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Summary

Chromosomal structure of nuclear DNA is usually maintained by insertion of nucleosomes into 

preexisting chromatin, both on newly synthesized DNA at replication forks and at sites of DNA 

damage. But during retrovirus infection, a histone-free DNA copy of the viral genome is 

synthesized that must be loaded with nucleosomes de novo. Here we show that core histones are 

rapidly loaded onto unintegrated Moloney murine leukemia virus DNAs. Loading of nucleosomes 

requires nuclear entry but does not require viral DNA integration. The histones associated with 

unintegrated DNAs become marked by covalent modifications, with a delay relative to the time of 

core histone loading. Expression from unintegrated DNA can be enhanced by modulation of the 

histone modifying machinery. The data show that histone loading onto unintegrated DNAs occurs 

very rapidly after nuclear entry and does not require prior establishment of an integrated provirus.
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INTRODUCTION

DNA of eukaryotic chromosomes is condensed into chromatin by the association with 

nucleosomes. Nucleosomes are normally loaded onto chromosomal DNA during DNA 

replication (Ramachandran and Henikoff, 2015). As a replication fork moves along the 

DNA, nucleosomes are displaced from the unreplicated DNA ahead of the fork and then 

must reassociate onto both daughter branches behind the growing fork (Lucchini et al., 

2001), likely in small clusters (Annunziato, 2013). Current models suggest that the 

relocalization of nucleosomes is a highly dynamic process in which “old” nucleosomes are 

distributed to both daughter branches, and “new” nucleosomes are rapidly added to restore 

normal nucleosome density. During this process, epigenetic marks on the old chromatin 

must be reestablished on the new DNA to ensure maintenance of the appropriate pattern of 

gene expression (Campos et al., 2014). New nucleosomes may also be loaded at sites of 

DNA damage, likely under the direction of the PCNA factor present at the sites (Mello and 

Almouzni, 2001; Polo et al., 2006). The loading of nucleosomes is thought to be promoted 

by an array of dedicated chaperones, including the trimeric CAF-1, Histone regulator A 

(HIRA), HJURP, ASF1, DAXX and ATRX, and others (Annunziato, 2013).

In contrast to these normal settings of chromatin maintenance, there are unusual 

circumstances when naked DNA, or DNA previously free of nucleosomes, enters a cell and 

must acquire a nucleosomal array de novo. One such circumstance occurs in the course of 

retroviral infection. Retroviruses initiate a complex series of events in the early stages of 

infection. The core of the mature virion particle consists of a protein shell made up of the 

viral capsid protein (CA) enclosing two copies of the RNA genome tightly associated with 
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the viral nucleocapsid protein (NC), a small, highly basic protein. Following viral entry into 

the cytoplasm, the single-stranded viral RNA genome is copied by reverse transcriptase (RT) 

to generate a linear double-stranded DNA version of the genome (Telesnitsky and Goff, 

1997). The double-stranded linear viral DNA, contained within a large complex termed the 

preintegration complex (PIC) (Brown et al., 1989), is trafficked into the nucleus by one of a 

variety of mechanisms that vary among different viral genera. The PICs of the 

gammaretroviruses such as Moloney murine leukemia virus (MLV) are unable to enter the 

intact nucleus of a nondividing cell and depend on nuclear membrane breakdown during cell 

division to gain access to the host DNA (Roe et al., 1993). In contrast, PICs of lentiviruses 

such as HIV-1 are actively transported across the nuclear membrane even in non-dividing 

cells (Lewis et al., 1992; Lewis and Emerman, 1994; Weinberg et al., 1991).

Once inside the nucleus, the linear DNA gives rise to a variety of DNA forms. The viral 

integrase (IN) directs the insertion of the linear DNA to form the integrated provirus. 

Homologous recombination between the two LTRs of the linear viral DNA leads to the 

formation of circular DNAs containing a single LTR (Kilzer et al., 2003; Yoshimura and 

Weinberg, 1979). Joining of the termini of the linear viral DNA by non-homologous end 

joining (NHEJ) DNA repair pathways leads to the formation of circles containing two LTRs 

(Kilzer et al., 2003; Li et al., 2001), with the LTRs joined in tandem at a unique LTR-LTR 

junction sequence (Shoemaker et al., 1980) that allows their levels to be readily quantified 

by PCR. The 2-LTR circles are thought to be generated in the nucleus, making them a useful 

marker of viral DNA nuclear import.

Transcriptional promoter sequences in the 5’ LTR of the proviral DNA generate full-length 

genomic viral mRNAs for viral gene expression and genome replication. However, certain 

cell types block this transcription. For example, mouse embryonic stem (ES) and embryonic 

carcinoma (EC) cells block transcription of the MLV provirus (Akgun et al., 1991; Teich et 

al., 1977). This silencing is mediated by a large protein complex containing the trans-acting 

repressors ZFP809, Trim28, YY1, HP1, and EBP1 (Rowe et al., 2010; Schlesinger et al., 

2013; Wang et al., 2014; Wolf and Goff, 2007, 2009) recognizing DNA-binding sites on the 

viral LTR. This complex recruits chromatin modifiers such as ESET/SETDB1, which 

deposits the H3K9 trimethylation repressive histone mark (H3K9me3) (Matsui et al., 2010; 

Rowe et al., 2010).

Only a few studies have addressed the state of the viral DNA after reverse transcription and 

before integration (Fassati and Goff, 1999; Karageorgos et al., 1993). Several pressing 

questions are unanswered: How and when are nucleosomes loaded onto the viral DNA, 

which has never previously seen a nucleosome? Do unintegrated linear or circular DNAs 

acquire nucleosomes? When are epigenetic marks placed on the nucleosomes of the viral 

DNA? It is known that the unintegrated DNAs are very poorly expressed (Nakajima et al., 

2001; Poon and Chen, 2003; Sakai et al., 1993; Schwartzberg et al., 1984), but the basis for 

this is unclear. The expression of transgenes on integration-defective retrovirus vectors is 

enhanced by histone deacetylase inhibitors (Pelascini et al., 2013; Schneider et al., 2012), 

suggesting that the unintegrated viral DNA is associated with histones lacking acetylation.
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In this study we describe the kinetics of histone association with the DNA genomes of MLV. 

We show that unintegrated linear viral DNAs and 2-LTR circles undergo rapid core histone 

loading after nuclear entry and before integration. Moreover, histone loading is coordinated 

with the removal of viral structural proteins NC and CA from the viral DNA. The 

appearance of epigenetically modified histones occurs after a delay, thereby postponing host 

cell regulation of the viral promoter. Finally, we confirm that unintegrated viral DNAs are 

only weakly expressed, but that expression is significantly increased by chromatin modifiers. 

The data provide insights into fundamental aspects of retroviral biology.

RESULTS

Core histone loading onto retroviral DNAs occurs rapidly following infection

To investigate histone loading onto viral DNAs following infection, we utilized an MLV 

reporter genome in which viral genes were replaced with the GFP gene (MLV-GFP). Mouse 

embryonic fibroblasts (MEFs) were transduced with MLV-GFP reporter virus pseudotyped 

with the VSV-G envelope, total DNA was harvested at 12, 24h or 6d post infection, and 

levels of viral DNA replication intermediates were monitored by quantitative real-time PCR 

(qRT-PCR) using primers specific for GFP (to detect total viral DNA) or 2-LTR circles (a 

marker of nuclear entry). Total viral DNA, which includes linear, circular, and integrated 

proviral DNA, appeared at 12h post infection, peaked at 24 h, and then decreased slightly at 

6d (Figure 1A). The 2-LTR circles peaked at 24h post infection, and were undetectable by 

6d, indicative of their short half-life (Figure 1A). The maximum levels of 2-LTR circles at 

early times accounted for 5–15% of total viral DNA. MEFs transduced with heat-inactivated 

virus yielded no PCR signal, indicating minimal contaminating plasmid DNA carryover 

from the virus preparation. To determine the localization of viral DNA intermediates in the 

cell, MLV-GFP infected NIH-3T3 cells were subjected to cytoplasmic/nuclear fractionation 

at 12h post infection followed by quantitative PCR. Levels of total viral DNA were higher in 

the cytosol, while levels of 2-LTR circles were higher in the nuclear fraction (Figure S1); 

GAPDH control was highly enriched in the nuclear fraction.

We next monitored the association of nucleosomal histones with retroviral DNAs. Infected 

MEF cells were formaldehyde cross-linked at 12h, 24h, and 6d post infection, and chromatin 

immunoprecipitation (ChIP) assays were performed with anti-histone H3 or nonspecific 

IgG, followed by qRT-PCR using primers targeting GFP (total viral DNA) or 2-LTR circles. 

Primers targeting GAPDH were used to score fully chromatinized cellular DNA. Histone H3 

rapidly associated with total viral DNA at 12h and reached levels comparable to that of 

GAPDH by 24h (Figure 1B). The ChIP signal with the GFP probe (total viral DNA) 

remained high at 6d, indicative of fully chromatinized integrated proviral DNA. Thus, H3 

histones are rapidly loaded on the incoming viral DNAs. Histone H3 loading assayed here 

likely reflects the behavior of other core histones. ChIP experiments using anti-histone H2A 

revealed similar results (Figure S2).

Analysis of 2-LTR circles also revealed rapid histone H3 loading, with levels comparable to 

that of the GAPDH gene by 12h (Figure 1B). While the level of histones on circular DNA 

was high, the overall abundance of the circular DNA was too low to account for the entire 
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signal of chromatin-bound DNA observed in the total DNA fraction, and thus the majority of 

the signal in the total DNA must derive from the linear forms.

Similar kinetics of histone loading onto viral DNAs were observed in MLV-GFP infected F9 

embryonic carcinoma cells (Figure 1D and 1E). Histone H2A also associated with 2-LTR 

circles, though at somewhat lower levels compared to total viral DNA (Figure S2). Together, 

these findings suggest that both linear and circular retroviral DNAs undergo rapid 

chromatinization following infection.

Histone loading of retroviral DNAs is independent of viral DNA integration

To investigate whether viral DNA integration is needed for efficient histone loading, we 

utilized two approaches. First, MLV-GFP reporter viruses were packaged using wild-type 

(WT) or a catalytically inactive MLV integrase (IN) mutant (D184A) (Lai et al., 2001). The 

infectivity of WT or D184A-IN virions was monitored using flow cytometry analysis of 

infected NIH-3T3 fibroblasts 48h post infection (Figure 2B). The infectivity of D184A-IN 

virus was ∼70-fold lower than that of WT virus (Figure 2B). Cells infected with D184A-IN 

virions contained slightly higher levels of total viral DNA (GFP) and 2-LTR circles at 12 and 

24 h, but no viral DNA was detected at 6d (Figure 2C). These results confirm that the 

D184A mutation had no adverse effects on reverse transcription and nuclear entry of viral 

DNA, but efficiently blocked viral integration. Compared to WT virus, histone H3 ChIP of 

cells infected with D184A-IN virus showed comparable accumulation of histone H3 on both 

total viral DNA (GFP) and 2-LTR circles (Figure 2D). Thus, viral integration is not required 

for histone loading and both linear and circular forms of the preintegrative viral DNA are 

chromatinized even when integration is blocked.

Secondly, ChIP experiments were performed in MEF cells infected with WT virus in the 

presence or absence of the integrase inhibitor raltegravir (Figure 2E). Raltegravir treatment 

almost completely prevented transduction (Figure 2F) in accord with earlier studies (Beck-

Engeser et al., 2009). Raltegravir caused a 2-fold increase in 2-LTR circles without affecting 

total viral DNA levels (Figure 2G). ChIP analysis of raltegravir-treated cells revealed normal 

accumulation of histone H3 on both total viral DNA (GFP) and 2-LTR circles (Figure 2H), 

again demonstrating that integration is not required for histone loading. Thus, 

chromatinization of viral DNAs occurs early in infection irrespective of viral DNA 

integration.

Histone loading of retroviral DNAs requires viral nuclear entry

Histones are synthesized in the cytosol and subsequently imported to the nucleus (Burgess 

and Zhang, 2013). To test whether histone loading onto viral DNAs occurred in the 

cytoplasm prior to nuclear entry, we examined histone loading on viral DNA when nuclear 

entry was blocked. Entry of the MLV PIC into the nucleus requires breakdown of the nuclear 

envelope during mitosis, and growth-arrested cells that fail to undergo cell division block 

MLV infection at nuclear entry (Roe et al., 1993). To arrest cell division, NIH-3T3 cells 

were cultured for 24h in the presence of aphidicolin, an inhibitor of DNA synthesis (Figure 

3A). DNA content profiling of the aphidicolin-treated cells by flow cytometry confirmed cell 

cycle arrest in the G1/S phase (Figure 3B). The arrested cells were transduced with MLV-
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GFP viruses for 24 h, and chromatin was subjected to ChIP using histone H3 antibodies. 

Aphidicolin treatment did not affect levels of total viral DNA, suggesting that viral entry, 

uncoating and reverse transcription proceeded normally (Figure 3C). The levels of 2-LTR 

circles, however, were reduced ∼30-fold, confirming that nuclear entry of viral DNA was 

blocked (Figure 3C). Strikingly, despite normal levels of total viral DNA, ChIP analysis 

revealed a 10-fold reduction in association of histone H3 with viral DNA in the aphidicolin-

arrested cells, whereas histone H3 coverage of GAPDH was unaffected (Figure 3D). Thus, 

nucleosome loading on the viral DNA occurs primarily – if not exclusively - after nuclear 

entry.

To address the nuclear entry requirement for retroviral histone loading, we used Mason-

Pfizer monkey virus (M-PMV), which is blocked from nuclear entry in mouse cells (Wang 

and Goff, 2015). Mouse Ba/F3 cells were infected with VSV-G-pseudotyped M-PMV-GFP 

or MLV-GFP (Figure 3E), and the efficiency of infection was monitored by flow cytometry 

analysis at 48h (Figure 3F). Ba/F3 cells showed a ∼100-fold reduced susceptibility to M-

PMV transduction relative to MLV (Figure 3F). The cells showed normal levels of total viral 

DNA (GFP), but a ∼60-fold reduction in 2-LTR circles, confirming a strong block to nuclear 

entry (Figure 3G). Analysis of histone loading on the viral DNA by ChIP revealed a 6-fold 

reduction in histone H3 association with M-PMV total viral DNA relative to MLV DNA 

(Figure 3H). Thus, two approaches to block nuclear entry – cell-cycle arrest and species-

specific restriction – demonstrated a requirement for nuclear entry for efficient histone 

loading onto viral DNAs.

Appearance of epigenetically modified histones on viral DNAs is delayed compared to 
core histones

We examined the kinetics of epigenetically modified histone loading onto retroviral DNAs 

in the context of transcriptional silencing in F9 mouse embryonic carcinoma cells, which 

silence integrated proviral DNA (Schlesinger and Goff, 2013). F9 cells were exposed to high 

titers of MLV vectors delivering a GFP reporter. A modest fraction (13%) of cells expressed 

GFP at 1d post infection, and <1% of cells expressed GFP at 5d (Figure 4A). Infection of 

MEF cells, a differentiated cell type, resulted in 50% GFP positive cells ChIP analysis of 

viral DNA in F9 and MEF cells was performed using antibodies against trimethylated 

histone H3K9 (H3K9me3), a marker of silenced chromatin (Figure 4B), or acetylated 

histone H3 (H3Ac), a marker of active chromatin (Figure 4C). The specificity of these 

antibodies for ChIP was confirmed using positive control primers specific for endogenous 

promoters of the mitochondrial RNA polymerase gene (Polrmt, enriched in H3K9me3, 

hereafter called Mito gene) and GAPDH (enriched in H3Ac). At early times after infection 

of F9 cells, levels of H3K9me3 marks on viral DNA were low (Figure 4B), consistent with 

transient GFP expression. In contrast, H3K9me3 was highly enriched on viral DNA by 6d 

(Figure 4B), consistent with complete silencing of the viral promoter (Figure 4A). No 

enrichment of H3Ac marks of activated chromatin on viral DNAs was observed at any time 

in F9 cells (Figure 4C). Together, these results suggest that histone loading occurs first and 

that modified histones appear later, coordinately with the MLV silencing (Figure 4A). The 

opposite chromatin modification pattern was seen in permissive differentiated MEF cells, in 

which enrichment of H3Ac (Figure 4C), and not H3K9me3 (Figure 4B) marks on the viral 
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DNA occurred at 6d, consistent with high MLV gene expression in these cells (Figure 4A). 

Histone H3K9me3, associated with gene silencing, is mediated by histone lysine 

methyltransferase ESET, which is recruited to target DNA via its interaction with TRIM28 

(Schultz et al., 2002). To determine whether ESET is responsible for de novo deposition of 

H3K9me3, we generated F9 cells stably depleted of ESET (Figure 4D), exposed them to 

high titers of MLV-GFP virus and scored the fraction of cells expressing GFP at 1 and 3d 

(Figure 4E). In control knockdown cells, 4.5% of cells expressed GFP at 1d and <1% at 3d, 

whereas ESET knockdown cells showed higher transduction efficiency (14.5% expressing 

GFP at 1d and15.3% at 3d), reflecting loss of retroviral silencing as reported previously 

(Matsui et al., 2010). ESET depletion resulted in a 2-fold reduction in H3K9me3 marks on 

the viral LTR at both 24h and 3d (Figure 4F); the linear DNA showed the greatest loss of the 

H3K9me3 marks, while the circular forms were almost unaffected. ESET depletion also led 

to roughly a 6-fold increase in H3Ac marks (Figure 4G). Core histone H3 loading was 

unaffected in ESET knockdown cells at all times examined (Figure S3), further suggesting 

that core histone loading is independent of histone marking by ESET. Together, these data 

suggest that ESET is responsible for de novo deposition of H3K9me3 marks on the 

incoming viral DNA in mouse embryonic cells.

Expression of unintegrated MLV DNA in NIH-3T3 cells

Our findings that unintegrated MLV genomes are rapidly covered with core histones (Figure 

2D and 2H) together with the observation that unintegrated MLV genomes show poor gene 

expression in otherwise permissive cells (Figure 2B) raised the possibility that unintegrated 

MLV DNA lacks specific chromatin modifications such as acetylation of histone H3 and H4 

that promote transcription (Grunstein, 1997; Hassig and Schreiber, 1997; Kuo and Allis, 

1998). To test the possibility that unintegrated MLV DNA is poorly expressed because of a 

deficiency in histone acetylation, NIH-3T3 cells were infected with WT or D184A-IN 

viruses delivering a GFP reporter for 24h, followed by the addition of Trichostatin A (TSA), 

a histone deacetylase inhibitor (Figure 5A). Cells infected with D184A-IN virus showed an 

18-fold increase in the percentage of GFP+ cells following TSA treatment and a 3-fold 

increase in the mean GFP fluorescence intensity (Figure 5B). In contrast, TSA addition only 

marginally increased GFP expression in cells infected with WT viruses (Figure 5B), 

suggesting that this drug preferentially affects expression from unintegrated viral DNAs.

We next monitored the kinetics of formation of viral DNA replication intermediates in WT 

and D184A-IN infected cells with or without TSA using qRT-PCR (Figure 5C). In WT-

infected cells, TSA did not affect the levels of total viral DNA or 2-LTR circles at 3d post 

infection. Surprisingly, TSA treatment of D184A-IN infected cells resulted in a 4-fold 

increase in total viral DNA and a 6-fold increase in 2-LTR circles at 3d, suggesting that the 

drug prolongs the half-life of unintegrated viral DNAs.

We then performed ChIP assays using acetylated histone H3 antibodies on cells infected 

with WT and D184A-IN viruses with and without TSA . Compared to mock treatment, TSA 

treatment of D184A-IN infected cells resulted in a 4-fold increase in H3 acetylation of total 

viral DNA, but remarkably not of the 2-LTR circles (Figure 5D). This ChIP data is expressed 

as a percent of input DNA, and the increase in H3 acetylation is in addition to the increased 
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levels of viral DNA in TSA treated cells (Figure 5C). In contrast, TSA did not increase 

histone H3 acetylation in WT virus infected cells (Figure 5D), perhaps because integrated 

proviral DNA is already enriched in acetylated H3 chromatin. Together, these data suggest 

that gene expression from unintegrated DNAs is hampered by the lack of necessary 

chromatin modifications that promote RNA polymerase recruitment, and that the chromatin 

can be altered by inhibition of histone deacetylases. We cannot rule out the possibility that 

the increased gene expression from unintegrated DNAs results from indirect effects of TSA.

Kinetics of NC and CA dissociation from viral DNA following reverse transcription

The NC proteins of retroviruses are small, highly basic nucleic acid-binding proteins that 

directly contact the RNA genome in the mature virion. NC is involved in many steps of viral 

replication including virion assembly, genomic RNA packaging, reverse transcription and 

integration (Darlix et al., 2014). The CA protein constitutes the major structural protein of 

the virion core and plays a role in early events such as nuclear entry and DNA integration. 

We examined the association of viral DNAs with NC and CA during the course of infection 

by ChIP assays with primers specific for total viral DNA (GFP) and 2-LTR circles (Figure 

6A). The highest levels of viral DNA associated with NC were observed at 4h post infection, 

followed by a rapid decrease to very low levels by 48h (Figure 6A). Similar results were 

observed for CA (Figure 6B). Strikingly, no association of 2-LTR circles with NC or CA 

was detected at any time. The specificity of the antibodies used for ChIP was confirmed by 

the lack of non-specific binding to GAPDH. Cells infected with heat inactivated (HI) virus 

were free of viral DNA that would derive from contaminating plasmid DNAs (Figure 6A 

and 6B).

The timing of NC and CA dissociation from the total viral DNAs (Figure 6A and 6B) 

coincided with the rapid accumulation of core histones onto the DNA (Figure 1B and 1D), 

raising the possibility that core histones promote the dissociation of NC and CA from the 

viral DNAs by direct competition for DNA binding. If this were the case, preventing nuclear 

entry and histone loading might result in the stabilization of NC and CA-DNA complexes. 

Indeed, ChIP analysis of DNA from aphidicolin-treated NIH-3T3 cells showed a 3-fold 

increase in total viral DNAs associated with NC and CA (Figure 6C).

To address whether viral integration influences the kinetics of NC and CA dissociation from 

viral DNA, we carried out ChIP experiments in NIH-3T3 cells infected with WT or D184A-

IN virus. NC and CA showed similar kinetics of dissociation from viral DNA in both cases, 

with highest association occurring at 12h post infection, followed by a rapid decrease to very 

low levels by 48h (Figure S4 and Figure S5). The data suggest that the kinetics of 

dissociation of NC and CA from the viral DNA are not affected by integration.

DISCUSSION

We find unintegrated viral DNAs, mainly in the form of linear DNA, rapidly associate with 

core histones after infection. 2-LTR circular DNAs were fully loaded with histones at all 

times, consistent with early observations that covalently closed circular retroviral DNAs 

migrate as supercoiled molecules in gel electrophoresis after deproteinization (Gianni et al., 

1975). The data indicate that histones are first loaded onto the linear DNA, which is then 
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circularized to form 2-LTR circles. The timing of loading during infections by WT virus 

suggests that loading occurs before viral DNA integration, and experiments using integrase-

defective mutant MLV or raltegravir-treated cells demonstrate that histone loading on viral 

DNAs occurs even when viral DNA integration is blocked. Thus, the majority of the viral 

DNA in the preintegrative PIC at the time of integration is nucleosomal, and it is likely that 

nucleosome-covered DNA is the precursor to the provirus. Because integration is not highly 

efficient, we cannot rule out the remote possibility that a small fraction of viral DNA that is 

not histone-covered is responsible for forming some of the integrated proviruses.

The loading of histones onto viral DNA apparently requires nuclear entry. Blocking nuclear 

entry of viral DNA, either by infecting aphidicolin-arrested cells with MLV, or by infecting 

mouse cells with M-PMV, which is defective in nuclear entry in murine cells, caused a 

marked reduction in histone loading. We conclude that the majority, if not all of the histone 

loading onto viral DNAs occurs in the nucleus. Another laboratory has shown by cellular 

fractionation experiments that anti-histone antibodies could immunoprecipitate linear HIV-1 

DNA from the cytoplasm of infected cells (Karageorgos et al., 1993). Our attempts to apply 

ChIP to cell lysates after separation into cytoplasmic and nuclear fractions were 

unsuccessful due to high backgrounds of nonspecific precipitation. We cannot rule out the 

possibility that a small extent of histone loading takes place in the cytoplasm.

We directly determined the timing of appearance of epigenetically modified histone 

association with viral DNAs. In the case of differentiated cells, where the MLV promoter is 

fully active, core histone loading was nearly complete at 12h, while acetylated histone H3 

loading accumulated to higher levels at later times. In the case of F9 embryonic carcinoma 

cells, significant core histone loading again occurred as early as 12h, while H3K9me3 

became evident at 6d. The delay in the appearance of modified histones on the viral DNAs 

correlates with the delay in transcriptional silencing of the MLV promoter. Together, these 

data suggest that the appearance of both active and repressive histone marks occurs after 

core histone loading, thereby causing a transient delay in the modulation of viral gene 

expression.

Expression from unintegrated viral DNAs was very low compared to integrated proviral 

DNAs, consistent with early studies of MLV (Schwartzberg et al., 1984) and HIV-1 

(Nakajima et al., 2001; Poon and Chen, 2003; Sakai et al., 1993). However, the addition of 

the HDAC inhibitor TSA caused a marked increase in expression from unintegrated DNA, 

without causing a similar increase from integrated viral DNAs. These findings are in accord 

with previous studies of a variety of integration-defective vectors in a variety of cell lines 

(Joglekar et al., 2014; Pelascini et al., 2013; Schneider et al., 2012) and supports the notion 

that the unintegrated DNAs are functionally associated with nucleosomes. The increase in 

expression from unintegrated DNAs appears to involve two mechanisms. First, TSA caused 

an increase in the association of acetylated histone H3, a marker of actively transcribed 

genes, with the viral promoter. This increase in acetylated H3 is consistent with earlier 

reports, though one study observed much smaller increases in H3Ac and larger increases in a 

different mark, H3K4 trimethylation (Pelascini et al., 2013). Remarkably, we observed this 

H3Ac enrichment only on total viral DNA, but not 2-LTR circles, implying that the 

enhanced gene expression may be a product of increased transcription from only linear DNA 

Wang et al. Page 9

Cell Host Microbe. Author manuscript; available in PMC 2017 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



templates and not circular forms. Secondly, TSA appears to increase the stability of 

unintegrated, but not integrated DNA forms, thereby increasing the amount of viral template 

available for transcription. How TSA stabilizes the viral DNA is not clear. One possibility is 

that histone H3 acetylation itself may somehow stabilize the viral DNA or protect it from 

degradation. Alternatively, TSA treatment may prolong the half-life of unintegrated DNA 

forms by reducing the activity of DNA degradation machinery in the nucleus. Other 

activities of the HDACs may also be involved. Previous reports suggested that a major 

mechanism by which HDACs increase expression is through modulation of the cell cycle 

(Joglekar et al., 2014).

The observation that TSA can significantly increase expression of unintegrated retroviral 

DNAs may have applications in gene therapy. Because of potentially oncogenic events 

associated with integration of viral DNA, many protocols have been designed to use 

nonintegrating vectors to deliver therapeutic genes into patients (Banasik and McCray, 2010; 

Philpott and Thrasher, 2007; Wanisch and Yanez-Munoz, 2009). Since the DNAs are not 

stably integrated, their use is limited to settings where transient expression is sufficient for a 

therapeutic outcome (Negri et al., 2010; Yanez-Munoz et al., 2006). These constructs 

typically suffer from very low levels of expression (Wanisch and Yanez-Munoz, 2009). The 

findings here confirm and provide mechanistic understanding for earlier work suggesting 

that the use of histone deacetylase inhibitors such as TSA, valproic acid, vorinostat, 

givinostat, and sodium butyrate increase expression and therefore the range of utility of 

nonintegrating retroviral vectors (Joglekar et al., 2014; Pelascini et al., 2013).

At early times after infection, high levels of viral DNA were associated with NC and CA. 

Retroviral NCs show high affinity for single-stranded RNA and DNA, but can also bind to 

double-stranded DNA with lower affinity (Priel et al., 1995; Wang et al., 2009) and promote 

DNA condensation (Krishnamoorthy et al., 2003), and so could be expected to persist on the 

DNA even after reverse transcription is complete. It has been suggested that NC is present 

on DNA in the nucleus (Risco et al., 1995) and plays a role in viral DNA integration 

(Carteau et al., 1999; Poljak et al., 2003). In contrast, purified CA does not show high 

affinity for nucleic acids (Gross et al., 1997), and its association with the viral DNA likely 

reflects its presence in the form of remnants of a cage-like structure that encapsidates the 

genome in the mature virion core (Ganser et al., 1999). At least some CA protein is still 

associated with retroviral DNAs in the nucleus (Hulme et al., 2015a), and CA can affect the 

timing and route of entry into the nucleus (Hulme et al., 2015b; Yamashita et al., 2007) and 

the distribution of proviral integration sites (Koh et al., 2013; Schaller et al., 2011). We 

observed that the levels of both NC and CA steadily dropped post infection, roughly 

corresponding to the time of nuclear entry. Excluding DNA from the nucleus by addition of 

aphidicolin led to increased levels of NC and CA on the viral DNA, consistent with their 

removal normally occurring upon nuclear entry (Figure 6C). Moreover, the circular DNAs 

never showed any detectable association with NC or CA, suggesting that at least the bulk of 

both viral proteins was removed before circularization. The timing of the loss of NC and CA 

also coincided with the time of histone loading, suggesting that the two events may be 

coordinated. One possible model is that core histones displace NC and CA from the DNA 

(Figure 7).
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The mechanism by which core histones are loaded onto retroviral DNAs remains unknown 

but may be similar to histone loading on naked DNAs introduced by transformation (Reeves 

et al., 1985). Studies of transfected DNAs by micrococcal nuclease digestion suggest that 

nucleosomes are loaded on non-replicating DNAs, but that the distribution of nucleosomes is 

not well-ordered (Jeong and Stein, 1994). Our ChIP studies do not reveal the density or 

distribution of the nucleosomes on the viral DNA, but simply report whether a nucleosome 

is crosslinked anywhere within the span of the DNA fragments produced by sonication, 

roughly 500 bp in length. Whether histone chaperones such as CAF1, which mediates 

assembly of nucleosomes on chromosomal DNA during DNA replication and repair 

(Annunziato, 2013), are involved in loading on retroviral DNA is not known. Cells stably 

depleted of CAF1 complex subunits a and b, or NAP1L and HIRA, by shRNA did not show 

reduced histone H3 loading onto viral DNAs (Figure S6). It is possible that these chaperones 

are functionally redundant, or that other known or unknown chaperones are involved.

Experimental Procedures

Detailed methods are available in Supplemental Experimental Procedures.

Cell lines—Cell lines for these experiments included human embryonic kidney 

(HEK)-293, F9 embryonic carcinoma, Mouse embryonic fibroblasts (MEF) and NIH-3T3 

cells. All cells were cultured in Dulbecco’s modified Eagle’s Medium (DMEM) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM glutamine, 1000 

U/mL penicillin and 100 mg/mL streptomycin.

Plasmids—Plasmid pCMV-intron expresses wild-type Gag and Pol from NB-tropic MLV 

(Soneoka et al., 1995). pCMV-intron D184A-IN is an integrase defective mutant of pCMV-

intron created by site directed mutagenesis. pMD.G expresses the vesicular stomatitis virus 

(VSV) envelope glycoprotein. pNCA-GFP is a replication-defective single-round MLV 

vector described previously (Ooi et al., 2010). pSARM-EGFP is a replication-defective 

single-round M-PMV vector in which the env gene has been replaced with EGFP as 

described (Newman et al., 2006).

Retroviral transduction assay and flow cytometry analysis—MLV-GFP reporter 

viruses were produced by 293T cell transfection with 8 µg of pNCA-GFP, 4 µg of pCMV-

intron, and 4 µg of pMD.G DNAs using Polyethylenimine (PEI). Similarly, M-PMV-GFP 

reporter viruses were produced by transfection of 293T cells with 12 µg of pSARM-EGFP 

and 4 µg of pMD.G. All reporter viruses were harvested 48 h later, filtered (0.45 μm), DNase 

treated for 1 h (Turbo DNase, Thermo Scientific), and used directly for transduction assays 

as described previously (Wang and Goff, 2015). For some experiments, 10 µM of raltegravir 

(Santa Cruz Biotechnology) was added to the culture medium for the entire duration of 

infection. Forty-eight hours post-infection, cells were trypsinized, diluted using flow 

cytometry buffer (PBS with 1% BSA), and subjected to flow cytometry using automated cell 

analyzer (LSRII, BD Bioscience).

Chromatin immunoprecipitation—Cells were crosslinked with 1% formaldehyde, 

followed by quenching with 0.125 M glycine for 5 min, lysed, and sonicated to produce an 
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average DNA fragment size of 200–800 bp. Immunoprecipitations were performed by 

incubating 30 µg of sonicated chromatin with 4 µg of respective antibodies overnight, and 

Protein A/G Dynabeads were added for an additional 4 h. Captured antibody-antigen 

complexes were washed repeatedly, and DNA was eluted from the beads. qPCRs were 

performed with specific primers.

Quantitative real-time PCR analysis of viral replication intermediates—At 

various time points following infection, cells were washed with PBS, and total DNA was 

isolated using Qiagen DNeasy kit according to the manufacturer’s instructions. For analysis 

of viral replication intermediates, 75 ng of total DNA was mixed with SYBR Green PCR 

master mix (Roche) containing 15 pmol of indicated primers (see Supplementary Table 1). 

PCRs were performed in 96-well plates using 7900 Fast Real-Time PCR system (Applied 

Biosystems) with the following reaction conditions: 10 min at 95°C, followed by 45 cycles 

of 30 s at 95°C, 30 s at 60°C and 30 s at 72°C. For all reactions, the number of copies of 

each PCR product was determined from threshold cycle number (Ct) using plasmid derived 

standard curves.

Aphidicolin treatment and cell cycle analysis of DNA content—NIH-3T3 cells 

were treated with aphidicolin (Sigma, 2 μg/ml) for 24 h prior to infection. Efficiency of 

aphidicolin treatment was confirmed by analyzing DNA content. Cells were stained with 

Hoechst 33342 (Invitrogen) at 1 μg/ml in cell culture medium for 30 min at 37°C, followed 

by flow cytometry using automated cell analyzer (LSRII, BD Bioscience).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Core histone loading onto retroviral DNAs occur rapidly following infection
(A) MEF cells were infected with VSV-G pseudotyped MLV-GFP virus. To control for 

potential plasmid DNA carry over in the viral supernatant, heat inactivated (HI) virus were 

used in parallel. Total DNA from infected cells was isolated at indicated times, followed by 

real time quantitative PCR using primers targeting GFP (total viral DNA) and 2-LTR circles. 

Absolute copy number is calculated based on standard curves generated using plasmid DNA. 

Results shown are means ± SDs from two independent experiments performed in duplicate.

For related data, see Figure S1.
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(B and C) ChIP analysis of chromatin harvested at indicated times following MLV-GFP 

infection of MEF cells using antibody to (B) histone H3 or (C) control rabbit IgG. ChIP data 

is presented as % of input DNA, calculated by dividing the ChIP copy number for each gene 

target by the copy number from input DNA and multiplying by 100%. Results shown are 

means ± SDs from two independent experiments performed in duplicate. ND, not 

determined.

For related data, see Figure S2.

(D, E, F) Same as (A, B, C), respectively, using F9 embryonic carcinoma cells.
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FIGURE 2. Histone loading of retroviral DNAs occurs independently of viral integration
(A) Schematic of experimental setup.

(B) Flow cytometry analysis of NIH-3T3 cells infected with VSV-G pseudotyped WT or 

integrase defective mutant (D184A) MLV-GFP viruses at 2d post infection. SSC, side 

scatter. One of three independent experiments is shown.

(C) NIH-3T3 cells were infected with VSV-G pseudotyped WT or integrase-defective 

mutant (D184A) MLV-GFP viruses. Total DNA from infected cells was isolated at indicated 
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times post infection and number of copies of viral replication intermediates was determined 

(means ± SDs from two independent experiments performed in duplicate).

(D) Histone H3 ChIP analysis of chromatin harvested at indicated times following MLV-

GFP infection of NIH-3T3 cells. ChIP data is presented as % of input DNA (means ± SDs 

from two independent experiments performed in duplicate).

(E) Schematic of experimental setup.

(F) Flow cytometry analysis of MEF cells infected with VSV-G pseudotyped WT MLV-GFP 

viruses in the presence or absence of raltegravir (Ral). Results are from 2d post infection. 

One representative of three independent experiments is shown.

(G) MEF cells were infected with VSV-G pseudotyped WT MLV-GFP viruses in the 

presence or absence of raltegravir (Ral). Total DNA from infected cells was isolated at 

indicated times post infection and the number of copies of viral replication intermediates 

was determined (means ± SDs from two independent experiments performed in duplicate).

(H) Histone H3 ChIP analysis of chromatin harvested at indicated times following MLV-

GFP infection of MEF cells treated with or without raltegravir (Ral). ChIP data is presented 

as % of input DNA (means ± SDs from two independent experiments performed in 

duplicate).

ND, not determined.
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FIGURE 3. Histone loading of retroviral DNAs requires viral nuclear entry
(A) Schematic of experimental setup.

(B) Cell cycle analysis of NIH-3T3 cells treated with or without DNA polymerase inhibitor 

aphidicolin for 24h prior to infection. Y-axis, cell count, X-axis, DNA content measured by 

Hoechst staining. One representative of three independent experiments is shown.

(C) NIH-3T3 cells pretreated with or without aphidicolin (Aph) to induce cell cycle arrest 

were infected with VSV-G pseudotyped WT MLV-GFP virus. Total DNA from infected cells 
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was isolated 24h post infection and levels of viral replication intermediates were determined 

(means ± SDs from two independent experiments performed in duplicate).

(D) Histone H3 ChIP analysis of chromatin harvested from NIH-3T3 cells outlined in (C) 

24h post infection. ChIP data is presented as % of input DNA (means ± SDs from two 

independent experiments performed in duplicate).

(E) Schematic of experimental setup.

(F) Flow cytometry analysis of Ba/F3 cells infected with VSV-G pseudotyped single-round 

MLV or M-PMV-GFP viruses at 2d post infection. SSC, side scatter. One representative of 

three independent experiments is shown.

(G) Level of viral replication intermediates from Ba/F3 cells infected with MLV or M-PMV-

GFP viruses. Total DNA from infected cells was isolated at indicated times post infection 

and number of copies of viral replication intermediates was determined (means ± SDs from 

two independent experiments performed in duplicate).

(H) Histone H3 ChIP analysis of chromatin harvested from infected Ba/F3 cells outlined in 

(G). ChIP data is presented as % of input DNA (means ± SDs from two independent 

experiments performed in duplicate).

ND, not determined.
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FIGURE 4. Loading of epigenetically modified histones onto viral DNAs is delayed compared to 
core histones
(A) Flow cytometry analysis of F9 or MEF cells infected with VSV-G pseudotyped WT 

MLV-GFP viruses at the indicated times. SSC, side scatter. One representative of three 

independent experiments is shown.

(B) H3K9 trimethylation (H3K9me3) ChIP analysis of infected F9 and MEF cells at the 

indicated times. ChIP data is presented as % of input DNA (means ± SEMs from three 

independent experiments performed in duplicate). Mito gene, mitochondrial RNA 

polymerase (positive control), GAPDH (negative control). *, p < 0.05.
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(C) Acetyl-histone H3 (H3Ac) ChIP analysis of infected F9 or MEF cells at the indicated 

times. ChIP data is presented as % of input DNA (means ± SEMs from three independent 

experiments performed in duplicate). Mito gene (negative control) and GAPDH (positive 

control) are shown. **, p < 0.01.

(D) Total cell lysates prepared from F9 control knockdown (KD) and F9 ESET KD cells 

were immunoblotted with antisera as indicated.

(E) Flow cytometry analysis of F9 control or ESET KD cells infected with VSV-G 

pseudotyped WT MLV-GFP viruses at the indicated times. Y-axis shows cell count, X-axis 

shows GFP intensity. One representative example of two independent experiments is shown.

(F and G) Similar experiments as (B and C), respectively, using MLV infected F9 control or 

ESET KD cells (means ± SEMs from three independent experiments performed in 

duplicate). **, p < 0.01.

For related data, see Figure S3.

Student’s t-test was used for statistical analysis. ND, not determined.
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FIGURE 5. Characterization of the expression of unintegrated MLV DNA in NIH-3T3 cells
(A) Schematic of experimental setup.

(B) Flow cytometry analysis of NIH-3T3 cells infected with VSV-G pseudotyped WT or 

integrase defective mutant (D184A) MLV-GFP viruses with or without TSA. Results are 

from 2d post TSA treatment. SSC, side scatter. One representative of three independent 

experiments is shown.

(C) NIH-3T3 cells infected with VSV-G pseudotyped WT or integrase defective mutant 

(D184A) MLV-GFP virus with or without TSA. Total DNA was isolated at indicated times 
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and levels of viral replication intermediates were determined (means ± SEMs from three 

independent experiments performed in duplicate).

(D) H3Ac ChIP analysis of infected NIH-3T3 cells with or without TSA. ChIP data is 

presented as % of input DNA (means ± SEMs from three independent experiments 

performed in duplicate). Student’s t-test was used for statistical analysis. *, p < 0.05. ND, 

not determined.
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FIGURE 6. Characterization of the kinetics of NC and CA association with viral DNA following 
reverse transcription
(A, B) ChIP analysis of chromatin harvested at indicated times following MLV-GFP 

infection of NIH-3T3 cells using (A) MLV-NC or (B) MLV-CA antibodies. For related data, 

see Figures S4 and S5.

(C) ChIP analysis of chromatin harvested from aphidicolin (Aph)-treated NIH-3T3 cells 24h 

post infection with MLV-NC and CA antibodies.

ChIP data is presented as % of input DNA (means ± SDs from two independent experiments 

performed in duplicate).
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FIGURE 7. 
Model of the states of retroviral DNA following infection.
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