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Recent evidence suggests that the Myc and Mad1 proteins are
implicated in the regulation of the gene encoding the human
telomerase reverse transcriptase (hTERT), the catalytic subunit of
telomerase. We have analyzed the in vivo interaction between
endogenous c-Myc and Mad1 proteins and the hTERT promoter in
HL60 cells with the use of the chromatin immunoprecipitation
assay. The E-boxes at the hTERT proximal promoter were occupied
in vivo by c-Myc in exponentially proliferating HL60 cells but not in
cells induced to differentiate by DMSO. In contrast, Mad1 protein
was induced and bound to the hTERT promoter in differentiated
HL60 cells. Concomitantly, the acetylation of the histones at the
promoter was significantly reduced. These data suggest that the
reciprocal E-box occupancy by c-Myc and Mad1 is responsible for
activation and repression of the hTERT gene in proliferating and
differentiated HL60 cells, respectively. Furthermore, the histone
deacetylase inhibitor trichostatin A inhibited deacetylation of
histones at the hTERT promoter and attenuated the repression of
hTERT transcription during HL60 cell differentiation. In addition,
trichostatin A treatment activated hTERT transcription in resting
human lymphocytes and fibroblasts. Taken together, these results
indicate that acetylationydeacetylation of histones is operative in
the regulation of hTERT expression.

c-Myc

The Myc network proteins are transcription factors of the
basicyhelix-loop-helixyleucine zipper family that are in-

volved in the control of proliferation, cell differentiation, and
apoptosis (see ref. 1 for a review). Myc genes are deregulated in
a large number of human tumors and affect both the develop-
ment and progression of hyperproliferations. Myc stimulates the
G1–S phase transition of the cell cycle, and, conversely, cell cycle
exit and cellular differentiation are usually associated with
down-regulation of Myc. Myc forms dimers with Max that bind
to the 59-CACGTG-39 sequence (E-box) in promoters and
transactivate target genes. The same E-box sequence can also be
bound by a number of other transcription factors, including
upstream stimulating factor (USF) (2). Transactivation by Myc
may involve recruitment of histone acetyltransferases (3), which
consequently would result in increased acetylation of the his-
tones at the promoters. E-box sequences are found in the
regulatory regions of a variety of genes, including ornithine
decarboxylase, a-prothymosine, cdc25A, eIF4, carbamoyl-
phosphataseyaspartate transferaseydihydroorotase (CAD),
MrDb, cyclin D2, cdk4, and telomerase (4–7).

Max also forms dimers with the Mad family proteins, Mnt, and
with itself, and all complexes bind to the same DNA sequence,
59-CACGTG-39 (8–10). In contrast to myc, the mad genes are
expressed primarily in differentiated, nonproliferative tissues,
and Mad proteins are negative regulators of cell growth. Mad1

inhibits cell cycle progression, represses transcription from E-
box-containing reporter genes, inhibits apoptosis, represses
c-MycyHa-Ras-mediated transformation, and inhibits transfor-
mation of certain tumor cells (see ref. 8 and references therein;
refs. 11 and 12). Recruitment of mSin3 by Mad proteins is
essential for their effects on cellular growth (13, 14). The mSin3
proteins serve as adapters for a number of proteins, including
histone deacetylases (HDACs) and nuclear receptor corepres-
sor, which in turn are thought to mediate Mad function (15–19).
These findings have led to the suggestion that the repressive
activity of Mad is mediated through remodeling of chromatin
and modulation of gene expression (8, 20). The MycyMaxyMad
network may constitute a molecular switch where the abundance
of Myc- versus Mad-containing heterodimers determines
whether cells enter a differentiation pathway or remain in a
proliferative, undifferentiated state.

Telomerase, a RNA-dependent DNA polymerase, extends
chromosome ends with telomeric TTAGGG repeat sequences
essential for the stability and integrity of linear chromosomes
(21). Telomerase activity, although absent in most normal
human somatic cells, is detected in a wide range of human
tumors (21, 22). Compelling evidence suggests that the mainte-
nance of telomere length by telomerase is required for sustained
cell proliferation, and activation of telomerase thus is a critical
step during cellular immortalization and malignant transforma-
tion. The catalytic subunit of the enzyme, the human telomerase
reverse transcriptase (hTERT), has been shown to be the
determinant for telomerase activity control (23–26). Recent
studies indicate that Myc and Mad1 proteins are implicated in
the regulation of hTERTytelomerase expression (7, 27–31). The
hTERT proximal promoter harbors two E-boxes, which can be
bound by MycyMax or Mad1yMax complexes, as shown by in
vitro experiments. Indeed, c-Myc induces whereas Mad1 re-
presses the hTERT promoter activity and gene expression.
However, almost all studies so far have been performed with the
use of transfections in which c-Myc or Mad1 was expressed at
levels significantly higher than physiological. With the chromatin
immunoprecipitation (ChIP) assay we have analyzed the in vivo
occupancy by endogenous c-Myc and Mad1 proteins, the acet-
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ylation status of the histones, and the effect of changes in histone
acetylation at the hTERT promoter in proliferating and differ-
entiated HL60 cells.

Materials and Methods
Cell Culture, Induction of Differentiation, and Trichostatin A (TSA)
Treatment. The human promyelocytic leukemic cell line HL60
was grown in RPMI 1640 medium (Life Technologies, Paisley,
Scotland) containing 10% FCS, 100 unitsyml penicillin, and 2
mM L-glutamine. To induce cell differentiation, cells at a density
of 0.4 3 106 cells per ml were treated with 1.25% volyvol DMSO
(Merck) for 48 h. The differentiated cells exceeded 90%, as
demonstrated by acquisition of the CD11b differentiation
marker and morphological examination (data not shown). The
specific HDAC inhibitor TSA (Sigma) was dissolved in 100%
ethanol and added to HL60 cells in the presence or absence of
DMSO overnight. Normal human T lymphocytes and fibro-
blasts, isolated from buffy coats of healthy individuals and
derived from adult skin, respectively, were maintained in the
same culture medium as above. The cells were incubated with
TSA at different concentrations overnight. In parallel, part of
the T lymphocytes was treated with 1 mgyml of anti-human CD3
and 0.5 mgyml of anti-CD28 antibodies (R & D Systems)
overnight to activate the cells.

RNA Extraction, Competitive Reverse Transcription–PCR (RT-PCR), and
Northern Blot. Total cellular RNA was isolated with an ULTRA-
SPEC-II RNA kit (Biotecx Laboratories, Houston). cDNA
synthesis, RT, and competitive PCR were performed as de-
scribed (32, 33). PCR for Mnt mRNA was carried out for 28
cycles (94°C for 30 s, 60°C for 45 s, and 72°C for 60 s) with the
following specific primers: forward: 59-CCA GTG AAC AGA
AGA AGA-39; reverse: 59-AAT CTC CCA GTA CGT CCA
T-39. For Northern blot, 20 mg of total RNA derived from
undifferentiated and differentiated HL60 cells was separated in
1% formaldehyde-agarose gels, transferred to a Hybond nylon
membrane (Amersham Pharmacia), and hybridized with the
Myc, Max, and Mad1 probes.

Immunofluorescence Staining and Western Blot for hTERT Protein.
Slides prepared by cytospin were fixed with paraformaldehyde,
rehydrated, immersed in 10 mM citrate buffer (pH 6.0), and
boiled in a microwave oven for 5 min two times, followed by
incubation with a 1:300 dilution of a polyclonal goat antibody
against hTERT protein (sc-7214; Santa Cruz Biotechnology) at
4°C overnight. Donkey anti-goat antibody conjugated with FITC
was applied to identify antibody binding. The cells were evalu-
ated under a Zeiss epif luorescence microscope. For Western
blot, equal amounts of cellular proteins (100 mg) derived from
control and DMSO-treated HL60 cells were separated by 10%
SDSyPAGE and blotted to nitrocellulose membranes. The blots
were first incubated with the anti-hTERT antibody described
above (1:2,000) and then with horseradish peroxidase-
conjugated anti-goat IgG (1:8,000) and visualized with the use of
the Amersham Pharmacia ECL system.

Telomerase Activity Assay. The telomeric repeat amplification
protocol assay (22, 34) was used to determine telomerase
activity. PCR was performed for 23 and 28 cycles for HL60 and
T lymphocytes, respectively. Products were resolved on 12%
polyacrylamide gels, stained with SYBR green I (Roche Diag-
nostics), and visualized under UV light.

Electrophoretic Mobility-Shift Assay (EMSA). Whole-cell extracts
and EMSA were carried out as described (11). For antibody
supershifts, 0.05 mg of anti-Max (sc-197), 0.2 mg of anti-Mnt
(sc-769), 0.2 mg of anti-c-Myc antibody (sc-764), or 0.2 mg of
anti-Mad1 (sc-222) (all from Santa Cruz Biotechnology) were

added to the binding reactions. Electrophoresis gels were dried
and developed with the use of PhosphorImager technology
(Molecular Dynamics). The following oligonucleotides were
used as probes: hTERTGS1, 59-GCG CTC CCC ACG TGG
CGG AGG; and hTERTGS2, 59-CCT CCG CCA CGT GGG
GAG CGC.

ChIP Assay. The ChIP assay was performed as described by
Orlando et al. (35). Briefly, logarithmically growing and differ-
entiating HL60 cells ('1 3 108 cells) were fixed with formal-
dehyde (final concentration 1% volyvol) in serum-free RPMI
1640 medium at 4°C for 1 h. Glycine was added to a final
concentration of 0.125 M to stop cross-linking. Fixed cells were
pelleted by centrifugation and sequentially washed during rota-
tion at room temperature for 15 min each in buffer A (10 mM
TriszHCl, pH 8.0y10 mM EDTAy0.5 mM EGTAy0.25% Triton
X-100) and buffer B (10 mM TriszHCl, pH 8.0y200 mM NaCly1
mM EDTAy0.5 mM EGTA). The cells were then resuspended
in RIPA (10 mM TriszHCl, pH 8.0y140 mM NaCly1 mM
EDTAy1% Triton X-100y0.1% SDSy0.1% deoxycholate) and
were sonicated (five times for 20 s each) to make soluble
chromatin. Samples of total chromatin were taken at this point
to use as a positive control in the PCRs (input chromatin). The
cell lysates were precleared by incubation with protein A or
G-Sepharose beads and then incubated with mAbs [6A10 (anti-
c-Myc), 5E12 (anti-Mad1), D19 (anti-b-galactosidase; Roche
Diagnostics] or with polyclonal antibodies from Santa Cruz
Biotechnology [anti-Max (sc-197), anti-c-Myc (sc-764), anti-
Mad1 (sc-222), anti-Mnt (sc-769), and anti-USF (sc-229)] over-
night at 4°C. For analysis of acetylation status, antibodies against
acetylated histone H3 (06–599) and histone H4 (06–866) (Up-
state Biotechnology, Lake Placid, NY) were used for immuno-
precipitations. DNA–protein complexes were collected with
protein A or G-Sepharose beads followed by several rounds of
washing. Bound DNA–protein complexes were eluted from the
antibodies with two incubations in elution buffer (10 mM Tris,
pH 8.0y1 mM DTTy0.5% SDS) at room temperature for 10 min.
Iodacetamid was added to the combined eluates to neutralize
DTT. A second immunoprecipitation was carried out to increase
specificity with the use of the same protocol. Cross-links were
reversed by the sequential addition of RNase A and proteinase
K, followed by incubation at 65°C for 5 h. Samples were then
extracted twice with phenolychloroform and precipitated with
ethanol overnight in the presence of 20 mg glycogen as a carrier.
DNA fragments were recovered by centrifugation, resuspended
in ddH2O, and used for PCR amplifications. The PCR products
were fractionated on 2% agarose gels, stained with ethidium
bromide, and quantified with the use of National Institutes of
Health IMAGE software (version 1.61).

Results
Down-Regulation of hTERT Expression and Telomerase Activity in
Differentiated HL60 cells. HL60 cells matured into granulocytes
after exposure to DMSO. As demonstrated previously (23, 33),
the amount of hTERT mRNA decreased rapidly and was unde-
tectable after 48 h (Fig. 1a). Consistent with this observation,
immunofluorescence and Western blot analyses revealed a sig-
nificant reduction or disappearance of hTERT protein in the
differentiated HL60 cells (Fig. 1b and c). As expected, the
down-regulation of hTERT expression led to diminished telom-
erase activity in the DMSO-treated HL60 cells, which was found
to be 10-fold lower compared with that in the control cells
(Fig. 1d).

Differential Expression of c-Myc and Mad1 and Their Binding Capacity
for the hTERT E-Box-Containing Oligo in Protein Extracts of HL60 Cells.
We performed Northern blot and RT-PCR analyses to deter-
mine the expression of c-Myc, Max, Mnt, and Mad1 mRNA in
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HL60 cells. As expected, the untreated cells expressed high levels
of c-Myc mRNA, whereas DMSO exposure led to its rapid
down-regulation (Fig. 1e). In contrast, Mad1 mRNA was unde-
tectable in the untreated cells but was dramatically induced after
differentiation. One major and one minor Mad1 mRNA species,
around 3.8 kb and 6.5 kb, respectively, were detected in the
differentiated cells (Fig. 1e). These results are in agreement with
those obtained by Larsson et al. (36). The DMSO treatment
resulted in slight increases in expression of Max and Mnt mRNA
(Fig. 1e). To evaluate the potential influence of the change in
c-myc expression on the DNA binding capacity of the c-Myc
protein, EMSA was performed by incubating protein extracts of
HL60 cells with an E-box-containing oligo derived from the
hTERT promoter region. The c-MycyMax complex was readily
detected in logarithmically growing cells and was greatly dimin-
ished in differentiated HL60 cells (Fig. 1f ), suggesting that the
level of c-Myc expression correlates with Myc activity in binding
to the hTERT E-box in HL60 extracts in vitro. Supershift
experiments with Myc and Max antibodies confirmed the iden-
tity of the c-MycyMax complex. The Mad1yMax complex in the
DMSO-treated cells could be visualized upon longer exposure of

the gel (data not shown). MntyMax, MaxyMax, and USF
complexes were readily observed, and their identity was con-
firmed with the use of specific antibodies in supershift analysis
(Fig. 1f and data not shown). The E-box binding activity of Mnt
increased slightly upon HL60 differentiation.

In Vivo Interaction Between c-Myc, Mad1, and the hTERT Promoter in
HL60 Cells. To obtain direct evidence of in vivo interaction of Myc
and Mad1 with the E-boxes in the hTERT promoter in HL60
cells, we used ChIP analysis on both logarithmically growing and
differentiated cells. After formaldehyde cross-linking and pre-
cipitation of the chromatin with c-Myc, Max, Mad1, or b-galac-
tosidase antibodies, the precipitated DNA was subjected to PCR
amplification with the use of specific primers for the hTERT
proximal promoter region. A strong hTERT signal was observed
in the c-Myc and Max immunoprecipitations, whereas no am-
plification of hTERT promoter sequences was detected in the
Mad1 immunoprecipitation (Fig. 2a). This demonstrates that
c-MycyMax but not Mad1yMax binds in vivo to the E-boxes in
the hTERT proximal promoter in exponentially growing HL60
cells. Upon differentiation of the cells, the binding of c-Myc to
the promoter became undetectable, and instead Mad1 binding
was observed (Fig. 2a). The amount of Max bound to the
promoter was fairly constant. These data show a switch in
binding at the hTERT promoter from MycyMax to Mad1yMax
during differentiation of HL60 cells. As a control, the chromatin
was immunoprecipitated with b-galactosidase antibodies. In
these immunoprecipitates no hTERT sequences could be de-
tected, demonstrating the specificity of the procedure (Fig. 2a).
The same changes occurred at other c-Myc targets analyzed
(N.P., D.X., and M.H., unpublished observations). However,
Myc and Mad1 do not bind to every E-box in the genome,
inasmuch as Myc, Max, and Mad1 proteins were absent at the
E22a and E22b fragments harboring E-boxes but located in
regions of chromosome 22 that are not transcribed (Fig. 2a and
data not shown).

Fig. 1. Down-regulation of hTERTytelomerase activity is closely associated
with changes in c-Myc and Mad1 expression during the differentiation of HL60
cells. HL60 cells were treated with DMSO for 48 h and analyzed for (a) hTERT
mRNA expression by competitive RT-PCR; (b and c) expression of hTERT
protein by immunofluorescence and Western blot; (d) telomerase activity by
telomeric repeat amplification protocol assay; (e) c-Myc, Max, and Mad1
expression by Northern blot (Top), the ethidium bromide-stained gel visual-
izing the 18 and 28 S RNA (Middle), and Mnt expression by RT-PCR (Bottom);
and ( f) EMSA demonstrating DNA binding activities to the hTERT E-box in
HL60 extracts. Antibodies used for supershifts are indicated at the top, and
protein complexes binding to the hTERT oligo are indicated to the left. Log,
logarithmically growing cells; DMSO, DMSO-treated (differentiated) cells; C,
competitor for hTERT PCR product; b2-M, b2-microglobulin, internal control
for the hTERT and Mnt RT-PCR.

Fig. 2. In vivo binding of c-MycyMax, Mad1yMax, MntyMax, and USF to the
hTERT proximal promoter in HL60 cells. A ChIP assay was performed on
logarithmically growing and DMSO-treated HL60 cells, and the precipitated
chromatin was PCR-amplified with the use of specific primers. (a) (Left)
Schematic presentation of E-boxes (h) in the hTERT promoter and in the E22a
locus, and the location of the respective primer sequences (■) for PCR analysis.
The numbers below the hTERT promoter indicate the position of the PCR
primers relative to ATG. The size of the E22a PCR product is shown. (Right) In
vivo identification of reciprocal E-box occupancy by c-Myc, Max, and Mad1 at
the hTERT promoter in logarithmically growing (log) and differentiated
(DMSO) HL60 cells. b-Galactosidase antibodies were used as controls. Input:
PCRs performed on total chromatin from differentiated HL60 cells. There is an
absence of c-Myc, Max, and Mad1 binding to the control E22a locus that
contains E-boxes but is not transcribed. (b) Absence of USF and presence of
Mnt at the hTERT promoter in vivo in undifferentiated (2) and DMSO-
differentiated (1) HL60 cells. Neither Mnt nor USF was present at the control
E22a locus.
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We also examined the in vivo binding of USF and Mnt to the
E-box at the hTERT promoter, with the use of the ChIP assay.
Surprisingly, the hTERT promoter sequence was undetectable in
the USF antibody-precipitated chromatin DNA derived from
either actively proliferating or differentiated HL60 cells (Fig.
2b). These data indicate that the in vitro binding activity of USF
as assessed with EMSA does not necessarily reflect its E-box
occupancy at specific promoters in vivo. The ChIP result showed
the presence of Mnt at the hTERT promoter in vivo, and there
was no significant difference in its binding between logarithmi-
cally growing and differentiated HL60 cells (Fig. 2b). Taken
together, our data indicate that c-MycyMax complexes were
replaced by Mad1yMax at the hTERT promoter after HL60 cell
differentiation.

In Vivo Association Between Acetylated Histones and the hTERT
Promoter in HL60 Cells. Histone acetylation has been implicated in
Myc-mediated transactivation of target genes, whereas deacety-
lation has been shown to be important for Mad1 repression. We
therefore wanted to determine whether there was a change in
histone acetylation at the hTERT promoter upon differentiation
of HL60 cells. Antibodies to acetylated histones were used to
precipitate the cross-linked chromatin derived from logarithmi-
cally growing and DMSO-treated HL60 cells. Abundant levels of
acetylated H3 and H4 histones were found to be present at the
hTERT promoter in exponentially proliferating HL60 cells, and
there was a significant reduction in the acetylation status after
cellular differentiation (Fig. 3a). This reduction correlated with
a decreased hTERT expression and telomerase activity (Fig. 1
a–d). We also analyzed the acetylation status of histones inter-
acting with the nontranscribed E-box-containing E22a and E22b
fragments. No acetylation was detected at either H3 or H4
histones independently of differentiation status at these loci (Fig.
3a and data not shown). Thus histone deacetylation seems to

selectively occur at specific promoters during certain stages of
differentiation of HL60 cells.

Partial Abolishment of Differentiation-Mediated hTERT Repression in
HL60 Cells and Activation of hTERT Transcription in Normal Resting T
Lymphocytes by TSA. The amount of acetylated histones interact-
ing with the hTERT proximal promoter was significantly reduced
upon HL60 cell differentiation and correlated with repression of
hTERT gene transcription. We therefore asked whether inhibi-
tion of histone deacetylation was capable of maintaining active
transcription of the hTERT gene. For this purpose, HL60 cells
were treated with TSA, a potent inhibitor of HDACs, followed
by an overnight incubation with DMSO and analysis of hTERT
mRNA expression. In the absence of TSA, DMSO treatment led
to a reduction in the level of hTERT mRNA (Fig. 4a). However,
in the presence of TSA the down-regulation of hTERT mRNA
triggered by DMSO was partially blocked in a dose-dependent
manner. When exponentially proliferating HL60 cells were
incubated with TSA alone at a low concentration (,100 nM), a
slight increase in hTERT transcripts was observed (data not
shown). It has been well established that TSA itself induces
differentiation and inhibits the growth of various cell types,
including HL60 cells (37). Therefore, it is unlikely that the

Fig. 3. Changes in histone acetylation at the hTERT promoter and TSA-
mediated hyperacetylation of histones during HL60 differentiation. A ChIP
assay was performed on logarithmically growing and DMSO-treated HL60
cells as described in Materials and Methods. (a) A decrease in acetylation of H3
and H4 histones at the hTERT promoter in differentiated HL60 cells. The
absence of acetylated histones at the E22a fragment that contains an E-box
but is not transcribed. Log, logarithmically growing cells; DMSO, DMSO-
treated (differentiated) cells. (b) Abolishment of the differentiation-
associated deacetylation of histones H3 and H4 at the hTERT promoter by TSA
treatment in HL60 cells. Cells were induced to differentiate by DMSO over-
night in the absence or presence of TSA as indicated. (c) TSA-mediated
dose-dependent accumulation of histone H3 at the hTERT promoter in dif-
ferentiating HL60 cells. Cells were treated with DMSO overnight in the ab-
sence or presence of various concentrations of TSA as indicated.

Fig. 4. Inhibition of HDACs by TSA attenuates down-regulation of hTERT
mRNA expression in differentiated HL60 cells and activates hTERT transcrip-
tion and telomerase in resting human T cells and fibroblasts. C, Competitor for
hTERT fragment; b2-M, b2-microglobulin, internal control for the RT-PCR. (a)
(Left) Competitive RT-PCR for hTERT mRNA in HL60 cells treated with TSA
andyor DMSO. HL60 cells were incubated with TSA at various concentrations
for 30 min, followed by overnight culture together with DMSO and analysis for
hTERT mRNA expression. (Right) Quantitative expression of hTERT mRNA
levels based on the signals to the left. D, DMSO; T, TSA. (b) (Left) Competitive
RT-PCR for hTERT mRNA in T cells treated with different concentrations of TSA
or anti-CD3 and anti-CD28 antibodies. (Right) Quantitative expression of
hTERT mRNA levels based on the signals to the left. (c) Telomerase activity in
T cells treated with different concentrations of TSA or anti-CD3 and anti-CD28
antibodies. (d) Competitive RT-PCR for hTERT mRNA in normal human fibro-
blasts treated with TSA.
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observed prevention of hTERT mRNA reduction by TSA results
from an inhibition of HL60 cell differentiation. To determine
whether this effect of TSA resulted from an increased accumu-
lation of acetylated histones at the hTERT promoter, we per-
formed ChIP analysis on the DMSO-treated HL60 cells in the
presence and absence of TSA. As shown in Fig. 3b, a significantly
higher level of acetylated histones was found at the hTERT
promoter in TSAyDMSO-treated cells compared with cells
incubated with DMSO alone. Consistent with the hTERT
mRNA expression profile, a dose-dependent TSA-mediated
accumulation of acetylated histone H3 at the hTERT promoter
was observed in the DMSO-treated HL60 cells (Fig. 3c). These
results suggest the involvement of histone deacetylation in the
repression of hTERT transcription during HL60 cell differenti-
ation. We further tested the effect of TSA on human T lym-
phocytes. hTERT expression and telomerase activity are usually
very low or undetectable in resting human lymphocytes (38).
TSA treatment of T cells induced hTERT mRNA expression in
a dose-dependent manner to a level comparable to that observed
in activated lymphocytes stimulated with anti-CD3 and CD28
antibodies (Fig. 4b). Concomitantly, telomerase was activated in
the TSA-treated T cells (Fig. 4c). In addition, hTERT mRNA
was also induced in human fibroblasts exposed to TSA (Fig. 4d).
Taken together, these results indicate that histone deacetylation
may be responsible for the repression of the hTERT gene
observed in human somatic cells.

Discussion
A number of recent observations support the identification of
the hTERT gene as a c-Myc target: (i) ectopic expression of
c-Myc induced hTERT expression and activated telomerase
activity in human cells (27); (ii) the specific Myc binding motifs,
E-boxes, are present in the hTERT promoter, and the activity of
the promoter is significantly increased by transient expression of
c-Myc (7, 28, 29, 39); (iii) ectopic expression of the Mad1 protein
results in repression of hTERT expression (30, 31); and (iv) in
vivo interaction between N-Myc and the hTERT promoter was
recently observed in a neuroblastoma cell line transfected with
N-myc (40). However, the effects obtained from artificially
expressed Myc and Mad1 proteins at high levels do not neces-
sarily demonstrate a physiological role, inasmuch as several more
abundant proteins present in mammalian cells, such as USF, are
capable of binding to E-boxes as well. To determine whether the
hTERT promoter is regulated by endogenous c-Myc and Mad1
proteins, we used the ChIP assay in HL60 cells. These cells
express different proteins of the MycyMaxyMad network, de-
pending on their state of differentiation. c-Myc is expressed
during logarithmic growth and is down-regulated upon differ-
entiation. At the same time Mad1 is induced, making HL60 a
suitable system for the study of Myc and Mad1 target genes. We
found that c-Myc binds in vivo to the hTERT promoter in
logarithmically growing HL60 cells and that the binding activity
decreased upon differentiation. In contrast, Mad1 expression
and its binding to the hTERT promoter were observed only in
differentiated cells. The presence of Max and Mnt at the hTERT
promoter was fairly unchanged upon HL60 differentiation,
whereas no binding of USF was observed. Thus, MycyMax
binding to the hTERT promoter is predominantly replaced by
Mad1yMax, and this reciprocal hTERT promoter occupancy by
c-Myc and Mad1 in vivo is compatible with activation and
repression of hTERT transcription in logarithmically growing
and differentiated HL60 cells, respectively. Taken together,
these data suggest that hTERT is a physiological target of c-Myc
and Mad1.

Histone acetylation and deacetylation have been suggested to
play important roles in the regulation of gene transcription (41).
In general, transcriptionally repressive chromatin is character-
ized by the presence of nonacetylated histones, whereas acety-

lation of histones leads to chromatin remodeling, allowing
unfolding of the associated DNA, access by transcription factors,
and gene expression. Acetylation and deacetylation of histones
are catalyzed by histone acetyltransferases and HDACs, respec-
tively, and a number of transcription factors, including Myc, are
believed to regulate gene expression via recruitment of histone
acetyltransferases or HDACs (3, 41). Substantial evidence sug-
gests that the Mad1yMax dimer recruits mSin3A, mSin3B,
HDACs, and corepressors, which in turn results in increased
deacetylation of histones and repression of target gene tran-
scription. McMahon et al. (3) have shown that the cofactor
TRRAP associated with c-Myc is part of the SPT-ADA-GCN5
acetyltransferase (SAGA) complex, which among other factors,
contains hGCN5, a human histone acetyltransferase, which
contributes to increased histone acetylation. As a result, chro-
matin remodeling events occur that consequently initiate andyor
accelerate transcription of c-Myc target genes. We observed an
association between the switch from MycyMax to Mad1yMax
binding and a decrease in histone acetylation at the hTERT
proximal promoter. These alterations were consistent with
changes in the levels of hTERT expression. Similar changes were
found at other c-Myc target genes during HL60 differentiation
(N.P., D.X., and M.H., unpublished observations). These data
thus suggest that c-Myc is responsible for the accumulation of
acetylated histones at these promoters and Mad1 for their
deacetylation. In addition, our findings that inhibition of HDACs
by TSA resulted in abolishment of deacetylation at the hTERT
promoter and blocked the repression of hTERT expression
occurring during differentiation of HL60 cells demonstrate a
functional role for histone acetylation at the hTERT promoter in
the activation of transcription. This role is further supported by
our observation that TSA induced hTERT expression in resting
human T lymphocytes and fibroblasts. All of these data support
a central role for regulation of the hTERT gene by changes in
histone acetylation.

Interestingly, in a recent study, neither binding of c-Myc to the
CAD promoter nor of N-Myc binding to the hTERT promoter
was found to be correlated with the acetylation status at these
promoters (40). The authors therefore draw the conclusion that
Myc binding is not necessarily associated with changes in histone
acetylation. One explanation for the discrepancy between our
results is that the experiments were carried out in different ways
and in different cells. Eberhardy et al. (40) attempted to deter-
mine whether the amount of acetylated histones correlated with
the amount of bound N-Myc in SHEP neuroblastoma cells with
inducible N-Myc expression. In this respect it is interesting to
note that these cells harbor hTERT amplification (42) and
therefore might have saturated acetylation status at the pro-
moter independently of Myc expression. We analyzed HL60 cells
that carry the normal hTERT locus (42) for changes in histone
acetylation during differentiation. The decrease in histone acet-
ylation that we observe at the hTERT promoter during HL60
differentiation is probably a combination of decreased Myc and
increased Mad1 binding, resulting in active deacetylation of the
histones. We have not been able to address whether there are
changes in acetylation status at the CAD promoter during HL60
differentiation, because we only detected CAD promoter prod-
ucts in the total chromatin but not in any of our immunopre-
cipitations (data not shown).

Telomerase activity and hTERT expression are widespread in
many human tissues throughout fetal development but become
repressed in most somatic cells before or shortly after birth. The
stringent repression of hTERT and telomerase activity in somatic
tissues is a potent blockade to uncontrolled cellular proliferation
(21). The mechanism of hTERT repression in somatic cells
remains unknown. Our observations that inhibition of HDACs
abolishes down-regulation of hTERT expression during cellular
differentiation and induces telomerase in human resting T cells
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and fibroblasts suggest a potential repressive pathway: the
down-regulation of hTERT transcription by deacetylation of
histones may be a universal mechanism that leads to telomerase
inactivation during differentiation and development of human
normal somatic tissues.

Given that activation of telomerase is critical to oncogenesis,
transactivation of the hTERT gene might be one essential
mechanism by which c-Myc exerts its potent transforming effect:
on one hand, it promotes cell proliferation by inducing cell cycle
entry and progression, leading to accelerated telomere loss, and,
on the other hand, it activates telomerase to stabilize telomere
sizes and to maintain chromosomal integrity required for sus-
tained cellular replication. Interestingly, a recent study demon-
strates that normal human fibroblasts immortalized by hTERT
transfection exhibit a significant up-regulation c-Myc expression,
further highlighting an intimate interaction between Myc and
hTERT during cellular immortalization (43). Our finding that
endogenous c-Myc binds in vivo to the hTERT promoter suggests

that the deregulated c-Myc expression, commonly observed in a
wide range of human tumors, is most likely responsible for the
abnormal growth and telomerase activation occurring in these
tumors. Therefore, targeting c-Myc regulatory pathways is prob-
ably one approach to inhibiting telomerase activity and cell
proliferation in human malignancies.

Note Added in Proof. During the submission of this manuscript, Cong
and Bacchetti reported that TSA induced hTERT expression and
telomerase activity in human fibroblasts (44).
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