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Virally transduced genes are often silenced after integration into
the host genome. Chromatin immunoprecipitation and nuclease
sensitivity experiments now demonstrate that silencing of the
transgene is characterized by deacetylation of histone H4 lysines
and chromatin condensation. Trichostatin A treatment results in
dramatic reactivation of gene expression that is preceded by
histone acetylation and chromatin decondensation. Analysis of
individual histone H4 lysines demonstrate that chromatin domain
opening is coincident with rapid acetylation of histone H4 K5, K12,
and K16 and that maintenance of the open domain is correlated
with acetylation of histone H4 K8. Removal of trichostatin A results
in rapid deacetylation of histone H4 K8, chromatin condensation,
and transcription silencing. The results suggest that deacetylation
of histone H4 lysines and coincident chromatin condensation are
critically involved in the silencing of virally transduced genes.

ranscriptional silencing of many virally transduced genes has

been reported but the mechanism of silencing remains
unclear (1). We previously demonstrated that expression of
genes stably transduced into human epithelial (HeLa) and
hematopoietic (K562) cell lines by recombinant adeno-
associated viral (AAV) vectors was suppressed after a few weeks
in culture and that treatment with the specific histone deacety-
lase inhibitor trichostatin A (TSA) (2) dramatically relieved this
repression (3). Reactivation by TSA was observed for the
cytomegalovirus (CMV) immediate early promoter in HelLa
cells and the human a-globin gene promoter in K562 cells. We
proposed a mechanism for silencing that involved the recruit-
ment of a histone deacetylase complex (HDAC) to the inte-
grated viral transgene. In this model, HDAC deacetylated
histones, condensed chromatin, and suppressed transcription.
Treatment with TSA inhibited HDAC, opened the transgene
chromatin domain, and stimulated transcription. Although this
model was consistent with the data, deacetylation of histones and
alteration of chromatin at the transgene locus was not demon-
strated. In fact, data demonstrating a correlation between his-
tone acetylation and chromatin structural alterations at individ-
ual vertebrate loci has only recently been reported (4, 5), and
correlations between acetylation of specific histone lysine resi-
dues and chromatin conformational changes at individual chro-
mosomal loci in mammalian cells has not been demonstrated. In
this paper, we demonstrate that silencing of a single, integrated
copy of a virally transduced gene is strongly correlated with
deacetylation of specific histone H4 lysines and condensation of
transgene chromatin. Our results also demonstrate that reacti-
vation of a virally transduced gene after TSA treatment is
preceded by acetylation of specific lysine residues in histones at
the transgene locus and by decondensation of transgene chro-
matin.

Materials and Methods

Cell Culture, Drug Treatment, and LacZ Analysis. The procedures for
culturing rAAV/CMVlacZ transduced HeLa cells, drug treat-
ment, and 5-bromo-4-chloro-3-indolyl B-D-galactoside (X-Gal)
staining had been described (3).

Nuclease Sensitivity Assays. DNasel sensitivity assays were per-
formed as described (6, 7). Endonuclease Clal sensitivity assays
were performed as described (8).

Nuclear Run-On Assay. Run-on transcription was performed by
standard procedures (9, 10). One hundred and fifty microliters
containing 1.5 X 107 nuclei were used for run-on transcription.
Two million cpm of RNA probe was hybridized with DNA slot
blots. Each slot contained 5 pg of denatured lacZ DNA, B-globin
cDNA, or APRT DNA.

Total Histone Analysis. Histone analysis was performed as de-
scribed (11, 12).

Quantitative Chromatin Immunoprecipitation (CHIP)-PCR Assay. CHIP-
PCR was performed by modification of previously described
procedures (13-15). HeLa cells were fixed, lysed, and soni-
cated as described (13). Sonicated chromatin fragments were
aliquoted and stored at —135°C until analysis. Ten microliters
of chromatin solution (equivalent to 5 X 10* cells) was diluted
with IP buffer (1% Triton X-100/2 mM EDTA/150 mM
NaCl/20 mM Tris-HCI, pH 8.1) and was incubated at 4°C
overnight with 1 ul of histone H4 specific antibody in a total
volume of 100 ul. The antibody to tetraacetylaed H4 was
purchased from Upstate Biotechnology (Lake Placid, NY),
and antibodies to individual acetylated lysine residues were
purchased from Serotec. The immunocomplex was precipi-
tated by incubation at 4°C for 2 hours with 30 ul of 50% protein
A-agarose bead slurry (Upstate Biotechnology) that was pre-
saturated with sonicated, denatured herring sperm DNA
(Boehringer Mannheim). DNA was recovered from beads as
described (13) with ethanol, was precipitated with 20 ug/ml of
glycogen as carrier, and was resuspended in 20 ul of TE buffer
(10 mM Tris/1 mM EDTA, pH 8.0). Two microliters of each
sample was used for PCR amplification. For input controls, 10
wl of chromatin solution was diluted in IP buffer to 200 ul, was
digested with proteinase K, and was heated at 65°C for 5 hours.
DNA was then purified as described for the IP samples above.
Primer sets in the coding regions of lacZ, B-globin, and APRT
or glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
were included in the same PCR reaction to simultaneously
amplify DNA fragments of 196 bp for APRT or 198 bp for
GAPDH, 236 bp for lacZ, and 344 bp for B-globin. One-tenth
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Fig.1. Trichostatin activation and reactivation of viral transgene expression.
Silenced, rAAV/CMVlacZ stably transduced Hela cells (CTL) were treated with
3 uM TSA for 24 hours (d1). After treatment, cells were washed thoroughly
and were cultured for 2 weeks. Cells were stained with 5-bromo-4-chloro-3-
indolyl B-p-galactoside at indicated days after TSA removal (d2 to d15).
Expression of LacZ gradually decreased and completely disappeared after 2
weeks. LacZ expression was dramatically reactivated in cells that were treated
again for 24 hours with 3 uM TSA (2-d1).

of a microliter of 32P-dCTP [3,000 Ci/mmol (1 Ci = 37 GBq)]
(NEN) was included in each PCR reaction. Ten microliters of
each PCR product was separated on a 5% nondenaturing
polyacrylamide gel, and bands were quantitated by phospho-
rimager analysis. With these assay conditions, the yield of PCR
products depended on the amount of input chromatin.

Results

TSA Induces Chromatin Domain Opening That Precedes Transduced
Gene Transcription. We previously demonstrated that silenced,
virally transduced genes are dramatically reactivated when cells are
treated for 24 hours with the histone deacetylase inhibitor tricho-
statin A (TSA) (3). The first two panels of Fig. 1 illustrate this effect.
This clonal population of cells contains a single integrated copy of
rAAV/CMVlacZ, and full activation of the transduced gene is
achieved within 24 hours of treatment. To determine whether
silencing would be reestablished after removal of the drug, cells
were washed and assayed for transgene expression. 3-galactosidase
levels decreased steadily over a period of 2 weeks, and complete
silencing was reestablished by day 15 posttreatment (Fig. 1). Inter-
estingly, a second TSA treatment for 24 hours fully reactivated the
transduced gene (Fig. 1). However, silencing was again established
after 2 weeks when the drug was removed (data not shown). These
results suggest a stable mechanism for silencing virally transduced
genes and suggest that this mechanism involves histone deacetyla-
tion.

We previously proposed that silencing of virally transduced
genes results from chromatin condensation and that reactivation
requires the opening of a closed chromosomal domain. To
determine the chromatin structure of an integrated transgene,
we performed general DNasel sensitivity studies on the HeLa
cell clone illustrated in Fig. 1. The results are shown in Fig. 2 4,
B, and D. Before TSA treatment, the transgene was resistant to
DNasel digestion, indicating a condensed chromatin structure.
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Fig. 2. TSA induced chromatin domain opening precedes transgene tran-
scriptional activation. (A) DNasel sensitivity analysis of the lacZ transgene.
Hela cells were treated with 3 uM TSA for 0-24 hours asindicated. Nuclei were
collected and digested with 0-36 units/ml DNasel for 20 min at 37°C. Genomic
DNA was digested with Xbal and Xhol and was analyzed by Southern blot
hybridization with a lacZ probe. Xbal and Xhol digestion produced a 3.0-kb
lacZ fragment from the integrated virally transduced gene. After 2 hours of
treatment with the drug, the locus became sensitive to DNasel digestion and
remained sensitive for the entire 24-hour incubation. (B) Quantitation of
DNasel sensitivity at 0, 2, and 24 hours after TSA treatment. DNasel sensitivity
was calculated as follows: the intensity of bands at each DNasel concentration
was divided by the intensity of the control bands (zero DNasel). This value was
subtracted from 100% to yield % DNasel sensitivity. (C) Measurement of lacZ
transcription by nuclear run-on after TSA treatment. lacZ transcription was
first detected 4 hours after treatment; relatively high levels of transcription
were observed only after 6 hours. Globin gene transcription remained inactive
after TSA treatment, and the constitutively expressed APRT gene was only
slightly stimulated after 24 hours. (D) Comparison of DNasel sensitivity and
run-on transcription data of lacZ. Transcription was detected 2-4 hours after
the transgene domain became sensitive to DNasel digestion.

After 2 hours of treatment with the drug, the locus became
sensitive to DNasel digestion and remained sensitive for the
entire 24-hour incubation. The percentage DNasel sensitivity of
bands marked by the arrow at the bottom of Fig. 24 (next to the
last lane; 18 units/ml) were plotted in Fig. 2D. Digestion with this
concentration of DNasel (18 units/ml) was in the linear range,
as shown in Fig. 2B. These data demonstrate that inhibition of
deacetylase activity with TSA results in rapid conversion of the
transgene domain from a DNasel-insensitive to -sensitive struc-
ture.

To confirm the results of the DNasel sensitivity analysis, we
performed a restriction endonuclease (Clal) sensitivity assay to
measure chromatin structural changes. Purified nuclei were
incubated with Clal, and digestion was monitored by Southern
blot hybridization. If the Clal site is accessible to digestion, the
enzyme will cut once within the 3.0-kb lacZ gene and produce
a 2.2-kb subband, as shown in Fig. 34. The results of this
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Fig. 3. Endonuclease (Clal) sensitivity analysis of the transduced lacZ gene
and the endogenous APRT housekeeping gene. (A) Partial map of the lacZ
gene and endogenous APRT gene illustrating Clal sites. (B) Clal sensitivity
analysis. Nuclei were isolated from transduced Hela cells (5 X 10°) and were
treated with 100 units of Clal at 37°C for 30 min. Genomic DNA was then
isolated and co-digested with Eagl, Xbal, and Xhol for Southern blot analysis.
TSA treatment for 2 hours increased Clal sensitivity at the lacZ locus from 7.0%
to 11.5%; sensitivity increased to 18% at 24 hours of TSA treatment. The APRT
gene was highly sensitive (83%) to Clal digestion without TSA treatment and
remained highly sensitive throughout TSA treatment. (C) Comparison of Clal
sensitivity and transcription of the lacZ gene. Clal accessibility preceded
transcription by at least 4 hours. (D) Comparison of Clal sensitivity and tran-
scription of the APRT gene. Clal accessibility of the constitutively expressed
APRT gene was high before TSA treatment and remained high after 24 hours
of treatment.

experiment are illustrated in Fig. 3B and are quantitated in Fig.
3C. Accessibility of Clal to the lacZ gene increased from 7% at
time zero to 11.5% at 2 hours after TSA treatment and further
increased to 18% after 24 hours of treatment (Fig. 3C). Clal
accessibility at the constitutively active APRT locus was mea-
sured as an internal control. As expected, the APRT locus was
much more sensitive to Clal digestion (83%) than the lacZ locus
(7%) before TSA treatment (Fig. 3 C and D), and the APRT
locus remained highly sensitive to Clal digestion throughout the
24 hour TSA treatment. These results confirm the DNasel
sensitivity data described above and suggest that rapid and
sustained chromatin decondensation occurs at the lacZ locus
after TSA treatment.

To determine when transcription of the transduced gene
begins after treatment with the histone deacetylase inhibitor,
cells were treated with TSA for 2-24 hours, nuclei were isolated,
and run-on experiments were performed. As illustrated in Fig.
2C, lacZ transcription was first detected 4 hours after treatment,
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Fig. 4. TSA removal results in rapid chromatin condensation and transgene
silencing. (A) After 24-hour TSA treatment, cells were washed thoroughly and
cultured in normal medium. DNasel analysis of lacZ was performed at the
indicated time points after removing TSA. The virally transduced lacZ gene
became resistant to DNasel digestion within 4 hours after TSA removal. (B)
Measurement of transcription by nuclear run-on. Transcription of the lacz
gene is inhibited by 90% at 4 hours after TSA removal and completely
inhibited by 12 hours after removal. (C) Clal sensitivity assay of lacZ and APRT
after removing TSA. (D) Comparison of DNasel sensitivity and run-on tran-
scription data after TSA removal. These results suggest that chromatin con-
densation and transcriptional silencing occur rapidly at the rAAV/CMVlacZ
locus after TSA removal. (E) Comparison of Clal sensitivity and nuclear run-on
transcription data of lacZ gene. These data confirm the results of the DNasel
sensitivity experiments in D. (F) Comparison of Clal sensitivity and run-on
transcription data of the APRT gene. Chromatin accessibility is high (>50%)
for this constitutively active gene before and after TSA removal.

and relatively high levels of transcription were not observed until
6 hours. This was 2—4 hours after the transgene domain became
sensitive to DNasel or Clal digestion. Figs. 2D and 3C illustrate
the nuclease sensitivity results plotted with lacZ run-on tran-
scription data. These results demonstrate that chromosomal
domain opening precedes initiation of transcription and suggest
that chromatin reorganization is a prerequisite for transcrip-
tional activation.

Globin gene transcription was not observed after TSA treat-
ment (Fig. 2C) even though the gene became sensitive to DNasel
digestion (data not shown). The lack of globin gene expression
presumably results from the absence of erythroid transcription
factors such as GATAL (16, 17) and EKLF (18) in HeLa cells.
Transcription of the APRT gene increased only slightly after 24
hours of TSA treatment, compared with a dramatic increase for
lacZ (=70-fold).
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Fig. 5. Analysis of global histone acetylation after TSA treatment and
removal. After 0-24 hours of treatment with TSA, total histones were ex-
tracted and analyzed on an acid-urea gel. Histones were hyperacetylated after
2 hours of TSA treatment, and hyperacetyaltion peaked at 12-14 hours. Partial
deacetylation was observed after 20 and 24 hours of TSA treatment. Removal
of TSA (wash) resulted in rapid deacetylation of histones.

TSA Removal Results in Rapid Chromatin Condensation and Transgene
Silencing. When trichostatin A was removed from rAAV/
CMVlacZ-transduced cells, the lacZ chromosomal domain was
rapidly closed. Fig. 4 4, C, D, and E demonstrates that the lacZ
transgene rapidly becomes resistant to nuclease digestion within
4 hours after TSA removal. Nuclear run-on assays (Fig. 4 B, D,
and E) demonstrate that transcription of the lacZ gene is
inhibited by 90% at 4 hours and completely inhibited by 12 hours.
These results suggest that chromatin condensation and tran-
scriptional silencing occur rapidly at the rAAV/CMVlacZ locus
after TSA is removed. The data also suggest that persistence of
B-galactosidase for 2 weeks after removal of the drug (Fig. 1)
results from the relatively long half-life of lacZ mRNA and/or
protein and not from persistent transcription of the transduced
gene.

Histone Acetylation and Deacetylation Coincide with Alterations of
Chromatin Structure. Histone acetylation after TSA treatment was
examined directly by analyzing total histones on acid-urea gels.
Fig. 5 demonstrates that histones H2A, H2B, H3, and H4 are
rapidly acetylated after drug treatment, and the timing of
acetylation coincided with enhanced nuclease sensitivity of the
lacZ gene (Figs. 2 and 3). Interestingly, some deacetylation was
observed after 20 and 24 hours of TSA treatment. This result was
surprising because transcription of the lacZ gene continued to
increase at 20 and 24 hours (Fig. 2 C and D). As described in the
next section, this apparent lack of correlation between histone
acetylation and transcription can be explained by the dramatic
increase in acetylation of a specific histone H4 lysine at these
later timepoints.

When TSA was washed out of the cells, rapid deacetylation
occurred. One hour after TSA removal, the pattern of histone
acetylation was similar to that observed before TSA treatment.
This rapid deacetylation of histones, which is coincident with
rapid reestablishment of a condensed chromatin structure (Fig.
4 A and D), suggests a direct effect of histone deacetylation on
chromatin condensation and transgene silencing.

Acetylation and Deacetylation of Specific Histone H4 Lysines Are
Closely Correlated with Chromatin Opening and Closing at the Trans-
duced Gene Locus. Although global histone hyper- and hypoacety-
lation generally correlated with viral transgene reactivation and
silencing, respectively, the acetylation pattern of histones at the
transduced gene locus was analyzed to assess the role of acety-
lation on chromatin configuration and gene expression. We
examined the acetylation pattern of histone H4 lysines at the
lacZ locus by chromatin immunoprecipitation (CHIP) and PCR
(14). In brief, HeLa cells were treated with 3 uM TSA for 0-24
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hours, or the cells were treated with TSA for 24 hours, were
washed, and were incubated for 1-12 hours. After the indicated
treatment, cells were fixed by crosslinking with formaldehyde for
15 min at room temperature. Nuclei were isolated and lysed, and
chromatin was sonicated to generate fragments with an average
size of 500 base pairs. Chromatin fragments were then immu-
noprecipitated with polyclonal antibodies against hyperacety-
lated histone H4 or with polyclonal antibodies specific for
individual, acetylated lysine residues (K5, K8, K12, or K16) of
histone H4. After protein-DNA crosslinks in the immunopre-
cipitates were reversed, DNA was extracted and analyzed for
lacZ, B-globin, and APRT or GAPDH coding sequences by
multiplex PCR. The primer set for the lacZ gene spans the Clal
restriction site used in the chromatin structure analysis described
above.

As indicated in Fig. 6, immunoprecipitation with the antibody
against hyperacetylated histone H4 demonstrated rapid acety-
lation at the CMVlacZ locus. Within 2 hours of TSA treatment,
the level of acetylation increased three-fold (Fig. 8, published as
supplemental data on the PNAS web site, www.pnas.org), and
this increase was coincident with chromatin domain opening
(Figs. 2 and 3). However, the level of acetylation steadily
decreased after 4 hours and dropped near or below pretreatment
values at 24 hours. As mentioned above, these results were
surprising because nuclease sensitivity and run-on transcription
assays (Figs. 2 and 3) demonstrated that the CMVlacZ locus was
open and the gene was actively transcribed at 24 hours after TSA
treatment. Because the antibody used above recognizes histone
H4 that is acetylated at multiple lysine residues (19), we deter-
mined the level of acetylation of individual histone H4 lysines at
the CMVlacZ locus. When polyclonal antibodies specific for
acetylated histone H4 K5, K8, K12, or K16 were used for
chromatin immunoprecipitation, rapid acetylation of K5, K12,
and K16 was observed (Figs. 6 and 8). Acetylation of these
residues at 2 hours of treatment was coincident with deconden-
sation of CMVlacZ chromatin (Fig. 2). However, after 6 hours
of TSA treatment, the levels of acetylated K5 and K12 dropped
dramatically, and the level of acetylated K16 dropped precipi-
tously after 14 hours. At 24 hours of treatment, the levels of
acetylated K9S, K12, and K16 were near or below initial values.
Again, these results were unexpected because nuclease sensitiv-
ity assays demonstrated that the CMVlacZ locus was open at 24
hours after TSA treatment and nuclear run-on analysis demon-
strated that transcription of the CMVlacZ transgene was highest
at this time point. A potential answer to the lack of correlation
between acetylation and activation was revealed by analysis of
histone H4 K8. The level of acetylation of this residue was
dramatically increased at 20 and 24 hours after TSA treatment
(Figs. 6 and 8). This temporally specific pattern of lysine
acetylation suggests that modification of K5, K12, and K16 is
involved in the initiation of chromatin domain opening and that
acetylation of K8 plays a role in maintenance of the open
domain. Similar results were obtained when the CHIP assay was
repeated on lacZ, globin, and GAPDH genes, as shown in
supplemental Figs. 9 and 10.

Removal of TSA resulted in rapid deacetylation of histone H4
K8. One hour after washing TSA out of the cells, the level of K8
acetylation decreased two-fold. This decrease was coincident
with rapid chromatin condensation and transcriptional silencing
after TSA removal. These results suggest that a threshold level
of histone H4 K8 acetylation is required for maintenance of an
open chromatin domain and that deacetylation of K8 below this
critical level results in conversion to a closed chromatin domain
and subsequent transcriptional silencing.

Discussion

Fig. 7 is a summary of the results described above. Before
trichostatin A treatment, histone H4 proteins in nucleosomes at

Chen and Townes
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Acetylation of specific histone H4 lysine residues at the transduced gene locus by chromatin immunoprecipitation (CHIP)-PCR assay. Chromatin

immunoprecipitation and PCR analysis of the lacZ transgene, endogenous APRT, and B-globin genes after TSA treatment and removal. Polyclonal antibodies to
tetraacetylated histone H4 or to individual, acetylated histone H4 lysines were used.

the transduced gene locus were hypoacetylated, chromatin was
condensed, and transcription was off. Within 2 hours of treat-
ment with the histone deacetylase inhibitor, acetylation of
histone H4 lysines 5, 12, and 16 increased dramatically, and the
transgene chromatin domain was opened. Interestingly, tran-
scription of the transgene locus was not detected until 4—6 hours
after TSA treatment. These results strongly suggest that chro-
mosomal domain opening precedes transcriptional activation.
This separation of chromatin decondensation and transcrip-
tional activation is consistent with a critical regulatory role for
chromosomal structural changes induced by acetylation of his-
tones. At 8 hours of TSA treatment, the levels of acetylated K5
and K12 decreased significantly but the level of acetylated K16
continued to increase, with some fluctuation, until 12 hours of
treatment. Transcription of the transduced gene continued to
increase during this time. After 12 hours, K16 acetylation
decreased dramatically, and by 24 hours, the levels of acetylated
K5, K12, and K16 were near or below initial values. However, the
transduced gene locus remained open, and transgene transcrip-
tion was highest at this time point. Maintenance of the open
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domain and active transcription at 24 hours after TSA treatment
was strongly correlated with a dramatic increase in acetylation of
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Fig. 7. Summary of histone H4 acetylation, chromatin structure, and tran-
scription of the transduced gene.
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histone H4 K8 (Fig. 6). These data suggest that acetylation of
histone H4 K8 at the transduced gene locus is involved in the
maintenance of an open chromatin domain and active transcrip-
tion. When TSA was washed out of the cells, acetylation of
histone H4 K8 at the transgene locus decreased rapidly, chro-
matin was closed, and transcription was silenced. These results
suggest that deacetylation of histone H4 lysines and coincident
chromatin condensation are critically involved in the silencing of
virally transduced genes.

Threshold Levels of Histone Acetylation/Deacetylation. The chroma-
tin immunoprecipitation/PCR assays illustrated in Figs. 6 and 9
reveal strikingly similar acetylation patterns of histone H4 lysines
at the lacZ and APRT or GAPDH loci. These results suggest that
acetylation changes observed at the viral transgene locus are not
specific to this integration site. Removal of TSA resulted in a
two-fold decrease in acetylation of histone H4 K8, rapid chro-
matin condensation, and transcriptional silencing. Interestingly,
a two-fold decrease in histone H4 K8 acetylation at the APRT
or GAPDH locus after TSA removal did not result in silencing
(Figs. 4B and 6). However, the absolute levels of acetylation at
the APRT, GAPDH, and CMVlacZ loci are difficult to measure
and, therefore, cannot be compared directly. After TSA removal,
the number of acetylated histones at the APRT or GAPDH locus
may be above a threshold level required to maintain an open
domain, but the level of acetylated histones at the transduced
gene locus may be below this threshold. The crystal structure of
the nucleosome demonstrates that histone H4 tails protrude
from the nucleosome core and interact with H2A-H2B dimers in
adjacent nucleosomes (20). These interactions between nucleo-
somes may be critical for chromatin condensation. If so, the
recruitment of histone deacetylases to transduced gene loci may
mediate the closing of chromosomal domains by deacetylating
histone H3 and H4 tails and stimulating tight nucleosomal
interactions.

Molecular Mechanism for Silencing Virally Transduced Genes. In a
previous paper, we suggested that host proteins bind to viral
sequences and recruit histone deacetylases (HDAC) to the
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transduced gene locus. These enzymes deacetylate histone H3
and H4 tails and, therefore, stimulate chromatin condensation
and transcription silencing (3). When cells are treated with TSA,
deacetylases are inhibited, and histone acetyltransferases modify
histone H3 and H4 tails, resulting in chromatin decondensation
and subsequent transcriptional activation. Our current data
further support the proposed model by directly demonstrating
histone deacetylation and chromatin condensation at the trans-
duced gene locus. Furthermore, we directly demonstrate that
TSA treatment results in rapid histone acetylation and chroma-
tin decondensation at the transduced gene locus.

Although MeCP2 has recently been implicated in the recruit-
ment of HDAC to methylated DNA (5, 21, 22), this protein does
not appear to be involved in the silencing of the virally trans-
duced genes. Treatment of rAAV/CMVlacZ transduced cells
with 5-azacytidine for 48 hours at a variety of concentrations
failed to reactivate silenced, virally transduced genes (ref. 3; and
data not shown). In addition, J. Ellis (personal communication)
has demonstrated that retroviral LTR sequences, which com-
pletely silence transgene expression in mice (23-25), also sig-
nificantly reduce transgene expression in Drosophila in the
absence of DNA methylation.

The silencing of virally transduced genes is one of major blocks
to successful gene therapy (1). Our results strongly suggest that
histone deacetylation and chromatin condensation are the pre-
dominant mechanisms for suppression of these transgenes. The
recruitment of HDAC to viral loci may represent a normal,
first-line cellular defense to parasitism by foreign DNA. The viral
sequences responsible for suppression and the proteins that
presumably mediate the recruitment of HDAC to these loci
should be defined. Perhaps modified viral vectors that lack these
sequences can be developed. However, even if the relevant viral
sequences cannot be modified without inhibiting viral replication
or integration, a combination of gene therapy and drug therapy
may be effective.
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