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Canonical and Variant Forms of Histone H3 Are Deposited onto the
Human Cytomegalovirus Genome during Lytic and Latent Infections
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ABSTRACT

Chromatin is the nucleoprotein complex that protects and compacts eukaryotic genomes. It is responsible for a large part of the
epigenetic control of transcription. The genomes of DNA viruses such as human cytomegalovirus (HCMYV) are devoid of his-
tones within virions but are chromatinized and epigenetically regulated following delivery to the host cell nucleus. How chroma-
tin is initially assembled on viral genomes and which variant forms of the core histone proteins are deposited are incompletely
understood. We monitored the deposition of both ectopically expressed and endogenous histones H3.1 and H3.2 (collectively,
H3.1/2) and H3.3 during lytic and latent HCMYV infections. Here, we show that they are deposited on HCMV genomes during
lytic and latent infections, suggesting similar mechanisms of viral chromatin assembly during the different infection types and
indicating that both canonical and variant core histones may be important modulators of infecting viral genomes. We further
show that association of both H3.1/2 and H3.3 occurs independent of viral DNA synthesis or de novo viral gene expression, im-
plicating cellular factors and/or virion components in the formation of chromatin on virion-delivered genomes during both lytic

and latent infections.

IMPORTANCE

It is well established that infecting herpesvirus genomes are chromatinized upon entry into the host cell nucleus. Why or how
this occurs is a mystery. It is important to know why they are chromatinized in order to better understand cellular pathogen rec-
ognition (DNA sensing) pathways and viral fate determinations (lytic or latent) and to anticipate how artificially modulating
chromatinization may impact viral infections. It is important to know how the genomes are chromatinized in order to poten-
tially modulate the process for therapeutic effect. Our work showing that HCMV genomes are loaded with canonical and variant
H3 histones during both lytic and latent infections strengthens the hypothesis that chromatinization pathways are similar be-
tween the two infection types, implicates virion or cellular factors in this process, and exposes the possibility that histone vari-
ants, in addition to posttranslational modification, may impact viral gene expression. These revelations are important to under-

standing and intelligently intervening in herpesvirus infections.

he large genomes of eukaryotic cells must be highly compacted

in order to fit within the restricted volume of the nucleus. To
accomplish this, eukaryotic DNA is packaged into a repeating nu-
cleoprotein structure known as chromatin, the basic subunit of
which is the nucleosome (1, 2). The core nucleosome particle con-
sists of approximately 146 bp of DNA wrapped nearly twice
around a histone hetero-octamer consisting of two copies each of
the four core histone proteins H2A, H2B, H3, and H4 (3). Nucleo-
somes are further compacted into higher-order chromatin fibers
through the incorporation of the linker histone H1, other nonhis-
tone proteins, and structural RNA components (4-6).

Wrapping DNA in nucleosomes compacts, protects, and orga-
nizes genomes. However, nucleosomes are intrinsically inhibitory
to processes requiring access to the underlying DNA template
such as transcription, replication, and repair (7—10). Therefore,
chromatin and nucleosomes, in particular, must be highly dy-
namic (11). The dynamic nature of nucleosomes is achieved
through chromatin-remodeling factors, the posttranslational
modification (PTM) of histones, and the incorporation of histone
variants (12, 13). ATP-dependent chromatin remodeling factors
such as SWI/SNF, ISWI, and NuRD family complexes remove or
reposition nucleosomes along DNA, allowing access to the under-
lying sequence (14). Histone PTMs include methylation, phos-
phorylation, acetylation, and monoubiquitination, among others
(15, 16). Many histone PTMs correlate with different transcrip-
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tional states and define binding sites for chromatin-associated fac-
tors according to the histone code hypothesis (15, 17, 18).

In addition to positioning and PTMs, the incorporation of
sequence variants of core histone proteins can have profound ef-
fects on chromatin structure and dynamics (12, 13, 19). Most
histones in dividing cells are canonical histone proteins expressed
from tandem gene arrays during S phase and are deposited onto
chromatin concurrent with DNA synthesis (20-22). In contrast,
nonallelic sequence variants of core histones are constitutively
expressed throughout the cell cycle from single- or low-copy-
number genes and are incorporated into chromatin largely
through replication-independent mechanisms (20, 23-26). Major
H2A variants include H2A.Z, H2A.X, and macroH2A that play
specialized roles in transcription, the DNA damage response, and
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heterochromatin formation, respectively (20, 27). In addition to
the canonical histones H3.1 and H3.2 (collectively designated
H3.1/2), ubiquitously expressed H3 variants include centromere
protein A (CENP-A) and H3.3 (26, 28). CENP-A marks centro-
meres, nucleates kinetochore formation, and is essential for
proper chromosome segregation during mitosis (29). H3.3 is
found at loci distinct from H3.1/2 and can mark either actively
transcribed or transcriptionally repressed loci (30-32). In partic-
ular, H3.3 concentrated at telomeres, repetitive elements, endog-
enous retroviruses, and adjacent to centromeres appears to main-
tain the heterochromatin that silences transcription from these
loci (31, 33-36).

Within virions, the DNA genomes of herpesviruses are not
bound to histones (37-41). However, DNA viral genomes that
enter the nucleus upon infection, including those of the herpesvi-
ruses, rapidly become associated with histones (38, 42, 43). The
chromatin assembled when cellular histones associate with viral
DNA appears to differ in some respects from cellular chromatin.
For example, viral chromatin generally has lower histone occu-
pancy and perhaps more unstable nucleosomes than cellular chro-
matin (42—45). However, transcriptional states of viral chromatin
during either lytic replication or latency are, in all known cases,
regulated by the same epigenetic mechanisms that control cellular
transcription (46—49).

Specific histone PTMs associated with lytic and latent herpes-
virus genomes have been identified, and discovering the mecha-
nisms through which they are written, read, and erased has re-
ceived significant effort. Less attention has been paid to the
chromatin assembly process itself. Initial chromatinization occurs
prior to viral genome replication and is not restricted to S phase
(42, 43, 45, 50). Therefore, constitutively expressed histones de-
posited in a replication-independent manner are the prime can-
didates to first decorate infecting viral genomes. Indeed, a histone
with these characteristics, H3.3, is found associated with lytic her-
pes simplex virus 1 (HSV-1) and latent Epstein-Barr virus (EBV)
genomes (50, 51).

For human cytomegalovirus (HCMV), histones of the H2A,
H2B, H3, and H4 classes all are found associated with viral ge-
nomes (42), but whether these are canonical or variant histones
(or both) has not been examined. Furthermore, most of the anal-
ysis of HCMV chromatinization has been performed on lytic ge-
nomes, whereas only a few PTMs on latent genomes have been
interrogated. Here, we assessed the deposition of canonical his-
tones H3.1/2 and variant histone H3.3 onto HCMYV lytic and la-
tent genomes. We found both the canonical and variant histones
incorporated into lytic and latent viral chromatin. Furthermore,
their deposition required neither transcription from nor replica-
tion of the viral genome. As histone variants can play significant
roles in regulating transcription (52), understanding which his-
tones are deposited onto viral genomes increases our ability to
decipher how viral chromatin interfaces with cellular defenses and
directs viral transcription, replication, and packaging.

MATERIALS AND METHODS

Cells and infections. TERT (telomerase reverse transcriptase)-immortal-
ized human fibroblasts (TERT-HFs) and normal human dermal fibro-
blasts (NHDFs; Clonetics) were maintained in Dulbecco’s modified Eagle
medium (DMEM; Sigma). THP-1 cells (TIB-202; ATCC) were main-
tained in RPMI 1640 medium (Invitrogen). Medium was supplemented
with 10% (vol/vol) fetal bovine serum (FBS; Sigma) and 1X penicillin-

10310 jvi.asm.org

Journal of Virology

streptomycin with L-glutamine (G1146; Sigma). Primary CD34 ™ cells de-
rived from cord blood (2C-101; Lonza) were maintained in hematopoi-
etic progenitor growth medium (HPGM; Lonza) supplemented with
recombinant human thrombopoietin (TPO), recombinant human stem
cell factor (SCF), and recombinant human Flt3 ligand (all from Pepro-
tech), as described previously (53). Cells were infected with HCMV in
minimal volume for 60 min, followed by addition of medium to normal
culture volumes. For UV inactivation, virus stocks were exposed to a
245-nm light source at 0.12 J/cm? for 2 min on ice using a UV Stratalinker
2400 (Stratagene) prior to infection, as previously described (54).

Inhibitors and antibodies. Where indicated in the figure legends and
on the figures, valproic acid (VPA) (1 mM; Sigma) was added 3 h prior to
infection of THP-1 cells, and phosphonoacetic acid (PAA) (100 pg/ml;
Sigma) was added 24 h postinfection of NHDFs. The following antibodies
were from commercial sources: anti-FLAG M2 (F1804; Sigma), anti-his-
tone H3 (pan-H3) (ab1791; Abcam), anti-beta-actin (ab8226; Abcam),
anti-tubulin (DM 1A; Sigma), anti-histone H2B (07-371; Millipore), anti-
lamin A/C (sc-7292; Santa Cruz Biotechnology), anti-UL44 (CA006-100;
Virusys), anti-hemagglutinin (HA) (HA.11; Covance), anti-histone
H3.1/2 (ABE154; Millipore), anti-histone H3.3 (09-838; Millipore), and
anti-Daxx (D7810; Sigma). Monoclonal antibodies against IE1 (1B12),
pp28 (CMV157), and pp71 (2H10-9) have been described previously
(55-57).

Epitope-tagged cell lines. Fibroblast and THP-1 cell lines expressing
either histone H3.1 or H3.3 with C-terminal Flag and HA tags from the
elongation factor la (EFla) promoter were generated by lentiviral trans-
duction. Tagged cDNAs for H3.1 and H3.3 were amplified by PCR from
pOZ-H3.1 and pOZ-H3.3 (58) (a gift from Yoshihiro Nakatani, Harvard
Medical School) and cloned into the EcoRI/BamHI sites of pSIN-EF2-
puro (Addgene plasmid 16580) (59). Recombinant lentivirus was pro-
duced by cotransfection of 293Y cells with pSIN-EF2-puro-eH3, pMD-
VSV-G (where VSV-G is vesicular stomatitis virus G protein), and
PAR8.91 (a gift from Nathan Sherer, University of Wisconsin—Madi-
son). TERT-HFs and THP-1 cells were transduced with recombinant len-
tivirus in the presence of 8 jg/ml Polybrene, and populations of stably
transduced cells were selected with puromycin.

Western blotting. Cells were lysed in radioimmunoprecipitation as-
say (RIPA) buffer with protease and phosphatase inhibitors or 1% SDS
containing 2% B-mercaptoethanol, and equal amounts of lysates were
separated by SDS-PAGE, transferred to Optitran membranes (GE Health-
care), and analyzed by Western blotting as previously described (60).

Subnuclear fractionations. Cells were collected and washed once in
cold phosphate-buffered saline (PBS). An aliquot was lysed in 1% SDS
containing 2% -mercaptoethanol as total lysate, and the remaining cells
were pelleted and resuspended in cold CSK buffer (10 mM PIPES [piper-
azine-N,N’-bis(2-ethanesulfonic acid)], pH 6.8, 100 mM NaCl, 300 mM
sucrose, 2 mM MgCl,, 1 mM EGTA, and 1 mM dithiothreitol [DTT])
containing 0.5% Triton X-100. Samples were incubated on ice for 5 min
and then pelleted at 5,000 X g for 3 min at 4°C. Supernatant was collected
as the soluble fraction, and the pellets were washed once in cold CSK
buffer and then resuspended in CSK buffer. RNase-free DNase (M6101;
Promega) was added to 100 units/ml, and samples were incubated at 37°C
for 2 h. Ammonium sulfate was added to a final concentration of 0.25 M,
and samples were incubated on ice 5 min prior to centrifugation at
5,000 X g for 3 min at 4°C. Supernatant was collected as the chromatin
fraction, and pellets were washed once in CSK buffer containing 2 M NaCl
and resuspended in urea buffer (8 M urea, 10 mM Tris, pH 8.0) as the
nuclear matrix fraction. All buffers were supplemented with protease and
phosphatase inhibitors just prior to use.

Immunoprecipitations. Immunoprecipitations were performed as
previously described (61) with minor modifications. Briefly, cells were
collected and washed once with PBS and once with hypotonic buffer (15
mM HEPES, pH 7.5, 20 mM KCl, 5 mM MgCL,). Cell pellets were resus-
pended in hypotonic buffer supplemented with 0.02% NP-40, 10 pg/ml
RNase A, and protease and phosphatase inhibitors and incubated at 4°C
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with rotation for 15 min. NaCl was added to a final concentration of 400
mM with agitation to extract nuclear proteins, and extracts were incu-
bated at 4°C with rotation for 15 min prior to centrifugation at 15,000 X
g for 30 min at 4°C. Supernatant was incubated with 2 pg of antibody
overnight at 4°C with rotation. Antibody complexes were collected with
protein A+G magnetic beads (88802; Thermo) and washed for 5 min
three times with hypotonic buffer containing 400 mM NaCl. Bound pro-
teins were eluted in 1X SDS loading buffer containing 3-mercaptoetha-
nol and boiled before being run on SDS-PAGE gels.

ChIP assays. Chromatin immunoprecipitation (ChIP) assays were
performed as previously described (54). Briefly, infected cells were col-
lected, washed once with PBS, and fixed with 1% formaldehyde for 8 min
at room temperature, followed by addition of glycine to 125 mM to
quench the reaction. Nuclei were then isolated, and chromatin was
sheared by sonication. Chromatin from approximately 1 million cells per
reaction mixture was incubated with 2 to 4 g of ChIP-grade antibodies or
an equal amount of isotype control IgG overnight at 4°C. Chromatin/
antibody complexes were collected using Magna ChIP protein A+G mag-
netic beads (16-663; Millipore) for 2 h at 4°C. Beads were then washed,
and cross-links were reversed. DNA was isolated with a QIAquick PCR
cleanup kit (28106; Qiagen) and quantified by quantitative PCR (qPCR)
using iTaq Universal SYBR green Supermix (172-5124; Bio-Rad) with
primers specific to the major immediate early promoter (MIEP) (62), IE1
(63), LUNA promoter (64), LUNA (65), B2.7 RNA (65), or cellular glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) (66). Precipitating
DNA was normalized to input levels from the same lysates using the AC;.
(where C is threshold cycle) method (67). Statistical analysis was per-
formed using Mstat, version 6.1, software.

DNA and mRNA analysis. Total genomic DNA was isolated using a
genomic DNA minikit (IB47202; IBI). Equal amounts of total DNA were
analyzed by quantitative PCR using iTaq Universal SYBR green Supermix
(172-5124; Bio-Rad) with primers specific to viral (IE1) (63) or cellular
(GAPDH) (66) DNA. RNA isolation and quantitative reverse-transcrip-
tion PCR (qRT-PCR) were performed as previously described (54). Viral
gene expression was normalized to cellular gene expression using the AC;.
method (67).

siRNA transfections. For transient knockdown with small interfering
RNAs (siRNAs), THP-1 cells were transfected with 80 pmol of siRNA per
1 million cells using TransIT-X2 (MIR6000; Mirus) according to the man-
ufacturer’s instructions. Scrambled control siRNA (siScr; D-001810-10)
or siRNAs targeting Daxx (siDx1 and siDx2; J-004420-05 and J-004420-
06) were purchased from Dharmacon. Viability of transfected cells was
assayed at 48 h posttransfection using a CellTiter-Glo assay (G7571; Pro-
mega) according to the manufacturer’s instructions.

RESULTS

Ectopically expressed H3.1 and H3.3 are deposited onto lytic
and latent HCMV genomes. Histones of the H3 class are found
associated with HCMV genomes during lytic infection and la-
tency, but specifically which form(s) of histone H3 is present in
HCMYV chromatin has not been investigated. We examined H3.1
and H3.3 incorporation into nucleosomal HCMV by chromatin
immunoprecipitation (ChIP) assays. H3.1 and H3.3 differ by only
5 amino acids. Therefore, to ensure specificity, we generated stable
cell lines in both human fibroblasts (a model for HCMV lytic
infection) and THP-1 monocytes (a model for HCMV latent in-
fection) that ectopically express H3.1 or H3.3 with C-terminal
Flag and HA epitope tags under the control of the cellular EFla
promoter (eH3.1 or eH3.3, respectively). We selected populations
of transduced cells that express equivalent levels of eH3.1 and
eH3.3 representing approximately 15% and 7% of total histone
H3 in fibroblasts and THP-1 cells, respectively (Fig. 1A). Ectopi-
cally expressed histones fractionated with chromatin in a manner
similar to that of the endogenous histone H2B in both HFs (Fig. 1B)
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FIG 1 eH3-expressing cell lines support HCMYV lytic infection and latency. (A)
Lysates from TERT-HF (HF) and THP-1 cells nontransduced (NT) or transduced
with recombinant lentivirus expressing epitope-tagged histone H3.1 (eH3.1) or
H3.3 (eH3.3) were analyzed by Western blotting with the indicated antibodies. %,
tagged H3; **, endogenous H3. (B and C) Nontransduced (NT) and eH3.1 or
eH3.3 transduced TERT-HFs or THP-1 cells were fractionated and analyzed by
Western blotting with the indicated antibodies. T, total lysate; S, soluble; C, chro-
matin; M, nuclear matrix. (D) Lysates from nontransduced (NT) and eH3.1 or
eH3.3 transduced TERT-HFs infected with AD169 atan MOI of 1 and harvested at
the indicated hour postinfection (hpi) were analyzed by Western blotting with the
indicated antibodies. (E) Nontransduced (NT) and eH3.1 or eH3.3 transduced
THP-1 cells were infected with AD169 (AD) at an MOI of 1 in the absence (—) or
presence (+) of 1 mM VPA. At 18 h postinfection, lysates were collected and
analyzed by Western blotting with the indicated antibodies. All data are represen-
tative of results from at least three experiments.

and THP-1 cells (Fig. 1C), consistent with previous reports indi-
cating that the epitope tags do not interfere with chromatin incor-
poration (58).

HCMV delivered equivalent amounts of tegument and ex-
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FIG 2 eH3.1 and eH3.3 associate with the HCMV genome during lytic infection of fibroblasts. (A) ChIP assays for the indicated loci using antibodies for total
H3, HA, or IgG in parental TERT-HFs infected with AD169 at an MOI of 1 for 2 h. (B and C) ChIP assays for the indicated loci using an antibody for total H3
in eH3.1- and eH3.3-expressing TERT-HFs infected with AD169 at an MOI of 1 for 2 or 72 h, as indicated. (D and E) ChIP assays for the indicated loci using an
antibody for the HA epitope tag in eH3.1- and eH3.3-expressing TERT-HFs infected with AD169 at an MOI of 1 for 2 or 72 h, as indicated. Gray bars represent
signal from IgG controls. Data represent the means * standard errors of the means from at least 4 experiments. ¥, P < 0.05; ns, not significant (P > 0.1), by a

Wilcoxon rank sum test. LUNAp, LUNA promoter.

pressed representative immediate early (IE1), early (UL44), and
late (pp28) lytic phase proteins with similar kinetics and to similar
steady-state levels in eH3.1- and eH3.3-expressing fibroblasts
compared to expression in parental cells (Fig. 1D). Similarly,
HCMYV entered eH3.1- and eH3.3-expressing THP-1 cells as effi-
ciently as parental cells, as judged by tegument delivery of pp71
(Fig. 1E). IE1 gene expression was silenced in these cells, consis-
tent with the establishment of latency (Fig. 1E). As previously
reported (53, 54, 68), treatment with the histone deacetylase
(HDAC) inhibitor VPA prevented silencing of IE1 gene expres-
sion during infection with AD169 in parental THP-1 cells as well
as in eH3.1- and eH3.3-expressing THP-1 cells (Fig. 1E). Taken
together, these results demonstrate that HCMV infections are not
altered in either HF or THP-1 cells expressing ectopic eH3.1 or
eH3.3, indicating that these cell lines are viable tools with which to
interrogate histone variant deposition during HCMV infection.
ChIP assays were first performed in HCMV AD169-infected
eH3.1- and eH3.3-expressing fibroblasts with an antibody recog-
nizing an endogenous epitope conserved in both H3.1/2 and H3.3.
As expected, in HCMV-infected parental fibroblasts, an antibody
against histone H3, but not an antibody against the HA epitope
tag, precipitated both viral and cellular loci (Fig. 2A). In eH3.1-
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and eH3.3-expressing fibroblasts, we found histone H3 associated
with all three viral loci examined at both 2 (Fig. 2B) and 72 (Fig.
2C) h postinfection (hpi). The same lysates were used for immu-
noprecipitation with the HA antibody to detect loci associated
with the ectopically expressed histone. Both eH3.1 and eH3.3 were
associated with the HCMV and cellular genome at 2 (Fig. 2D) and
72 (Fig. 2E) hpi. Similarly, ChIP experiments in parental THP-1
cells infected with HCMV AD169 detected total H3, but not eH3
(HA), associated with both viral and cellular loci (Fig. 3A). Using
ChIP experiments in HCMV AD169-infected eH3.1- and eH3.3-
expressing THP-1 cells, we found histone H3 class proteins asso-
ciated with all three viral loci examined during the establishment
phase of latency (Fig. 3B). Consistent with our observations dur-
ing lytic infection, both eH3.1 and eH3.3 were deposited onto the
viral genome following latent infection of THP-1 cells (Fig. 3C).
We conclude that both eH3.1 and eH3.3 are incorporated into
chromatin associated with the HCMV genome during lytic infec-
tion and latency.

Endogenous H3.1 and H3.3 are deposited onto lytic and la-
tent HCMV genomes. Ectopically expressed, epitope-tagged his-
tone variants allow for easy detection and facile discrimination of
histone variants and eliminate concerns emanating from the dif-
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from IgG controls. Data represent the means * standard errors of the means from three experiments. *, P < 0.05; ns, not significant (P > 0.1), by a

Wilcoxon rank sum test.

ferent binding affinities inherent to different antibodies. How-
ever, such ectopically expressing cells use constitutively active
promoters and poly(A) addition sequences such that the de novo
synthesis of canonical histones such as H3.1 can occur during cell
cycle stages (e.g., G,) when they would not normally be generated
efficiently. Such de novo synthesis perturbs normal free histone
pools, and therefore results with ectopically expressed canonical
histones (like H3.1) must be interpreted with caution. Our data
indicate that H3.1 can be deposited on viral genomes when it is
ectopically expressed. However, evidence that it is truly deposited
(e.g., during a natural infection) requires an examination of the
endogenous H3.1/2 protein.

We therefore sought to confirm our results from eH3.1- and
eH3.3-expressing cell lines indicating that both variants could be
deposited on the viral genome during lytic and latent infection by
examining the deposition of endogenous histone H3 variants.
During the course of our work, ChIP-grade antibodies that recog-
nize H3.1/2 or H3.3 became commercially available. The H3.1/2
antibody recognizes a linear epitope found in both H3.1 and H3.2
while the H3.3 antibody recognizes an epitope unique to H3.3. We
independently verified the specificity of these antibodies with im-
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munoprecipitation experiments in eH3.1- and eH3.3-expressing
fibroblasts (Fig. 4A) and then used them for ChIP experiments
during lytic and latent HCMV infections.

As expected, ChIP assays with a pan-histone H3 antibody de-
tected histone H3 at all viral and cellular loci tested at all time
points in HCMV AD169-infected fibroblasts (Fig. 4B, C, and D).
Likewise, ChIP assays with antibodies to the endogenous proteins
detected both H3.1/2 and H3.3 association with the HCMV ge-
nome during lytic infection (Fig. 4B, C, and D). At first glance the
data seem to imply that H3.1/2 shows a stronger association than
H3.3 with the HCMV genome at early times during lytic infection
(Fig. 4B and C), a difference largely neutralized at a late (72 hpi)
time point (Fig. 4D). However, this interpretation is confounded
by the possibility that differences in antibody affinities (not ge-
nome association) could explain the higher recovery of viral se-
quences with the H3.1/2 antibody than with the H3.3 antibody.
Thus, the conservative conclusion is that during lytic infection,
H3.1/2 and H3.3 are deposited onto the HCMV genome. How-
ever, our data raise the intriguing possibility of an earlier and more
robust association of H3.1/2 histones than of H3.3 with HCMV
genomes.
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FIG 4 Endogenous H3.1/2 and H3.3 associate with the HCMV genome during lytic infection of fibroblasts. (A) Nuclear extracts from eH3.1 and eH3.3
transduced TERT-HFs were subjected to immunoprecipitations (IPs) with the indicated antibody and analyzed for tagged histones by Western blotting (WB).
(B to D) ChIP assays for the indicated loci using antibodies against total H3 (panH3), H3.1/2, H3.3, or an IgG control in NHDFs infected with AD169 at an MOI
of 1 for 2, 6, or 72 h, as indicated. Data represent the means * standard errors of the means from at least three experiments. *, P < 0.05; **, P < 0.01; ns, not

significant (P > 0.1), by a Wilcoxon rank sum test.

The incompletely differentiated myeloid lineage cells where
HCMYV establishes latency also chromatinize infecting viral ge-
nomes (64, 69, 70). We found that both H3.1/2 and H3.3 associ-
ated with HCMV AD169 latent genomes, similarly to lytic infec-
tion, at all three loci examined in THP-1 cells (Fig. 5A). Clinical
strains such as TB40/E encode the viral UL138 gene that enforces
latency maintenance by maintaining a repressive epigenetic signa-
ture at the viral MIEP (54). HCMV-TB40/E-infected THP-1 cells
also showed H3.1/2 and H3.3 association with latent viral ge-
nomes (Fig. 5B), indicating that viral genes unique to clinical
strains do not appear to affect the identity of histones deposited
during the establishment of latency. While THP-1 cells are an
invaluable, trusted, and widely used working model for HCMV
latency, primary CD34™ hematopoietic progenitor cells represent
a more physiologic cell type for latency studies. Our ChIP exper-
iments indicate that both H3.1/2 and H3.3 are associated with
latent AD169 (Fig. 5C) and TB40/E (Fig. 5D) genomes in primary
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CD34™ cells. We conclude that both H3.1/2 and H3.3 are depos-
ited onto latent HCMV genomes.

Daxx promotes histone deposition onto latent HCMV ge-
nomes. Daxx is an H3.3 chaperone (34) and participates in the
transcriptional repression of HCMV lytic phase genes during la-
tency (53, 68). We therefore asked if Daxx was responsible for
depositing H3 histones on latent HCMV genomes. Transient
transfection of two independent siRNAs targeting Daxx into
THP-1 cells reduced Daxx steady-state protein levels (Fig. 6A)
and, as previously shown (53, 68), increased viral IE1 transcrip-
tion (Fig. 6B) while not altering cell viability (Fig. 6C). ChIP assays
revealed decreased levels of total H3 and variant H3.3 at the
MIEP (Fig. 6D) and within the transcribed region of IE1 (Fig.
6E) in Daxx-depleted cells compared to levels in cells trans-
fected with a scrambled siRNA control. These loci are tran-
scriptionally repressed during latency. However, Daxx deple-
tion did not impact total H3 or H3.3 incorporation at the viral
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FIG 5 Endogenous H3.1/2 and H3.3 associate with the HCMV genome during latent infection. (A and B) ChIP assays for the indicated loci using
antibodies against total H3 (panH3), H3.1/2, H3.3, or an IgG control in THP-1 cells infected with AD169 or TB40/E at an MOI of 1 for 18 h. (C and D)
ChIP assays for the indicated loci using antibodies against total H3 (panH3), H3.1/2, H3.3, or an IgG control in primary CD34 " cells infected with AD169
or TB40/E at an MOI of 1 for 18 h. Data represent the means * standard errors of the means from at least four experiments. ¥, P < 0.05; **, P < 0.01, by

a Wilcoxon rank sum test.

LUNA promoter (Fig. 6F) or the cellular GAPDH gene (Fig.
2G), loci that are transcriptionally active during latency. Our
observations indicate that Daxx promotes H3.3 incorporation
at transcriptionally repressed but not transcriptionally active
viral loci during HCMV latency.

Interestingly, Daxx depletion impaired H3.1/2 deposition at all
loci tested (Fig. 6D to G) even though Daxx is not known to di-
rectly deposit or to bind H3.1/2 (34, 61). We consider it unlikely
for H3.1/2 deposition to require prior H3.3 incorporation because
H3.1/2 deposition in the absence of Daxx is impaired at loci where
H3.3 deposition is not (Fig. 6F and G) and because other data
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actually suggest that H3.1/2 deposition occurs prior to H3.3 (Fig.
4). Thus, the impaired incorporation of H3.1/2 into HCMV chro-
matin in Daxx-depleted THP-1 cells likely indicates either an al-
teration of Daxx histone-binding specificity or an effect on other
histone chaperone complexes. We have not examined the require-
ment of Daxx for histone deposition during lytic infection of fi-
broblasts because under these conditions Daxx is rapidly degraded
by tegument-delivered pp71 (71).

Incorporation of H3.1/2 and H3.3 requires neither viral tran-
scription nor viral DNA synthesis. The naked DNA introduced
into nuclei by infection with viruses such as HCMV does not ap-
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FIG 6 Daxx promotes histone deposition onto latent HCMV genomes. (A) Lysates from THP-1 cells transfected with a scrambled (siCtrl) or Daxx (siDx1 and
siDx2)-specific siRNA for 48 h were analyzed for Daxx knockdown by Western blotting. Tubulin served as a loading control. (B) RNA from siScr- and
siDx-treated THP-1s infected with HCMV AD169 at an MOI of 1 for 18 h was analyzed for IE1 transcripts by qRT-PCR. Viral gene expression was normalized
to cellular GAPDH and is shown relative to that in the siScr-treated control. (C) Viability of THP-1 cells transfected with a scrambled or Daxx-specific siRNA for
48 h was measured using a CellTiter-Glo assay. Data are shown as relative viability compared to that of the siScr control. (D to G) THP-1 cells treated with a
scrambled or Daxx-specific siRNA for 48 h were infected with AD169 at an MOI of 1 for 18 h. ChIP assays were then performed with the indicated antibodies,
and the precipitating DNA was analyzed by qPCR for the MIEP, transcribed regions of IE1, LUNA promoter (LUNAp), or the cellular GAPDH gene. Data
represent IgG-subtracted percent input relative to the level of the siScr control. All data in panels B to G are means * standard errors of the means from four

experiments. *, P < 0.05; **, P < 0.01; ns, not significant (P > 0.2), by a Student’s t test.

pear to mimic a normal cellular DNA substrate for histone depo-
sition. Regions of naked cellular DNA are generated by the pro-
cesses of transcription and replication. During transcription,
nucleosomes are removed from templates to permit the passage of
RNA polymerases and then added back to recently transcribed
DNA to reestablish chromatin (19). To determine whether viral
transcription was required for the incorporation of either H3.1/2
or H3.3, we infected THP-1 cells with UV-inactivated HCMV
AD169 that failed to accumulate the B2.7 RNA (Fig. 7A) normally
transcribed during latency (65). Similar levels of endogenous
H3.1/2 and H3.3 were found associated with three different loci of
live and UV-inactivated virus (Fig. 7B), indicating that viral tran-
scription is not required for the initial chromatinization of HCMV
genomes.
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During DNA replication, nucleosomes are removed from tem-
plates to permit the passage of DNA polymerases and then added
back to recently replicated DNA to reestablish chromatin (72). We
infected HFs with HCMV AD169 in the presence or absence of the
viral DNA polymerase inhibitor PAA and demonstrated that the
drug efficiently inhibited viral DNA replication (Fig. 8A). Similar
levels of endogenous H3.1/2 and H3.3 were found associated with
all three viralloci in the presence or absence of PAA (Fig. 8B). Inaall
cases, recovery from the histone antibodies was greater than that
of the control IgG antibody although the increase did not always
reach statistical significance. We conclude that viral DNA replica-
tion is not required for the chromatinization of HCMV genomes.
In summary, our evidence demonstrates that both H3.1/2 and
H3.3 are deposited onto lytic and latent HCMV genomes through
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for viral and cellular transcripts by qRT-PCR. Viral transcripts were normal-
ized to the level of cellular GAPDH and are shown relative to live AD169-
infected controls. Data are the means * standard errors of the means from
three experiments. *, P < 0.05, by a Wilcoxon rank sum test. (B) ChIP assays
for the indicated loci using antibodies against total H3 (panH3), H3.1/2, H3.3,
or an IgG control in THP-1 cells infected with live (black bars) or UV-inacti-
vated (striped bars) AD169 as described for panel A. Data represent the
means * standard errors of the means from three experiments. *, P < 0.05; ns,
not significant (P > 0.1), by a Wilcoxon rank sum test.

processes that require neither viral transcription nor DNA repli-
cation.

DISCUSSION

Most cells infected with HCMYV will be in the G, phase of the cell
cycle. Canonical histone proteins (such as H3.1/2) are synthesized
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FIG 8 Incorporation of H3.1/2 or H3.3 into HCMV chromatin does not
require viral DNA synthesis. (A) NHDFs infected with AD169 at an MOI of 1
in the absence (—) or presence (+) of 100 pwg/ml PAA were harvested at the
indicated hour postinfection (hpi), and viral (IE1) and cellular (GAPDH)
DNA were quantitated by qPCR. Viral DNA was normalized to cellular DNA
and is shown relative to the 2-hpi time point. Data represent the means *+
standard errors of the means from four experiments. *, P < 0.05, by a Wil-
coxon rank sum test. (B) ChIP assays for the indicated loci using antibodies
against total H3 (panH3), H3.1/2, H3.3, or an IgG control from NHDFs in-
fected with AD169 at an MOI of 1 for 72 h in the absence (black bars) or
presence (striped bars) of 100 pg/ml PAA. Data represent the means = stan-
dard errors of the means from four experiments. *, P < 0.05; ns, not significant
(P> 0.1), by a Wilcoxon rank sum test.

most efficiently during the S phase and are most often deposited
concomitantly with DNA replication, making them seemingly
poor candidates for the initial chromatinization of infecting viral
genomes. On the other hand, variant histones (such as H3.3) are
efficiently expressed during G, and efficiently deposited in the
absence of DNA replication, making them prime candidates for
this process.

Not surprisingly, we found H3.3 associated with both Iytic and
latent viral genomes. This histone variant is expressed constitu-
tively throughout the cell cycle and deposited in a replication-
independent manner. Depending on the chaperone that deposits
H3.3, this histone can mark transcriptionally active (deposition by
HIRA) or silent (deposition by Daxx or HIRA) chromatin (73,
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74). During latency, the viral immediate early (lytic phase) genes
are transcriptionally repressed, and Daxx plays a part both in this
repression (53, 68) and in H3.3 deposition (Fig. 6). Likewise, his-
tones associated with viral genomes at the very start of lytic infec-
tion show transcriptionally repressive epigenetic modifications
(38), again pointing to H3.3 deposition by Daxx. Interestingly,
endogenous H3.3 association with lytic viral genomes at 2 hpi is
low, only to rise by 6 and then 72 hpi. This may reflect tegument-
delivered pp71-mediated Daxx degradation and the subsequent
reaccumulation of Daxx at later time points (68). In both adeno-
virus (75) and EBV (51) infections, decreases in H3.3 association
with viral genomes upon Daxx depletion correlated with in-
creased viral transcription, again pointing to Daxx-mediated H3.3
deposition as a means to silence infecting viral genomes.

We were surprised to find significant amounts of H3.1/2 asso-
ciated with both Iytic and latent HCMV genomes. These canonical
histones are normally deposited during the S phase in a replica-
tion-dependent manner. However, there is some expression of
H3.1/2 outside S phase (76, 77), and histone eviction and ex-
change occurring during cellular transcription (19) or induced by
viral infection (78) could contribute to the pool of H3.1/2 avail-
able for viral genome chromatinization. Furthermore, the small
amount of DNA introduced by HCMV infection (compared to
that of the cellular genome) combined with the low nucleosome
density of viral genomes (42) means that relatively little H3.1/2 is
needed for chromatinization of the virus.

Our results diverge somewhat from a prior study of HSV-1
chromatinization with ectopically expressed histone variants in
HeLa cells (50). That study reported that H3.1 incorporation re-
quired viral DNA replication and correlated H3.3 deposition by
HIRA with transcriptional activation. The recent realization that
the human papillomavirus oncoprotein E7 expressed in HeLa cells
modulates DNA sensing pathways (79) and the potential link be-
tween infecting viral genome sensing and chromatinization (80)
may explain why our results differ.

Single ChIP experiments (the type we performed) cannot de-
termine if H3.1/2 and H3.3 decorate the same viral genomes or if
some genomes incorporate both H3.1/2 and H3.3. The chromati-
nization of different viral genomes with different histone proteins
could have profound effects on the transcriptional capabilities of
the different genomes. Indeed, during infection at high multiplic-
ities of infection (MOls), only a subset of infecting viral genomes
becomes transcriptionally active (81). While it would be interest-
ing to try and correlate individual histone protein occupancy with
transcriptional competence during such infections, such experi-
ments are technically challenging due to the population-based
nature of ChIP assays.

Here, we demonstrate that the identity of the H3 class of his-
tones that associate with HCMV genomes is identical between
Iytic and latent infections. Previous work has shown that the pat-
terns of histone PTMs at the MIEP at the very onset of lytic infec-
tion and during latency are also indistinguishable (38, 69, 70).
Taken together, these results support a model wherein the initial
assembly of chromatin on the viral genome occurs similarly or
identically during both lytic and latent infection. This suggests
that cellular proteins and/or components of the virion drive the
initial assembly of viral chromatin. Our finding here that neither
de novo viral transcription nor viral DNA replication is required
for the association of either H3.1/2 or H3.3 with the viral genome
is consistent with such a model.
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We do not fully understand what triggers viral chromatin as-
sembly during lytic or latent infections. The observation that
transfected DNA is also assembled into nucleosomes (82, 83) sug-
gests that chromatinization of infecting viral genomes may simply
be a broad cellular response to naked DNA entering the nucleus
that is common to all cells. Alternatively, it may be a generalized
response to damaged DNA or the presence of repetitive sequences,
both of which are found within infecting viral genomes and both
of which prompt histone deposition (35, 84). The events that ini-
tiate the process of histone deposition on infecting viral genomes
and the processes that mediate histone deposition remain to be
explored.

Another question that needs to be addressed is whether viral
genome chromatinization is beneficial or deleterious to viral in-
fections. Beneficial consequences of viral genome chromatiniza-
tion include protection from nucleases, avoiding detection as
nonself, imparting structure needed for transcription or replica-
tion, and permitting epigenetic control of viral transcription by
the virus. Deleterious consequences of viral genome chromatini-
zation might include an inhibition of DNA replication or packag-
ing into capsids and permitting epigenetic control of viral tran-
scription by the cell. Understanding how the process of viral
genome chromatinization is initiated, maintained, and modified
should begin to answer this intriguing question.

In summary, we have shown that assembly of viral chromatin
on HCMV lytic and latent genomes involves both variant and
canonical histones. This finding raises the possibility that different
histone proteins, as well as their PTMs, may play distinct roles
during viral infection.
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