
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/224051880

Virion mediated transfer of SV40 epigenetic information

Article  in  Epigenetics: official journal of the DNA Methylation Society · June 2012

DOI: 10.4161/epi.20057 · Source: PubMed

CITATIONS

14
READS

51

6 authors, including:

Some of the authors of this publication are also working on these related projects:

histone modifications and nucleosome location View project

Transcriptional repression is epigenetically marked by H3K9 methylation during SV40 replication View project

Barry Milavetz

University of North Dakota

62 PUBLICATIONS   770 CITATIONS   

SEE PROFILE

Les Kallestad

Case Western Reserve University

5 PUBLICATIONS   45 CITATIONS   

SEE PROFILE

Nick Adams

Center for Plastic Surgery

29 PUBLICATIONS   55 CITATIONS   

SEE PROFILE

Lata Balakrishnan

Indiana University-Purdue University Indianapolis

53 PUBLICATIONS   939 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Barry Milavetz on 12 March 2014.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/224051880_Virion_mediated_transfer_of_SV40_epigenetic_information?enrichId=rgreq-2c5d5080ff8780d804be0f84324307cf-XXX&enrichSource=Y292ZXJQYWdlOzIyNDA1MTg4MDtBUzo5NzQwNjU5OTMwMzE4NkAxNDAwMjM0OTUxOTY5&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/224051880_Virion_mediated_transfer_of_SV40_epigenetic_information?enrichId=rgreq-2c5d5080ff8780d804be0f84324307cf-XXX&enrichSource=Y292ZXJQYWdlOzIyNDA1MTg4MDtBUzo5NzQwNjU5OTMwMzE4NkAxNDAwMjM0OTUxOTY5&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/histone-modifications-and-nucleosome-location?enrichId=rgreq-2c5d5080ff8780d804be0f84324307cf-XXX&enrichSource=Y292ZXJQYWdlOzIyNDA1MTg4MDtBUzo5NzQwNjU5OTMwMzE4NkAxNDAwMjM0OTUxOTY5&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Transcriptional-repression-is-epigenetically-marked-by-H3K9-methylation-during-SV40-replication?enrichId=rgreq-2c5d5080ff8780d804be0f84324307cf-XXX&enrichSource=Y292ZXJQYWdlOzIyNDA1MTg4MDtBUzo5NzQwNjU5OTMwMzE4NkAxNDAwMjM0OTUxOTY5&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-2c5d5080ff8780d804be0f84324307cf-XXX&enrichSource=Y292ZXJQYWdlOzIyNDA1MTg4MDtBUzo5NzQwNjU5OTMwMzE4NkAxNDAwMjM0OTUxOTY5&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Barry-Milavetz?enrichId=rgreq-2c5d5080ff8780d804be0f84324307cf-XXX&enrichSource=Y292ZXJQYWdlOzIyNDA1MTg4MDtBUzo5NzQwNjU5OTMwMzE4NkAxNDAwMjM0OTUxOTY5&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Barry-Milavetz?enrichId=rgreq-2c5d5080ff8780d804be0f84324307cf-XXX&enrichSource=Y292ZXJQYWdlOzIyNDA1MTg4MDtBUzo5NzQwNjU5OTMwMzE4NkAxNDAwMjM0OTUxOTY5&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_North_Dakota?enrichId=rgreq-2c5d5080ff8780d804be0f84324307cf-XXX&enrichSource=Y292ZXJQYWdlOzIyNDA1MTg4MDtBUzo5NzQwNjU5OTMwMzE4NkAxNDAwMjM0OTUxOTY5&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Barry-Milavetz?enrichId=rgreq-2c5d5080ff8780d804be0f84324307cf-XXX&enrichSource=Y292ZXJQYWdlOzIyNDA1MTg4MDtBUzo5NzQwNjU5OTMwMzE4NkAxNDAwMjM0OTUxOTY5&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Les-Kallestad?enrichId=rgreq-2c5d5080ff8780d804be0f84324307cf-XXX&enrichSource=Y292ZXJQYWdlOzIyNDA1MTg4MDtBUzo5NzQwNjU5OTMwMzE4NkAxNDAwMjM0OTUxOTY5&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Les-Kallestad?enrichId=rgreq-2c5d5080ff8780d804be0f84324307cf-XXX&enrichSource=Y292ZXJQYWdlOzIyNDA1MTg4MDtBUzo5NzQwNjU5OTMwMzE4NkAxNDAwMjM0OTUxOTY5&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Case-Western-Reserve-University?enrichId=rgreq-2c5d5080ff8780d804be0f84324307cf-XXX&enrichSource=Y292ZXJQYWdlOzIyNDA1MTg4MDtBUzo5NzQwNjU5OTMwMzE4NkAxNDAwMjM0OTUxOTY5&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Les-Kallestad?enrichId=rgreq-2c5d5080ff8780d804be0f84324307cf-XXX&enrichSource=Y292ZXJQYWdlOzIyNDA1MTg4MDtBUzo5NzQwNjU5OTMwMzE4NkAxNDAwMjM0OTUxOTY5&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Nick-Adams-8?enrichId=rgreq-2c5d5080ff8780d804be0f84324307cf-XXX&enrichSource=Y292ZXJQYWdlOzIyNDA1MTg4MDtBUzo5NzQwNjU5OTMwMzE4NkAxNDAwMjM0OTUxOTY5&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Nick-Adams-8?enrichId=rgreq-2c5d5080ff8780d804be0f84324307cf-XXX&enrichSource=Y292ZXJQYWdlOzIyNDA1MTg4MDtBUzo5NzQwNjU5OTMwMzE4NkAxNDAwMjM0OTUxOTY5&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Nick-Adams-8?enrichId=rgreq-2c5d5080ff8780d804be0f84324307cf-XXX&enrichSource=Y292ZXJQYWdlOzIyNDA1MTg4MDtBUzo5NzQwNjU5OTMwMzE4NkAxNDAwMjM0OTUxOTY5&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Lata-Balakrishnan?enrichId=rgreq-2c5d5080ff8780d804be0f84324307cf-XXX&enrichSource=Y292ZXJQYWdlOzIyNDA1MTg4MDtBUzo5NzQwNjU5OTMwMzE4NkAxNDAwMjM0OTUxOTY5&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Lata-Balakrishnan?enrichId=rgreq-2c5d5080ff8780d804be0f84324307cf-XXX&enrichSource=Y292ZXJQYWdlOzIyNDA1MTg4MDtBUzo5NzQwNjU5OTMwMzE4NkAxNDAwMjM0OTUxOTY5&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Indiana_University-Purdue_University_Indianapolis?enrichId=rgreq-2c5d5080ff8780d804be0f84324307cf-XXX&enrichSource=Y292ZXJQYWdlOzIyNDA1MTg4MDtBUzo5NzQwNjU5OTMwMzE4NkAxNDAwMjM0OTUxOTY5&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Lata-Balakrishnan?enrichId=rgreq-2c5d5080ff8780d804be0f84324307cf-XXX&enrichSource=Y292ZXJQYWdlOzIyNDA1MTg4MDtBUzo5NzQwNjU5OTMwMzE4NkAxNDAwMjM0OTUxOTY5&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Barry-Milavetz?enrichId=rgreq-2c5d5080ff8780d804be0f84324307cf-XXX&enrichSource=Y292ZXJQYWdlOzIyNDA1MTg4MDtBUzo5NzQwNjU5OTMwMzE4NkAxNDAwMjM0OTUxOTY5&el=1_x_10&_esc=publicationCoverPdf


© 2012 Landes Bioscience.

Do not distribute.

Epigenetics 7:6, 528-534; June 2012; © 2012 Landes Bioscience

 BriEf rEport

528 Epigenetics Volume 7 issue 6

*Correspondence to: Barry Milavetz; Email: bmilavetz@medicine.nodak.edu
Submitted: 02/07/12; Revised: 03/14/12; Accepted: 03/19/12
http://dx.doi.org/10.4161/epi.20057

Epigenetic regulation through covalent modification of histones 
has been shown to play a critical role in a number of important 
biological processes including cell fate determination during 
differentiation,1-5 regulation of gene expression6,7 and the devel-
opment of cancer.8-11 Importantly, all of these examples of epi-
genetic regulation are characterized by the transfer of epigenetic 
information from parental cells to daughter cells during cellular 
division.

Simian virus 40 (SV40) is a DNA tumor virus that is organized 
into chromatin in the intracellular minichromosome and virion, 
and undergoes hyperacetylation of H3 and H4 during tran-
scription12-14 and methylation of H4K20 during an infection.15 
Because of its similarity to cellular chromatin, we hypothesized 
that SV40 should be able to transfer epigenetic information reca-
pitulating the conditions of an infection to a subsequent infec-
tion through the infecting virions. We tested this hypothesis by 
characterizing the histone tail modifications in SV40 chromatin 
derived from minichromosomes and virions using ChIP analyses 
and correlating the observed variations in histone modification 
in the SV40 chromatin with subsequent effects on an infection.

Extending our previous results in reference 15, we analyzed 
SV40 wild-type chromatin for the presence of methylated 
H3K4 and H3K9 during an infection, with the results shown in  
Figure 1. When SV40 chromatin was analyzed for the presence 
of methylated H3K4 (Fig. 1A), we observed mono-, di- and tri-
methylated H3K4 present at 48 h post-infection (PI), but little, 
if any, methylated H3K4 at other times. When SV40 was ana-
lyzed for the presence of methylated H3K9 (Fig. 1B), all three 
of the methylated forms of H3K9 were present in SV40 chroma-
tin throughout the course of the infection, including disrupted 

in eukaryotes, epigenetic information can be encoded in parental cells through modification of histones and subsequently 
passed on to daughter cells in a process known as transgenerational epigenetic regulation. Simian Virus 40 (SV40) is a 
well-characterized virus whose small circular DNA genome is organized into chromatin and, as a consequence, undergoes 
many of the same biological processes observed in cellular chromatin. in order to determine whether SV40 is capable of 
transgenerational epigenetic regulation, we have analyzed SV40 chromatin from minichromosomes and virions for the 
presence of modified histones using various Chip techniques and correlated these modifications with specific biological 
effects on the SV40 life cycle. our results demonstrate that, like its cellular counterpart, SV40 chromatin is capable of 
passing biologically relevant transgenerational epigenetic information between infections.
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virions, with the exception of H3K9me2 at 24 h PI, which was 
only present at low levels.

If the identified histone modifications actually represented 
epigenetic information, we expected that the modifications 
would be organized in the same way as in cellular chromatin, 
i.e., into various specific combinations16 that would reflect the 
biological properties of the chromatin.

SV40 minichromosomes were analyzed by a two-step ChIP 
process in which the minichromosomes were first immune 
selected with an antibody to a specific form of modified histone, 
the chromatin was fragmented, and the resulting fragments sub-
jected to a second ChIP with an antibody to a different modified 
histone. If two modified forms of histones were found on the 
same minichromosomes, we would expect to see that a significant 
fraction of the input chromatin from the first ChIP would be 
bound in the second ChIP with antibody to the second form of 
modified histone. Table 1 shows the result of this analysis.

Based upon these results, we believe that that there are at 
least five major SV40 epigenomes present in cells infected with 
wild-type virus at 48 h post-infection. One consisted primar-
ily of H3K4me2 in conjunction with H3K9me1, H3K9me2, 
H3K9me3 and hyperacetylated H4 (HH4). A second form also 
consisted primarily of H3K4me2 but in conjunction with HH3 
and HH4. This conclusion was based upon the fact that H3K9 
cannot be methylated and acetylated at the same time, which 
we experimentally confirmed. A third epigenome consisted 
almost solely of H3K4me3 with some HH4 also present. The 
fourth epigenome consisted of H3K9me1 along with H3K9me2, 
H4K20me1 and HH4. The fifth epigenome consisted primarily 
of H3K9me3 with trace amounts of other modifications.
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was shown to result in the over-production of 
T-antigen during infection.21

We hypothesized that if one or more of the 
histone modifications observed in the epig-
enomes at 48 h PI in a wild-type infection was 
the result of T-antigen binding to Site I and 
subsequent repression of early transcription, 
these modified histones would likely be absent 
or significantly reduced in cs1085 minichro-
mosomes late in infection. Alternatively, if any 
of the histone modifications were a result of 
overexpression of T-antigen one might expect 
similar effects by both mutants.

SV40 minichromosomes were prepared at 
48 h PI from cells infected with wild-type, 
cs1085 or SM virus and analyzed for the pres-
ence of methylated H3K4 and H3K9. The lev-
els of the various modified histones in each of 
the minichromosomes were then quantitated 
by real time PCR and compared as shown 
in Table 2A. In the absence of T-antigen-
mediated repression in cs1085 infections, we 
observed the greatest reduction in the amount 
of H3K9me1 and significant reductions in the 
amount of H3K4me1 and H3K4me2. In con-
trast, in the minichromosomes from SM virus 
infections with over-production of T-antigen, 
we observed increases in the amounts of 
H3K9me1, H3K9me2 and H3K9me3. These 
results indicated that T-antigen-mediated 
repression of early transcription had its pri-
mary effect on the introduction of H3K9me1, 

a modification thought to be associated with repression in other 
eukaryotes.22 Unexpectedly, T-antigen-mediated repression also 
appeared to have an effect on the introduction of H3K4me1 and 
H3K4me2 into SV40 minichromosomes, modifications generally 
thought to be associated with transcriptional activation.22 Based 
upon these results, it would appear that the epigenome contain-
ing large amounts of H3K9me1 along with H3K4me1/2 was 
mostly likely associated with repression of early transcription.

We then directly tested the hypothesis that SV40 virions could 
carry epigenetic information by analyzing the histone modifica-
tions present in chromatin from virions. If the virions carried 
epigenetic information one would expect the patterns of histone 
modifications in the virions to relate to the patterns present in the 
minichromosomes. In contrast, if the pattern present in the viri-
ons was a result of other biological processes, one might expect 
the pattern in the virions to be independent of the patterns pres-
ent in the minichromosomes. Virions were purified, disrupted 
with DTT, the chromatin present in the disrupted virions puri-
fied from intact virions,15 and analyzed for the presence of modi-
fied histones with the results shown in Table 2B. Compared with 
the pattern of H3K9 methylation and HH4 acetylation in wild-
type chromatin from virions, we observed a significant reduction 
in the percentage of chromatin containing the three methylated 
forms of H3K9 and HH4 in cs1085 and a significant reduction 

While this is the first demonstration that multiple distinct 
viral epigenomes defined by specific combinations of histone 
modifications are present in infected cells, the co-localized modi-
fied histones are in agreement with previously reported results for 
cellular chromatin. For example, H3K9me1 has been previously 
shown to be co-localized within nucleosomes of transcribing 
regions with H3K4me1/2/3, H3K79me1/2/3 and H4K20me1 
using a genome-wide strategy. H3K9me3 was found associated 
with H3K9me2 and H3K27me2/3 in silenced regions.16,17

In order to test whether the modified histones in epigenomes 
present at late times reflected biological properties of the infec-
tion, we analyzed wild-type and mutant SV40 minichromosomes 
defective for the repression of early transcription for the presence 
of modified histones. The SV40 mutant cs1085 contains a 30 bp 
deletion of T-antigen binding Site I within the regulatory/pro-
moter region and, as a consequence, does not repress early tran-
scription as seen in a wild-type infection.18,19 This deletion results 
in an over-production of early mRNA and protein. We have 
previously exploited this aspect of cs1085 to investigate nucleo-
some phasing20 and RNA polymerase II occupancy in transcrib-
ing SV40 minichromosomes.12 SV40 early expression is also 
regulated by a miRNA found in the late region of the genome.21 
A mutant, SM (SV40 miRNA mutant), deleted for the regula-
tory miRNA without affecting any other aspects of the virus, 

Figure 1. Methylated H3K4 (A) and H3K9 (B) are present in SV40 chromatin during a lytic 
infection. Unfixed SV40 minichromosomes were isolated from disrupted virions and infected 
cells at 30 min, 8 h, 24 h and 48 h post-infection (pi), subjected to chromatin immuno-
precipitation with 7.5 μl of antibody to each target modified histone, and the resulting 
immunoprecipitates amplified by pCr with primers recognizing the SV40 early region as 
previously described in reference 15. (A) Lane 1, igG; lane 2, H3K4me1; lane 3, H3K4me2; lane 
4, H3K4me3; lane 5 Hyperacetylated H4; lane 6, 5% of input SV40 chromatin. (B) Lane 1, igG; 
lane 2, H3K9me1; lane 3. H3K9me2; lane 4, H3K9me3; lane 5 Hyperacetylated H4; lane 6, 5% 
of input SV40 chromatin. DNA present in immunoprecipitates from virions and minichromo-
somes isolated 48 h pi was amplified for 32 cycles. DNA from the other immunoprecipitates 
was amplified for 35 cycles.
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histone modifications for virions produced at 39°C was distinct 
and differed from the results obtained from the wild-type viri-
ons and both mutants particularly with respect to the amount of 
H3K9me3. These results were consistent with the hypothesis that 
the conditions of an infection contribute to the epigenetic modi-
fications appearing in the virions produced during that infection.

If the patterns of modified histones present in chromatin 
from virions represented inheritable epigenetic information, we 
expected that this epigenetic information would affect aspects 
of a subsequent infection. In order to test this hypothesis, we 
analyzed infections by the various viruses for the yield of SV40 
DNA at 48 h PI as a measure of infection efficiency. SV40 DNA 
in virions and infected cells was isolated by the Hirt procedure23 
and measured by real time PCR. All comparative infections 

in the percentage of H3K9me2, H3K9me3 and HH4 in the SM 
mutant. While the pattern of changes in the virions closely mir-
rored the pattern of histone modifications in the cs1085 mini-
chromosomes, the pattern for the chromatin in SM virions did. 
Nevertheless, both mutants displayed patterns of histone modifi-
cations in the virions that were very different from the wild-type 
virion chromatin and each other, indicating that in each case the 
virion chromatin carried distinct epigenetic information.

Next, we confirmed that the pattern of histone modifications 
in virion chromatin reflected aspects of the infection by compar-
ing virions produced at 37°C and 39°C. Since the SV40 DNA 
sequence is identical at both temperatures, any changes in the 
pattern of histone modifications in the virions must be a result 
of epigenetic changes. As shown in Table 2B the pattern of 

Table 1. Co-localization of modified histones on SV40 minichromosomes

Modification H3K4me2 H3K4me3 H3K9me1 H3K9me3 H4K20me1

H4K20me1 trace None + trace

H3K4me1 None None trace None None

H3K4me2 None trace None trace

H3K4me3 None None trace None

H3K9me1 + None None ++

H3K9me2 + None ++ trace ++

H3K9me3 + None None None

HH3 + None None None +

None, less than 10% of input; trace, 10–20% of input; +, 20–30% of input; ++, over 30% of input. SV40 chromatin is organized into distinct epigenomes 
late in infection. SV40 minichromosomes isolated 48 h pi were immune-selected with antibody to a modification of interest, the bound SV40 chroma-
tin fragmented, and the fragments subjected to a second Chip with antibody to a second modification of interest. the DNA present in the immuno-
precipitates from the second Chip was amplified for 32 to 40 cycles depending upon the amount of chromatin present in the immuno-selection step 
with primers recognizing the early region of the SV40 genome. the amount of co-localized modified histones were approximated from the semi-
quantitative pCr using densitometry and confirmed by real time pCr. Each analysis was performed at least twice using different preparations of SV40 
minichromosomes. the table represents the relative amounts of co-localized modified histones.

Table 2A. presence of modified histones in SV40 minichromosomes

Chromosome H3K4me1 H3K4me2 H3K4me3 H3K9me1 H3K9me2 H3K9me3 HH4

Wt 776 0.1 ± 0.07% 0.4 ± 0.3% 0.08 ± 0.06% 22 ± 10% 0.04 ± 0.03% 12 ± 6% 3.9 ± 3%

cs1085 0.005 ± 0.007% 0.02 ± 0.02% 0.02 ± 0.02% 0.66 ± 0.6% 0.17 ± 0.2% 8.2 ± 5% 2.7 ± 2%

SM 0.02 ± 0.01% 0.5 ± 0.4% 0.13 ± 0.13% 39 ± 9% 0.93 ± 0.7% 18 ± 9% 13 ± 1%

Histone methylation is partially controlled by SV40 t-antigen late in infection and epigenetically propagated in virions. SV40 chromatin was isolated  
48 h pi from cells infected with wild-type, cs1085 or SM mutant viruses. SV40 chromatin was also prepared from the corresponding disrupted virions 
and virions prepared at elevated temperature. the SV40 chromatin was subjected to Chip analyses with antibodies to each of the methylated forms of 
H3K4 and K3K9, and the DNA present in the resulting immunoprecipitates quantitated by real time pCr. Analysis of wild-type, cs1085 and SM virus at 
48 h pi.

Table 2B. presence of modified histones in SV40 virions

Chromosome H3K9me1 H3K9me2 H3K9me3 HH4

Wt 776 2.9 ± 1% 1.9 ± 0.8% 0.9 ± 0.4% 22 ± 6%

cs1085 0.20 ± 0.1% 0.14 ± 0.1% 0.13 ± 0.09% 0.72 ± 0.3%

SM 1.8 ± 0.8% 0.08 ± 0.03% 0.29 ± 0.15% 0.43 ± 0.16%

776 (39°C) 3.1 ± 1.8% 0.81 ± 0.3% 3.4 ± 2% 0.93 ± 0.4%

Histone methylation is partially controlled by SV40 t-antigen late in infection and epigenetically propagated in virions. SV40 chromatin was isolated 
48 h pi from cells infected with wild-type, cs1085 or SM mutant viruses. SV40 chromatin was also prepared from the corresponding disrupted virions 
and virions prepared at elevated temperature. the SV40 chromatin was subjected to Chip analyses with antibodies to each of the methylated forms of 
H3K4 and K3K9, and the DNA present in the resulting immunoprecipitates quantitated by real time pCr. Analysis of chromatin obtained by disruption 
of virions from wild-type, cs1085, SM and wild-type virus prepared at 39°C.
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Materials and Methods

Cells, viruses and infections. SV40 DNA and minichromo-
somes were prepared in the BSC-1 cell line (ATCC) using wild-
type 776 (from Dr Daniel Nathans), cs1085 (from Dr Daniel 
Nathans) or SM virus (from Dr Chris Sullivan). Uninfected 
cells were maintained at 37°C in minimal essential medium 
containing 10% (v/v) fetal calf serum, gentamycin, glutamine 
and sodium bicarbonate (GIBCO) as previously described in 
references 12–14. Sub-confluent cell mono-layers were exposed 
to virus for 30 min, the virus containing medium removed, the 
plates washed twice with fresh warm medium, 10 ml of fresh 
medium added, and the infected cells incubated at 37°C for the 
times indicated as described previously in references 12–14. SV40 
minichromosomes were prepared in 75 cm2 T-flasks containing 
a total of 10 ml of medium, while experiments in which SV40 
DNA was prepared were performed in 25 cm2 T-flasks contain-
ing 3 ml of medium. Comparative infections with either different 
viruses or for different periods of infection were performed in 
parallel at the same time.

Preparation of SV40 DNA, nuclei and minichromosomes. 
Total SV40 DNA present in infected cells was prepared accord-
ing to the Hirt procedure.23 Briefly, the medium was removed 
from the infected cells, the cells washed twice with cold PBS and 
0.3 ml of lysing solution (0.6% SDS, 10 mM EDTA) added. The 
flask was rocked for a few minutes until all the cells in the flask 
appear to be solubilized and the solution transferred to a 1.4 ml 
Eppendorf tube. Following transfer the flask was washed with  
0.2 ml of PBS and the wash added to the 0.3 ml transferred to 
the tube. 160 μl of 5 M NaCl was added to the tube and the tube 
inverted 20 times to mix the contents. After storage overnight 
at 4°C, the tube was spun at 16,000x G at 4°C for 30 min and 
the soluble contents removed from the cellular DNA pellet. The 
soluble fraction was referred to as the Hirt supernatant and was 
used in subsequent analyses.

The SV40 DNA present in the nuclei of infected cells was 
prepared from infected cells (25 cm2 T-flasks) by a modifica-
tion of our previously described procedure for preparing SV40 
minichromosomes. Nuclei were released from infected cells by 
a combination of scraping the cells in low-ionic strength buffer  
(0.5 ml) and TritonX-100 (0.5 ml) as previously described in ref-
erence 12–14, and the liquid transferred to a 1.4 ml Eppendorf 
tube. Any remaining cells in the flask were obtained by a sec-
ond scraping treatment in low-ionic strength buffer (0.5 ml) 
and TritonX-100 (0.5 ml) and transfer of the liquid to a second 
Eppendorf tube. The tubes were spun at 16,000x G for 30 sec 
and the supernatant removed. The pellet in each tube was sus-
pended in 0.2 ml of low-ionic-strength buffer, the supernatants 
combined and gently layered onto a new tube containing 0.6 ml 
of low-ionic-strength buffer. Following centrifugation at 5,000x 
G for 10 min, then supernatant was removed and the pellet resus-
pended in 0.2 ml of PBS. Lysing solution (0.3 ml) was added 
followed by 0.16 ml of 5 M NaCl. The tube was inverted about 
20 times and placed overnight at 4°C. The next day the tube was 
spun at 16,000x G for 30 min at 4°C in an Eppendorf Model 
5415 C centrifuge. The supernatant was transferred to a new 

contained the same amount of input SV40 DNA in the pool of 
infecting virus. Consistent with our hypothesis that the viruses 
contained inheritable epigenetic information, in comparison to 
the wild-type virus prepared at 37°C, whose amount was set at 
100%, we observed only 9 ± 2% for cs1085, 31 ± 7% for SM and 
8 ± 1% for the virus prepared at 39°C (Fig. 2A).

Since the epigenetic information encoded in the histone 
modifications present in virion chromatin is first made available 
for reading following uncoating of the virus particle, we hypoth-
esized that this epigenetic information might have an effect on 
the early stages of the establishment of an infection. In order for 
an SV40 infection to be established, virions must be transported 
through the cytoplasm, presented to the nuclear pore complex 
and the protein coat of the virion removed or substantially modi-
fied so that cellular factors can access the chromatin to initiate 
early transcription.24,25 In a competing process, we have previ-
ously reported that a significant fraction of incoming viral chro-
matin is targeted for degradation by the cell.15

In order to test whether the observed differences in wild-type 
and cs1085 epigenetic information affected transport to the 
nucleus or cellular degradation of viral chromatin, we measured 
by real time PCR the amount of SV40 DNA present as chroma-
tin in whole cells and nuclei at 30 min and 8 h following infec-
tion with the two SV40 viruses. For these studies, nuclei were 
prepared according to our standard protocol, which was origi-
nally optimized for the yield of biologically active SV40 mini-
chromosomes.26 As shown in Figure 2B, a significantly smaller 
percentage of infecting SV40 chromatin was found in the nucleus 
following infection with cs1085 compared with wild-type virus 
at 30 min PI indicating that the epigenetic information carried 
by the two viruses had an effect on import into the nucleus. The 
epigenetic information carried by the infecting virions also had 
an effect on cellular degradation of the SV40 chromatin. As 
shown in Figure 2C, wild-type chromatin was degraded approxi-
mately 75% between 30 min and 8 h when measured in either 
whole cells or nuclei, consistent with our previous results in refer-
ence 15, while cs1085 chromatin appeared to be resistant to deg-
radation (Fig. 2C). These results indicate that both the passage 
through the nuclear pore complex and the degradation of the 
incoming viral chromatin are sensitive to the specific epigenetic 
information carried by the viral chromatin.

While this first demonstration of virion-dependent transfer of 
biologically relevant epigenetic information between infections 
utilized SV40, which is generally thought to be nonpathogenic 
in humans, it is very likely that other DNA viruses that are orga-
nized into chromatin and are pathogenic (e.g., papillomaviruses) 
will also show this behavior. For those viruses that utilize epi-
genetics in the establishment of an infection, these results sug-
gest that this process is much more complex and more highly 
regulated than previously thought. Finally, the results with SV40 
virions prepared at elevated temperature indicate that fevers dur-
ing viral infection may affect the disease process through the dis-
ruption of the normal epigenetic regulation pathways of the viral 
life cycle.
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Figure 2. Methylation of histone H3 affects infectivity and stability of infecting SV40 chromatin. Cells were infected with equal amounts (based upon 
real time quantitation of the SV40 DNA present in virions) of wild-type 776, cs1085, SM or 776 grown at 39°C virus. SV40 DNA or minichromosomes 
were isolated at the times indicated and quantitated by real time pCr. (A) Yield of SV40 DNA at 48 h pi following infection with wild-type 776, cs1085, 
SM virus or 776 grown at 39°C. (B) SV40 DNA present in cells or nuclei infected with equal amounts of 776 or cs1085 virus at 30 min pi. (C) SV40 DNA 
present in cells infected with equal amounts of 776 or cs1085 virus at 30 min and 8 h pi.
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(Novagen) as previously described in references 12–14. DNA 
samples for real time PCR were prepared by phenol/chloroform 
extraction and used directly in amplifications. DNA samples 
from ChIP elutions (10 μl) were mixed with 50 μl of phenol/
chloroform (AM9730, Ambion) and TE buffer (70 μl). The mix-
ture was vortexed for 10 sec and centrifuged for 10 min at 8,000x 
G in an IEC Micromax centrifuge. The aqueous phase (40 μl) 
was removed for subsequent PCR amplification.

PCR amplifications. Purified DNA samples were amplified 
by standard PCR using primers which recognize the early region 
of the SV40 genome (5'-GCT CCC ATT CAT CAG TTC CS-3' 
and 5'-CTG ACT TTG GAG GCT TCT GG-3') as previously 
described in references 12–14. Amplification was initiated with a 
hot start at 95°C for 2 min followed by 35 to 45 cycles of ampli-
fication. Each cycle consisted of an annealing step at 60°C for  
1 min, DNA syntheses at 72°C for 1 min and denaturation at 
95°C for 1 min.

Real time PCR. SV40 DNA was amplified from the early 
region of the SV40 genome using the primers described above 
(0.3 μM) in a Bio-Rad MyIQ2 real time thermal cycler using 
the Power SYBr Green PCR master mix (Applied Biosystems). 
The amplifications were initiated by a hot start at 94°C for 15 
min. The DNA was amplified for between 40 and 50 cycles with 
each cycle consisting of annealing of primers at 60°C for 1 min, 
DNA synthesis at 72°C for 1 min and denaturation of the DNA 
at 94°C for I min. All samples were analyzed in duplicate sets.

Analysis of PCR amplification products. Following stan-
dard PCR amplifications, amplification products were separated 
on 2.4% submerged agarose gels (Sigma) by electrophoresis.12-14 
Amplification products were visualized by staining with ethid-
ium bromide and digitally recorded using a UVP GDS8000 gel 
documentation system (Ultra Violet Products).

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Author Contributions

B.M. and L.B. jointly conceived the studies with input from L.K. 
for the in vivo studies. B.M., L.K, A.G., N.A. and E.W. per-
formed the experiments. B.M. and L.B. prepared the manuscript. 
All authors read, edited and approved the final manuscript.

Acknowledgments

This work was supported by grants from the National Institutes 
of Health GM074811 and AI070193 to B.M.

tube labeled nuclear portion and the pellet was discarded. SV40 
minichromosomes were prepared from infected cells and puri-
fied on glycerol step gradients as previously described in reference 
12–14. Gradient fractions 3 through 5 were pooled for subse-
quent analyses.

Preparation of SV40 chromatin from virions. SV40 virus 
was prepared by infecting cells with 0.005 plaque-forming units 
of seed virus per cell in order to limit the amount of defective 
virus formed. Infected cells were incubated until approximately 
99% of the cells were dead. Crude virus (1 ml) was transferred 
to a 1.4 ml Eppendorf tube and centrifuged in a Beckman TLA 
100 ultracentrifuge at 50,000x G for 35 min at 4°C on 10% 
glycerol buffer (10 mM HEPES, 5 mM KCl, 1 mM EDTA,  
0.2 mM MgCl

2
, 0.5 mM DTT, 10% glycerol). The pellet of virus 

and cellular debris was resuspended in 175 μl of TE buffer, and  
20 μl of a 10x digestion buffer supplied by NEB added and  
5 μl of DNaseI (NEB) added. Following incubation at 37°C for 
15 min to allow the DNase I to degrade any non-virion forms 
of SV40 chromatin, the mixture was centrifuged as above in 
the TLA 100 ultracentrifuge on 10% glycerol buffer. The pel-
let was resuspended in 194 μl of TE buffer, 6 μl of 5 M DTT 
was added and the suspension incubated at room temperature for  
15 min to disrupt the virions as previously described in refer-
ence 15. The mixture was again sedimented on 10% glycerol as 
described above. Fractions 2 through 5 which have previously 
been shown to contain SV40 chromosomes were pooled and used 
in subsequent analyses.

Standard chromatin immunoprecipitation analyses. All of 
the antibodies used in these studies were ChIP validated by the 
supplier and included H3K4me1 (07-436, Millipore), H3K4me2 
(39141, Active Motif), H3K4me3 (04-745, Millipore), H3K9me1 
(ab9045, Abcam), H3K9me2 (ab1220, Abcam), H3K9me3 
(ab8898, Abcam), H4K20me1 (39175, Active Motif), hyperacet-
ylated H3 (06-599, Millipore) and hyperacetylated H4 (06-866 
Millipore). We also used an antibody recognizing H4K20me1 
which was a gift from Dr. Thomas Jenuwein, which we previ-
ously showed functioned similarly to the commercial antibody.15 
Unfixed SV40 chromatin (100 μl) from infections and dis-
rupted virions was immunoprecipitated with 10 μl of antibody 
using the reagents and protocol supplied by Millipore in their 
kit for the analysis of hyperacetylated histone H4 with minor 
modifications.12-14

Preparation of DNA for PCR analyses. DNA samples for 
standard PCR were prepared by phenol/chloroform extraction 
followed by ethanol precipitation in the presence of paint pellet 
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