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The Expression of a Small Fraction of
Cellular Genes Is Changed in Response to
Histone Hyperacetylation
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Posttranslational modifications of histones in chromatin are emerging as an important mechanism in the
regulation of gene expression. Changes in histone acetylation levels occur during many nuclear processes
such as replication, transcriptional silencing, and activation. Histone acetylation levels represent the result
of a dynamic equilibrium between competing histone deacetylase(s) and histone acetylase(s). We have used
two new specific inhibitors of histone deacetylase, trichostatin A (TSA) and trapoxin (TPX), to probe the
effect of histone hyperacetylation on gene expression. We confirm that both drugs block histone deacety-
lase activity and have no detectable effects on histone acetylation rates in human lymphoid cell lines.
Treatment with either TSA or TPX results in the transcriptional activation of HIV-1 gene expression in
latently infected cell lines. In contrast, TSA and TPX cause a rapid decrease in c-myc gene expression and
no change in the expression of the gene for glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Using
differential display to compare the differences in gene expression between untreated cells and cells treated
with TSA, we found that the expression of ~2% of cellular genes (8 genes out of ~ 340 examined) changes
in response to TSA treatment. These results demonstrate that the transcriptional regulation of a restricted
set of cellular genes is uniquely sensitive to the degree of histone acetylation in chromatin.

Trichostatin Trapoxin HIV-1 Chromatin Differential display myc Histone
Acetylation

CHROMATIN is emerging as an important par- tion, and poly-ADP-ribosylation. All four core
ticipant in the transcriptional regulation of spe- histones are subject to reversible acetylation and
cific genes. The nucleosome core, the basic sub- this modification has been extensively studied [for
unit of chromatin, is composed of 146 bp of DNA recent reviews, see (7,29,41,42,46)]. Acetylation
wrapped around a multiprotein particle, the his- levels of histones reflect a dynamic equilibrium
tone octamer, which is itself composed of two between competing histone acetylase(s) and his-
copies of each of the four histones: H2A, H2B, tone deacetylase(s). Reversible acetylation of his-
H3, and H4. Histone proteins contain two do- tones takes place on the e-amino group of lysine
mains: a globular carboxyl (C)-terminal domain, residues and each additional acetyl group results
which forms the core of the nucleosome, and a in the neutralization of one positive charge on his-
flexible, highly basic amino (N)-terminal tail do- tone proteins. The functional consequences of his-
main, located outside of the core particle and ac- tone acetylation are still unclear. Two broadly de-
cessible to various modifying agents, such as pro- fined roles have been proposed for the N-terminal
teases. The histone N-terminal tails are the subject tails of histones (29,42), and the potential role of
of multiple posttranslational modifications in- histone acetylation can be examined in the context
cluding phosphorylation, methylation, acetyla- of these two models. First, the histone N-terminal
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tails could play a structural role in which posi-
tively charges lysine residues neutralize negative
charges in the DNA phosphodiester backbone and
thereby stabilize the DNA/histone complex. The
wrapping of the tails at the exposed surface of
DNA could also impair the binding of transcrip-
tion factors to DNA packaged into a nucleosome
(25). An increase in acetylation in this model
would result in a loosening of the DNA-histone
interaction in the nucleosome, which might make
it more amenable to transcription or to an un-
masking of DNA regions necessary for transcrip-
tion factor binding or for access for RNA poly-
merase (25). According to a second model, the
N-terminal tails of histone interact with nuclear
factors involved in nuclear processes such as DNA
replication and transcriptional regulation (29,42).
Modification of lysine residues would result in
changes, positive or negative, in the ability of his-
tone proteins to interact with other proteins (42).
Elegant studies in yeast, using mutants in the N-
terminal tails of histones, have demonstrated the
validity of the main assumptions of this model
(16,35).

Acetyl groups in histones demonstrate two dis-
tinct turnover rates: in the embryonic chicken
erythrocyte for example, 30% of histones are sta-
bly acetylated whereas about 2% turn over rapidly
(46). Evidence has been presented showing a posi-
tive correlation between the level of histone acetyl-
ation and the level of transcriptional activity in
several systems [(12), reviewed in Davie (7)]. How-
ever, such correlation has not been observed in all
systems (31).

All evidence accumulated thus far linking his-
tone acetylation and nuclear processes has been
correlative and, until recently, no experimental
approach had permitted the study of the direct
effect of histone acetylation on gene expression.
Two newly isolated drugs, trichostatin A (TSA)
and trapoxin (TPX), specifically inhibit histone
deacetylase both in vitro and in vivo (17,47).
Whereas n-butyrate, which also inhibits histone
deacetylase, is used in the millimolar range con-
centration and therefore exhibits pleiotropic ef-
fects (20,22), both TSA and TPX exert their bio-
logical effects in the nanomolar range (17,47).
Purification of histone deacetylase from a cell line
selected for its resistance to TSA demonstrated
that the purified enzyme was resistant to TSA in
vitro (47). This cell line was found to also be resis-
tant to TPX, indicating that both drugs exert their
biological effects through a common effector, his-
tone deacetylase. TSA also binds to the yeast en-
zyme, and this interaction has been used to purify
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the yeast histone deacetylase to homogeneity (M.
Grunstein, personal communication).

Here we have used TPX and TSA to study the
effect of histone hyperacetylation on gene expres-
sion. We report that histone hyperacetylation can
modulate gene expression in either a positive
(HIV-1 promoter), negative (c-myc), or neutral
fashion (GAPDH). Using differential display to
screen a large number of genes, we show that the
expression of less than 5% of cellular genes is
changed in response to hyperacetylation.

MATERIAL AND METHODS
Reagents

TSA was obtained from Dr. K. Suyjita (Shio-
nogi & Co., Osaka, Japan) and TPX was obtained
from Dr. M. Yoshida (University of Tokyo,
Tokyo, Japan).

Cell Culture

All cell lines were obtained from the AIDS Re-
search and Reference Reagent Program (NIAID,
NIH, Bethesda, MD) and grown in RPMI 1640
medium (Gibco-BRL) supplemented with 10% fe-
tal bovine serum (HyClone), 50 U/ml of penicil-
lin, 50 pug/ml of streptomycin, and 2 mM gluta-
mine at 37°C in a humidified 95% air/5% CO,
atmosphere and were maintained at densities be-
tween 0.25 and 1 x 10° cells/ml (exponential
growth phase).

RNase Protection Analysis

HIV-1-specific transcripts were detected by
RNase protection analysis after lysis of cells in
guanidine thiocyanate (11) (Lysate Ribonuclease
Protection kit, USB) and hybridization with an
HIV-1-specific **P-labeled antisense riboprobe
synthesized in vitro by transcription of pGEM23
(23) with SP6 polymerase. A glyceraldehyde-3-
phosphate dehydrogenase (GAPDH)-specific anti-
sense probe (provided with the Lysate Ribo-
nuclease Protection kit, USB) was synthesized
using the same protocol and used in the same reac-
tion with the HIV-1 probe. c-myc-specific tran-
scripts were detected using an antisense RNA
probe obtained by in vitro transcription of pTRI-
c-myc-Human (Ambion, Austin, TX).

Histone Purification and Analysis

Nuclei isolated after lysis with NP40 were acid
extracted (26), histones were ethanol precipitated,
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resuspended in water containing 2.5% thiodigly-
col, and stored at —70°C (26). Histones, quanti-
fied by measuring their absorbance at 280 nm,
were separated on Triton-acetic acid-urea gels fol-
lowing the protocol of Dimitrov (8). Gels were
fixed in 24% methanol/4.5% glacial acetic acid
followed by silver staining (Rapid-Ag-Stain, ICN
Radiochemicals).

In Vivo Acetylation

Jurkat cells (2 x 10° cells/ml) were incubated
in the presence of 250 uCi/ml of [*H]acetate (5.31
pCi/mmol, Dupont/NEN, Boston, MA) for 30
min. Cells were centrifuged and washed with fresh
medium. After centrifugation, cells were resus-
pended in complete medium supplemented with
TNF-« (800 U/ml) or TSA (400 nM) and chased
for different lengths of time under these condi-
tions.

RNA Differential Display

Jurkat and SupT1 cells (4 x 107 cells/point)
untreated or treated with TSA (400 nM) for 2, 4,
and 8 h were pelleted and RNA extracted with
Trizol reagent according to the reccommended pro-
tocol (GIBCO, Gaithersburg, MD). Purified RNA
was treated with DNAse I in the presence of
RNasin (Promega, WI) for 30 min at 37°C. RNA
was purified by phenol/chloroform extractions
and ethanol precipitation and resuspended in
RNAse-free water. For each RNA, four reactions
(0.2 ug RNA/reaction) containing a different one-
base anchored 3’ primer were used for reverse
transcription of RNA into cDNA according to the
RNAimage kit protocol (27,28) (GenHunter Cor-
poration, MA). PCR reactions were performed
using 0.25 uCi of [a-*P]dATP (2000 Ci/mmol,
NE/Dupont, Boston, MA) and the H-AP1 to H-
APS primers. Amplification reactions were run in
a Perkin-Elmer 4800 thermocycler (94°C 30 s,
40°C 2 min, 72°C 30 s for 35 cycles, followed by
5’ at 72°C). PCR products were separated under
denaturing conditions on 6% sequencing poly-
acrylamide gels. After electrophoresis, gels were
dried, and autoradiographic exposures were car-
ried out with Kodak XAR-Omat films for 16 h.

RESULTS

TSA and TPX Inhibit Histone Deacetylase in
Lymphoid Cell Lines

As previous reports have determined that TSA
and TPX inhibit histone deacetylase in specific cell

lines (17,47), we first examined the effect of both
drugs on histone acetylation in human CD4+
lymphoid cell lines. Histones were purified by acid
extraction following treatment of Jurkat, SupT]1,
ACH?2, and J49 cell lines with TSA or TPX for
different lengths of time. Purified histones were
separated on Triton-acid-urea gels, which allow
the separation of differently acetylated forms of
histones on the basis of their different charges.
This analysis showed a marked increase in the de-
gree of acetylation of histone H4 as early as 2 h
following addition of the drugs (Fig. 1A). By 16 h,
no unacetylated H4 was detectable, as demon-
strated by the disappearance of unacetylated H4,
in response to both TSA and TPX (Fig. 1A). His-
tone lysine groups exist in a dynamic equilibrium
in terms of their acetylation level. This equilib-
rium results from the competing influence of ace-
tylases and deacetylase. Consequently, an increase
in acetylation could be secondary to an increase in
acetylation or to a decrease in deacetylation. To
distinguish between these two possibilities, we
pulsed Jurkat cells with [*H)acetate for 30 min and
chased them for 0, 1, 2, or 4 h in the absence or
presence of TSA or in the presence of TNF-« as
an additional control. Acid-extracted nuclear pro-
teins (Fig. 1B) and total nuclear proteins (Fig. 1C)
from such treated cells were separated on denatur-
ing polyacrylamide gels and processed for autora-
diography. This analysis showed the rapid incor-
poration of [*H]acetate into histones (Fig. 1B,C,
lanes 0). Few proteins besides histones were found
to incorporate acetate during the pulse (Fig. 1C,
lanes 0). During the 4-h chase, the level of acetyla-
tion of histones was found to gradually decrease
in control and TNF-a-treated cells. In contrast,
the level of acetylation in histones actually in-
creased when the pulse was performed in the pres-
ence of TSA. This experiment indicates that the
major effect of TSA is to inhibit the constitutive
histone deacetylase. These results are similar to
what has been reported in other systems and con-
firm the inhibition of histone deacetylase by these
drugs (17,47).

Modulation of HIV-1 Gene Expression by TPX
and TSA

We have previously reported the presence of a
chromatin transition in the HIV-1 promoter dur-
ing transcriptional activation of latently infected
cell lines (43-45). Latent cell lines, such as ACH2
or J49, contain a single integrated copy of the
HIV-1 genome whose expression is blocked at the
transcriptional level (44,45). Following treatment
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FIG. 1. TSA and TPX inhibit histone deacetylation in lym-
phoid cell lines. (A) Histones were acid extracted from Jurkat
or SupTI cells treated with TSA (400 nM) or TPX (10 nM) for
0, 2, or 16 h and separated on a 15% Triton-acid-urea gel.
Histones were visualized after silver staining and the portion of
the gel corresponding to different acetylated isoforms of his-
tone H4 is shown. (B, C) Jurkat cells were pulsed for 30 min
with [3H]acetate (250 /xCi/ml NEN), washed, and chased for
0-4 h in the presence of TNF-a (80 U/ml) or TSA (400 nM).
Nuclei were either acid extracted and the purified histones
loaded on a 12% polyacrylamide denaturing gel (B) or directly
resuspended in Laemmli buffer and loaded on a 12% poly-
acrylamide denaturing gel to examine all nuclear proteins (C).
Molecular weight markers in kDa are indicated on the left of
the gel. The position of different histones is indicated on the
right.

of these cells with phorbol esters or TNF-a, a
nucleosome positioned immediately at the tran-
scription start site, called nuc-1, is disrupted or
displaced (45). The disruption of nuc-1 is indepen-
dent of transcription as it occurs when the induc-
tion is performed in the presence of a-aminitin
and is also independent of DNA replication as it
occurs in less than an hour after stimulation in
unsynchronized cell populations (45). These re-
sults are consistent with a model in which nuc-1 is
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responsible for the transcriptional block observed
in latent cell lines either by impeding the progres-
sion of a poorly processive polymerase or by pre-
venting the binding of a transcription factors criti-
cal for transcription initiation. To test this
hypothesis, we have examined the effect of TPX
and TSA on HIV-1 transcription in latent cell
lines. The J49 cell line was incubated with differ-
ent concentrations of TPX, TSA, or TNF-a (Fig.
2A). Eight hours following addition of the differ-
ent agents, cellular RNA was prepared and virus-
specific transcripts were detected using RNase
protection using an HIV-1 specific antisense RNA
probe (23). This probe protects two RNA frag-
ments of 83 and 200 nt, which correspond to the
5' and 3' LTR, respectively (23). An antisense
probe corresponding to the GAPDH gene was in-
cluded as an internal standard in the hybridization
reaction. This experiment showed that both TSA
and TPX cause an increase in viral-specific tran-
scripts at doses of TPX of 10 nM and of TSA of
100 nM (Fig. 2A), the same doses necessary to
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FIG. 2. Induction of HIV-1 expression in J49 cells by TSA and
TPX. (A) J49 cells were incubated in the presence of different
concentrations of both TPX and TSA as indicated and RNA
was harvested at 8 h posttreatment. TNF-a was used at 800 U/
ml. (B) TPX (100 nM) or TSA (400 nM) was added to J49 cells,
for 0-32 h. Harvested RNA were analyzed by RNase protection
analysis using an HIV-1 LTR-specific antisense probe (23) and
a GAPDH antisense probe. The HIV-1 probe protects two
fragments corresponding to the 5' and 3' LTR and only the 5'
LTR protected band is shown.
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affect a change in histone acetylation levels (data
not shown). In separate experiments, we showed
that this increase in gene expression takes place
at the transcriptional level as it was completely
suppressed when the induction was conducted in
the presence of a-amanitin used at concentrations
known to inhibit RNA polymerase Il elongation
(data not shown). We also examined the time
course of induction of HIV-1 expression in re-
sponse to these drugs. An increase in virus-specific
transcripts was observed as early as 2 h following
addition of the drugs and progressively increased
over time to reach a peak at 16 h (Fig. 2B). Similar
results were obtained using another latently in-
fected cell line, ACH2 (shown as part of Fig. 3).
In a separate report (43), we further studied the
mechanism of action of TSA and TPX on the
HIV-1 promoter. We found that treatment with
TSA and TPX is associated with the same disrup-
tion of nuc-1 that has been described following
activation with TNF-a (43). In addition, the dis-
ruption of nuc-1 in response to TPX or TSA is
also independent of transcription as it occurred in
the presence of doses of a-amanitin sufficient to
suppress transcription (43).

Suppression of c-myc Gene Expression in
Response to Hyperacetylation

As described in the Introduction, histone hy-
peracetylation has been implicated in gene tran-
scription but also in silencing of gene expression.
We were intrigued by the possibility that treatment
with histone deacetylase inhibitors might result in
the silencing of specific genes. *-Butyrate, a non-
competitive inhibitor of histone deacetylase, has
been shown to block the expression of c-myc
(3,6,13,14,18,19,32,34,39,40). This inhibition is
secondary both to a decrease in the transcription
rate (32) and to an increase in the block to tran-
scriptional elongation present in the c-myc gene
(14). However, butyrate also demonstrates many
pleiotropic effects that are independent of histone
acetylation (22). Consequently, the relationship
between histone hyperacetylation and suppression
of c-myc expression has not been clearly estab-
lished.

To examine the effect of histone acetylation on
c-myc expression, ACH2 cells were treated with
TSA, TPX, or TNF-a as a control. The expression
of c-myc, GAPDH, and HIV-1 was examined by
RNase protection using specific antisense RNA
probes. The c-myc probe spans 118 bases of the 3'
end of the first coding exon and 132 bp of the
flanking intron and when hybridized with mRNA
results in the protection of a 118 nt fragment. This

region of c-myc has no significant homology to
other myc genes (N-m”c, L-myc). Using this probe,
we showed that c-myc expression was rapidly down-
regulated following addition of either TSA or TPX
so that no detectable signal was measured 2 h fol-
lowing the addition of TSA or TPX (Fig. 3). In con-
trast, TNF-a had no effect on c-myc expression. In
the same experiment, GAPDH was unaffected by
any of the agents and HIV-1 expression was in-
duced by all three. We have also examined c-myc
expression in other cell lines, including Jurkat,
SupTI,J49, and found the same downregulation of
c-myc in all cell lines studied (data not shown).

The Expression ofa Small Number of Cellular
Genes Is Modulated by Histone Acetylation

As the experiments described above demon-
strate, the degree of histone acetylation can have
profound effects on the expression of specific
genes. However, the generality of this phenome-
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FIG. 3. TPX and TSA suppresses c-myc gene expression.
ACH2 cells were treated for different periods of time (0-32 h)
with TSA (400 nM), TPX (100 nM), or TNF-a (800 U/ml).
RNase protection analysis was performed using specific anti-
sense probes for c-myc, GAPDH, and the HIV-1 LTR (23).
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non is unknown and in particular the fraction of
genes in the genome whose expression is modu-
lated in response to histone hyperacetylation has
not been determined. To address this question,
we treated Jurkat and SupTI cells with TSA and
extracted total RNA from these cells after differ-
ent times. After reverse transcription of mRNAs
using an anchored (A, C, G, or T) oligo dT
primer, differential display (27,28) was used to
compare the relative abundance of approximately
340 genes following treatment with TSA. Differ-
ential display on RNA samples not submitted to
the reverse transcription reaction yielded no de-
tectable signal, confirming the cDNA nature of
the bands observed (data not shown). Several
genes were found to be either induced (Fig. 4A-
C) or suppressed (Fig. 4D-E) in response to TSA
treatment. The time course of induction was simi-
lar to what had been observed with the HIV-1
LTR as the amount of mRNA slowly increased
from 2 to s h postinduction and closely matched
the progressive increase in histone acetylation lev-
els (data not shown). In the case of genes whose
expression was inhibited by TSA treatment, the
decrease followed a similar time course with maxi-
mal inhibition at s h posttreatment. Out of ap-
proximately 340 cDNAs tested, we found s genes
whose expression appeared modulated in response
to TSA. The expression of some genes was modi-
fied in both cell lines in response to TSA; how-
ever, for some genes, cell-specific induction (or
suppression) was observed. This experiment indi-
cates that the expression of a small proportion of
cellular genes (~2°70) can be modulated by
changes in the degree of acetylation of histones.
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DISCUSSION

We have examined the expression of cellular
genes in response to TSA and TPX. We confirm
that both drugs inhibit histone deacetylase in hu-
man lymphoid cell lines in the nanomolar range as
previously shown in other cellular systems (17,47).
Both drugs cause a relative hyperacetylation,
which is associated with the induction of HIV-1
expression in latently infected cell lines. In the
same cell lines, the expression of GAPDH is unaf-
fected and the expression of c-myc is completely
suppressed. Comparison of the pattern of gene
expression between cells treated with TSA and un-
treated cells using differential display demon-
strates that the expression of a small subset of
cellular genes (~2%) is changed in response to
histone hyperacetylation.

Similar changes in gene expression for the
HIV-1 LTR and c-myc have been reported using
~-butyrate (3,5,6,10,13,14,18,19,24,32,34,36,38-
40). However, because of the pleitropic effects of
butyrate (20-22), a direct correlation between hy-
peracetylation and the changes in gene expression
could not be demonstrated.

In a separate report (43), we have demonstrated
that both TPX and TSA treatment result in the
disruption of a specific nucleosome (called nuc-1)
(45) positioned at the transcriptional start in the
HIV-1 promoter. This nucleosome is also dis-
rupted during transcriptional activation of the
HIV-1 promoter in response to other activators of
HIV-1 transcription, such as phorbol esters and
TNF-a (44,45). We have proposed that nuc-1 in-
hibits HIV-1 transcription in latently infected cell
lines either by blocking the binding of a transcrip-
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FIG. 4. Differential display analysis of Jurkat, SupTl mRNA in response to TSA. Total RNA from Jurkat and
SupTI cells was analyzed by differential display and the amplified products separated on sequencing gels.
Regions from the gels containing mMRNAs whose expression is modulated by TSA are shown. cDNAs whose
expression is modulated in response to TSA are indicated by an arrow. (A) Jurkat RNA amplified with primers
AP4 and C, (B) Jurkat with primers AP2 and A, (C) SupTl RNA with primers APl and G, (D) Jurkat RNA
with primers AP5 and A, and (E) SupTl RNA with primers AP5 and G.
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tion factor crucial for transcription initiation or
by inhibiting the progression of a poorly process-
ive polymerase (43,45). The nature of the change
occurring in nuc-1 in response to hyperacetylation
has not been determined: nuc-1 could either be
totally displaced from DNA or could undergo a
conformational change in response to hyperace-
tylation. In the case of c-myc, previous studies
have demonstrated that the inhibition of gene ex-
pression in response to butyrate occurs at the tran-
scriptional level (33), possibly by causing an in-
crease in a block to transcriptional elongation
present in this gene (14). However, a detailed
study of the chromatin organization of the gene in
response to butyrate or TPX/TSA is not available
and will be necessary for a full understanding of
their mechanism of action in this context.

Several studies have examined the effect of
TSA and TPX on the expression of specific genes
1,2,9,15,30,37,48). Using differential display, we
have examined a large number of genes for
changes in their pattern of expression in response
to hyperacetylation. The small percentage of genes
whose expression is modified in response to the
drugs, less than 5%, is surprising in view of the
fact that the hyperacetylation of histones appears
global (see Fig. 1A). This discrepancy argues
against a model in which these drugs activate tran-
scription by “loosening” the interaction between
DNA and histones through histone hyperacetyla-
tion, allowing the polymerase to transcribe the
DNA more easily. Instead, these observations ar-
gue for an additional level of specifity in the mech-
anism underlying the changes observed in expres-
sion levels of specific genes. In this regard, it is
interesting to note that the fraction of genes whose
expression is modified by hyperacetylation (~2%)
approximates the fraction of histones whose acetyl
groups turnover rapidly (2%) (46). From these
two observations, one would predict that a small
subset of nucleosomes contains histones that are
highly sensitive to hyperacetylation, a prediction
that was recently confirmed experimentally (4).
Such hypersensitivity to hyperacetylation could be
conferred to a nucleosome by its location in a nu-
clear compartment where acetylases or deacety-

lases are highly active or concentrated, or, alterna-
tively, through the direct or indirect interaction of
an acetylase or a deacetylase with a specific DNA
binding factor. We cannot rule out at this point
that the changes in expression levels for some
genes are secondary (i.e., not immediately depen-
dent on histone hyperacetylation per se but rather
dependent on the primary activation of another
gene). However, our time course analysis of gene
expression indicates that the expression levels of
all genes appear to change with the same kinetics
(see Fig. 4), in close parallel with the changes in
histone acetylation levels. Finally, the distinct re-
sponses of individual genes to hyperacetylation in
terms of gene expression (i.e., stimulation, inhibi-
tion, or no change in gene expression) indicate
that no general mechanism can explain the role of
acetylation in gene expression and that the local
chromatin environment (as shown for nuc-1 in the
case of HIV-1) probably plays a critical role in the
effect of the drugs. The crucial role of the local
environment probably explains some of the appar-
ently contradictory resuits that have been recently
discussed in the litterature with respect to the role
of acetylation in gene transcription (12,31).
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