-containing
complexes for activation of the TERT gene. In primary cells,
the TERT gene is strongly repressed through unknown mech-
anisms, whereas in immortalized cells TERT is basally ex-
pressed even in the absence of Myc. Presumably, other tran-
scription factors such as Sp1 are responsible for basal promoter
activity in c-myc-null cells, but these factors are excluded from
activation of TERT in primary cells, even though factors such
as Spl are ubiquitously expressed. Repression of TERT may
involve active histone deacetylation, since trichostatin A can
activate TERT expression in different cell types and since the
Mad/Max complex can bind to the E box in the TERT pro-
moter (52). However, trichostatin A might also activate other
genes that directly or indirectly derepress TERT, including
Myc itself.

In contrast to the silent TERT gene, induction of basally
expressed genes CAD, CDK4, and HSP60 in exponentially
growing IMRY0 cells and of CAD, CDK4, HSP60, and TERT
in exponentially growing c-myc-null cells did not depend
strictly on the MBII domain that is required for recruitment of
TRRAP and HAT activity by Myc. This observation is consis-
tent with a previous study of Myc target genes in which Myc
binding to the promoter of the active TERT gene in an expo-
nentially growing neuroblastoma cell line occurred without a
concomitant change in histone acetylation (16). Moreover, re-
cent studies demonstrated the ability of Myc to activate tran-
scription of the CAD gene through mechanisms independent
from histone acetylation (17). We found that Myc and the
E1A-N-MycMBIIA proteins were sometimes more potent
than MycMBIIA in the induction of the CAD, CDK4, HSP60,
and TERT genes (in HO15.19 cells), suggesting that TRRAP
complexes may play a limited role in transcriptional activation
of these genes. Furthermore, recent reports show that TRRAP
and its associated H4 (but not H3) HAT activities may have a
more significant role in the induction of Myc target genes
during the serum stimulation of starved cells (21), as opposed
to the exponentially growing cells studied here.

The strict dependence of TERT activation on the MBII
domain and TRRAP/HAT recruitment in primary fibroblasts
correlates well with the similar dependence on the MBII do-
main in the oncogenic transformation of primary cells in the
Myc/H-ras cooperation assay. This link is further supported by
the weak binding of L-Myc to TRRAP and its limited recruit-
ment of HAT activity, which correlates with its relatively weak
oncogenic activity in primary fibroblasts. An H-ras oncogene
alone can transform immortalized cells but requires a cooper-
ating myc oncogene to transform primary cells. Since regula-
tion of the CAD, CDK4, and HSP60 promoters by Myc shows
only a minimal dependence on MBI, it is tempting to suggest
that genes in this class may not be the rate-limiting targets of
Myc in primary cells. On the other hand, it was shown that
L-Myc and MycMBIIA were capable of a complete or partial
growth enhancement of c-myc-null fibroblasts (11, 32; this
study), and this enhancement correlated with the induction of
the CAD, CDK4, HSP60, and TERT genes (Fig. 3B and 6A).
This observation supports the idea that Myc promotes cell
growth and causes cellular transformation through the activa-
tion of different sets of genes. One attractive model is that the
transformation of primary cells may require the activation of
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strongly repressed TERT-like genes, which can be achieved
only through HAT-mediated chromatin modifications. How-
ever, at the present time we do not know any other Myc-
responsive genes that are silent in normal fibroblasts and ac-
tivated in transformed or immortalized cells. On the other
hand, TERT itself is unlikely to be the rate-limiting Myc target,
because TERT overexpression is not able to replace Myc in the
transformation of rat fibroblasts (24) and because cells derived
from mice lacking telomerase RNA can still be transformed by
cooperating myc and H-ras oncogenes (7). A screen for other
genes that are strongly repressed in primary cells and activated
by Myc overexpression may identify critical Myc target genes
involved in oncogenesis.
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