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Integrated retroviral DNA is subject to epigenetic gene silencing, resulting in loss of expression of viral genes
as well as reporter or therapeutic genes transduced by retroviral vectors. Possible mediators of such silencing
include the histone deacetylase (HDAC) family of cellular proteins. We previously isolated HeLa cell popula-
tions that harbored silent avian sarcoma virus-based green fluorescent protein (GFP) vectors that could be
reactivated by treatment with HDAC inhibitors. Here, we developed a small interfering RNA (siRNA)-based
approach to identify specific host factors that participate in the maintenance of silencing. Knockdown of
HDAC1, the transcriptional repressor Daxx (a binding partner of HDAC1), or heterochromatin protein 1
gamma resulted in robust and specific GFP reporter gene reactivation. Analyses of cell clones and diverse GFP
vector constructs revealed that the roles of HDAC1 and Daxx in retroviral silencing are largely independent of
the integration site or the promoter controlling the silent GFP reporter gene. Previous findings from our
laboratory and those of others have suggested that Daxx and HDAC proteins may act broadly as part of an
antiviral response to repress viral gene transcription. Expression of presumptive viral “countermeasure”
proteins that are known to inhibit Daxx or HDACs (pp71, IE2, and Gam1) resulted in the reactivation of GFP
reporter gene expression. This study has identified individual host factors that maintain retroviral silencing
and supports the proposal that these factors participate in an antiviral response. Furthermore, our results
indicate that siRNAs can be used as specific reagents to interrupt the maintenance of epigenetic silencing.

Epigenetic silencing of integrated retroviral DNA results in
a transcriptionally dormant viral state that can be heritable
through many rounds of cell division. This process may repre-
sent an active cellular response to invading foreign DNA (41,
59). However, epigenetic silencing may also provide an advan-
tage to retroviruses by allowing some infected cells to escape
detection by the host, as they show no evidence of viral gene
expression (22, 33, 41, 47, 54). Silencing is observed for many
retroviral systems and, most notably, can contribute to postin-
tegration latency during human immunodeficiency virus (HIV)
infection.

Epigenetic silencing is commonly observed after the trans-
duction of therapeutic or reporter genes using retrovirus-based
vectors, and this event can occur at various frequencies (16, 17,
51, 52, 57). Several parameters may influence the incidence or
severity of retroviral silencing, including the differentiation
state of the host cell (16, 17, 52), the location of the retroviral
integration site in the host cell chromosomes (32), the compo-
sition of the retroviral reporter gene (12), host factor expres-
sion (20, 40), and repressive viral sequences (16, 17, 52, 56).
Biological properties of the native retroviruses from which the

retrovirus-based vectors are derived, as well as vector design,
may also affect the frequency of silencing.

The epigenetic processes that lead to retroviral silencing
overlap extensively with those that regulate gene expression
during embryonic development and cell differentiation (26). In
fact, it has been proposed that an epigenetic silencing system
initially evolved as a protective mechanism to silence transpos-
able elements (59). Epigenetic regulation is mediated mainly
by two interrelated chromatin-marking systems, DNA methyl-
ation and histone modification (26). Combinations of histone
modifications provide a “histone code” that imparts heritable
instructions for either sustained gene expression or gene si-
lencing (2, 3, 21, 30). These posttranslational modifications
include acetylation, methylation, phosphorylation, sumoyla-
tion, and ubiquitination, primarily targeting the N-terminal
histone tails. The families of chromatin-modifying enzymes
(and DNA methyltransferases) are the ultimate mediators of
epigenetic processes, and it is of significant interest to deter-
mine how these enzymatic activities are directed to specific
regions of chromatin. Once this marking occurs, the histone
modifications are “read,” leading to the recruitment of com-
plexes that either promote or repress gene expression; the
modifications also may affect chromatin structure and thereby
regulate accessibility by the transcriptional apparatus.

The enzymes that add histone modifications have been des-
ignated “writers,” while those that remove modifications are
termed “erasers” (48). The best characterized writer-eraser
pairs are members of the histone acetyltransferase (HAT) and
histone deacetylase (HDAC) families. HATs catalyze histone
tail acetylation, a posttranslational modification that is charac-
teristic of transcriptionally active regions of chromatin, while
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HDACs remove these modifications and are generally viewed
as transcriptional repressors. HATs and HDACs are typically
found within large protein coactivator and corepressor com-
plexes, respectively. Another well-characterized histone code
modification is histone 3 lysine 9 methylation (H3K9me). This
modification is written and erased by enzymes of the histone
methyltransferase and histone demethylase families, respec-
tively (50). Closed heterochromatin is generally characterized
by histone hypoacetylation and the H3K9me modification. The
H3K9 mark can recruit heterochromatin protein 1 (HP1),
which correlates with closed chromatin. However, the H3K9
and HP1 marks are not exclusive to transcriptionally silent chro-
matin but can serve as a platform for diverse processes (21).

Epigenetic silencing encompasses several steps: initiation,
maintenance, and reactivation. In the initiation step, the chro-
matin region must be targeted for modification, while for the
maintenance step the modification must be sustained, which
includes the transfer of these markings to newly assembled
chromatin during S-phase. If the maintenance step is inter-
rupted, reactivation can occur. For example, the activity of the
HDAC family members (classes 1 and 2) can be blocked by
chemical compounds, the HDAC inhibitors (HDIs) (6, 13).
Treatment of cells with HDIs results in widespread histone
acetylation and the activation of a small subset of genes, pre-
sumably corresponding to those for which silencing is main-
tained by HDAC complexes; however, HDI treatment can also
result in the repression of specific genes (6). Most HDIs pres-
ently in use show little specificity with respect to class 1 and
class 2 HDAC family members (6, 13). Nevertheless, some
HDIs have shown promise in cancer therapy and may act partly
through the reactivation of silent tumor suppressor genes (6,
36, 37). HDIs are also capable of reactivating silent HIV type
1 DNA and may be useful as part of a strategy to eliminate
cells that harbor latent proviruses (31, 58).

HeLa cells can support the early steps of infection of a
variety of retrovirus-based vectors derived from heterologous
host species. We have used pseudotyped avian sarcoma virus
(ASV)-based vectors that encode a green fluorescent protein
(GFP) reporter gene to monitor the early steps of infection in
human HeLa cells. As the cell-to-cell spread of this vector is
restricted in human cells (1), GFP expression is limited to the
initially infected cell. Using this system, we have found that
integrated GFP retroviral reporter genes, under the control of
several different promoters, are subject to high-frequency epi-
genetic repression and silencing (28). Furthermore, the re-
pressed and silent GFP reporter genes could be activated with
trichostatin A (TSA), an HDI. As TSA produced only a tran-
sient increase in GFP expression in some cells, a multistep
cell-sorting strategy allowed us to enrich for GFP-negative
[GFP(�)] cells that harbored TSA-inducible silent retroviral
vectors (28). These cells maintain their GFP� phenotype in
long-term culture, but when they are challenged with HDIs,
robust GFP reactivation is observed. These findings were con-
sistent with an earlier study in which we demonstrated, using
chromatin immunoprecipitation (ChIP), that the class 1
HDACs, HDAC1 and HDAC2, as well as Daxx, a transcrip-
tional repressor known to associate with HDACs (25), were
present in a complex with the ASV DNA early after infection
(20). The Daxx/HDAC complex appears to be recruited to
viral DNA through interaction with the ASV integrase protein.

We proposed that the Daxx/HDAC complexes have a role in
initiating epigenetic silencing in this system, as part of an
antiviral response (20, 28).

Our previous studies provided a strong rationale for screen-
ing for specific host proteins that maintain retroviral silencing
in this model system. Our approach has been to use small
interfering RNAs (siRNAs) to knock down candidate proteins
and measure GFP reactivation. The results show that knock-
down of HDAC1, Daxx, or HP1� is sufficient for robust retro-
viral reporter gene reactivation; furthermore, expression of
putative viral countermeasure proteins that inhibit HDACs
and Daxx also resulted in reactivation. These studies identify
roles for specific cellular proteins in the maintenance of ret-
roviral epigenetic silencing and support a model whereby the
cellular Daxx and HDAC proteins mediate both initiation and
maintenance of retroviral silencing as part of an antiviral re-
sponse. The results also validate the use of an siRNA-based
approach to identify specific components of corepressor com-
plexes and indicate that siRNAs can be used as reagents to
interrupt the maintenance of epigenetic silencing.

MATERIALS AND METHODS

Cells. HeLa cell populations containing silent GFP genes were described
previously (28). TI-C cell clones were isolated by cell sorting as described pre-
viously (28).

Analysis of GFP expression. GFP expression was quantitated by FACScan as
described previously (20, 28).

Western blot analysis. Western blotting was performed by standard methods
as described previously (20). Anti-HP1� (MAB3446), anti-HP1� (MAB3448),
anti-HP1� (MAB3450), and anti-GAPDH (AP124P) were purchased from
Chemicon, Temecula, CA. Anti-NF-�B p50 (ab7971), anti-Dicer (ab13502), anti-
HDAC1 (ab19845), and anti-HDAC2 (ab16032) were purchased from Abcam,
Cambridge, MA. Anti-Daxx (D7810) was purchased from Sigma-Aldrich, St.
Louis, MO. Goat anti-rabbit (31462; Pierce, Rockford, IL) and goat anti-mouse
(AP124P; Chemicon) peroxidase-conjugated second antibodies and enhanced
chemiluminescence reagents (Pierce) were used according to the manufacturers’
instructions.

siRNAs. All siRNA SMARTpools and single siDuplexes were purchased from
Dharmacon (Lafayette, CO). DharmaFECT 1 transfection reagent (T-2001-02)
was used according to the manufacturer’s protocols. The following siRNAs were
used: siCONTROL GAPDH duplex (D-001140-01), siCONTROL RISC-free
siRNA #1 (D-001220-01), and siCONTROL nontargeting siRNA #1 (D-
001210-01). The following siRNA SMARTpools were used: HP1�/CBX1 (M-
009716-00), HP1�/CBX3 (M-010033-00), HP1�/CBX5 (M-004296-01), Dicer1
(M-003483-00), HDAC1 (M-003493-02), HDAC2 (M-094936-00), HDAC3 (M-
003496-00), HDAC4 (M-003497-02), and Daxx (M-004420-00).

The following single siRNAs were used: NF�B1 (D-003520-01/02/03/05), Daxx
(D-004420-01/02/03/04), HDAC1 (D-003493-01/02/04/09), H3.3A (D-011684-
04), H3.3B (D-012051), and HIRA (D-013610-02/04).

Quantitative RT-PCR (qRT-PCR). RNA was quantified using the Agilent
2100 BioAnalyzer in combination with an RNA 6000 Nano LabChip. RNA was
reverse transcribed using the Moloney murine leukemia virus reverse transcrip-
tase (RT) (Ambion, Austin TX) and a mixture of anchored oligo(dT) and
random decamers. Aliquots of cDNAs were used for PCR. Real-time PCR assays
were run using an ABI 7900 HT instrument. The primers and probes were
designed using Primer Express version 1.5 software from Applied Biosystems
and synthesized by the Fox Chase Cancer Center Fannie Rippel Biotechnology
Facility. The probes were 5�-6FAM and 3�-BHQ1 labeled. PCR master mix from
Eurogentec was used for PCR. Cycling conditions were 95°C for 15 min followed
by 40 (two-step) cycles (95°C for 15 s and 60°C for 60 s). PolR2F was used as the
reference gene. The 2���

CT
method (CT, threshold cycle) was used to calculate

relative changes in expression. For each sample, the values are averages and
standard deviations of data from two PCRs performed with two amounts (100
and 20 ng) of total RNA in the RT reaction. The following primers and probe
sequences were used: for Daxx, 5�-AGGGCCATTAGGAAACAGCTA (for-
ward), 5�-AGGGTACATATCTTTTTCCCATTCTT (reverse), and 5�-TGGAA
AGGCAAAGGTCAGTGCATGA (probe); for HDAC1, 5�-TGAGGACGAA
GACGACCCT (forward), 5�-CTCACAGGCAATTCGTTTGTC (reverse), and
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5�-CAAGCGCATCTCGATCTGCTCCTC (probe); for HDAC2, 5�-CTTTCCT
GGCACAGGAGACTT (forward), 5�-CACATTGGAAAATTGACAGCA
TAGT (reverse), and 5�-AGGGATATTGGTGCTGGAAAAGGCAA (probe);
for HDAC3, 5�-GCTCCTCACTAATGGCCTCTTC (forward), 5�-GGTGGTT
ATACTGTCCGAAATGTT (reverse), and 5�-AGCAGCGATGTCTCATATG
TCCAGCA (probe); and for HDAC4, 5�-TTGAGCGTGAGCAAGATCCT
(forward), 5�-GACGCTAGGGTCGCTGTAGAA (reverse), and 5�-CGTGGA
CTGGGACGTGCACCA (probe).

dnHP1 expression vector. The construction and use of a retroviral vector
encoding a dominant negative form of HP1 (dnHP1) was described previously
(HP1��N) (60).

Plasmids and transfection. The immediate early 1 (IE1) and IE2 expression
plasmids (44) were provided by Tom Shenk, the Gam1 wild-type (wt) and mutant
expression plasmids (9) were provided by Susan Chiocca, and the pp71 wt and
mutant expression plasmids were provided by Robert Kalejta. Transfections were
carried out using Lipofectamine or Lipofectamine 2000 (Invitrogen, Carlsbad
CA) as described by the supplier.

Construction and transfection of an HDAC1 siRNA-resistant expression plas-
mid. An HDAC1 expression plasmid was purchased from Origene (Rockville,
MD). The QuikChange mutagenesis kit (Stratagene, La Jolla, CA) was used to
introduce silent changes in the HDAC1 codons to create an siRNA-resistant site
for HDAC1 siRNA 01. The oligodeoxynucleotides used for mutagenesis were
5�-GGATACGGAGATCCCTAATGAGCTCCCCTACAATGACTACTTT
G-3� and 5�-CAAAGTAGTCATTGTAGGGGAGCTCATTAGGGATCTCCG
TATCC-3�. The wt and resistant plasmids were used to transfect HeLa TI-C cells
in the presence of HDAC1 siRNA 01 by use of the Dharmacon DharmaFECT
Duo transfection reagent as described by the supplier.

ChIP. ChIP reactions from TI-C cells were performed using the Upstate/
Millipore EZ ChIP kit. Anti-Daxx antibody was obtained from Santa Cruz
(sc-7152), and the immunoglobulin G negative control antibody was provided
with the EZ ChIP kit. For PCRs, 2 	l of purified DNA from precipitated
chromatin was amplified by PCR with the following primers: CMV-GFP (posi-
tions �306 to �20 surrounding the transcriptional start site) (5�-CTT ATG GGA
CTT TCC TAC TTG-3� [forward] and 5�-TCC TCG CCC TTG CTC ACC
ATG-3� [reverse]) and �-actin coding region (positions 68 to 327) (5�-CTC ACC
ATG GAT GAT GAT ATC GC-3� [forward] and 5�-ATT TTC TCC ATG TCG
TCC CAG TTG-3� [reverse]) (29). The PCR products were analyzed on 2%
agarose gels. For the quantitation of PCR products, gels were stained with Syto
60 (Invitrogen) and analyzed using the Odyssey imaging system (LI-COR).

RESULTS

Silent retroviruses are reactivated by HDAC1 and Daxx
siRNAs. We previously isolated a subset of HeLa cells that
contain silent retroviral GFP reporter genes that can be reac-
tivated by treatment with a variety of HDIs, including TSA
(28). We have designated these cells TSA inducible (TI) and
we have derived versions harboring silent GFP retroviral re-
porter genes under the control of the human cytomegalovirus
(hCMV) IE (TI-C) or ASV (TI-L) long terminal repeat (LTR)
(TI-L) promoters (28). Such cells represented a significant
fraction of the infected culture, as the ratio of GFP� cells to
TI-C cells was approximately 2:1 (28).

TSA has broad activity against class 1 (widely expressed) and
class 2 (primarily tissue-specific) HDACs. We considered
HDAC1 and HDAC2 (class 1) to be strong candidates for
meditating silencing, as they were detected in complexes with
ASV viral DNA in HeLa cells early after infection (20). Ex-
pression of the class 2 HDAC4 is typically more restricted to
specific tissues; however, we previously detected HDAC4 in
HeLa cells (20). Our initial experiments were designed to use
siRNAs to identify roles for one or more HDACs in silencing
maintenance, as siRNA-mediated knockdown of HDACs
might phenocopy HDI activity. TI-C cells were treated with
siRNA “SMARTpools” (Dharmacon Corp.) (100 nM) com-
prising a mixture of four siRNAs that target single mRNAs.
Our initial tests included siRNAs specific for HDAC1,

HDAC2, HDAC3, and HDAC4. As shown in Fig. 1A, treat-
ment of the TI-C population with an siRNA pool that targets
HDAC1 resulted in the appearance of a significant fraction of
cells that expressed GFP, as measured by fluorescence-acti-
vated cell sorter (FACS) analysis. In contrast, siRNA pools
that target HDAC2, HDAC3, and HDAC4 mRNA had no
significant effect. As shown in the FACS profiles in Fig. 1B,
treatment with the HDAC1 siRNA pool resulted in the ap-
pearance of cells with very high GFP fluorescence intensities.
The HDAC2 siRNA pool consistently produced a small in-
crease in the number of GFP-expressing cells, but the GFP
intensity in this small fraction was just above the background
level (Fig. 1B). Our previous studies indicated a role for Daxx
in the initiation of retroviral silencing in this system (20).
Transfection of the TI-C cell population with the Daxx siRNA
pool also resulted in robust reactivation of GFP (Fig. 1A and
B), although it was not as pronounced as observed with the
HDAC1 siRNA (Fig. 1B).

We previously found that the TI-C cells used here oscillate
between responsive and nonresponsive states in terms of reac-
tivation by HDIs (28). It is likely that this phenomenon also
contributes to the incomplete reactivation observed with
HDAC1 and Daxx siRNAs.

Validation and biological relevance of siRNA-mediated re-
activation. To confirm the specificities of the reactivation
shown in Fig. 1, we measured target mRNA levels by qRT-
PCR (Fig. 2A). The results confirm that treatment with an
siRNA pool that targets HDAC1 mRNA resulted in a substan-
tial reduction in HDAC1 mRNA levels but not in Daxx mRNA
levels. siRNAs directed against HDAC2, -3, and -4 mRNAs
were effective at reducing the levels of their respective target
mRNAs. Daxx siRNA treatment resulted in a significant re-
duction in Daxx mRNA, with only a negligible effect on the
HDAC1 mRNA level. Western blotting confirmed that the
siRNA pools produced significant reductions in the amounts of
the corresponding proteins in all cases (Fig. 2B). Thus, the lack
of reactivation by HDAC2, -3, and -4 siRNA pools could not
be attributed to ineffectiveness of these siRNAs.

We also considered the possibility that “off-target” effects of
siRNA pools might lead to GFP reactivation through the
knockdown of an unintended mRNA target. As off-target ef-
fects are frequently sequence based (4, 11), analysis of several
single siRNAs was carried out. In these experiments, the TI-C
population was treated with each of the four individual siRNAs
(25 nM concentration) from the HDAC1 and Daxx pools.
Three individual siRNAs from the HDAC1 pool (01, 02, and
09) produced both efficient knockdown of HDAC1 and GFP
reactivation (data not shown). As a final confirmation of spec-
ificity, an expression plasmid encoding an siRNA-resistant
form of HDAC1 siRNA 01 was constructed, and we demon-
strated that the introduction of this plasmid could repress the
GFP reporter in the presence of HDAC1 siRNA 01 (Fig. 2C).
All four of the individual Daxx siRNAs produced a level of
reactivation that was similar to what was seen for the pool, also
eliminating the possibility of off-target effects (data not shown).

To assess a direct role for Daxx in the maintenance of si-
lencing at the retroviral loci in TI-C cells, we used ChIP. As
shown in Fig. 2D, Daxx was detected in the hCMV IE promoter/
enhanced GFP transcriptional start site region of the silent viral
loci but was not detected at the active �-actin cellular locus.
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Taken together, the siRNA and ChIP results indicate that Daxx
plays a direct role in the long-term maintenance of silencing.

Specific candidate and control siRNAs do not reactivate silent
GFP retroviral reporter genes. We tested the effects of other
siRNA pools which might have the potential to produce broad
effects on HDAC1-mediated silencing (NF-�B) (55), chromatin
structure (histone chaperone HIRA and histone H3.3), and
microRNA processing (Dicer). For example, human Dicer1 reg-
ulates many genes via its role in microRNA processing (14) and
also by production of siRNAs that can direct heterochromatin
formation (18, 27). We found that the knockdown of NF-�B or
Dicer did not result in retroviral reporter gene reactivation (Fig.
3A and C). The introduction of siRNA pools directed against the
histone variants H3.3A and H3.3B or the histone chaperone pro-
tein HIRA also failed to reactivate the silent GFP reporter under
these conditions (Fig. 3B).

We also tested specifically designed negative control siRNAs
(Dharmacon Corp.) that do not target cellular mRNA se-
quences (nontargeting) but are either able or unable to assem-
ble into the RISC complex that mediates target mRNA deg-
radation. The nontargeting siRNA can reveal the potential for
off-target effects that are mediated through the RISC complex
(designated the RISC� control). The “RISC-free” siRNA is

modified to prevent assembly into the RISC complex and
serves as a control for the treatment of cells with the transfec-
tion reagent in conjunction with a functionally inert RNA
payload (designated RISC� control). At 100 nM concentra-
tions, the RISC� control siRNA showed some low level of
reactivation compared to the RISC� or GAPDH siRNA con-
trols (Fig. 3D). As RISC-dependent off-target effects are typ-
ically more prominent at high concentrations of individual
siRNAs (e.g., 100 nM) (11), this observation gave us an op-
portunity to more carefully address the effects of siRNA con-
centration with respect to specific versus off-target effects on
GFP reactivation. Our standard conditions utilize siRNA pools
at a 100 nM final concentration, with each of four siRNAs
being present at 25 nM. Parallel titrations of the RISC� con-
trol and the HDAC1 siRNA pool revealed that significant
reactivation by the HDAC1 siRNA pool could be observed at
concentrations (�10 nM) where the RISC� had no effect
above what was seen for the transfection reagent alone (Fig.
3E). This titration also revealed that the HDAC1 siRNA pool
could reactivate GFP at a low concentration (25 nM), charac-
teristic of specific siRNA targeting. From the experiments
shown in Fig. 3, we conclude that several nonspecific controls,
or siRNAs that are predicted to have broad effects on gene

FIG. 1. Knockdown of HDAC1 or Daxx results in reactivation of the silent GFP reporter. (A) HeLa TI-C cells (28) were transfected with the
indicated siRNA SMARTpools (100 nM) (Dharmacon) and incubated for 96 h. GFP expression was analyzed by FACS. NT, not transfected.
(B) Histograms of GFP intensities (x axis) from the experiment shown in panel A. Percentages of GFP-positive cells are indicated by the numerical
values. Autoscaling was used to portray the distribution of GFP intensities.
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expression, do not promote reactivation; furthermore, we
could not identify a role for human Dicer1 in the maintenance
of silencing in this system.

In summary, the results of the experiments shown in Fig. 1
through 3 validate our experimental design, namely, to use
siRNAs to interrogate GFP-silent cells to identify factors me-
diating silencing. We conclude from these experiments that
HDAC1 and Daxx have specific roles in the maintenance of
retroviral silencing in this system.

Evidence for position-independent roles for HDAC1 and
Daxx in retroviral reporter gene silencing. To determine if the
integration sites of the retroviral DNA are determinants for
the participation of specific host factors that control epigenetic

silencing, we examined a series of TI-C cell clones. These
clones were derived from a pool of cells in which the average
GFP copy number was ca. 1 as measured by quantitative real-
time PCR (28). As shown in Fig. 4A, treatment of each of these
cell clones with TSA induced GFP reactivation, but to various
degrees. Challenge with the HDAC1 siRNA pool also resulted
in reactivation in all clones, and the Daxx siRNA pool pro-
duced a measurable reactivation in 7 of the 10 clones tested
(Fig. 4B, clones 1, 2, 6, 7, 8, 9, and 10). As with the TI-C cell
population, transfection with the HDAC1 siRNA pool pheno-
copied the TSA treatment (compare Fig. 4A and B). Based on
analyses of these clones, we conclude that HDAC1 and, in
most cases, Daxx are required for the maintenance of silencing

FIG. 2. Determination of specificity of siRNA knockdown. (A) qRT-PCR analysis of target mRNAs. For each target mRNA measurement, the
values were normalized to a control which was treated with transfection reagent only (DharmaFECT 1 [DF1]). For HDAC1 and Daxx siRNA
treatments, the levels of HDAC1, HDAC2, HDAC3, HDAC4, and Daxx mRNAs were measured. For HDAC2, HDAC3, and HDAC4 siRNAs,
only the cognate target mRNA levels were measured (*). (B) Assessment of knockdown by Western blotting. TI-C cells were treated with 100 nM
of siRNAs indicated above the panel and cells were processed for Western blotting after 72 h. GAPDH antibody was used to monitor recovery.
Mock siRNA treatments were performed in duplicate. (C) Transfection of a plasmid encoding an siRNA-resistant form of HDAC1 mRNA. Silent
mutations that destroy the HDAC1 siRNA 01 annealing site were introduced into an HDAC1 expression plasmid, as described in Materials and
Methods. Mutant plasmids prepared in duplicate (R1, R2) or a wt control plasmid was introduced into TI-C cells along with the HDAC1 siRNA
01. GFP expression was monitored by FACS. As shown, HDAC 01 siRNA was capable of stimulating GFP reactivation after transfection of the
wt HDAC1 plasmid. In contrast, the siRNA-resistant plasmids were able to repress GFP expression in the presence of the siRNA. (D) Localization
of Daxx at the GFP promoter. ChIP analysis was carried out as described in Materials and Methods. Two primer sets were used, targeting the silent
viral GFP promoter region or the active cellular �-actin gene. Experiments shown are representative, and the Daxx results are averages of triplicate
immunoprecipitations. IgG, immunoglobulin G.
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at independent loci, but the integration site may modulate the
extent of reactivation.

Clones 2 and 6 also showed modest levels of reactivation
after treatment with HDAC2 and HDAC3 siRNA pools; how-

ever, the mean fluorescence intensities of GFP positive cells
were significantly lower than that produced by the HDAC1
siRNA pool (not shown). Furthermore, clones 2 and 6 also
showed exaggerated responses to the transfection reagent
alone, compared to other clones. Clone 2 was also prone to
spontaneous or stress-induced GFP reactivation (data not
shown). These results also indicate that the integration locus
can affect the reactivation properties.

HP1 plays a role in retroviral gene silencing. The three
isoforms of HP1, designated �, �, and �, have been implicated
in a variety of processes, including the maintenance of epige-
netic gene silencing (21). To investigate the possible role of
these proteins in retroviral reporter gene silencing, we trans-
fected HeLa TI-C cells with HP1�, �, and � siRNA pools. As
shown in Fig. 5A, the HP1� siRNA pool induced significant
GFP reactivation, whereas the HP1� and HP1� siRNA pools
had no effect compared to what was seen for transfection agent
alone. Although transfection of the HP1� siRNA pool resulted
in a smaller percentage of GFP-expressing cells than transfec-
tion of the HDAC1 siRNA pool (Fig. 5A), the GFP intensity in
the activated cells was high (data not shown).

The HP1� and HP1� isoforms were found to be highly
abundant in HeLa cells, and we were able to confirm siRNA-
specific knockdown of both proteins (Fig. 5B). The amount of
HP1� was very low in untransfected HeLa cells, but knock-
down was confirmed using more-sensitive Western blotting
conditions (Fig. 5C).

FIG. 3. Knockdown of several candidate proteins or treatment with various control siRNAs fails to reactivate the silent GFP reporter. (A and
B) HeLa TI-C cells were treated with the indicated siRNAs and the percentages of GFP-positive cells were determined by FACS at 96 h
posttransfection. Single siRNAs were used for H3.3A, H3.3B, and HIRA. Two independent single siRNAs (designated a and b) were tested for
HIRA. DF1, DharmaFECT 1 transfection reagent. (C) TI-C cells were treated with 100 nM siRNAs as indicated above the panels and cells were
processed for Western blotting after 72 h. (D) Treatment and analysis with the indicated siRNAs was as for panel A. Negative control siRNAs
RISC�, RISC�, and GAPDH were analyzed. (E) The HDAC1 siRNA SMARTpool was titrated to determine the lowest effective concentration
versus the negative control siRNA RISC�. Analysis was as for panel A.

FIG. 4. Analysis of TI-C silent cell clones. (A) Clones were treated
with TSA or a dimethyl sulfoxide (DMSO) control, and GFP was
monitored by FACS after 24 h. (B) Cell clones were transfected with
the indicated siRNAs, and GFP reactivation was monitored by FACS
after 96 h. Representative results are shown.
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To address the possibility that residual amounts of HP1� might
account for the only limited reactivation produced by the HP1�
siRNA pool, we cotransfected GAPDH and HP1� siRNA pools
in order to internally monitor the transfection efficiency as mea-
sured by GAPDH knockdown. As expected, transfection of the
GAPDH siRNA pool resulted in knockdown of GAPDH and
had no effect on HP1� and HP1� levels (Fig. 5B). In GAPDH-
HP1�-cotransfected cells, we could detect residual levels of HP1�
under conditions in which GAPDH was nearly undetectable. We
conclude that either the HP1� siRNA is pool less potent or a
long-lived form of HP1� protein persists. Thus, the limited reac-
tivation in response to HP1� siRNAs could be due to the pres-
ence of residual HP1� protein.

To independently assess a role for HP1 isoforms in silencing,
we used a dominant negative form (dnHP1) (60). The dnHP1
was constructed by deleting the chromodomain from HP1�,
leaving only the chromoshadow multimerization domain (Fig.
6A). The dnHP1 form was introduced into TI-C cells with a
retroviral vector, followed by the selection of transduced cells
by use of puromycin. A dramatic reactivation of the GFP gene
was observed in a large subset of these cells (6B, right), and the
GFP intensity was very high (Fig. 6B, left). Parallel puromycin
selection of cells transduced with an empty vector failed to induce
GFP expression (Fig. 6B, left). Based on the siRNA results (Fig.
5A), it is likely that the relevant target of inhibition by dnHP1 is
HP1�. We therefore conclude that HP1� contributes to the main-
tenance of retroviral reporter gene silencing in this system.

Virus-encoded inhibitors of HDACs and Daxx can reactivate
the silent GFP retroviral reporter gene. Several viral proteins
are known to bind to and inhibit HDACs (9, 44). These pro-
teins may act as countermeasures to protect viral genomes
from repression by HDACs, consistent with a role for HDACs
in an antiviral response. The avian adenovirus protein Gam1
has been demonstrated to inhibit human HDAC1 (9), while

the hCMV proteins IE1 and IE2 inhibit HDAC3 (44). As
shown in Fig. 7A, transfection of an expression plasmid that
encodes the Gam1 protein resulted in a dramatic reactivation
of the silent GFP retroviral reporter in the TI-C cell popula-
tion. A mutant plasmid that encodes a protein with diminished
capacity to inhibit HDAC1 showed less of an effect. Expression
of the wt and mutant Gam-1 proteins was confirmed by West-
ern blotting (data not shown). We also expressed Gam1 in
TI-C cell clone 3, in which GFP was reactivated only by

FIG. 5. Analysis of the role of HP1 isoforms in silencing mainte-
nance. (A) HeLa TI-C cells were transfected with the indicated HP1
isoform siRNA SMARTpools, and GFP reactivation was monitored by
FACS analysis after 96 h. Abbreviations: NT, not transfected; DF1,
DharmaFECT 1 transfection reagent. (B and C) Western blot analyses
of siRNA knockdown of the HP1 family of proteins. Cells were trans-
fected with the siRNAs indicated above the panels. The detection of
HP1� required loading of 10-fold more protein.

FIG. 6. Expression of a dnHP1 reactivates silent GFP. (A) Map of
dnHP1. Chromo, chromodomain. (B) A retroviral vector encoding a
dnHP1 (60) was used to infect HeLa TI-C cells. Cells were placed
under selection with puromycin and were monitored for reactivation of
GFP expression by FACS. The FACS profile obtained at 5 days postin-
fection shows GFP expression in cells selected with the dnHP1 expres-
sion vector (no fill) versus the empty vector (filled). The expression of
dnHP1 produced a population of GFP-positive cells (24%), some of
which were very bright and appear off scale in the graph. A represen-
tative experiment is shown.

FIG. 7. Reactivation of silent GFP by viral proteins. (A and B)
HeLa TI-C cells were transfected with expression plasmids encoding
the indicated proteins and GFP reactivation was monitored after 48 h
by FACS analysis.
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HDAC1 siRNA (Fig. 4B). Again, expression of Gam1, but not
of the Gam1 mutant, resulted in strong retroviral reporter
gene reactivation with this clone (data not shown). As Gam1
expression phenocopies the effect of HDAC1 siRNA, this ex-
periment provides independent confirmation that inhibition of
HDAC1 is sufficient for reactivation.

Expression of hCMV IE2 but not IE1 resulted in strong
retroviral reporter gene reactivation in clone 3 (Fig. 7B). The
expression of both proteins was confirmed by Western blotting
(data not shown). Both IE1 and IE2 are reported to form
complexes with HDAC3 and inhibit its activity (44), although
broader HDAC inhibitory specificities of these proteins have
not been explored. Again, as the siRNA experiments identified
a role for HDAC1 but not HDAC3 in silencing maintenance in
our system, these findings indicate that IE2 may inhibit
HDAC1 as well as HDAC3. Further studies will be required to
obtain support for this interpretation. Although Gam1, IE1,
and IE2 may have diverse and complex functions beyond
HDAC inhibition (for an example, see reference 5), our system
has apparently provided a means to detect their HDAC-inhib-
itory activity.

Several studies have identified a role for Daxx in the repres-
sion of hCMV gene expression (7, 33, 46). Furthermore,
hCMV encodes a protein, pp71, that inhibits Daxx by targeting
it for proteasome-mediated degradation (49). The fact that
hCMV encodes a Daxx “countermeasure” supports a model
whereby Daxx mediates an antiviral response that is overcome
by pp71 (20, 49). Our original findings suggested a role for
Daxx in the initiation of viral transcriptional repression (20).
The ability of Daxx siRNAs to reactivate silent retroviral DNA
in long-term-passage cells implicates a role for Daxx in the
maintenance of silencing. As a further test of this interpreta-
tion, we transfected TI-C cells with a plasmid encoding hCMV

pp71. As shown in Fig. 7B, the transfection of plasmids encod-
ing wt pp71, but not of two mutant forms of this protein (24),
resulted in a robust reactivation of GFP expression, thus provid-
ing independent confirmation of a role for Daxx in the mainte-
nance of silencing of integrated retroviral DNA in this system.

The retroviral reporter gene promoter is not the major de-
terminant of silencing. In the experiments described above,
the silent, TSA-sensitive GFP gene was under the control of
the hCMV IE promoter (TI-C cells). To determine if the
results that we obtained were dependent on this promoter, we
tested another cell population in which the silent GFP reporter
gene is driven by the native retroviral LTR promoter (TI-L
cells) and for which rechallenge with HDIs also results in GFP
reactivation (28). As shown in Fig. 8, when this cell population
was treated with the collection of siRNA pools described
above, only HDAC1, Daxx, and HP1� siRNAs produced re-
activation significantly above background levels. The overall
detection of the GFP response is reduced compared to what
was seen for the TI-C cells, owing to the weaker LTR promoter
(28). We obtained similar results with a third cell population,
in which the silent reporter was under the control of the cel-
lular EF1-� promoter (28) (data not shown). From these ex-
periments, we conclude that the reporter gene promoter is not
the major determinant in eliciting the activities of a signature
constellation of factors that participate in silencing mainte-
nance.

DISCUSSION

Our present study has focused on the functional identifica-
tion of host factors that maintain retroviral silencing and fur-
ther testing of the hypothesis that silencing is a component
of an antiviral response. We reasoned that siRNA-mediated

FIG. 8. Analysis of HeLa cells harboring silent GFP under the control of the ASV LTR. (A and B) TI-L cells were transfected with the
indicated siRNA SMARTpools and GFP expression was measured after 96 h by FACS analysis. NT, not transfected; two independent single
siRNAs tested for HIRA are designated HIRA a and b.
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knockdown of individual host proteins that maintain retroviral
silencing would result in reactivation and that this approach
could be used to identify specific silencing factors. siRNA-
based methods are quite powerful but are prone to a variety of
artifacts, including off-target effects (4, 11). Furthermore,
siRNA transfection or target knockdown could produce sec-
ondary effects, such as a cellular stress response. As retrovi-
ruses and transposable elements can be reactivated by various
forms of cellular stress, it seemed possible that “off-target” or
nonspecific responses to siRNA transfection might produce a
high background in the assay. As such, numerous controls were
used to unequivocally demonstrate specificity. Our initial at-
tempt to apply and validate the use of the siRNA methodology
began with the prediction that the knockdown of one or more
HDACs would phenocopy the effects of HDIs. We show that
challenge of a GFP-silent cell population (or clones derived
thereof) with siRNAs targeted to HDAC1 resulted in signifi-
cant and specific reactivation of the GFP retroviral reporter
gene. We describe rigorous control experiments, including the
use of an siRNA-resistant HDAC1 mutant. As the HDAC1
siRNA and HDIs produce the same phenotype, we conclude
that HDAC1 is the relevant target for HDIs in this system.
Remarkably, there seems to be no redundancy in HDAC-
mediated silencing in this system. This finding indicates
that the silencing of viral vectors could be reversed by highly
specific siRNA reagents.

We previously identified a role for the transcriptional re-
pressor Daxx in the initiation of retroviral silencing and hy-
pothesized that this protein participated in an antiviral re-
sponse (20). We also found that the association of HDACs
with retroviral DNA was dependent on Daxx, consistent with
an overall model whereby the repressive activities of Daxx are
mediated by HDAC binding partners (25). Subsequent studies
by others have shown that Daxx also represses hCMV early
gene expression (7, 33, 46, 49). An antiviral role for Daxx has
now been supported by the finding that the hCMV pp71 pro-
tein acts as a viral countermeasure that targets Daxx for pro-
teasomal degradation (49). The avian adenovirus Gam1 and
hCMV IE1/IE2 proteins inhibit HDACs and may also act as
viral countermeasures to overcome HDAC-mediated repres-
sion (9, 44). Here, we have shown that expression of pp71,
Gam1, or IE2 results in GFP reactivation, consistent with their
proposed roles as Daxx and HDAC inhibitors. We note that
Daxx siRNA or Daxx inhibitor pp71 expression resulted in the
reactivation of silent GFP in long-term-passage cells. This find-
ing revealed a role for Daxx in the maintenance of silencing, in
addition to the earlier identified role in the initiation of silenc-
ing. However, in several cell clones, the knockdown of Daxx
did not result in detectable reactivation (Fig. 4B). It is possible
that the relevant HDAC1 activity in these clones is associated
with a different binding partner or complex.

Based on our previous studies (20) and those of others, it
seems likely that the roles of HDAC1 and Daxx in retroviral
silencing are direct, i.e., that these factors interact with inte-
grated viral chromatin. Here, we provide evidence that Daxx is
physically associated with the viral locus during the long-term
maintenance of silencing (Fig. 2D). With respect to HDAC1,
we detected rapid histone H4 hyperacetylation and the con-
comitant induction of GFP mRNA within several hours after
TSA treatment of TI-C cells (data not shown). Therefore, the

effects of TSA appear to be direct, and the relevant target of
inhibition by TSA is likely HDAC1 resident at the silent viral
locus. There is additional evidence to support a direct role for
HDAC activity in silencing maintenance. It is now clear that
HDACs play a role in the repression of a variety of retroviruses
(10, 23, 28, 38, 47, 54, 55, 58), large DNA viruses (9, 42, 44),
and viral transgenes (8), as measured by reversal of silencing by
HDI treatment, and such treatment can produce a transition
from a hypo- to a hyperacetylated histone state in the vicinity
of the viral promoter (44). Although the simplest model is that
HDACs maintain silencing at the viral loci via deacetylation of
histone tails, the acetylation-deacetylation cycle is a common
regulatory mechanism of cellular processes, and HDACs have
broad substrate activity on nonhistone substrates, including
transcription factors (19). However, the fact that HDAC1 is
required to maintain the silencing of two different promoters
(hCMV and the ASV LTR) suggests that the critical sub-
strate(s) is a general factor (e.g., histones) rather than a spe-
cific factor (e.g., transcription factors). Irrespective of the pre-
cise mechanism of action, we have shown that siRNAs provide
a highly specific means of reversing epigenetic silencing.

Our results provide some insight into general models for the
initiation and maintenance of retroviral silencing. Examination
of cell clones harboring silent retroviruses revealed that, in
each case, silencing was controlled by HDAC1, indicating that
this factor can mediate silencing at numerous integration sites
(Fig. 4D). Our previous studies showed that ca. 40% of ASV
integration events occur in protein-encoding genes (43), yet
HDAC-mediated silencing and repression occurred at high
frequency (28). It is unlikely, therefore, that the HDAC-me-
diated effects are limited to rare integration events into pre-
existing hypoacetylated heterochromatin. Relevant studies us-
ing HDIs have been interpreted to mean that HATs and
HDACs are unable to access heterochromatin in the absence
of DNA replication (reviewed in reference 53). In independent
studies, we have observed that TSA-mediated reactivation of
silent retroviral reporter genes is DNA replication indepen-
dent (28; also data not shown). This behavior therefore pro-
vides further support for the idea that the location of these
silent proviruses is not restricted to preexisting heterochroma-
tin sites. Lastly, we do not believe that levels of repressive
factors (e.g., HDAC1) in individual cells determine the fre-
quency of silencing in our system, as a matched HIV-based
GFP vector was uniformly resistant to silencing (28). Taken
together, our results support a model whereby repressive fac-
tors are able to nucleate on viral chromatin independently of
the integration site (Fig. 4B) (28, 56), although their repressive
activities are not fully penetrant and may be modulated by the
integration site (28).

The studies described here focus on, but are not limited to,
retroviral constructs in which the silent GFP gene is under the
control of the strong hCMV IE promoter. This promoter is
capable of driving high-intensity GFP expression and thus pro-
vides an excellent on-off dynamic range (Fig. 1B). These char-
acteristics initially led us to identify cells harboring silent viral
DNA (28). We also reasoned that repression of this strong
promoter likely signified roles for potent silencing factors. Af-
ter identifying these factors (HDAC1, etc.) by use of the
hCMV IE promoter system, we went on to ask if they were
promoter specific by testing the silent GFP genes under the
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control of the native viral LTR (Fig. 8) and the EF1-� cellular
promoter (28; also data not shown). We tentatively conclude
that the promoters are not a major determinant in shaping the
constellation of repressive factors that we have identified. It is
possible that viral sequences, including the native retroviral
LTR, which is retained in all of viral constructs, provide a
common determinant.

The HP1 family members typically concentrate in silent peri-
centric heterochromatin via binding to a specific histone mod-
ification associated with repressive chromatin, H3K9 methyl-
ation. This modification is written and erased by activities of
histone methyltransferases and demethylases, respectively
(50). The recognition of H3K9 methylation by HP1 is mediated
by the HP1 chromodomain, while the multimerization of HP1,
which is believed to drive chromatin compaction, is mediated
by the HP1 chromoshadow domain (Fig. 6A). These properties
of HP1 provide a strong paradigm for how histone code mod-
ifications may drive heterochromatin formation and silencing.
HP1� and HP1� localize to heterochromatin, while HP1� is
found in both heterochromatin and euchromatin (39). We
found that knockdown of the HP1� but not the HP1� or HP1�
isoform was sufficient for reactivation. Assuming that reactiva-
tion is the direct result of HP1� depletion, our results suggest
that HP1� contributes to retroviral gene silencing at numerous
loci, possibly within euchromatin. Consistent with this inter-
pretation, HP1 proteins are known to mediate the silencing of
specific euchromatic genes as part of sequence-specific repres-
sor complexes (45).

In addition to roles for HP1 and H3K9 methylation in het-
erochromatin formation/maintenance, several studies have
identified an association of heterochromatic markers with a
subset of transcribed genes. These findings indicate that het-
erochromatin can also serve as a platform for various activities,
including transcription (21). More-recent studies have indi-
cated that HP1� itself is regulated by a modification subcode;
specifically, phosphorylation of HP1� Ser83 is associated with
actively transcribed genes (34). Our findings are more consis-
tent with the classical view that HP1� participates in gene
silencing. The fact that the HP1� isoform mediates silencing in
our system is also consistent with our current hypothesis,
namely, that the chromosomal location of silent or partially
repressed retroviruses is not limited to constitutive heterochro-
matin (28). More-definitive studies, including chromosomal
mapping of integration sites and identification of the forms of
HP1 that are physically associated with these integrated viral
genomes, are required to test this model. We also considered
that our cell-sorting strategy to isolate GFP-silent cells may
have introduced a bias in terms of the constellation of factors
that maintain silencing (i.e., HDAC1, HP1�). Although this
bias cannot be ruled out, our previous study (28) indicated that
HDAC-mediated repression and silencing occurred at a very
high frequency in this system. Thus, the selected cells used in
this study likely do not represent a rare subset. Furthermore,
our findings are consistent with those in other systems that
indicate roles for HDACs (10, 20, 23, 28, 38, 47, 54, 55, 58), as
well as HP1� (15, 35, 56), in retroviral silencing. Therefore, we
suggest that the function identified for HP1� in HIV type 1
DNA latency (15, 35) may signify a more generic role.

In summary, we describe compelling evidence for roles for
specific host factors in retroviral reporter gene silencing. Fur-

thermore, the factors we have identified are not uniquely ded-
icated to the silencing of retroviruses and may even represent
a more general system to silence foreign DNA. This work has
also established that siRNAs provide a powerful tool to dissect
the function of host proteins in this process. Reversal of epi-
genetic silencing by HDIs and other compounds may be a
useful component of both cancer (6, 36, 37) and HIV (31)
therapies. It will be important to develop more-specific thera-
peutics to inhibit individual HDACs and other mediators of
silencing to avoid broad effects on the epigenetic state of
treated cells. Our findings indicate that such approaches may
be possible.
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