RESEARCH COMMUNICATION

Regulation of cyclin D2 gene
expression by the Myc/Max/
Mad network: Myc-dependent
TRRAP recruitment and
histone acetylation at the
cyclin D2 promoter

Caroline Bouchard,* Oliver Dittrich,>*
Astrid Kiermaier,"”* Karen Dohmann,?
Annette Menkel,> Martin FEilers,' and
Bernhard Liischer*>>

!Institute for Molecular Biology and Tumor Research, 35033
Marburg, Germany; *Institute for Molecular Biology,
Medizinische Hochschule Hannover, 30625 Hannover,
Germany; ®Laboratory of Biochemistry and Molecular Biology,
Institute of Biochemistry, RWTH, 52057 Aachen, Germany

Myc oncoproteins promote cell cycle progression in part
through the transcriptional up-regulation of the cyclin
D2 gene. We now show that Myc is bound to the cyclin
D2 promoter in vivo. Binding of Myc induces cyclin D2
expression and histone acetylation at a single nucleo-
some in a MycBoxII/TRRAP-dependent manner. Down-
regulation of cyclin D2 mRNA expression in differenti-
ating HL60 cells is preceded by a switch of promoter
occupancy from Myc/Max to Mad/Max complexes, loss
of TRRAP binding, increased HDAC1 binding, and his-
tone deacetylation. Thus, recruitment of TRRAP and
regulation of histone acetylation are critical for tran-
scriptional activation by Myec.
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The c-myc proto-oncogene encodes a transcription fac-
tor, Myc, that is an evolutionary conserved regulator of
cell proliferation and cell growth (Grandori et al. 2000).
Myc activates a diverse group of genes as part of a het-
erodimeric complex with a partner protein, Max (e.g.,
Coller et al. 2000; Guo et al. 2000; O’Hagan et al. 2000a).
The bHLHLZ DNA-binding/dimerization domain of
Myc is localized at the C terminus of the protein
whereas the N-terminal 150 amino acids have the capac-
ity of transactivate transcription and are required for ac-
tivation of target genes (Grandori et al. 2000). Within
this region, two highly conserved elements (so-called
Myc boxes) have been identified. Mutations in MycBoxI
(MBI) have differential effects in biological assays, sug-
gesting that this domain possesses regulatory activity.
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Deletion of the N terminus including MBI affects acti-
vation of some reporter genes and cripples Myc function
in primary but not in established cells, pointing to the
possibility that this domain also contributes to the regu-
lation of some target genes (Xiao et al. 1998; Hirst and
Grandori 2000).

In contrast, mutations in MBII abolish all biological
functions of Myc, suggesting that MBII is an essential
effector domain of Myc (for discussion, see McMahon et
al. 1998). Indeed, deletion of MBII generates a dominant-
negative allele of Myc that blocks transformation by Ber-
Abl (Sawyers et al. 1992). A simple hypothesis therefore
would predict that MBII is important for modulation of
expression of critical target genes by Myc. Curiously,
however, deletion of MBII has varying and assay-depen-
dent effects on the ability of Myc to modulate target gene
expression, and no consistent view as to how it contrib-
utes to gene regulation has emerged. Recently, MBII has
been shown to bind to TRRAP, a component of the
TIP60 and PCAF/GCNS5 histone acetyl transferase
(HAT) complexes, suggesting that recruitment of com-
plexes with HAT activity and modification of histone
acetylation may contribute to the regulation of gene ex-
pression by Myc in vivo (Grant et al. 1998; McMahon et
al. 1998, 2000; Tkura et al. 2000). The findings raise the
possibility that results obtained using reporter assays
may not reflect accurately the role of MBII and that the
contribution of MBII to gene regulation may be unrav-
eled only by the analysis of activation of endogenous
genes that are embedded in chromatin.

Although Myc controls diverse biological functions,
one effector pathway has been studied extensively over
the last years. Activation of Myc induces cyclin E/Cdk2
kinase by antagonizing the function of the cell cycle in-
hibitor p27 (Amati et al. 2001). Four direct target genes of
Myc have been implicated in this pathway: Myc stimu-
lates expression of the cyclin D2 and Cdk4 genes, lead-
ing to sequestration of p27 in cyclin D2/Cdk4 complexes
(Bouchard et al. 1999; Coller et al. 2000; Dey et al. 2000;
Hermeking et al. 2000). Subsequently, p27 is degraded,
and the transcriptional activation of the Cul-1 and Cks
genes by Myc has been implicated in this process (Coller
et al. 2000; O’Hagan et al. 2000b). Cyclin D2/~ fibro-
blasts have an impaired proliferative response to Myc,
showing that cyclin D2 is an essential downstream ef-
fector of Myc (Bouchard et al. 1999). Conversely, deple-
tion of p27 partially compensates for the defect in cellu-
lar proliferation caused by deletion of the c-myc gene
(O’Hagan et al. 2000b). Taken together, the data define
one pathway by which Myc regulates cellular prolifera-
tion.

Activation of cyclin E/Cdk2 kinase by Myec critically
depends on the integrity of MBII in addition to domains
involved in binding to Max and to DNA. Indeed, tran-
sient transfection experiments have suggested that MBII
is required for up-regulation of cyclin D2 promoter ac-
tivity by Myec. In addition, inhibition of histone deacety-
lase activates expression of cyclin D2 in quiescent cells
(Bouchard et al. 1999). We therefore decided to explore in
detail the role of MBII, histone acetylation, and TRRAP
in transcriptional activation of the cyclin D2 gene by
Myec. Our data strongly support a model in which Myc
recruits acetylase complexes to the cyclin D2 promoter
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in vivo and thereby contributes to activation of the gene
locus.

Results

Activation of MycER proteins by addition of 4-hy-
droxytamoxifen (4-OHT) rapidly induces transcription of
the cyclin D2 gene; the induction is resistant to inhibi-
tion of protein synthesis, showing that Myc acts directly
on the cyclin D2 promoter (Bouchard et al. 1999). In tran-
sient transfection experiments, regulation by Myc is me-
diated by an evolutionary conserved E-box element (E3);
in contrast, a second E-box (E4) is dispensable for regu-
lation (see Fig. 1A; Bouchard et al. 1999).

To show that Myec is bound to the cyclin D2 promoter
in vivo, we conducted chromatin immunoprecipitations
(ChIP). Chromatin was prepared using a formaldehyde-
cross-linking protocol (Strutt and Paro 1999; Eberhardy
et al. 2000) from murine fibroblasts stably expressing a
MycER protein 6 h after the addition of 250 nM 4-OHT.
Under these conditions, antibodies directed against ei-
ther human Myc or the hormone-binding domain of the
murine estrogen receptor precipitated DNA encompass-
ing the E3 E-box of the cyclin D2 promoter (Fig. 1A,B). In
contrast, DNA fragments located downstream in the cy-
clin D2 gene or in the B-globin gene were not precipi-
tated (Fig. 1B). Controls using either no antibody or an-
tibodies directed against p27 revealed that the precipita-
tion was specific.

The hormone-binding domain of the estrogen receptor
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Figure 1. In vivo binding of MycER proteins at the mouse cyclin
D2 promoter. (A) Schematic drawing of the mouse cyclin D2 pro-
moter from -1100 bp to the transcriptional start site (+1). (Black
boxes) Two E-boxes (E3 and E4); (arrows) primer pairs (FL, E3, and
E4); (thick lines) primer sets used for mapping; (hatched bars) posi-
tion of nucleosomes. (B) ChIP assays using a-Myc antibodies or
antibodies directed against the hormone-binding domain of the es-
trogen receptor (ER). As control, either no antibody or irrelevant
control antibody (a-p27) were used. Immunoprecipitated DNA was
analyzed by PCR using the indicated primer pairs. Inputs and geno-
mic DNA (gen. DNA) are shown as control. (C) Quantitation of
MycER binding to the cyclin D2 promoter after addition of hor-
mone. MycER cells were serum-starved for 72 h and either left un-
treated or treated for 1 or 6 h with 250 nM 4-OHT, respectively.
Subsequently, ChIP assays were conducted as described in (B). The
signals obtained in the PCR were quantified and plotted relative
to the signal obtained from -ab precipitation. (4-OHT) 4-hy-
droxytamoxifen.
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interferes with binding of MycER to Max in absence of
ligand (M. Eilers, unpubl.). Because binding to Max is
required for Myc to bind to DNA, the findings suggested
that DNA binding might be regulated for MycER pro-
teins. Indeed, time course experiments (Fig. 1C; see also
Fig. 3E) revealed that MycER was not bound to the cyclin
D2 promoter in the absence of 4-OHT. Binding was de-
tected as early as 1 h after addition of 4-OHT, and longer
incubation did not lead to a further increase in binding.
In parallel experiments, we were unable to detect bind-
ing of Myc to the E4 E-box of the cyclin D2 promoter
(data not shown). We concluded that MycER proteins
interact in vivo with the E3 E-box of the cyclin D2 pro-
moter in a hormone-regulated manner.

Inhibition of histone deacetylation using trichostatin
A induces expression of cyclin D2 in quiescent cells to
the same level as activation of Mygc, raising the possibil-
ity that Myc may control expression of cyclin D2 by
affecting histone acetylation (Bouchard et al. 1999).
Therefore, we used antibodies directed against acety-
lated histones H3 and H4 for ChIP experiments. Activa-
tion of MycER resulted in an increase in acetylation of
both histones H3 and H4 at the cyclin D2 promoter (Fig.
2A). Similar increases were observed after treatment of
cells with trichostatin A (Fig. 2A), whereas total levels of
acetylated histones H3 and H4 were unchanged (data not
shown). When primers that span individual E-boxes were
used, the changes observed after activation of Myc were
most pronounced for acetylation of histone H4 at the E3
E-box; in comparison, changes in acetylation of both his-
tones H3 and H4 at the E4 E-box and of histone H3 at the
E3 E-box were less pronounced (Fig. 2B,C). Taken to-
gether, the data show that binding of Myc is sufficient to
trigger histone acetylation at the cyclin D2 promoter.

To obtain information about the nucleosomal organi-
zation of the cyclin D2 promoter, chromatin was iso-
lated and treated with micrococcal nuclease to digest
internucleosomal DNA. Subsequently, nucleosomal
DNA was isolated and amplified using overlapping and
closely spaced primer pairs (Fig. 1A). Comparison of the
signals obtained from either undigested or digested DNA
revealed that the E3 and the E4 E-boxes, but not the
region between them, are protected from digestion and
thus localized within nucleosomes (Fig. 2D,E). The find-
ings define two nucleosomes on the cyclin D2 promoter,
with Myc inducing the preferential hyperacetylation of
histone H4 at a single nucleosome.

The Myc-associated protein TRRAP is a component of
the PCAF/GCNS5 and TIP60 HAT complexes (see Intro-
duction), suggesting that histone acetylation might be
mediated by recruitment of TRRAP to the cyclin D2
promoter. Binding of TRRAP to Myc requires the integ-
rity of MBII in the N terminus of the protein (McMahon
et al. 1998). To determine whether this domain has a role
in activation of the cyclin D2 gene, we infected mouse
3T3 fibroblasts with retroviruses encoding either WT-
MycER or AMBIIMycER proteins (Fig. 3A); multiple in-
dividual clones were isolated after each infection. Up-
regulation of cyclin D2 mRNA in response to addition of
4-OHT was observed in multiple WTMycER clones but
in none of the AMBIIMycER clones (Fig. 3B and data not
shown). For the subsequent analysis, a pair of clones was
selected that express equivalent amounts of either pro-
tein (Fig. 3B, left; AMBII clone #1). In parallel experi-
ments, histone acetylation at the cyclin D2 promoter
was observed after activation of the wild-type MycER
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Figure 2. Myec-regulated histone acetylation at the cyclin D2 pro-
moter. (A) Immunoprecipitation of chromatin from serum-starved
MycER cells either left untreated (0) or treated for 6 h with 250 nM
4-OHT (4) or 100 ng/mL trichostatin A (T) using anti-acetylated
histones H3 (AcH3) or H4 (AcH4) antibodies. As control, either no
antibody (-ab) or irrelevant control antibody (a-p27, labeled CT) was
used. Precipitated chromatin was PCR-amplified using FL primers.
(B) Anti-AcH4 immunoprecipitation (IP) of chromatin isolated from
serum-starved MycER cells either left untreated (-) or treated for 6
h (+) with 250 nM 4-OHT and analyzed by PCR using three different
primer pairs FL, E3, and E4 (depicted in Fig. 1A). (C) Quantitation of
the average changes of histone acetylation observed in several inde-
pendent experiments. (D) Mapping of nucleosomal positions in the
cyclin D2 promoter. Chromatin was incubated with micrococcal
nuclease to digest internucleosomal DNA. Nucleosomal DNA then
was purified. Parallel PCRs were conducted with the primer pairs
depicted in Fig. 1A from either undigested (G) or nucleosomal DNA
(N) and analyzed on a polyacrylamide gel. (E) Quantitative represen-
tation of C documenting the fold reduction in signal intensity by
nuclease treatment for each primer pair.

protein, but not on activation of the AMBIIMycER mu-
tant (Fig. 3C). In contrast, addition of trichostatin A in-
duced hyperacetylation of histones in both cell lines to a
similar extent. Thus, Myc-dependent induction of cyclin
D2 expression and histone acetylation both require the
integrity of MBIL

To exclude that we had accidentally picked a clone in
which the amounts of the AMBIIMycER protein were
limiting, we repeated the analysis with a clone that ex-
pressed [10-fold higher levels of AMBIIMycER protein
(Fig. 3B; clone #2). In this clone, addition of 4-OHT sup-
pressed histone acetylation at the E3 E-box (Fig. 3D);
thus, even at very high expression levels, AMBIIMycER
proteins did not induce histone acetylation and instead
acted as a dominant negative inhibitor of acetylation.

To show directly that TRRAP is recruited to the cyclin
D2 promoter, we raised a polyclonal antiserum directed
against TRRAP and performed ChIP assays before and
after activation of MycER using primers that span the E3
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E-box (Fig. 3E). The corresponding fragment was ampli-
fied from both a-Myc and «-TRRAP immunoprecipita-
tions if chromatin was prepared from cells in which
MycER had been activated by addition of 4-OHT, but
not if chromatin was prepared from nonstimulated
cells. Furthermore, experiments using WTMycER and
AMBIIMycER chimeras in parallel revealed that both
proteins interacted with the cyclin D2 promoter, but
TRRAP was recruited to the promoter only if MBII was
intact (Fig. 3F). No binding of TRRAP was detected at the
E4 E-box either before or after activation of Myc (data not
shown). The results show that TRRAP is recruited to the
cyclin D2 promoter on activation of Myc and that the
integrity of MBII is required for recruitment of TRRAP.

To investigate how histone acetylation and TRRAP
binding mediated by endogenous Myc protein may con-
tribute to regulation of cyclin D2 under physiological
circumstances, we chose the human promyelocytic leu-
kemia cell line HL60. These cells differentiate toward
macrophages in response to the phorbolester TPA. Dur-
ing differentiation, the DNA-binding activity of Myc/
Max complexes decreases. In contrast, Madl, a Max
binding partner and Myc antagonist, is induced (Sommer
et al. 1998). Northern blot analysis revealed that cyclin
D2 mRNA expression is strongly down-regulated during
TPA-induced differentiation of HL60 cells (Fig. 4A).

In the human cyclin D2 promoter, the position and
sequence surrounding the E3 E-box are conserved com-
pared with the murine promoter whereas E4 is not. A
second CACGTG E-box, termed E3’, is present in the
human promoter that corresponds to a CACATG in the
murine promoter (cf. Figs. 1A and 4B; see Bouchard et al.
1999). Thus, the human promoter contains two closely
spaced E-boxes that were analyzed with PCR primers
that amplify a fragment (#2) that lies between these two
E-boxes (Fig. 4B). ChIP assays showed binding of Myc
and Max, but not Madl, to this fragment in exponen-
tially growing HLG6O cells (Fig. 4C, top). Binding was spe-
cific, because no PCR signal was obtained from immu-
noprecipitates using control antibodies and because
little binding to other fragments of the D2 promoter was
seen (Fig. 4C,D, left). In differentiated cells, Madl and
Max bound, but Myc did not (Fig. 4C, top). Similar to the
findings with Myc, binding of Madl was specific for the
E-box containing region of the cyclin D2 promoter (Fig.
4D, right). In control experiments, no binding of either
Myc, Max, or Madl was detected to a Myc consensus
E-box localized on chromosome 22; this E-box is located
in a chromosomal region without any detectable gene
(Fig. 4C, bottom). Thus, endogenous proteins of the Myc/
Max/Mad network bind specifically to one or two closely
spaced E-boxes of the human cyclin D2 promoter, and
during HL60 differentiation there is a switch of cyclin
D2 promoter occupancy from Myc/Max to Mad/Max
complexes.

Down-regulation of cyclin D2 expression was accom-
panied by a large decrease in both histone H3 and H4
acetylation at the cyclin D2 promoter (Fig. 4E). This
change was specific for the cyclin D2 locus as no differ-
ence was observed when a fragment of a ribosomal gene
locus was analyzed (Fig. 4E, middle). In addition, the re-
gion surrounding the E-box located on chromosome 22
showed background levels of histone H3 and H4 acety-
lation in both growing and differentiated HL60 cells (Fig.
4E, bottom). The decrease in acetylation on TPA treat-
ment of HL60 cells involved both histones H3 and H4
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Figure 3. Essential role of MycBoxII in activation of mouse cyclin D2 expres-
sion. (A) Schematic representation of wild-type Myc (WTMyc) and the MycBoxII
(MBII) deletion mutant (AMBIIMyc) used in this study. (NLS) Nuclear localiza-
tion signal; (HLH) helix-loop-helix; (LZ) leucine zipper. (B) (left) Western blot
with «a-ER antibodies documenting expression levels of MycER proteins in WT-
MycER and AMBIIMycER clones (designated #1 and #2). (right) Northern blots
documenting expression of cyclin D2 and GAPDH mRNAs in WTMycER and
AMBIIMycER#1 clones before (-) and 6 h after (+) addition of 250 nM 4-OHT.
(WT) wild type; (WB) Western blot. (C) ChIP assays using either a-AcH3, a-AcH4,
or control antibodies from serum-starved WTMycER and AMBIIMycER#1 clones
either left untreated (0) or incubated for 6 h with 250 nM 4-OHT (4) or 100 ng/mL
trichostatin A (T). Precipitated DNA was analyzed by PCR with primer pairs
spanning either both E-boxes (FL) or the E3 E-box of the cyclin D2 promoter. (CT)
control. (D) ChIP assays (performed as described in C) from a clone expressing
high levels of AMBIIMycER (clone #2, see B). (E) ChIP assays with the indicated
antibodies from serum-starved MycER cells either left untreated or treated for 6
h with 250 nM 4-OHT. PCRs were performed with primer pairs specific for the
E3 E-box. (F) Quantitation of PCR assays performed with the E3 primers and
chromatin immunoprecipitated from WTMycER and AMBIIMycER#1 clones be-
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Myc/Max/Mad network, alterations in histone
acetylation, and alterations in mRNA expression
occur as an ordered chain of events. The findings
strongly support a model, in which endogenous
Myc/Max and Madl/Max complexes contribute
to the regulation of cyclin D2 expression through
recruitment of HAT- and HDAC-containing
complexes, respectively.

Discussion

The aim of this study was to resolve the role of
MBII and TRRAP in gene activation by Myc, us-
ing an endogenous target gene of Mye, cyclin D2,
as model. We now report that upon binding to the
cyclin D2 promoter, Myc recruits TRRAP and in-
duces the preferential acetylation of histone H4
at a single nucleosome. Conversely, loss of en-
dogenous Myc binding correlates with histone
deacetylation and loss of TRRAP binding during
the TPA-induced differentiation of a human pro-
myelocytic cell line, HL60. The integrity of MBII
is required for TRRAP recruitment, histone
acetylation, and transcriptional activation at the
cyclin D2 locus. Therefore, previous suggestions
that MBII has no role in transcriptional activation
based on transient reporter assays need to be re-
evaluated. Deletion of the entire N terminus of
Myc up to MBII (s-Myc; Xiao et al. 1998) rendered
Myc unable to induce cell cycle progression and
expression of either cyclin A or cyclin D2 in 3T3
fibroblasts (Bouchard et al., unpubl.), consistent
with recent results that the N terminus of Myc is
required for regulation of proliferation and induc-
tion of gene expression in a cell-type-dependent
manner (Hirst and Grandori 2000). Most likely,
this is because stable association with TRRAP
requires sequences in the N terminus of Myc in
addition to MBII (McMahon et al. 1998).

Mad proteins are thought to antagonize the
function of Myc by recruiting a repressor com-
plex that contains histone deacetylase activity

fore (-) and after (+) addition of 250 nM 4-OHT.

and occurred throughout the human cyclin D2 promoter.
In contrast, acetylation was constitutively low in the
coding region of the cyclin D2 gene (O. Dittrich, K.
Dohmann, and B. Liischer, unpubl.).

Time course experiments revealed that changes in his-
tone acetylation were detectable within 3 h and com-
plete by 6 h after TPA addition, preceding changes in
mRNA expression by at least 3 h (Fig. 4, cf. A and F). The
changes were paralleled by a loss of RNA polymerase II
(Pol II) loading and of Myc binding and an increase in
Mad1 binding to the cyclin D2 promoter (Fig. 4F). Con-
sistent with the idea that binding of Myc recruits
TRRAP to promoters in vivo, binding of TRRAP to the
cyclin D2 promoter was easily detectable in untreated
HLG60 cells, whereas little binding was detected in cells
treated for 12 h with TPA. In contrast, HDACI1 was re-
cruited to the cyclin D2 promoter during differentiation,
in agreement with the suggestion that HDAC1 mediates
repression by Madl (Fig. 4G; Alland et al. 1997; Hassig et
al. 1997; Laherty et al. 1997; Sommer et al. 1997).

Taken together, the results show that changes in the
occupancy of the cyclin D2 promoter by proteins of the

(Alland et al. 1997; Hassig et al. 1997; Laherty et

al. 1997; Sommer et al. 1997). Several observa-

tions suggest that this model applies to the cyclin D2
promoter. First, repression of the cyclin D2 promoter by
Madl requires the integrity of an N-terminal domain,
which mediates recruitment of histone deacetylase com-
plexes through interaction with Sin3A (Ayer et al. 1996;
Bouchard et al. 1999). Second, during HL60 differentia-
tion, Madl and HDACI are corecruited to the cyclin D2
promoter, correlating with histone deacetylation of both
histones H3 and H4 at the cyclin D2 promoter. Taken
together, our data strongly support a model in which
endogenous Myc/Max and Mad/Max complexes contrib-
ute to the regulation of transcription of the cyclin D2
gene through their antagonistic effects on histone acety-
lation. In addition these findings show the functional
relevance of the switch between Myc/Max and Mad/Max
complexes during differentiation of hematopoietic cells
as proposed previously (Ayer and Eisenman 1993; Lars-
son et al. 1997). Recent work on the gene encoding the
catalytic subunit of telomerase, htert, suggests that this
model also may apply to this promoter (Xu et al. 2001).
Up-regulation of the CAD gene by Myc does not in-
volve changes in histone acetylation. Instead, high levels
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Figure 4. Interaction of endogenous Myc/Max/Mad with the cyclin
D2 promoter and regulation of histone acetylation in HL60 cells. (A)
Northern blot documenting cyclin D2 expression on treatment of
HL60 with TPA for the indicated times. The ethidium bromide-
stained gel is displayed as control. (B) Schematic drawing of the
human cyclin D2 locus. (Black boxes) The two E-boxes located
within the first 2.5 kb of the cyclin D2 promoter. (Black bars) Lo-
cation of the amplified fragments. (UTR) untranslated region. (C)
ChIP assays documenting interaction of endogenous Myc, Max, and
Madl proteins with the cyclin D2 promoter. HL60 cells were treated
as in A, and ChIP assays were conducted with the indicated anti-
bodies; precipitates were analyzed using primers specific for frag-
ment 2 (top). Primers specific for a chromosome 22 E box were used
as control (bottom). (exp.) Exponentially growing cells. (D) Quanti-
tation of Myc binding in exponentially growing HL60 cells and of
Madl binding in TPA differentiated HL60 cells to the five fragments
of the cyclin D2 promoter as depicted in (B). Relative DNA binding
defines the signal intensities obtained from the ChIP assays normal-
ized to the input signals. (E) ChIP assays using either a-AcH3 or
a-AcH4 antibodies of either untreated or TPA-treated (48 h) HL60
cells. Primers specific for fragment 2 of human cyclin D2 (top), a 5S
rRNA locus (middle), and chromosome 22 E-box (bottom) were
used. The input lanes show a dilution series in fourfold steps docu-
menting the linearity of the assays. (F) Time course experiment
documenting changes in promoter occupancy and histone acetyla-
tion on treatment of HL60 cells with TPA for the indicated time
periods (fragment 2). Pol II occupancy was determined with frag-
ment 4. (G) Regulated binding of TRRAP and HDACI to the cyclin
D2 promoter. The experimental setup was as above.

of histone acetylation at the promoter were found in
both quiescent and proliferating cells (Eberhardy et al.
2000), showing that Myc can control at least one step in
addition to histone acetylation to promote active tran-
scription. Additional proteins have been identified that
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bind to different domains of Myc and that are candidates
for such an activity: for example, the C terminus of Myc
binds to Inil, a component of Swi/Snf family of chroma-
tin-remodeling complexes (Cheng et al. 1999). Clearly, a
detailed analysis of the role of Myc in activation of in-
dividual promoters will be required before the role of
each interaction in Myc biology can be resolved fully.

Materials and methods

Tissue culture

The established mouse 3T3 cell line expressing MycER proteins was
described elsewhere (Bouchard et al. 1999). For the experiments, 70%
confluent cells were serum-starved in 0.1% FCS for 72-96 h, then either
untreated or incubated with 250 nM 4-OHT (Sigma) or 100 ng/mL tricho-
statin A (Calbiochem). Differentiation of HL60 cells has been described
previously (Sommer et al. 1998).

Chromatin immunoprecipitation

ChIP assays were performed as described previously by others (Strutt and
Paro 1999; Eberhardy et al. 2000) using the following antibodies: anti-
acetylated histones H3 (nos. 06-599) and H4 (nos. 06-866; Upstate Bio-
technologies), Myc (N-262), Madl (C-19), Max (C-17), HDAC1 (H-51), ER
a (sc-542), p27 (sc-528) (Santa Cruz), Pol-II (8WG16; Berkeley Antibody
Company), a rabbit antiserum raised against TRRAP or antibodies spe-
cific for TRRAP obtained from M. Cole (MacMahon et al. 1998). For each
experiment, PCRs were performed with different numbers of cycles or
with dilution series of input DNA to determine the linear range of the
amplification; all results shown fall within this range. All PCR signals
were quantified using National Institutes of Health Image software.
Primer sequences are available on request.

Nucleosomal mapping

Digestion of isolated nuclei were performed with 375 units of micrococ-
cal S7 nuclease (no. 107921; Roche) at 37°C for 10 min. PCRs were
performed using 5 ng of purified mononucleosomes or undigested geno-
mic DNA as control. PCR products were run on a nondenaturating 16%
polyacrylamide gel and analyzed by ethidium bromide staining.

Northern analysis

For Northern blot analysis, total RNA was isolated (RNeasy; QIAGEN)
from HL-60 cells at the indicated time points after TPA addition. Total
RNA (20 pg/lane) was run on a 0.9% formaldehyde/agarose gel and blot-
ted to a Hybond-N filter. Hybridization was performed in church buffer
using a radiolabeled 0.7-kb PstI fragment of the human cyclin D2 cDNA.
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Note added in proof

The paper by Frank et al. (this issue) shows Myc-dependent changes in
histone acetylation at, and TRRAP recruitment to, several different loci.
These findings are consistent with our work on the cyclin D2 gene.
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