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Integrated retroviral DNA is subject to epigenetic transcriptional silencing at different frequencies. This process is mediated by
repressive DNA methylation and histone modifications on viral chromatin. However, the detailed mechanisms by which retrovi-
ral silencing is initiated and maintained are not well understood. Using a model system in which avian sarcoma virus (ASV)
DNA is epigenetically repressed in mammalian cells, we previously found that a cellular scaffolding protein, Daxx, acts as an
antiretroviral factor that promotes epigenetic repression through recruitment of histone deacetylases (HDACs). Here we show
that human Daxx protein levels are increased in response to retroviral infection and that Daxx acts at the time of infection to
initiate epigenetic repression. Consistent with a rapid and active antiviral epigenetic response, we found that repressive histone
marks and long terminal repeat (LTR) DNA methylation could be detected within 12 h to 3 days postinfection, respectively. Daxx
was also found to be required for long-term ASV silencing maintenance and full viral DNA methylation, and it was physically
associated with both viral DNA and DNA methyltransferases (DNMTs). These findings support a model in which incoming ret-
roviral protein-DNA complexes are detected by Daxx, and the integrated provirus is rapidly chromatinized and repressed by
DNA methylation and histone modification as part of an antiviral response. These results uncover a possible direct and active
antiviral mechanism by which DNMTs can be recruited to retroviral DNA.

Retroviruses are important agents of disease and serve as valu-
able vectors for gene delivery, and their study has provided

seminal insights into cellular functions. A defining feature of ret-
roviral replication is the integration of a DNA copy of the retro-
viral RNA genome into host chromatin, a process that establishes
the DNA provirus. Integration provides a permanent association
of viral DNA with the host cell and all of its progeny, and it also
allows the provirus to efficiently mobilize the cellular transcrip-
tional machinery for synthesis of viral mRNAs and viral RNA
genomes.

DNA integration is an essential step in retroviral replication,
and it is catalyzed by the virus-encoded integrase (IN) protein.
However, establishment of the provirus does not guarantee its
expression; transcriptional repression by epigenetic mechanisms
(epigenetic silencing) is often observed in both natural and inter-
species retroviral infections. Examples include the silencing of ret-
roviruses in embryonic stem cells (1, 2), the progressive silencing
of expression of genes transduced by retroviral vectors during
long-term cell propagation (3), and HIV latency (4). Epigenetic
mechanisms also repress the expression of endogenous retrovi-
ruses (5–9).

Retroviral epigenetic silencing is mediated by the enzymatic
placement, and subsequent reading, of DNA methylation marks
(addition of a methyl group to position 5 of the cytosine pyrimi-
dine [5MeCpG]) and repressive nucleosomal histone modifica-
tions. These epigenetic mechanisms also play a key role in the
silencing of cellular genes during development and differentiation
(10). In both cases, the enzymes that place these repressive mod-
ifications on DNA and histones must be targeted appropriately.
DNA methylation is catalyzed by DNA methyltransferases
(DNMTs) (11, 12). Three DNMTs, DNMT1, DNMT3A, and
DNMT3B, account for all 5MeCpG methylation in mammalian
cells. DNMT1 has been viewed as a maintenance DNMT, with its
activity being coupled to DNA replication. DNMT3A and
DNMT3B are categorized as de novo DNMTs, although the dis-

tinction between de novo and maintenance DNMTs has recently
been reevaluated (11). The histone modifications are placed or
removed by large families of enzymes (e.g., histone deacetylases
[HDACs], histone methyltransferases). These histone “marks”
(including ca. 100 unique lysine and arginine modifications)
encompass acetylation, phosphorylation, and mono-, di-, or
trimethylation. Repressive histone modifications include his-
tone H3 lysine 9 trimethylation (H3K9me3) and histone H4
lysine 20 trimethylation (H4K20me3). Both histone modifica-
tions and 5MeCpG DNA marks are recognized by protein
“readers” through modular recognition domains. The readers
then guide additional effector proteins that ultimately control epi-
genetic gene silencing or gene activation. When initially inserted
into the host chromatin, retroviral DNA is epigenetically naive.
The earliest events that contribute to the epigenetic fate of the
provirus are largely unknown and may include the passive influ-
ence of the chromatin environment around the integration site
(13–16) or the initiation of epigenetic repression through specific
recognition of viral DNA sequence or protein components (2,
17–21). In particular, very little is known about how the cellular
DNA methylation machinery is recruited to the integrated retro-
viral DNA.

Early studies showed that infection of mammalian cells with
avian sarcoma viruses (ASV) could result in proviral epigenetic
silencing, while infection of natural avian host cells appeared to be
fully permissive for virus expression (22). Recent studies indicated
that the ASV DNA integration site patterns are similar in human
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and avian cells (23–25), suggesting that the chromosomal position
of the provirus is likely not the major determinant for epigenetic
silencing. Our previous findings have led us to focus on a model
whereby mammalian host cell factors initiate ASV proviral epige-
netic silencing as part of an antiviral response in a largely position-
independent manner (17, 18). The initial finding that led us in this
direction was our identification of the human, ubiquitously ex-
pressed, cellular protein Daxx, as a binding partner of ASV inte-
grase, as detected by the yeast two-hybrid system (17). Daxx was
first discovered as a cytoplasmic Fas death domain-associated pro-
tein (26). However, Daxx localization in promyelocytic nuclear
bodies (PML-NBs) (27, 28) and its association with numerous
nuclear binding partners, including DNA-binding transcription
factors and repressive epigenetic regulators (29–32) and viral pro-
teins (17, 33, 34), have suggested additional roles for Daxx (35).

Our studies on retroviral epigenetic silencing have utilized full-
length ASV-green fluorescent protein (GFP) reporter viruses that
encode the murine leukemia virus (MLV) amphotropic (ampho)
envelope gene, allowing efficient single-round infection of mam-
malian cells, with further spread being restricted by several post-
transcriptional blocks (36). Using these GFP reporter viruses, we
obtained evidence that Daxx-IN interactions prior to integration,
lead to rapid epigenetic repression of ASV-GFP viruses (17). We
identified repressive histone deacetylases as participants in this
process (17, 37), consistent with the known role of HDACs as
functional Daxx-binding partners (29, 38). We also showed that
ASV-GFP reporter gene silencing could be reversed by treatment
with HDAC inhibitors (18, 37). Other investigators documented a
repressive function for Daxx in herpesvirus infection (39), thereby
establishing a broad, antiviral role for this cellular protein. The
unstructured region of Daxx (40) that engages ASV IN (17) may
also underlie the ability of Daxx to interact with other viral pro-
teins (41–46).

In the work described here, we continue to utilize ASV-GFP
reporter viruses to investigate retroviral epigenetic silencing in
human cells. As the viral replicative genes are intact, these reporter
viruses are capable of producing spreading infections in the natu-
ral avian host cells, and therefore, they represent biologically rel-
evant agents. Their epigenetic repression in heterologous human
cells provides a powerful system to identify viral and host compo-
nents that account for such differences. In these ASV-GFP viruses,
the reporter genes are driven by alternative internal promoters, as
well as the native viral long terminal repeat (LTR) promoter (18),
with the GFP gene providing a readout for repressive epigenetic
effects. The ASV LTR promoter region has been shown previously
to be methylated in mammalian cells and functionally linked to
ASV epigenetic silencing (22, 47). As we found that viruses using
diverse promoters to drive the GFP gene are silenced similarly in
human cells (37), the GFP readout appears to serve as a general
indicator of the epigenetic state of the provirus.

Using ASV-GFP viruses, we previously observed that ca. one-
half of ASV DNA integration events in HeLa cells result in rapid,
stable, and complete silencing, with another large fraction of in-
fected cells demonstrating epigenetic muting of viral GFP expres-
sion (37). We devised a strategy to isolate HeLa cell populations
and clones harboring fully silenced proviruses in order to provide
a robust system for identifying repressive host factors. The result-
ing stable HeLa GFP-silent cell populations were named accord-
ing to the promoter driving the viral GFP gene: an internal cyto-
megalovirus (CMV) promoter (TI-C), an internal EF-1�

promoter (TI-E), or the native viral LTR promoter (TI-L). In all
three cell populations, treatment with HDAC or DNA methyl-
transferase inhibitors, as well as small interfering RNAs (siRNAs)
targeting HDACs and DNMTs, promotes GFP reactivation, indi-
cating cross talk between these two repressive mechanisms (18).

In this report, experiments were undertaken to identify roles
for the human antiviral Daxx protein in the initiation and main-
tenance of retroviral epigenetic transcriptional repression. We
found that knockdown of Daxx prior to infection resulted in in-
creased viral GFP reporter expression, confirming a role for Daxx
in the initiation of silencing. At early times postinfection, we ob-
served the rapid appearance of repressive DNA methylation and
histone modifications, consistent with an active antiviral re-
sponse. We also found that Daxx is required for both silencing
maintenance and full viral DNA methylation and that it is posi-
tioned on viral DNA. Last, we confirmed DNMTs as functional
binding partners of Daxx in this system. The results provide the
first evidence that the antiviral protein Daxx can contribute to
DNA methylation-based epigenetic repression of viral DNA.

MATERIALS AND METHODS
Viruses and cells. The ASV-based viral vectors that utilize the LTR (ASV-
EGFP) or an internal human cytomegalovirus (hCMV) immediate-early
(IE) promoter (ASV-CMV-EGFP) to drive expression of the enhanced
GFP (EGFP) gene have been described previously (36, 37). Cultures of
HeLa cells and the chicken embryo fibroblast DF1 cell line were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) with 10% heat-
inactivated fetal bovine serum. IMR90 cells (human healthy lung fibro-
blasts) were maintained in Eagle’s minimum essential medium with 20%
inactivated fetal bovine serum. Cultures of RPE1, a human telomerase
reverse transcriptase (hTERT)-immortalized retinal pigment epithelial
cell line, were maintained in DMEM/F12 medium, supplemented with
fetal bovine serum to a final concentration of 10% and contained 0.01
mg/ml hygromycin B to maintain the hTERT gene. Media for all cell lines
contained 100 units/ml penicillin, and 100 �g/ml streptomycin. Prepara-
tion and maintenance of HeLa cell populations containing silent GFP
genes (TI-C, TI-L, and TI-E) were described previously (37).

Infections, cell sorting, and analysis of GFP expression. HeLa, RPE1,
and IMR90 cells were infected with several dilutions of virus stocks, and
GFP expression was quantitated by FACScan as described previously (17,
37). For isolation of a GFP-positive population, the VantageSE flow ana-
lyzer was used, and data were analyzed with FlowJo software.

siRNA transfection. DharmaFECT 1 (T-2001), DharmaFECT 2 (T-
2002), and DharmaFECT4 (T-2004) reagents were used according to the
manufacturer’s protocols for transfection of HeLa, RPE1, and IMR90
cells, respectively, with a final concentration of siRNAs of 50 nM. siRNAs
were purchased from Dharmacon (Lafayette, CO). The siRNA SMART-
pools used targeted HDAC1 (M-003493-02) and Daxx (M-004420-00);
control, nontargeting siRNA#1 (D-001210-01) was used as a negative
control for siRNA transfection. The single siRNAs obtained from Qiagen
Corporation for these studies included the following: DNMT1 (Hs_
DNMT1_4/6/7/8), DNMT2 (Hs_DNMT2_1/2/4/5), DNMT3A
(Hs_DNMT3A_3/10/13/15), DNMT3B (Hs_DNMT3B_3/5/6/7), and
DNMT3L (Hs_DNMT3L_1/2/5/6).

Immunoblot analysis. Immunoblotting was performed by standard
methods as described previously (17). Anti-Daxx (D7810) and antiactin
(A2668) were purchased from Sigma-Aldrich, St. Louis, MO. Antibody
against glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH)
(MAB374) was purchased from Chemicon, Temecula, CA. Anti-DNMT1
(H-300), anti-DNMT3A (H-295), and anti-DNMT3B (H-230) were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). Goat anti-rab-
bit peroxidase-conjugated secondary antibodies (31462; Pierce, Rock-
ford, IL) and enhanced chemiluminescence reagents were used according
to the manufacturer’s instructions (Pierce).
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ChIP. Chromatin immunoprecipitation (ChIP) analyses of infected
HeLa cell lysates were performed using the EZ-Magna ChIP kit (Milli-
pore, Billerica, MA). Cells were fixed with a final concentration of 1%
formaldehyde for 10 min at room temperature, washed with phosphate-
buffered saline (PBS), and disrupted with SDS lysis buffer supplemented
with protease inhibitor cocktail II. The chromatin was fragmented by
sonication to an average length of 1 kb. Cellular debris was removed, and
the lysate was cleared with protein G agarose for 1 h. Part of the lysate
(10%) was saved as an “input sample.” For immunoprecipitation proce-
dures, anti-RNA polymerase II positive-control antibody and the IgG
negative-control antibody were provided with the EZ-Magna ChIP. Anti-
H3K9me3 (ab8898) and anti-H4K20me3 (ab9053) were obtained from
Abcam, Cambridge, MA, and anti-histone H3 antibody (06-599) was ob-
tained from Upstate. Anti-Daxx (M-112), anti-DNMT1 (H-300), anti-
DNMT3A (H-295), and anti-DNMT3B (H-230) antibodies were ob-
tained from Santa Cruz Biotechnology, Santa Cruz, CA. Lysates were
incubated first with antibodies overnight and on the next day with 60 �l of
protein G agarose for 2 h. Agarose antibody-chromatin complexes were
washed according to the EZ-Magna ChIP kit protocol with low-salt, high-
salt, LiCl, and Tris-EDTA (TE) buffers, and after elution, cross-linking
was reversed by heating, followed by purification using spin columns.
DNA detection was performed in triplicate using quantitative real-time
PCR, with KAPA SYBR FAST PCR protocol and with primers for the
different regions. For the control GAPDH promoter region, the Fw (Fw
stands for forward) primer TACTAGCGGTTTTACGGGCG and Rev
(Rev stands for reverse) primer TCGAACAGGAGGAGCAGAGAGCGA
were used. For the LTR promoter region, the Fw primer CCGATTGGTG
GAAGTAAGGTG and the Rev primer AAATACAATATCTCTGCAAT
GCGG were used. For the CMV promoter region, the Fw primer ATGC
CAAGTACGCCCCCTATTGAC and the Rev primer AACCGCTATCCA
CGCCCATTGATG were used. For the LTR transcription start site region,
the Fw primer CCATTTGACCATTCACCACATT and the Rev primer GC
TCGTAGTCGTCAGGGAATC were used. For the CMV transcription
start site region, the Fw primer GTGGGAGGTCTATATAAGCAGAGC
and the Rev primer CAGCTCGACCAGGATGGGCACCAC were used.
For the LTR primer binding site, the Fw primer TTGATTCCCTGACGA
CTACGAGCAC and the Rev primer GCCGACCACTATTCCCTAAC
TATC were used. Quantifications were performed using the �CT method.
Biological replicates were performed, and single representative experi-
ments are shown as PCR analyses of triplicate samples with standard de-
viations.

Coimmunoprecipitation (co-IP). The Pierce classic IP kit (Thermo
Scientific, Rockford, IL) was used according to the manufacturer’s proto-
col. Cells were rinsed with PBS and lysed with cold IP-lysis buffer (50 mM
Tris [pH 7.6], 150 mM NaCl, 1 mM EDTA, 1% NP-40, 5% glycerol)
supplemented with phosphatase and protease inhibitor cocktails
(Thermo Scientific). The soluble fraction was cleared with protein A/G
agarose for 1 h, and 5% of whole-cell lysates was saved to measure “total”
protein levels. Cell lysates (600 �g) were incubated with anti-DNMT1
(H-300), anti-DNMT3A (H-295), anti-DNMT3B (H-230), or anti-Daxx
(M-112) (Santa Cruz Biotechnology, Santa Cruz, CA). Anti-IgG, used as a
negative control, was obtained from Millipore. Lysates were incubated
with antibodies overnight, followed by 2 h with protein A/G agarose
beads. The beads were collected and washed with IP-lysis buffer, Tris-
buffered saline (TBS) (pH 7.2), and conditioning buffer (neutral-pH buf-
fer). Immunoprecipitated proteins were extracted with sample buffer (0.3
M Tris HCl, 5% SDS, 50% glycerol, lane marker dye [pH 6.8]) and dithio-
threitol (DTT) to a final concentration of 20 mM, subjected to SDS-
PAGE, and analyzed by immunoblotting as described in the figure leg-
ends.

DNA methylation analysis. The methylation status of selective sites in
the integrated proviral DNA was assessed by bisulfite sequencing. Briefly,
total genomic DNA was isolated from infected HeLa cells containing in-
tegrated viral DNA using the DNeasy kit (Qiagen, Valencia, CA). Bisulfite
reactions were performed using the EZ DNA Methylation Gold kit (Zymo

Research, Irvine, CA) under conditions that allowed for complete conver-
sations of cytosine to uracil. The bisulfite-modified DNA was amplified by
PCR using GoTag Flexi DNA polymerase (Promega, Madison, WI) with
primers to the converted sequence of the appropriate region. The follow-
ing primers and PCR conditions were used for the different regions. For
the LTR, the Fw primer GTAATATGTTTTATAAGGAGAGAAAAAG
and the Rev primer AAAACCTTCTACTTCATACAAATACTC were
used, and 40 cycles of PCR were performed, with 1 cycle consisting of 30 s
at 94°C, 40 s at 54°C, and 30 s at 70°C. For CMV, the Fw1 (ATTAGTTT
ATAGTTTATATATGGAG) and Rev1 (CCATTAATATACTACCAAA
ACC) primers and the Fw2 (GTTTGGTATTATGTTTAGTATATG) and
Rev2 (CCAACTCTACTTATATAAACCTCCC) primers were used, and
40 cycles of PCR were performed, with 1 cycle consisting of 30 s at 94°C, 40
s at 55 or 56°C, and 50 s at 70°C. Amplified products were subcloned in the
pGEM-T Easy vector (Promega, Madison, WI), and 10 clones were se-
quenced per target region. The methylation profile of the region of inter-
est was determined by comparing the sequence of bisulfite-converted
DNA with the sequence of unmodified DNA.

RESULTS
Role of the human cellular protein Daxx in initiating a repressed
retroviral state. We previously uncovered a functional role for the
human Daxx protein in ASV silencing (17). Although Daxx was
found to be an ASV IN-interacting protein, we could not identify
a role in integration. Rather, we identified a mechanism whereby
Daxx-HDAC repressive complexes could be recruited to the inte-
gration site to initiate an epigenetically repressed state of ASV
proviruses in mammalian cells (17). The experiments described in
the legend to Fig. 1 were designed to determine whether Daxx
siRNA knockdown in target cells at the time of infection could
lead to enhanced and sustained proviral gene expression. We
tested this hypothesis using three different human cell lines: the
HeLa carcinoma cell line, the RPE1 retinal epithelial line, and
IMR90 normal fibroblasts. The outline of the experiments is
shown in Fig. 1A. Cells were treated with nonspecific control or
Daxx siRNAs, and when Daxx protein was nearly undetected (Fig.
1B, 1 week), cells were infected with the ASV vector encoding a
GFP reporter gene under the control of the CMV promoter. GFP
expression was measured by fluorescence-activated cell sorting
(FACS) at 2 days postinfection. Decreasing dilutions of virus were
used both to monitor dose response and reproducibility and to
examine the potential for high multiplicities of infection to over-
come repression. Substantial increases (2- to 6-fold) in GFP ex-
pression were observed with Daxx siRNA-treated cultures versus
control siRNA-treated cultures, even at the highest multiplicities
of infection (Fig. 1C). Daxx knockdown had no effect on viral
integration or histone deposition on viral DNA (data not shown)
(see Discussion).

To determine whether the increased GFP expression in Daxx
siRNA-treated cells was sustained during continued cell growth,
the GFP signal was monitored for one additional week. At this
time, GFP expression was found to be reduced to levels near those
observed with control siRNA treatment (Fig. 1D, infected IMR90
cells at 2 weeks). This delayed GFP repression corresponded with
the restoration of the Daxx protein to normal levels after siRNA
treatment (Fig. 1B, 2 weeks). Therefore, either a second mecha-
nism promoted repression over time, or Daxx-mediated repres-
sion is not strictly coupled to a time window encompassing the
integration step.

To determine whether Daxx-dependent or Daxx-independent
mechanisms played a role in delayed repression, cultures that were
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FIG 1 Daxx siRNA knockdown prior to ASV infection results in an initial increase in viral reporter gene expression (GFP) that is reduced over time after
restoration of Daxx expression. (A) Experimental outline. Human cells (HeLa, RPE1, and IMR90) were transfected with Daxx siRNA or control siRNA
(Dharmacon) and incubated for 96 h. The cells were then infected with the ASV-GFP vector, and GFP expression was analyzed by FACS at 48 h postinfection
(p.i.). At the same time, the cultures were sampled to confirm knockdown efficiency by immunoblotting with Daxx antibody. Selected cultures of each cell type
were maintained for an additional week, after which time GFP expression was again measured by FACS, and Daxx protein levels were determined by immuno-
blotting. (B) Assessment of siRNA knockdown of Daxx and its recovery by immunoblotting. Antiactin antibody was used to monitor loading. (C) Daxx
knockdown increases ASV-GFP expression over a range of multiplicity of infections (MOIs). Triplicate samples of cells were treated with Daxx siRNA or control
siRNA, incubated for 96 h, and infected as described above for panel A. GFP expression was analyzed by FACS at 48 h p.i. MFI, mean fluorescence intensity. (D)
Recovery of Daxx protein levels is correlated with repression of ASV-GFP expression. Triplicate samples from the siRNA-treated cells that were either uninfected
or infected with 20 �l of viral stock were maintained for an additional week, after which GFP expression was again analyzed by FACS, as described above for panel
A. (E) A second treatment with Daxx siRNA resulted in reactivation of GFP. Cell populations originally treated with either control or Daxx siRNAs prior to
infection were maintained for 2 weeks as described above for panel D (see the black arrows labeled a and b) and were treated a second time with either Daxx or
control siRNAs. GFP expression was analyzed by FACS after 96 h.
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treated with control siRNA or Daxx siRNA for 2 weeks and ana-
lyzed in Fig. 1D (infected IMR90 cells at 2 weeks) were rechal-
lenged with both siRNAs, and GFP expression was monitored at
96 h posttreatment (Fig. 1E). The results showed that rechallenge
with Daxx siRNA led to increased GFP expression in cultures ini-
tially treated with Daxx siRNA, as well as those initially treated
with the control siRNA. These findings indicate that after an initial
enhancement of GFP expression by Daxx knockdown, muting of
the GFP signal was resumed over time and that this process was
dependent on Daxx. From the results of these experiments, we
conclude that the depletion of Daxx at the time of viral DNA
integration results in increased viral GFP gene expression but that
Daxx can also promote repression long after the provirus is estab-
lished. Having previously shown that Daxx can promote repres-
sion through interaction with the viral IN protein (17), these data
indicate that a second, IN-independent but Daxx-dependent
mechanism is operative weeks after infection, at which time the
incoming viral IN protein has dissipated.

Daxx protein levels are increased after ASV infection. Retro-
viral infections are countered by a variety of sometimes inducible
host cell proteins that participate in intrinsic host defense mech-
anisms (20, 48). We carried out experiments to investigate further
the finding that Daxx protein levels increase in response to retro-
viral infection (17). We measured Daxx steady-state protein levels
after exposure to either the ASV-GFP virus encoding the MLV
amphotropic envelope gene that allows entry into mammalian
cells or a natural subgroup A strain of ASV that cannot infect
mammalian cells (Fig. 2). The Daxx protein is 740 amino acids in
length, with a predicted molecular mass of 81 kDa. The prominent
form of Daxx identified in mammalian cells migrates as a ca. 110-

kDa species, with additional forms migrating as 70-kDa and 97-
kDa species. Previous studies showed that the 110-kDa species is
phosphorylated (49), but differences in migration may also reflect
the highly unstructured nature of the protein (40). In Fig. 1 (and
Fig. 5 and 6 below), we highlight the 110-kDa form, as the anti-
body used in these experiments primarily recognizes this form.
The antibody used in the Western blots in Fig. 2 recognizes all
forms.

The results in Fig. 2 show an increase in steady-state levels of all
Daxx protein species at 24 and 48 h after infection with the ASV
(ampho) virus, but no significant change after exposure to the
subgroup A virus that is unable to enter human cells. These ob-
servations are consistent with those of our earlier studies, showing
an increase in Daxx steady-state levels after infection of human
cells with ASV (17). To determine whether the increase in Daxx
protein after ASV infection is due to transcriptional or posttran-
scriptional mechanisms, Daxx mRNA levels were measured. For a
positive control, Daxx mRNA and protein levels were examined
after treatment with alpha interferon (IFN-�). As expected (50,
51), increases in Daxx protein (Fig. 2C) and Daxx mRNA (Fig.
2D) were detected after IFN-� treatment. These findings are con-
sistent with participation of Daxx in the mobilization of intrinsic
host cell defenses. However, analysis by quantitative real-time re-
verse transcription-PCR (RT-PCR) showed that the amount of
Daxx mRNA in the cells infected with ASV (ampho) did not in-
crease significantly during the first 24 h (Fig. 2D), indicating that
the increase in Daxx protein following ASV infection is likely due
to posttranscriptional stabilization mechanisms. Treatment with
the protein translation inhibitors emetine (Fig. 2E) and cyclohex-
imide (not shown) resulted in higher levels of Daxx protein over

FIG 2 Daxx protein is stabilized in ASV-infected HeLa cells. (A and B) HeLa cells were incubated with the ASV amphotropic GFP vector capable of infecting
mammalian cells (36, 50, 51) (A) or with an analogous ASV subgroup A vector, which is incapable of infecting human cells (B) as a negative control. Lysates were
subjected to gel electrophoresis, and the steady-state amounts of Daxx protein were determined by immunoblotting at the indicated times postinfection.
Antiactin antibody was used to monitor loading. The positions of molecular mass markers (in kilodaltons) are indicated to the left of the gels. (C) Cultures were
treated with IFN-� for 4 h (1,000 IU/ml), samples were collected at several intervals, and Daxx protein was detected as described above for panels A and B. (D)
RNA was extracted from cultures treated with IFN-� or infected with ASV (ampho) or ASV subgroup A at the indicated time points, and the Daxx mRNA levels
were analyzed by quantitative RT-PCR (qRT-PCR). (E) Parallel HeLa cell cultures were infected with the ASV amphotropic GFP vector, and the translation
inhibitor emetine was added at a final concentration of 0.5 �g/ml. Infected and uninfected treated cells were harvested at the indicated time points, and the Daxx
protein was detected by Western blotting. Prolonged Daxx decay was observed in infected compared to uninfected cells, while actin protein decay was similar
under both conditions. NT, not treated.
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time in infected cells compared to uninfected cells. These data
indicate that the increase in steady-state levels of Daxx protein in
infected cells observed in Fig. 2A is due, at least in part, to in-
creased protein stability.

Rapid accumulation of repressive epigenetic marks on LTRs.
Our published findings and those described above suggest that
retroviral protein-DNA complexes are recognized in infected
cells and that an epigenetically repressed state is established
rapidly as part of an antiviral response. As ASV-GFP epigenetic
repression appears to be highly pervasive in HeLa cells (37), we
expected that the appearance of repressive epigenetic marks
could be tracked even in populations that were not sorted for
complete GFP silencing.

To monitor the rate of appearance of histones (i.e., histone H3)
and repressive H3K9me3 and H4K20me3 histone marks (52) on
newly integrated DNA in unsorted cultures, we used a chromatin
immunoprecipitation (ChIP) assay. The ASV-GFP vector in
which the GFP gene is under the control of the internal CMV
promoter was used to infect HeLa cells, and both the viral LTR and
the CMV promoter region were monitored for the assembly of
nucleosomal histones and histone repressive marks. All of the
measurements were normalized against the values for the GAPDH
gene. As shown in Fig. 3, we observed a rapid and continuous
increase in the association of histone H3 on the viral LTR, with
occupancy detected in as few as 6 h, and a maximum occupancy at
about 48 h postinfection. An association of histone H3 with the
internal CMV promoter was also observed. We conclude that viral
DNA is chromatinized rapidly postinfection, and the timing is
consistent with an integration event (53). Furthermore, the data
in Fig. 3 show that the repressive histone modifications H3K9me3
and H4K20me3 are detected on the LTR and the internal CMV
promoter by 12 h, nearly concomitantly with chromatization.

The appearance of 5MeCpG repressive marks on the ASV LTR
(Fig. 4A) was also monitored over time after infection of unsorted
HeLa cells, using the standard bisulfite conversion method. As
shown in Fig. 4B, significant methylation of the LTR was detected
by day 3, and the percentage continued to increase over time to
day 7, with a plateau at about 13%. For a technical control, as well
as a relevant biological comparison, LTR methylation analysis was
performed after long-term infection of avian DF1 cells with the
same ASV-GFP virus. In this case, LTR methylation levels were
very low (ca. 2% 5MeCpG) (Fig. 4B) consistent with the lack of
detectable ASV silencing in these natural avian host cells (54, 55).

Viral DNA methylation in long-term-silent cells. The exper-
iments described above demonstrate that Daxx-mediated epige-
netic repression and ASV LTR DNA methylation occur during
early stages of ASV infection in human cells. To begin to assess the
functional relationship between these findings, we examined
sorted long-term-passaged cells in which the ASV-GFP provirus is
stably silent. For these experiments, we analyzed proviral DNA
methylation in three HeLa cell populations harboring silent pro-
viruses in which the silent GFP gene is controlled by either the LTR
promoter (TI-L), the CMV internal promoter (TI-C), or an elon-
gation factor 1 alpha subunit (EF1�) internal promoter (TI-E)
(37). An example of results with the LTR region, in the TI-C pop-
ulation, is provided in the top panel of Fig. 4C, revealing high
levels of DNA methylation (78%). Figure 4D shows a summary of
the complete analyses in which several regions of the viral ge-
nomes in TI-C, TI-L, and TI-E cells were analyzed, including the
LTRs, two areas of the env gene, the internal CMV promoter, and
the GFP-coding region. In TI-L cells, all four regions show ca. 70
to 80% methylation. High LTR methylation levels were also ob-
served in TI-E cells (83%), in which an internal cell-derived pro-
moter controls the GFP gene. In these analyses, primer sets for
methylation analyses did not distinguish between the upstream
and downstream LTRs. In a separate experiment with TI-C cells,
in which specific primer sets were used to distinguish upstream
and downstream LTRs, the levels were 83% and 76%, respectively.
We conclude from Fig. 4D that heavy LTR methylation is promi-
nent in silent proviruses.

Differences in the DNA methylation patterns of the three pro-
viruses in the TI-L, TI-C, and TI-E GFP-silent HeLa populations
were highly informative (Fig. 4D). As the TI-C and TI-E cells were
selected for epigenetic silencing of the GFP genes, we expected that
the internal promoters driving GFP would display DNA methyl-
ation marks. Conversely, as the LTR promoter has no direct role in
GFP transcription in these two constructs, there should be no
selection for LTR promoter-based silencing. The results summa-
rized in Fig. 4D show, however, that the TI-C and TI-E proviral
LTRs were indeed, heavily methylated. These results together with
the data in Fig. 4B are consistent with a mechanism in which LTRs
are targeted for methylation independently of selection for LTR
promoter activity. Furthermore, analysis of the methylation pat-
terns in TI-C proviruses showed, unexpectedly, that the internal
CMV promoter was essentially devoid of DNA methylation (Fig.
4D). The regions flanking the CMV promoter in the env and GFP
genes also showed dramatically reduced methylation compared to
TI-L and TI-E proviruses (Fig. 4D). These results suggest that the
strong CMV promoter and environs are protected from DNA
methylation. Figure 3 shows that the CMV promoter region is
subject to repressive histone marks, which may be sufficient to
initiate and maintain silencing of the GFP gene. It is also possible

FIG 3 Deposition of core histones on viral DNA and accumulation of repres-
sive histone marks. HeLa cells were infected with the ASV-GFP vector, and
chromatin samples were collected for ChIP analysis at 6, 12, 24, 48, and 72 h
postinfection. The indicated antibodies were used to detect the association of
integrated proviral DNA with histone H3, and nucleosomes bearing the major
repressive histone marks: histone H3 Lys 9 trimethyl (H3K9me3) and histone
H4 Lys 20 trimethyl (H4K20me3). DNA was quantitated by real-time PCR
using primers corresponding to the viral LTR region (LTRp) or the viral CMV
promoter (CMVp). Primers for the promoter region of the GAPDH promoter
region were used as a control. Values for H3 and histone marks associated with
viral sequences were normalized to those obtained with the GAPDH pro-
moter, with the ratios plotted on the y axis.
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that LTR DNA methylation can lead to repression of the internal
CMV promoter (see Discussion). In either case, the results in Fig.
3 and 4 clearly indicate that repressive histone marks and DNA
methylation are established on the ASV genome early after infec-
tion of human cells and that heavy LTR DNA methylation corre-
lates with GFP silencing, despite the fact that the GFP gene is
under the control of an internal promoter.

Our previous results (37), as well as those reported here, indi-
cate that in human cells, ASV proviruses are subject to a contin-
uum of epigenetic effects, which range from complete silencing to
muting of GFP reporter gene expression. To address whether
there exists a gradient of underlying epigenetic marks, we analyzed

resident proviruses in GFP-positive HeLa cells (Fig. 4C). Long-
term-passaged GFP-positive cells, harboring the same provirus
that is present in TI-C silent cells, were sorted from the brightest
GFP decade. A significant level of LTR methylation (�27%) was
detected in this HeLa GFP-positive cell population, but this value
was much lower than that observed in TI-C silent cells (78%) (Fig.
4C). As discussed above, LTR DNA methylation is very low in
chronically infected, permissive avian cells (Fig. 4B, bottom). The
latter finding establishes a biologically relevant baseline with
which the HeLa GFP-positive LTR DNA methylation levels can be
compared. In contrast to the differences in LTR methylation be-
tween TI-C and GFP-positive cell populations, methylation levels

FIG 4 DNA methylation of the ASV proviral LTR. (A) Diagram of the ASV LTR showing the distribution of CpG dinucleotides within the U3, R, and U5 regions
and the locations of primers for PCR. (B) Methylation patterns of the LTR in newly infected HeLa cells and long-term-infected DF1 cells as determined by
bisulfite conversion and cloning of converted PCR product. Analysis of 10 clones is shown as a linear array, with empty circles representing nonmethylated CpG
residues and filled circles representing methylated CpG residues. (C) Methylation pattern of the LTR in long-term populations of infected sorted GFP-silent
(HeLa TI-C) and GFP-expressing cells. FACS profiles and the percentage of GFP-positive cells (GFP�) in each population are shown at the right. (D) Summary
of proviral methylation patterns of proviruses in sorted GFP-silent HeLa TI-L, TI-C, and TI-E cells and GFP-positive HeLa cells. (E) Methylation pattern of the
GFP reporter gene in long-term populations of infected, sorted GFP-silent and GFP-positive cells. The locations of primers are shown above.
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of the GFP gene body were the same (22 to 23%) in both popula-
tions (Fig. 4E). Together, these findings indicate that the extent of
LTR methylation correlates with the epigenetically repressed state
and suggests that LTR methylation can exert long-range effects on
the internal CMV promoter (see Discussion).

Silent proviruses are reactivated after knockdown of Daxx or
DNMTs. We used siRNA knockdown to identify host factors that
participate in the observed DNA LTR methylation and repression
in TI-C and TI-L long-term-silent cells, focusing on the role of
Daxx and DNMTs as potential functional partners. The results
(Fig. 5A and B) show that siRNAs that target Daxx or HDAC1
promote GFP reactivation in both TI-C and TI-L populations, as
expected from previous studies (17, 18). In HeLa TI-C cells,
knockdown of either DNMT3A or DNMT3B also promoted GFP

reactivation, whereas knockdown of other DNMTs had little effect
(Fig. 5A). In TI-L cells, only knockdown of DNMT3B resulted in a
detectable increase in GFP expression (Fig. 5B). Efficient knock-
down of DNMTs was confirmed by Western blotting (Fig. 5C).
From these results, we conclude that Daxx and the de novo
DNMTs (DNMT3A and DNMT3B) are required to maintain
long-term ASV silencing in human cells and that Daxx-DNMT
interactions may play a role in this process. Furthermore, as the
internal CMV promoter driving GFP is unmethylated in TI-C
cells, we speculated that DNMTs may be modulating GFP expres-
sion through long-range effects of LTR methylation. It is also pos-
sible that DNMTs play a nonenzymatic scaffolding role at the
internal CMV promoter. Last, in TI-L cells, the LTR drives the
GFP gene, and therefore, the effects of knockdown on GFP expres-
sion are predicted to be mediated by direct action of Daxx and
DNMTs on the LTR.

Evidence for physical interactions between Daxx and
DNMTs and their association with proviral DNA. To determine
whether Daxx represses proviral gene expression via effects on
LTR methylation, we first asked whether Daxx associates with
DNMTs in HeLa cells, as detected by coimmunoprecipitation.
Cell lysates were treated with antibodies against DNMT1,
DNMT3A, or DNMT3B, and the immunoprecipitates were sub-
jected to Western blotting with anti-Daxx antibodies. Daxx was
found to be associated with both DNMT1 and DNMT3A, but no
interaction with DNMT3B was detected (Fig. 6A). The interac-
tions were confirmed by a reciprocal strategy, using anti-Daxx
antibody for immunoprecipitation, and DNMT antibodies for the
Western blot analyses (Fig. 6B). These results are consistent with
previous reports that DNMT1 and DNMT3A interact directly or
indirectly with Daxx (32). An interaction of Daxx with DNMT3B
could not be excluded in these experiments, as the level of
DNMT3B in these cells was low.

To investigate potential Daxx-DNMT interactions on the viral
LTR, we performed ChIP experiments followed by quantitative
real-time PCR using two primer sets that flank the LTR transcrip-
tion start site (TSS). The GAPDH cellular promoter served as a
control. For these experiments, HeLa TI-C cells harboring silent
ASV-GFP proviruses were used. As shown in Fig. 6C, high RNA
polymerase II (RNA PolII) occupancy and low Daxx and DNMT
occupancy were observed on the active GAPDH promoter, as ex-
pected. In contrast, low RNA PolII occupancy and high Daxx and
DNMT occupancy were detectable on the viral LTR. Daxx,
DNMT1, and DNMT3B were detected on LTR U3 and U5 sites
(Fig. 6C). Analysis of the CMV-GFP region in the provirus (Fig.
6D) revealed low occupancy by RNA PolII consistent with GFP
silencing. Daxx and, to a lesser extent, DNMT3A were associated
with the CMV TSS. As the CMV promoter is unmethylated in
TI-C cells, the role of the DNMT3A at the CMV promoter is un-
clear. However, the presence of Daxx and DNMTs at the LTR
could signify roles in maintaining LTR DNA methylation, and this
possibility was tested as described below.

Daxx siRNA knockdown results in loss of full LTR DNA
methylation in long-term-silent cells. As Daxx occupancy was
detected on the LTR (Fig. 6), and this protein participates in com-
plexes that contain DNMTs (32, 38), we asked whether Daxx
knockdown in long-term-silent TI-C cells could affect the DNA
methylation profile of the ASV LTR (Fig. 7). For these experi-
ments, an inhibitor of DNMTs, 5-azacytidine (5-azaC), was used
as a positive control. Inhibitor treatment resulted in a reduction of

FIG 5 siRNA knockdown of Daxx, HDAC1, and DNMT3A and -3B leads to
reactivation of reporter gene expression in long-term ASV-GFP-silent popu-
lations. (A) Results of siRNA treatment of a population of HeLa cells that
contain a silent ASV-GFP provirus with the GFP gene under the control of an
internal CMV promoter (HeLa TI-C). (B) Results of siRNA treatment of a
population of HeLa cells that contain a silent ASV-GFP provirus with GFP
reporter gene expression regulated by the proviral LTR (HeLa TI-L). In panels
A and B, GFP expression was determined by FACS 96 h after siRNA addition.
NT, not transfected; Mock, mock treated (treated with transfection reagent
without siRNA). (C) Assessment of knockdown efficiencies by immunoblot-
ting. Samples were analyzed 96 h after siRNA treatment. GAPDH was used as
a loading control.
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LTR CpG methylation from 73% to 36%. Daxx knockdown
caused a decrease in LTR methylation from 73% to 56%. For
negative controls, a nonspecific siRNA and the HDAC inhibitor
trichostatin A (TSA) were used. TSA reactivates GFP expression in
TI-C cells but is not expected to affect DNA methylation. GFP
expression following each of these treatments was monitored, and
the FACS profiles confirmed the expected reversal of silencing
(Fig. 7). These results are consistent with a model in which Daxx
and DNMT(s) collaborate to control long-term retroviral silenc-
ing. Figure 8 summarizes findings relevant to GFP reactivation in
response to siRNA knockdown, DNA methylation levels, Daxx
binding, and repressive histone marks.

DISCUSSION

Inserted retroviral DNA is initially epigenetically naive, and very
little is known about the mechanisms by which the epigenetic state

FIG 6 Evidence for physical interaction between Daxx and DNMTs and their
association with the proviral DNA. (A) DNMT1 and DNMT3A interact with
Daxx. HeLa TI-C cell lysates were treated with anti-DNMT1, anti-DNMT3A,
anti-DNMT3B antibody, or control IgG. The resulting immune complexes
were analyzed by SDS-PAGE, followed by immunoblotting with Daxx anti-
bodies. (B) Daxx interacts with DNMT1 and DNMT3A. HeLa TI-C cell lysates
were treated with anti-Daxx or control IgG antibody. The resulting immune
complexes were analyzed as described above for panel A and probed with the
anti-DNMT antibodies. Lysates were loaded directly onto gels, as controls for
total protein content in both panels A and B. (C) DNMT1, DNMT3B, and
Daxx are associated with the proviral LTR. HeLa TI-C cells were subjected to
ChIP with antibodies specific for Daxx, DNMT1, DNMT3A, and DNMT3B.
Anti-RNA polymerase II (anti-PolII) antibody was used as a control to mea-
sure expected high RNA PolII occupancy on the GAPDH promoter and low
occupancy on the LTR and the internal CMV promoter in HeLa TI-C cells.
Normal IgG served as a background control. Primer sets that target the viral
LTR U3 and U5 regions flanking the transcriptional start site (TSS) are

illustrated in the map above the graph. Primers that flank the active cellular
GAPDH promoter region were used as a control to monitor the expected low
occupancy of silencing factors. (D) DNMT1, DNMT3A, and Daxx are associ-
ated with the internal CMV transcription start site for the GFP reporter in the
provirus. ChIP was performed with HeLa TI cells as described above for panel
C. The locations of the primer sets that target the CMV promoter region and
transcription start site (TSS) are illustrated in the map above the graph. Error
bars show the standard deviation among triplicates. Results shown are repre-
sentative of biological duplicates.

FIG 7 Daxx siRNA knockdown reverses LTR DNA methylation in long-term-
passaged GFP-silent populations. Methylation patterns of the LTR in HeLa
TI-C cells was determined 96 h following treatment with control or Daxx
siRNAs or 72 h following treatment with 0.5 �M TSA (negative control) and 5
�M 5-azaC (positive control). Analysis and data representation are as de-
scribed in the legend to Fig. 4. FACS profiles and GFP expression levels are
shown on the right.

Daxx-Mediated Epigenetic Repression

February 2013 Volume 87 Number 4 jvi.asm.org 2145

http://jvi.asm.org


of retroviral DNA is established. Non-mutually exclusive models
include the passive influence of the epigenetic environment at the
chromosomal integration site (13–16) or the active recruitment of
repressive complexes as part of an antiviral response (2, 17, 18,
20, 21).

Daxx as an antiviral factor. We previously identified Daxx as
an antiviral host factor that participates in ASV epigenetic repres-
sion in mammalian cells (17), possibly in response to interspecies
infection. The engagement of Daxx with the ASV IN protein ap-
pears to represent an antiviral mechanism through which repres-
sive epigenetic factors are recruited to viral DNA. A simple model,
consistent with its known functions, is that Daxx acts as a scaffold
to target such factors to viral IN-DNA complexes. The model im-
plies that Daxx complexes are present at the site of viral DNA
integration, and thereby could mediate rapid repression of viral
transcription (Fig. 9).

In addition to its antiviral function, Daxx has now been found
to have multiple cellular roles (56, 57). However, the fact that
Daxx interacts with a large number of diverse viral proteins (33,
39, 41–46, 58) indicates that functions relevant to host-virus in-
teractions are prominent. This large collective of interactions be-
tween Daxx and viral proteins seem to highlight opposing strate-
gies for the host and virus. One strategy, as exemplified by the
Daxx-IN interaction, signifies the recognition of a virus-encoded
protein, IN, by the host antiviral protein Daxx. In a second strat-
egy, the antiviral Daxx protein is recognized and disabled by virus-
encoded proteins; several of these Daxx countermeasure proteins
have been identified (39, 41, 44, 46, 58, 59). Recently, it has been
determined that Daxx is a highly unstructured protein (40). This
disorder may provide structural plasticity, allowing initial engage-
ment with these diverse viral proteins with subsequent formation
of organized, stable interfaces.

Unlike large DNA viruses, simple retroviruses such as ASV do

not encode accessory proteins that function as countermeasures
to disable antiviral host factors such as Daxx. Despite this apparent
lack of ASV countermeasures, Daxx activity is not sufficient to
completely repress ASV DNA expression in human cells, and it is
unclear how some ASV proviruses escape full Daxx-mediated epi-

FIG 8 Summary of protein factor binding and mapping of repressive DNA methylation and histone marks on silent proviruses. Functional roles in repression
were indicated by reactivation of GFP in response to factor knockdown with siRNA. For silent proviruses in TI-L cells (bottom), only the DNA methylation
analysis was performed. Arrows indicate transcriptional start sites for GFP mRNA in TI-C cells and TI-L cells, as controlled by the internal CMV or LTR
promoter, respectively.

FIG 9 Model for the roles of Daxx in the initiation and maintenance of ret-
roviral silencing. (Top) The role of Daxx as a scaffolding protein to recruit
DNMTs and HDACs to viral DNA is depicted. (Bottom) Postintegration re-
pressive epigenetic marks are depicted, along with Daxx, HDAC, and DNMTs.
The mechanism by which Daxx is positioned on viral DNA during silencing
maintenance is unknown, as indicated by the question mark.
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genetic repression. It is likely that Daxx functions as a part of an
ensemble of intrinsic antiviral factors that target various steps in
retroviral replication (2). It is also possible that the chromosomal
integration site can modulate the role of Daxx as an antiviral fac-
tor. We note, however, that the epigenetic repression and silencing
that we have observed do not preclude the effective use of ASV
vectors for gene transfer into mammalian cells (36, 60).

DNA methylation and histone modification cross talk. DNA
methylation is a well-recognized silencing mechanism for retrovi-
ruses and other retrotransposons (22, 61), frequently targeting the
LTR promoter. As long-term ASV silencing in mammalian cells
was known to be mediated by DNA methylation (22, 47, 62), an
unexpected finding from our initial studies was that treatment
with HDAC inhibitors was sufficient to reactivate epigenetically
silent ASV proviruses in freshly infected or long-term-silent hu-
man cells (37). Furthermore, Daxx-HDAC complexes were found
to have a prominent role in rapid silencing that we observed (17).
In the work described here, we reinvestigated the role of DNA
methylation in retroviral silencing, in this case focusing on the
participation of Daxx in this process, as well as monitoring the
appearance of DNA methylation on viral DNA postinfection
(Fig. 4B).

With respect to overall epigenetic control of cellular genes,
cross talk between histone modifications and DNA methylation is
well recognized, but highly complex and poorly understood (63).
Several studies have shown that DNA methylation and histone
modifications coordinately contribute to retroviral silencing (6,
64–68). In the case of HIV latency, HDAC-mediated epigenetic
repression is prominent, while CpG methylation may contribute
only to a more stable silent state of the provirus (64). Results of
another study indicate that sequence-specific transcription factors
and DNA methylation cooperate to maintain HIV latency (69).

Rapid appearance of repressive histone modifications and
DNA methylation. The results in Fig. 3 show that repressive his-
tone marks (H3K9me3 and H4K20me3) could be detected as early
as 12 h postinfection on both the viral LTR and the internal CMV
promoter controlling the GFP gene. Although this approach can-
not be used to determine the fraction of viral histones harboring
repressive marks, an apparent plateauing of repressive mark accu-
mulation was observed in several cases, suggesting that maximum
modification levels are achieved within 12 to 24 h of infection. The
finding that H3K9me3 repressive marks accumulate on viral chro-
matin early after infection is consistent with the previously de-
tected role for HDACs; the HDACs facilitate removal of the acti-
vating H3K9 acetylation marks, thus allowing formation of the
H3K9me3 marks.

The question of which epigenetic marks (DNA methylation
and histone modifications) are the founders, or “drivers,” of the
epigenetically repressed proviral state has been elusive, due to in-
herent differences in detection methods, time scales, and sensitiv-
ities. However, we can conclude that repressive histone marks are
formed on viral chromatin within 24 h postinfection (Fig. 3).

Our experiments also revealed fundamental features of the as-
sembly of retroviral DNA into chromatin. An association of his-
tone H3 with the proviral LTR could be detected as early as 12 h
postinfection, and its relative occupancy appeared to increase un-
til it reached a maximum in about 48 h (Fig. 3). These kinetics are
similar to those expected for retroviral DNA integration (53, 70,
71) and suggest that the provirus is rapidly chromatinized upon
insertion into host DNA. The accumulation of repressive histone

H3 and H4 marks on LTR-associated chromatin follows similar
kinetics, indicating that formation of repressive chromatin is co-
incident with viral DNA integration. It is currently unknown
whether histone deposition on newly integrated retroviral DNA
must await passage of a replication fork during S phase. The ki-
netics for histone assembly on viral DNA shown in Fig. 3 indicate
that near maximal histone occupancy occurs between 24 and 48 h,
consistent with a DNA replication-dependent H3 deposition
mechanism. The histone variant H3.1 is deposited in nucleosomes
during S phase, while H3.3 is deposited in a DNA replication-
independent manner (72). Interestingly, Daxx was recently iden-
tified as a histone chaperone for deposition of histone H3.3 (56,
57). It is therefore possible that in addition to recruiting epigenetic
repressors, this large scaffold protein can participate in histone
deposition on viral DNA. As the antibodies used in these experi-
ments do not distinguish between H3.1 and H3.3, additional stud-
ies will be required to address the mechanism of histone deposi-
tion and the potential role of Daxx in this process.

Daxx facilitates silencing of proviruses in both newly in-
fected and long-term-passaged cells. Our earlier findings (17)
suggested a “hit-and-run” repression mechanism whereby IN-
Daxx-HDAC complexes directed the initiation of an epigeneti-
cally repressed retroviral state that was subsequently maintained
by the cellular epigenetic machinery in a Daxx-independent man-
ner. However, further studies identified a role for Daxx in long-
term ASV provirus silencing (18). To temporally uncouple roles
for Daxx in the initiation and maintenance of a repressive epige-
netic viral state, here we asked whether Daxx depletion at the time
of infection was sufficient for durable viral GFP reporter gene
expression. The results in Fig. 1 show that Daxx knockdown at the
time of infection with ASV-GFP viruses resulted in a significant
increase in GFP intensity, as monitored by both mean fluores-
cence intensity (MFI) (Fig. 1C) and percentage of GFP-positive
cells (not shown). We also show that ASV infection of human cells
results in an increase in Daxx protein levels and that posttran-
scriptional mechanisms, including protein stabilization, contrib-
ute to this response (Fig. 2). These results suggest a surveillance
role for Daxx, with rapid stabilization and recruitment of Daxx
repressive complexes to the chromosomal integration sites
(Fig. 9).

We note that the knockdown of Daxx at the time of infection
(Fig. 1) is expected to interrupt both HDAC- and DNMT-medi-
ated silencing. We have found that treatment with either the
DNMT inhibitor 5-azaC or the HDAC inhibitor TSA just prior to
infection did not enhance viral GFP expression. However, com-
bined treatment did result in an increased GFP signal (not
shown). These findings suggest that cross talk between DNMTs
and HDACs is required for initiating epigenetic repression. We
believe that knockdown of Daxx interrupts both pathways, as its
scaffolding role recruits both HDACs and DNMTs. As such, we
have not attempted to discern a role for individual DNMTs in
Daxx-dependent initiation of silencing using siRNA knockdown.
From the literature and our current experiments (Fig. 6), Daxx is
capable of interacting with all three DNMTs. In terms of roles for
individual DNMTs in silencing maintenance, the picture is com-
plex, as summarized in Fig. 8. However, DNMT3B and Daxx are
detected on the LTR during long-term silencing, and both are
functionally required for silencing maintenance.

Knockdown of Daxx at the time of infection resulted in only
transient viral derepression (Fig. 1D). Rechallenge with Daxx
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siRNA confirmed that this delayed repression was Daxx depen-
dent (Fig. 1E). There is no known mechanism or biological re-
quirement for retention of IN molecules at the integration site.
Thus, our findings suggest that Daxx-mediated viral silencing and
repression can also occur independently of IN-Daxx interactions
(Fig. 9). These observations are consistent with results in Fig. 5, as
well as the previous studies (18), which demonstrate a role for
Daxx in long-term silencing.

We show here that Daxx is bound to both the LTR and the
internal viral CMV promoter during long-term silencing (Fig. 6C
and D and Fig. 8). Similar roles for Daxx as part of an antiviral
repressor complex have been documented in other viral systems
(33, 46, 73). Furthermore, the observation that large DNA viruses
encode proteins that disable Daxx (e.g., herpes simplex virus
[HSV] pp71) (39, 46, 58) further supports our original proposal
that Daxx complexes act as antiviral transcriptional repressors
(17, 18).

Methylation of viral LTR DNA sequences is correlated with
silencing. The ASV LTR is highly methylated (ca. 80% of CpGs) in
long-term-passaged GFP-silent HeLa cells (Fig. 4C), consistent
with numerous studies that show methylation of ASV DNA and
silencing in mammalian cells (22). We detected extensive methyl-
ation of viral LTRs regardless of whether the silent GFP gene was
under transcriptional control of the LTR or the internal EF1� or
CMV promoters (Fig. 4 and 8). The use of internal promoters to
drive GFP provides a powerful means to uncouple the effects of
LTR methylation on the LTR promoter activity versus potential
long-range effects within the provirus. In contrast to the heavy
methylation on the LTRs, methylation was largely undetectable in
the CMV promoter region of proviruses in TI-C cells, which were
selected for GFP silencing (Fig. 4D). As GFP expression is con-
trolled by the CMV promoter, and not by the LTR in this provirus,
there was no selection for LTR promoter silencing in these long-
term-passaged cells. These findings suggest two non-mutually ex-
clusive models. (i) The LTR is targeted for methylation, and the
internal CMV promoter is repressed only by histone marks. (ii)
LTR methylation exerts a long-range effect on the internal CMV
promoter. The finding that the CMV promoter is devoid of meth-
ylation yet is responsive to the DNMT inhibitor 5-azaC (Fig. 4D
and 7) supports the idea that long-range effects of LTR methyl-
ation modulate epigenetic effects at the internal promoter.

LTR methylation was also observed in stable infected GFP-
positive HeLa cells, but the levels were significantly lower than
those observed in long-term-silent TI-C cells (27% versus 78%).
These results were not unexpected, as ASV-GFP infection of HeLa
cells is characterized by a broad range of moderate-to-weak GFP
intensities (37). The level of LTR methylation in GFP-positive
cells is apparently not sufficient to promote full epigenetic silenc-
ing, or alternatively, chromosomal positioning of proviruses in
this GFP-positive population may contribute to overcoming re-
pressive methylation. In either case, the fact that the extent of LTR
methylation in TI-C and GFP-positive HeLa cells correlates with
GFP repression (Fig. 4C) again points to a functional relationship
between LTR methylation and activity of the internal CMV pro-
moter. The mechanism of this apparent long-range effect is un-
known.

In contrast to long-term-passaged GFP-silent and GFP-posi-
tive human HeLa cells, only a very low level of ASV LTR CpG
methylation (2%) was detected in chronically infected avian cells
(Fig. 4). Because ASV viral DNA integration site selection is sim-

ilar in human and avian cells (23–25), chromosomal position is
unlikely to account for such repression. Rather, our findings are
consistent with the idea that DNA methylation of the LTR and
concomitant GFP repression in human cells represents an antivi-
ral response to interspecies infection of human cells. Our earlier
work showed that a CMV promoter-matched HIV-1-based vector
was not silenced in HeLa cells (37), also supporting the idea that
heterologous ASV components specifically trigger proviral epige-
netic repression in human cells.

Daxx mediates proviral DNA methylation. We previously
showed that the antiviral protein Daxx is recruited to viral DNA
soon after infection through IN binding (17) (Fig. 9). As DNMTs
are known Daxx-binding partners (32, 74), we hypothesized that
the rapid initiation of proviral DNA methylation and silencing
could be mediated by Daxx-DNMT complexes (Fig. 9). We show
that ASV LTR DNA methylation can be detected within several
days postinfection of HeLa cells (Fig. 4), consistent with the pres-
ence of Daxx at the integration site and acting as a facilitator of
DNA methylation. This idea is difficult to test due to the initial low
levels of LTR DNA methylation early after infection. However, a
role for Daxx in DNA methylation was investigated with the TI-C
long-term-silent cells. Our results (Fig. 7) show that Daxx is re-
quired to maintain full LTR DNA methylation in these cells. Fur-
thermore, we confirmed that Daxx and DNMTs interact (32) in
HeLa cells and showed that both Daxx and DNMTs are bound to
the LTR (Fig. 6 and 8). Daxx-DNMT complexes are known to
mediate repression of cellular genes (32), and our results demon-
strate that Daxx can also promote both LTR DNA methylation
and long-term retroviral silencing. These findings provide the first
evidence that the antiviral protein Daxx can contribute to DNA
methylation-based epigenetic repression of viral DNA.

The mechanism by which Daxx is targeted to the viral genome
in long-term-silent cells is unknown (Fig. 9). We detected occu-
pancy of Daxx on both the LTR and internal CMV promoters (Fig.
6C and D and Fig. 8), suggesting that the targeting mechanism is
not highly localized. Whether positioning of Daxx is limited to
promoter regions on viral DNA remains to be explored. As Daxx
knockdown triggers reactivation of GFP in TI-L cells in which
GFP gene expression is controlled by the LTR promoter, we hy-
pothesize that positioning of Daxx on the LTR likely reflects its
functional role in methylation and transcriptional repression.

Epigenetic repression as a broad antiretroviral mechanism.
Several studies, including our own (18), have identified host epi-
genetic factors that maintain retroviral silencing (2, 7, 20, 21, 66).
In the case of MLV, a host zinc finger protein expressed in embry-
onic mouse cells has been shown to recognize a viral DNA se-
quence, the primer binding site, and thereby recruit the assembly
of repressive epigenetic complexes. In other studies, lentivirus and
MLV-based vector proviruses have been shown to undergo rapid
DNA methylation in undifferentiated mouse cells (66, 67). Thus
far, there has been a focus on such silencing as a protective anti-
viral mechanism in embryonic cells. Both rapid appearance of
repressive marks and DNA methylation-histone modification
cross talk appear to be common features in retroviral silencing in
undifferentiated mouse cells and in human cells infected with a
heterologous retrovirus (ASV). The repressive epigenetic effects
on ASV in human cells that we have observed appear to indicate an
activated antiviral response to interspecies infection. Such activi-
ties may represent a novel and underappreciated facet of the in-
trinsic antiretroviral response that may surveil human cells.
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