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ABSTRACT Retroviral and adeno-associated viral se-
quences can dramatically silence transgene expression in
mice. We now report that this repression also occurs in stably
infected HeLa cells when the cells are grown without selection.
Expression of a transduced lacZ gene (rAAV/CMViacZ) is
silenced in greater than 90% of cells after 60 days in culture.
Surprisingly, high-level expression can be reactivated by
treating the cells with sodium butyrate or trichostatin A but
not with 5-azacytidine. When cell clones with integrated copies
of rAAV/CMVlacZ were isolated, lacZ expression was silenced
in 80% of the clones; however, lacZ expression was reactivated
in all of the silenced clones by treatment with butyrate or
trichostatin A. The two drugs also reactivated a silenced
globin gene construct (rAAV/HS2aB253%) in stably infected
K562 cells. Trichostatin A is a specific inhibitor of histone
deacetylase; therefore, we propose that hyperacetylation of
histones after drug treatment changes the structure of chro-
matin on integrated viral sequences and relieves repression of
transduced genes. The reactivation of silenced, transduced
genes has implications for gene therapy. Efficient viral gene
transfer followed by drug treatment to relieve suppression
may provide a powerful combination for treatment of various
genetic and infectious diseases.

Retroviral and adeno-associated viral (AAV) vectors are two
widely used viral systems for stably transferring genes into
mammalian cells. Although the transfer of genes is generally
efficient with these vectors, high-level, long-term expression in
primary cells has been problematic. Palmer et al. (1) demon-
strated efficient transfer of genes into primary skin fibroblasts
with retroviral vectors, but expression was gradually sup-
pressed over a period of 1 month, and a number of groups have
observed inactivation of transferred B-globin genes after trans-
duced bone marrow cells are transplanted into mice (Michel
Sadelain, personal communication). These results are similar
to the inhibition of retroviral expression observed by Jaenisch
and colleagues after infection of preimplantation mouse em-
bryos (2, 3). We recently demonstrated that retroviral long
terminal repeat (LTR) sequences completely suppress 3-glo-
bin gene expression in transgenic mice even in the presence of
locus control region DNase I hypersensitive site 2 (HS2)
sequences that normally direct high-level, position-indepen-
dent expression (4). Severe inhibition is also observed when
LTR HS3 B constructs are tested in transgenic mice (James
Ellis, personal communication). To localize sequences respon-
sible for suppression, we inserted five separate subfragments of
the retroviral LTR upstream of HS2B and tested these con-
structs for expression in mice. Surprisingly, four of the five
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fragments inhibited expression of the transgene (unpublished
work); the only LTR sequence that did not inhibit expression
was a fragment containing the retroviral enhancer and pro-
moter.

We recently tested AAV inverted terminal repeat (ITR)
sequences in the assay described above and demonstrated that
AAYV ITRs also severely inhibit B-globin gene expression in
transgenic mice, even in the presence of locus control region
sequences (unpublished work). These results suggest a general
host mechanism for silencing viral genes and cellular genes
inserted in viral vectors. Expression of genes stably transduced
with AAV vectors has been successful (5-7); however, in all of
these experiments, dominant marker genes were included in
the constructs, and stable transductants were isolated after
drug selection. In a more recent set of experiments in which no
drug selection was used, human bone marrow CD34* cells
were infected at high efficiency with recombinant AAV
(rAAV) containing CMV/lacZ, but no lacZ message could be
detected in burst-forming unit-erythroid colonies (8). Subse-
quently, Miller et al. (9) demonstrated y-globin gene expres-
sion in burst-forming unit-erythroid colonies after infection
with TAAV containing the human +y-globin gene without a
selectable marker; however, expression in this case may have
resulted from viral genomes that were not yet integrated into
the host genome (Arthur Nienhuis, personal communication).

As described below, we infected HeLa cells with recombi-
nant AAV containing a CMV/lacZ gene and found that the
number of blue cells observed after 5-bromo-4-chloro-3-
indolyl B-D-galactoside (X-Gal) staining decreased dramati-
cally over a period of 60 days. Interestingly, lacZ expression
could be efficiently reactivated by adenovirus infection (un-
published work). To determine whether drug treatment could
mimic the effects of adenoviral infection, we tested a large
number of drugs for the ability to derepress transduced
sequences. Surprisingly, butyrate and trichostatin A but not
S5-azacytidine reactivated expression to high levels. Butyrate
and trichostatin A also reactivated a silenced globin gene
construct that was stably transduced into K562 cells.

MATERIALS AND METHODS

Construction of rAAV Vectors and Production of Recom-
binant Virions. The rAAV/CMVliacZ vector was constructed,
and the viral lysate was prepared and titered as described (10);
the titer was 1 X 108 per ml. The lysate was heated at 56°C for
15 min to inactivate wild-type adenovirus.

The anti-sickling gene AS3 is similar to the anti-sickling
gene AS2 described in ref. 11 but contains an additional
modification and has stronger anti-sickling effects (unpub-
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lished work). HS2«a84S3 contains a 1.5-kb Kpnl-BgllI HS2
fragment, a —335 a-globin gene promoter, and a 2.4-kb
Ncol-AvrIl B-globin gene fragment. HS2aB4S3 is subcloned
into the Sall site of the rAAV cloning vector pMAVS53
(unpublished work). The rAAV/HS2aBAS? vector was then
packaged in parallel with rAAV/CMVlacZ using the same
conditions.

HeLa Cell Infection and Drug Treatment. Cells (2 X 10°)
were infected with 10 wl of viral lysate. In the case of
hydroxyurea pretreatment, cells were incubated with 4 mM
hydroxyurea for 24 h before infection. At days 6, 10, 20, 30, 40,
50, and 60 after infection, 2 X 10° cells per well were plated into
12-well plates. After overnight culture, the medium was re-
placed with fresh medium (control) or with medium contain-
ing 3 uM 5-azacytidine, 50 mM sodium butyrate, or 3 uM
trichostatin A. After 24 h of treatment with these drugs, cells
were fixed and stained with X-Gal as described (12). Blue cells
were examined with an inverted microscope and counted.

Cloning, PCR Screening, and Southern Blot Analysis of
rAAV/CMVliacZ-Infected HeLa Cells. HeLa cells (1 X 10%)
pretreated with hydroxyurea were infected with 100 ul of
heat-inactivated viral lysate in a total volume of 250 ul of
medium for 24 h. After 21 days of culture, rAAV/CMVlacZ-
infected cells were cloned by limiting dilution. Single colony
clones were trypsinized and half of the cells from each clone
were transferred to 1 well of a 24-well plate; the other half of
the cells was placed into an Eppendorf tube for PCR analysis
of lacZ DNA. PCR positive clones were expanded to 100-mm
plates, and DNA was extracted for Southern blot hybridization
(12). Some of the cells were plated into 12-well plates for drug
treatment and X-Gal staining.

Cloning, Screening, and Southern Blot Analysis of rAAV/
HS2aBA53-Infected K562 Cells. Cells (5 X 10°) were infected
with 50 ul of heat-inactivated rAAV/HS2aB4S? lysate in a
total volume of 200 ul in a 96-well plate. After 24 h of infection,
cells were transferred to an Eppendorf tube, pelleted, washed
twice with fresh medium, plated, and grown for 30 days. Cells
were then cloned by limiting dilution as described above and
analyzed by PCR and Southern blot hybridization.

Reverse Transcription (RT)-PCR Analysis of rAAV/
HS2aB33-Transduced K562 Clones. Cells (7.5 X 10°) from
each clone were split into 3 wells of a 6-well plate. Medium
(2X) containing sodium butyrate or trichostatin A was added
at final concentrations of 50 mM and 3 uM, respectively.
Normal medium was added to the third well as a control. After
24 h, cells were collected by centrifugation, and total RNA was
extracted with RNA STAT60 (Tel-Test, Friendswood, TX).
Approximately 1 ug of total RNA of each sample was reverse
transcribed using the 1st Strand cDNA Synthesis Kit (Boehr-
inger Mannheim), and 2 ul (1/10 volume) of cDNA was used
for PCR. A 25-cycle PCR (92°C for 30 s and 68°C for 90 s) was
used to achieve linear amplification, and 0.5 ul of [a-32P]dCTP
(3,000 Ci/mmol; 1 Ci = 37 GBq; NEN) was included in each
reaction. Three primers were used together to amplify both
endogenous a-globin ¢cDNA and 8”53 ¢cDNA. The forward
primer (5'-ACT CTT CTG GTC CCC ACA GA-3’) from the
a-globin 5’ untranslated region was common to both endog-
enous a-globin mRNA and a8AS? mRNA. One reverse primer
(5'-GTT GGG CAT GTC GTC CAC GT-3') was specific for
endogenous a-globin exon 2, and the other reverse primer
(5'-TCA CTA AAG GCA CCG AGC AC-3') was specific for
aB?S? exon 2. PCR products (5 pl) were mixed with 20 ul of
formamide loading dye, denatured at 70°C, and electropho-
resed on 5% denaturing polyacrylamide gels. The intensity of
PCR bands was quantitated on a PhosphorImager (Molecular
Dynamics). The level of butyrate and trichostatin A induction
of aAS3 was calculated by the following formula: [counts per
minute of aBAS3 from butyrate or trichostatin A samples/
counts per minute of « from butyrate or trichostatin A
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samples]/[counts per minute of af*S? from control samples/
counts per minute of « from control samples].

RESULTS

Treatment with Butyrate and Trichostatin A Reactivates
lacZ Gene Expression. Russell et al. (13) recently demon-
strated that treatment of cells with hydroxyurea before AAV
infection significantly increased viral integration efficiency;
therefore, we treated HeLa cells with 4 mM hydroxyurea for
24 h before infection with tTAAV/CMViacZ. After infection at
a multiplicity of infection (moi) of 5, the cells were plated and
examined for lacZ expression at 6, 10, 20, 30, 40, 50, and 60
days after infection. Interestingly, the number of lacZ-
expressing cells decreased progressively with time until few
cells expressed the transduced gene at 60 days (Table 1). The
same silencing of lacZ expression was observed with cells that
were not pretreated with hydroxyurea (Table 2). In an attempt
to reactivate lacZ expression, we treated the cells with 5-aza-
cytidine, which has been used to reactivate endogenous genes
whose promoters or enhancers are methylated (14-16). Inter-
estingly, 5-azacytidine did not reactivate lacZ expression (Ta-
bles 1 and 2) even when a broad range of concentrations were
tested (data not shown). In contrast, treatment with sodium
butyrate dramatically reactivated lacZ expression. Even after
60 days, when lacZ expression was silenced in 99% of the cells,
sodium butyrate treatment reactivated expression to high
levels. Sodium butyrate inhibits histone deacetylases but also
has a number of other activities (17). To determine whether
the inhibition of histone deacetylation was the major cause of
lacZ reactivation, cells were treated with trichostatin A, which
is a specific inhibitor of histone deacetylase (18). The data in
Table 1 and 2, and Fig. 2 demonstrate that trichostatin A also
induces lacZ expression to high levels. These results suggest
that histone deacetylation is integrally involved in the silencing
of transduced genes in this system and that inhibition of
histone deacetylases is a powerful method for reactivating gene
expression.

All Silenced Vector Integration Sites Are Responsive to
Butyrate and Trichostatin A Treatments. Wild-type AAV can
integrate at a specific site on chromosome 19 (19, 20); however,
recombinant AAV vectors that do not contain the rep gene
normally intergate at random sites in the host genome (6). To
determine the percentage of rAAV/CMViacZ integration
sites that are responsive to butyrate or trichostatin A treat-
ment, HeLa cells were infected with rAAV/CMViacZ (moi =
1,000) and cloned by limiting dilution. Stably transduced cells
were identified by PCR and confirmed by Southern blot
hybridization. Twenty-five clones were analyzed, and the

Table 1. Reactivation of lacZ gene expression in rAAV/CMViacZ
infected HeLa cells by treatment with sodium butyrate
or trichostatin A

Day Control 5-Azacytidine Butyrate Trichostatin A

6 447 375 994 1,341
10 136 111 893 1,168
20 130 136 1,112 1,428
30 37 50 795 1,001
40 34 26 835 1,115
50 15 19 771 1,076
60 23 24 934 1,138

HelLa cells were treated for 24 h with 4 mM hydroxyurea, washed,
and then infected for 24 h with rAAV/CMVlacZ at an moi of 5. After
infection, cells were washed three times with PBS and cultured for the
days indicated. At the days shown in the table, cells were trypsinized
and plated in 12-well plates. After overnight culture, cells were treated
with various drugs for 24 h and then stained with X-Gal. The numbers
shown in the table represent the average number of blue cells in each
well that were treated with (i) no drug (control), (ii) 3 uM 5-azacy-
tidine, (iii) 50 mM sodium butyrate, or (iv) 3 uM trichostatin A.



5800 Medical Sciences: Chen et al.

Table 2. Reactivation of lacZ gene expression in non-pretreated
rAAV/CMViacZ infected HeLa cells after posttreatment of cells
with sodium butyrate or trichostatin A

Day Control 5-Azacytidine Butyrate Trichostatin A

6 40 26 264 281
10 13 18 258 304
20 5 8 185 250
30 6 3 132 248
40 3 2 132 174
50 1 1 123 178
60 1 1 131 220

HeLa cells without hydroxyurea pretreatment were infected over-
night with rAAV/CMVlacZ at an moi of 5 and treated in the same way
as described in the legend of Table 1.

Southern blot data on five representative clones are illustrated
in Fig. 1. Fig. 1 4 and B depict the results observed with Scal
and Xbal digestion, respectively. Scal does not cut in rAAV/
CMVlacZ; therefore, if the construct is integrated into the
HeLa cell genome, a DNA fragment that is larger than unit
length (5.0 kb) should hybridize with the lacZ probe. Fig. 14
demonstrates that all five clones contain copies of TAAV/
CMViacZ in large Scal fragments (greater than 20 kb). Xbal
cuts rAAV/CMVlacZ once; therefore, digestion with this
enzyme and hybridization with the lacZ probe should produce
a junction fragment that is different for each integration site.
A unit length fragment would be produced if head-to-tail
copies are present. Fig. 1B demonstrates that all five clones
contain different rAAV/CMVlacZ junction fragments and
that clones 141 and 162 also contain unit length fragments that
hybridize with the probe. These results strongly suggest that
the clones contain stably integrated copies of rAAV/
CMVlacZ.

Cells from each clone were assayed for lacZ expression with
or without treatment with 5-azacytidine, sodium butyrate, and
trichostatin A (Fig. 2). Few cells in four of the five untreated
controls expressed lacZ; however, both sodium butyrate and
trichostatin A dramatically activated lacZ expression. These
results are representative of the results obtained with all 25
clones analyzed. As indicated above, trichostatin A is a specific
inhibitor of histone deacetylase; therefore, the hyperacetyla-
tion of histones that occurs in the presence of this drug appears
to be responsible for lacZ reactivation. Interestingly, one of the
5 clones illustrated in Fig. 2 and 5 of the 25 clones overall (data
not shown) contained a constitutively active lacZ gene. These
results suggest that 20% of the AAV integration sites is not
silenced in HeLa cells.

Reactivation of Gene Expression by Histone Deacetylase
Inhibitors Is Not Promoter- or Cell-Type-Specific. To deter-
mine whether reactivation of silenced, virally transduced genes
by butyrate and trichostatin A is applicable to other promoters
and cell types, a human B-globin gene vector was constructed.
This vector contains the human B-globin locus control region
HS2 sequence linked to a human a-globin promoter driving an
anti-sickling B-globin gene. The human S-globin HS2 sequence
was shown previously to direct high-level, erythroid-specific
expression of a- and B-globin genes in transgenic mice (21-26)
and in cultured erythroid cells (24, 27-29). The human «-glo-
bin promoter was chosen because this promoter is less sus-
ceptible than the B-globin promoter to silencing induced by
plasmid sequences (ref. 30; T. M. R. Ryan and T.M.T., un-
published work), retroviral LTR sequences, and AAV ITR
sequences (ref. 4; unpublished work). The a-globin promoter
has been used successfully by other investigators in AAV
vectors (7). Fig. 3C illustrates the rAAV/HS2aBAS3 construct.
Human erythroleukemia cells (K562) were infected with the
virus, and 14 clones of stably transduced cells were obtained by
limiting dilution and PCR analysis. Southern blots of six
representative clones are illustrated in Fig. 3 4 and B. Diges-
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Fic. 1. Southern blot analysis of HeLa cell clones after rAAV/
CMVlacZ infection. HeLa cells were infected with rAAV/CMVliacZ,
grown for 3 weeks, and then plated at limiting dilution. Individual cells
were expanded for 4 weeks, and DNA was extracted for analysis.
Genomic DNA from uninfected HeLa cells was used as negative
control, and a 5.0-kb fragment from the rAAV/CMViacZ vector was
spiked into HeLa cell DNA for a positive control. A 3.0-kb lacZ DNA
fragment was used as the probe. (4) Genomic DNAs were digested
with Scal, which does not cut rAAV/CMVliacZ. (B) Genomic DNAs
were digested with Xbal, which cuts once inside the vector as shown
in C. (C) Map of the rAAV/CMVlacZ virus.

tion of genomic DNA with Scal, which does not cut rAAV/
HS2aB453, demonstrated that the viral sequences were incor-
porated into high molecular weight DNA (greater than 25 kb)
and, therefore, were not present as episomal vectors (Fig. 34).
Digestion with EcoRI, which cuts only once in rAAV/
HS2ap433, demonstrated single junction fragments indicative
of single copy, random integrants (Fig. 3B). Head-to-tail
tandem arrays would produce a unit length band of 4.5 kb, but
this band was not observed. Thirteen of the 14 clones analyzed
contained an intact copy of the transduced construct.

These 13 clones were tested for afAS? expression by RT-
PCR as described in Materials and Methods. The endogenous
human o-globin gene was chosen as an internal control
because previous studies demonstrated that synthesis of the
adult globins in K562 cells is not significantly induced or
suppressed by butyrate treatment (31-33). Fig. 4 illustrates
RT-PCR analysis of the same six clones that were analyzed in
Fig. 3. In three of the clones, expression of aBfAS? was dra-
matically induced by butyrate and trichostatin A. The level of
butyrate induction was 8.1-fold for clone 237, 33-fold for clone
396, and 9-fold for clone 658. The level of trichostatin A
induction was 10.2-fold for clone 237, 19-fold for clone 396,
and 14-fold for clone 658. Overall, aB”S3 expression was
inducible in 6 of the 13 clones, and the average level of
induction was 10.6-fold and 9.0-fold for butyrate and tricho-
statin A, respectively. aBAS3 expression in the other seven
clones was constitutive, and three of these clones (260, 354, and
394) are illustrated in Fig. 4.

DISCUSSION

The results described above demonstrate that expression of
virally transduced genes is silenced in 80% of rAAV/
CMVlacZ-transduced HeLa cell clones and approximately
50% of rAAV /HS2aAS3-transduced K562 clones that contain
stably integrated copies of the transgenes. Surprisingly, treat-
ment of the cells with sodium butyrate or trichostatin A
dramatically reactivates expression of silenced constructs. The
specificity of trichostatin A, an inhibitor of histone deacety-
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FiG. 2. X-Gal staining of five representative HeLa cell clones containing integrated rAAV/CMVlacZ. Cells from each clone were assayed for
lacZ expression with or without treatment with 5-azacytidine, sodium butyrate, and trichostatin A. Few cells in four of the five untreated controls
expressed lacZ; however, both sodium butyrate and trichostatin A dramatically activated lacZ expression. These results are representative of the
results obtained with all 25 clones analyzed. One of the 5 clones (clone 64) and 5 of 25 clones overall (data not shown) contained a constitutively

active lacZ gene.

lase, strongly suggests that hypoacetylation of histones is
integrally involved in the silencing of virally transduced genes.

Our initial screen for drugs that would reactivate expression
of rAAV/CMVlacZ included the DNA demethylation agent
5-azacytidine; the ribonucleoside diphosphate reductase in-
hibitor hydroxyurea; DNA polymerase inhibitor aphidicolin;
RNA polymerase inhibitor actinomycin D; protein synthesis
inhibitor cycloheximide; topoisomerase I inhibitor camptoth-
ecin; topoisomerase II inhibitors novobiocin, etoposide, and
amsacrine; and sodium butyrate. Only sodium butyrate res-
cued TAAV/CMViacZ expression. Sodium butyrate reacti-
vated lacZ expression at concentrations as low as 0.5 mM;
however, maximal reactivation was observed at 50 mM.

Sodium butyrate induces a number of cellular and metabolic
changes in mammalian cells and activates the expression of
several endogenous genes by mechanisms that are not clearly
understood (17). Recently, butyrate and its metabolic deriv-
atives phenylbutyrate and phenylacetate have been used in
clinical trials to increase fetal hemoglobin (HbF) expression in
patients with thalassemia or sickle cell disease (34-38), and the
short chain fatty acid propionic acid has also been reported to
stimulate fetal globin gene expression (39). When phenylbu-
tyrate, phenylacetate, and propionate were tested for reacti-
vation of rAAV/CMVliacZ expression in HeLa cells, phenyl-
butyrate and propionate induced lacZ expression, although
less effectively than butyrate, but phenylacetate had no effect
(data not shown). These results suggest that the mechanism for
reactivation of viral transgenes may be different from the
activation of some endogenous genes.

Histone hyperacetylation is one of many cellular changes
induced by butyrate (17, 40). To determine whether histone
acetylation was specifically involved in reactivation of rAAV/

CMVlacZ expression, we tested the potent histone deacetylase
inhibitor trichostatin A (18). Our results demonstrate that
trichostatin A is a powerful inducer of rAAV/CMVliacZ
expression and, therefore, suggest that reactivation of the viral
transgene is most likely due to hyperacetylation of histones.
The drug activates expression at concentrations as low as 30
nM, and maximal effects are observed at 3 uM. This concen-
tration of trichostatin A (3 uM) is more than 10,000 times
lower than the concentration of butyrate (50 mM) required to
induce an equivalent effect.

To determine whether the effects of butyrate and trichos-
tatin A were specific for the cytomegalovirus (CMV) promoter
and/or for HeLa cells, we stably transduced human erythro-
leukemia cells (K562) with a human globin gene construct
(rAAV/HS2aB433). a3 expression was severely suppressed
in half of the K562 clones examined. All of the silenced clones
were reactivated by butyrate and trichostatin A. These results
suggest that histone deacetylases may bind directly or indi-
rectly to viral sequences and inhibit globin gene expression.
Host sequences that flank the integrated, recombinant virus
must influence deacetylase binding because transduced genes
are constitutively active in some clones. Also, the human
a-globin gene promoter appears to be less susceptible to
ITR-induced suppression than the CMV promoter. This result
is consistent with our unpublished observation that rAAV/
HS2aBAS3 transgenes containing the a-globin promoter are
expressed at higher levels than rAAV/HS2B4S3 transgenes
containing the B-globin promoter in mice.

Histone acetylation and deacetylation have been implicated
in the regulation of gene expression in many systems. In
Drosophila, histone deacetylation is involved in the establish-
ment of heterochromatin, and histone acetylation is involved
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FiG. 3. Southern blot analysis of rAAV/HS2apAS3-transduced
K562 cell clones. Cells were infected, grown for 30 days, and plated at
limiting dilution. Individual cells were expanded for 4 weeks, and DNA
was extracted and analyzed as described for HeLa cell clones, except
that genomic DNA from uninfected K562 cells was used as a negative
control and a 4.5-kb fragment of the rAAV/HS2apAS? vector was
spiked into K562 cell DNA for a positive control. A 790-bp Hinfl-Hintl
fragment of the B-globin gene /152 was used as a probe. (4) Genomic
DNAs were digested with Scal, which does not cut in rAAV/
HS2apAS3, Hybridization of the probe to high molecular weight bands
(greater than 25 kb) demonstrate that viral sequences are not present
as episomal vectors. (B) Genomic DNAs were digested with EcoRI,
which cuts once in the B-globin gene. The single junction fragments
that hybridize to the probe demonstrate that all six clones contain
single copy integrants of the transduced gene. The endogenous
B-globin gene fragment (5.5 kb) ran slightly faster than expected in this
gel. (C) Map of rAAV/HS2apAS3.

in male X chromosome hyperactive transcription (41). In yeast,
the acetylation of histone H3 and H4 N termini is inhibited by
SIR3 and SIR4 proteins that promote heterochromatin for-
mation at telomeres and centromeres and contribute to silenc-
ing at the mating type locus (42). In Xenopus, histone hyper-
acetylation plays a positive role in transcription factor access
to nucleosomal DNA and influences both gene expression and
development (43, 44). Recently, Brownell et al. (45) cloned the
tetrahymena histone acetyltransferase A gene and demon-
strated that this gene encodes a protein strikingly homologous
to yeast GenSp, which is a transcriptional transactivator. This
result strongly suggests that acetyltransferases can be directly
involved in gene activation. More recently, Taunton et al. (46)
cloned the first human histone deacetylase gene and demon-
strated that this gene encodes a protein strikingly homologous
to the yeast transcriptional repressor Rpd3p. Interestingly,
Taunton et al. (46) used a trichostatin A analogue to purify the
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F1G. 5. Model for silencing and reactivation of recombinant viral
genes. A host protein or protein complex binds to viral sequences
(AAV ITRs or retroviral LTRs) and recruits a histone deacetylase to
the site through protein—protein interactions. The enzyme deacety-
lates histone H3 and H4 N-terminal tails, and the resulting change in
chromatin structure inhibits expression from adjacent promoters.
Treatment with trichostatin A specifically inhibits histone deacety-
lases. Subsequent acetylation of histones produces a chromatin struc-
ture that allows transcription factors to bind to nearby promoters and
activate gene expression.

deacetylase by affinity chromatography. Homology between
this human histone deacetylase and Rpd3p strongly suggests
that histone deacetylation can be directly involved in gene
silencing in mammalian cells.

Although the mechanisms responsible for modification of
histones at specific chromosomal sites are unknown, some
insights can be gained from the activities of Gen5p and Rpd3p.
Neither of these transcription factors bind DNA, but they are
part of protein complexes that bind to specific DNA sequences.
Presumably, once the complex is bound to specific target sites,
Gen5p and Rpd3p enzymatically modify nearby histones. The
resulting local changes in nucleosome structure may either
enhance or silence gene expression (47, 48). This is further
supported by recent discoveries that GenSp can acetylate
histone H3 and H4 at specific lysines (49), and many important
transcriptional factors, P/CAF (48), CBP (50), and TAF250
(51), have intrinsic histone acetyltransferase activity.

Fig. 5 illustrates a model for silencing virally transduced
genes. A host protein or protein complex binds to viral
sequences (AAV ITRs or retroviral LTRs) and recruits a
histone deacetylase to the site through protein—protein inter-
actions. The enzyme deacetylates histone H3 and H4 N-

Inducible Constitutive
CL 237 CL 396 CL 658 CL 260 CL 354 CL 394
M P MR E MO F T

&P Y’
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FiG. 4. RT-PCR analysis of six representative K562 clones containing integrated rAAV/HS2aBAS3. K562 cell clones were treated with sodium
butyrate (BU) or trichostatin A (TSA) for 24 h; untreated cells were included as controls (CTL). Total RNA was extracted with RNA STAT60.
RT-PCR of endogenous a-globin mRNA served as an internal control. A dramatic induction of a4S3 gene expression was observed in half of the
clones. The level of butyrate induction was 8.1-fold for clone 237, 33-fold for clone 396, and 9-fold for clone 658. The level of trichostatin A induction
was 10.2-fold for clone 237, 19-fold for clone 396, and 14-fold for clone 658. Overall, B4S3 expression was inducible in 6 of the 13 clones, and the
average level of induction was 10.6-fold and 9.0-fold for butyrate and trichostatin A, respectively. Expression of «3453 in the other half of the samples
was constitutive as illustrated by clones 260, 354, and 394.
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terminal tails in the region, and the resulting change in
chromatin structure inhibits adjacent promoters. Treatment
with trichostatin A specifically inhibits the deacetylase. Sub-
sequent acetylation of histones produces a chromatin structure
that allows transcription factors to bind to nearby promoters
and activate gene expression.

In summary, expression of AAV transduced CMViacZ
genes is silenced in 80% of HeLa cell clones and HS2aBAS3 is
suppressed in 50% of K562 cell clones containing intact,
integrated copies of the recombinant viral vector. Treatment
of the cells with butyrate or trichostatin A dramatically
reactivates transgene expression. Trichostatin A is a specific
inhibitor of histone deacetylase; therefore, hyperacetylation of
histones appears to be integrally involved in reactivating virally
transduced genes. The reactivation of silenced, virally trans-
duced genes has implications for gene therapy. Efficient viral
gene transfer followed by drug treatment to relieve suppres-
sion may provide a powerful combination for treatment of
various genetic and infectious diseases.
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