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ABSTRACT Human cytomegalovirus (HCMV) establishes latency in myeloid cells.
Using the Kasumi-3 latency model, we previously showed that lytic gene expression
is activated prior to the establishment of latency in these cells. The early events in
infection may have a critical role in shaping the establishment of latency. Here, we
have used an integrative multi-omics approach to investigate dynamic changes in
host and HCMV gene expression and epigenomes at early times postinfection. Our
results show dynamic changes in viral gene expression and viral chromatin. Analyses
of polymerase Il (Pol ), histone 3 lysine 27 acetylation (H3K27Ac), and histone 3 ly-
sine 27 trimethylation (H3K27me3) occupancy of the viral genome showed that (i)
Pol Il occupancy was highest at the major IE promoter (MIEP) at 4h postinfection.
However, it was observed throughout the genome. (ii) At 24 h, H3K27Ac was local-
ized to the major immediate early promoter/enhancer and to a possible second
enhancer in the origin of replication oriLyt; (iii) viral chromatin was broadly accessi-
ble at 24 hpi. In addition, although HCMV infection activated expression of some
host genes, we observed an overall loss of de novo transcription. This was associated
with loss of promoter-proximal Pol Il and H3K27Ac but not with changes in chroma-
tin accessibility or a switch in modification of H3K27.

IMPORTANCE Human cytomegalovirus (HCMV) is an important human pathogen in
immunocompromised hosts and developing fetuses. Current antiviral therapies are
limited by toxicity and emergence of resistant strains. Our studies highlight emerg-
ing concepts that challenge current paradigms of regulation of HCMV gene expres-
sion in myeloid cells. In addition, our studies show that HCMV has a profound effect
on de novo transcription and the cellular epigenome. These results may have impli-
cations for mechanisms of viral pathogenesis.
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uman cytomegalovirus (HCMV) is a ubiquitous human herpesvirus that latently

infects 50% to 90% of the population. Primary infection in immunocompetent
hosts is controlled by the immune response, which eliminates cells producing virus,
but the virus has the ability to establish a lifelong latent infection in hematopoietic
progenitor cells in the bone marrow (1-4). Reactivation of latent virus is generally
asymptomatic in immunocompetent hosts, but in immunocompromised individuals,
including recipients of hematopoietic stem cells and solid organ transplants, reactiva-
tion is associated with significant infectious complications, increased morbidity, and
mortality (5). In addition, HCMV-infected pregnant women can transmit the virus to
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developing fetuses. HCMV infection in utero can result in death of the fetus or signifi-
cant permanent impairment of survivors, including hearing and vision loss (6).

Infection of cells with HCMV initiates a complex interplay between the virus and the
host, in which the virus attempts to commandeer the cell and transform it into a repli-
cation factory while the host tries to defend itself from attack. In some cell types, such
as fibroblasts, the virus successfully overrides host defenses, replicates to high levels,
and ultimately kills the cells. However, in other cell types, such as monocytes and mye-
loid progenitors in the bone marrow, the virus initiates its replication cycle, but the
host cell overcomes the attack and shuts off viral replication (7-19). The viral genome
remains in the nucleus as an extrachromosomal episome, which is heterochromati-
nized (10, 20-25).

HCMV has a large and complex genome of 235kb, with the capacity to encode
more than 165 open reading frames, four highly expressed long noncoding RNAs, and
multiple microRNAs (reviewed in references 26 and 27). In the viral particle, the DNA is
complexed with polyamines in order to achieve the high degree of compaction
required to package its large genome into the capsid during virion assembly (28-30).
The events that occur once the virus enters the cell have been studied most thor-
oughly in permissive fibroblasts (reviewed in references 31 and 32). Fusion of the viral
and cellular membranes, which occurs either at the cell surface or the endosome,
results in release of the capsid and tegument proteins into the cytoplasm. The capsid
is transported along microtubules to the nuclear pore complex, and the viral DNA is
then injected through this complex into the nucleus, where it circularizes and rapidly
associates with histones (33-35). Expression of viral genes occurs in a highly regulated
tripartite cascade (reviewed in reference 36). In the immediate early phase, transcrip-
tion is limited to 2 major immediate early genes, IET and IE2, which are encoded by
alternatively spliced transcripts initiated from the major immediate early promoter,
and minor transcripts from three other regions: TRS1/IRS1, US3, and UL36/UL37. IE2 is
the major transactivator protein required to activate transcription of the early genes,
which encode enzymes required for replication of the viral DNA, as well as genes
involved in immune evasion, cellular tropism, and encode transcription factors
required for activation of late gene expression (37-39). Expression of the early genes
permits both amplification of viral DNA and the third phase of the viral life cycle, in
which the late genes encoding viral structural components are expressed and infec-
tious viral particles are assembled. Dynamic changes in modifications of histones
bound to the DNA mediated in part by the immediate early proteins are thought to
regulate this process (40-43).

The events that occur in CD34™ myeloid progenitor cells, which are a site of latency,
are much less well characterized. The viral tegument protein pp71, which helps to acti-
vate transcription of the IE genes through degradation of Daxx, fails to localize to the
nuclei in these cells (44-49), and early studies indicated that viral gene expression was
restricted to a few genes (24, 50-55), which were categorized as latency genes.
However, a number of investigators have observed activation of virally encoded green
fluorescent protein (GFP) reporter genes in both primary and transformed cell models
of latency, and recent studies have shown that there is broad activation of viral gene
expression in these cells (9-18, 56). Our own studies with the Kasumi-3 cell line have
shown that viral gene expression is activated prior to the establishment of latency (7).
Previous studies showed that, in latently infected cells, viral genomes are heterochro-
matinized with hypoacetylated and lysine 9- and lysine 27-methylated histone 3 (H3K9
and H3K27, respectively) and are associated with heterochromatin protein 1 and KAP1
(10, 20-22, 53). However, there have been limited studies on the state of viral chroma-
tin, which is crucial to the regulation of viral gene expression, using currently available
high-resolution genome-wide methods (10). In part, this is due to the difficulty in
obtaining the large numbers of infected primary cells required for chromatin immuno-
precipitation sequencing (ChIP-seq) analyses. This problem can be circumvented
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FIG 1 Schematic of the samples used in the analysis of host and HCMV transcriptomes and epigenomes in Kasumi-3
cells. (A) Kasumi-3 cells were infected with HCMV TB40/Ewt-GFP at an MOI of 1. The total cell population, which

includes GFP* and GFP~ infected cells as well as uninfected cells, was collected at 4 and 24 hpi. Cel

Is were used for

RNA-seq, and Pol Il, H3K27Ac, and H3K27me3 ChIP-seq analyses to study the HCMV epigenome. (B) Kasumi-3 cells
were mock infected or infected with HCMV TB40/Ewt-GFP at an MOI of 1. At 24 hpi, cells were sorted to obtain GFP*
live infected cells and live mock-infected cells. Those populations were then subjected to ATAC-seq, RNA-seq, nascent
RNA-seq, and Pol I, H3K27Ac and H3K27me3 ChIP-seq analyses to study the effect of HCMV infection on both host

and viral epigenomes.

through the use of the Kasumi-3 cell model, which mimics many of the aspects of ex-
perimental HCMV latency in CD34* myeloid progenitor cells (7, 11).

We previously analyzed expression of selected genes over the course of infection of
Kasumi-3 cells (7). These studies showed that there is an initial activation of lytic gene
expression in the vast majority of infected cells and low-level production of infectious
virus, which is subsequently repressed in some cells to allow the establishment of la-
tency. The early events in infection may have a critical role in shaping the establish-
ment of latency. Here, we have used an integrative approach to investigate genome-
wide regulation of both viral and cellular gene expression during the early phase of
infection, which precedes the establishment of latency, in Kasumi-3 cells (Fig. 1).

RESULTS

Dynamic changes in RNA expression in infected Kasumi-3 cells at early times
postinfection. To investigate the kinetics of viral gene expression in Kasumi-3 cells, we
analyzed genome-wide RNA expression at 4 and 24 h postinfection (hpi) by transcrip-
tome sequencing (RNA-seq) (Fig. 1A). In the Kasumi-3 model, 20% to 50% of the cells
become infected, and the majority of the cells are therefore uninfected. To obtain a
pure population of infected cells, which would allow us to investigate the effect of the
virus on both the host transcriptome and epigenome, additional studies were per-
formed on cells that were sorted for GFP expression at 24 hpi (Fig. 1B). Our results
show that in unsorted cells at 4 hpi, expression of the major immediate early genes
UL122 and UL123 vastly exceeded that of other genes, as expected (Fig. 2). However,
even at 4 hpi, low-level expression of nearly all viral open reading frames (ORFs) was
detectable (see Table S1 in the supplemental material). By 24 hpi, the pattern of viral
RNA expression shifted significantly (Fig. 2 and 3), with a striking downregulation of
the two major immediate early genes. Interestingly, several other genes downstream
of the major IE promoter (MIEP), such as the 5-kb intron RNA (57), UL119, UL120, UL121,
and UL124 (Fig. 3; Tables S1 and S2) were downregulated, and there was a correlation
between distance from the MIEP and the fold change in expression. Very little
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FIG 2 Expression of HCMV RNAs in infected Kasumi-3 cells at 4 and 24 hpi. (A) IGV (Integrative Genomics Viewer) of RNA-seq coverage of the
entire HCMV genome at 4 and 24 hpi in infected Kasumi-3 cells. (B) Reduced-scale view of the RNA-seq coverage map to allow the visualization of
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expression of UL127, which is located upstream of the MIEP, was observed, consistent
with the presence of the previously described insulator sequence between the MIEP
and this ORF (58-60). In addition to the IE genes, UL16, UL23, UL37, UL91, UL100, UL116,
UL134, UL137, US7, US33, and US34 were downregulated (see Table S2). Many early
genes were expressed at relatively higher levels at 24 hpi (Table S2). Two early noncod-
ing RNAs (ncRNAs), RNA2.7 and 1.2 (61), were the most prominent transcripts upregu-
lated at this time (Fig. 2). However, expression of the viral late gene transactivators
UL79, UL87, UL91, UL92, and UL95 (62-66) and of the late genes, such as UL32, UL75,
UL99, and UL115 (62, 64, 67), was relatively low at this time. An exception was the late
gene UL132 (68), which was expressed at relatively high levels at 24 hpi in Kasumi-3
cells. Changes in the relative expression of selected viral genes from the immediate
early (UL122 and UL123), early (UL54), and late (UL32) phases of viral replication were
confirmed by reverse transcriptase quantitative PCR (RT-qPCR) (Fig. 2C). Our results
show that transcription of the viral genome was much broader than anticipated at
very early times postinfection. There were changes in the expression of the transcripts
between 4 and 24 hpi, including reduced expression of the IE genes and increased
expression of the early genes.

The previous analysis detected changes in the relative abundance of steady-state
RNAs, which is the net result of synthesis and degradation of the RNA, and does not
reveal temporal changes in activation of viral gene expression. In order to investigate
these differences, we analyzed newly synthesized RNAs expressed between 24 and
28 hpi. This was accomplished by sorting GFP* cells at 24 hpi, labeling the cells for 4
h with 5-ethynyl uridine, biotinylating the RNA, selecting the nascent transcripts with
streptavidin beads, and performing RNA-seq analysis. A portion of the RNA was saved
prior to bead selection for comparison of the total RNA population with the nascent
RNA. Figure 4 shows tracks and heat maps of the nascent and total RNAs. As
expected, many early genes involved in core replication functions, which are located
in the central region of the genome, were enriched in the nascent RNA relative to
total RNA at 24 hpi. These included genes involved in DNA replication (UL44, UL54,
UL56, and UL57) as well as the late gene transactivators, UL79, UL87, UL91, UL92, and
UL95. Interestingly, transcription of the 2.7- and 1.2-kb noncoding RNAs was reduced
at this time relative to that of total RNA. We conclude from these results that,
although many genes are expressed as early as 4 hpi (Table S1), there is a transition
toward higher levels of transcription of early genes by 24 h after of infection in
Kasumi-3 cells.

Dynamic changes in the landscape of the viral epigenome occur at early times
postinfection. To investigate the regulation of HCMV gene expression, we analyzed
occupancy of acetylated H3K27 (H3K27Ac) and trimethylated H3K27 (H3K27me3) on
the viral genome at 4 and 24 hpi. These modifications were chosen for analysis
because previous studies showed that (i) H3K27 can be modified with either activating
acetylation or repressive methylation (69, 70), (ii) H3K27Ac is specifically localized to
promoter and enhancer regions (71-73) and therefore can be used to study activation
of gene expression, (iii) methylation of H3K27 has been shown to have a role in HCMV
latency and reactivation (22, 25), (iv) repressive histone modifications can be detected
on viral genomes at very early times postinfection (40, 41), and (v) there may be a
switch from heterochromatic to euchromatic modifications as different classes of
genes are activated (40, 41). In addition, we analyzed occupancy of polymerase Il (Pol
I) on the viral genome using an antibody that recognizes both phosphorylated and
nonphosphorylated forms of the major Pol Il subunit, Rpb1. These studies were per-

FIG 2 Legend (Continued)

all the expressed viral transcripts. Selected immediate early, early, early/late, and late genes are shown in yellow, green, pink, and blue, respectively.
Kinetic classes are based on previous analyses of HCMV-infected fibroblasts (57, 61-64, 66, 67, 137-139). Three independent experiments are shown
for each time. HCMV sequences were aligned to TB40/E clone TB40-BAC4 (EF999921.1), to which the GFP gene sequence was added. (C) RT-qPCR
validation of changes in the relative abundance of selected viral genes between 4 and 24 hpi. Statistical significance was determined by one-way
analysis of variance (ANOVA) with Tukey’s multiple-comparison test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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of the RNA-seq coverage map to allow the visualization of all the expressed viral transcripts. (C). Heat
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28 hpi with a cutoff of —1 < log, FC>1 and adjusted P value of <0.05.

formed in two to three independent experiments on both unsorted cells and GFP*
cells (Fig. TA and B).

Pearson correlations showed a high degree of reproducibility among the replicates
(Fig. 5A and B). Analysis of the tracks of representative cellular genes that are
expressed (GAPDH), or not expressed (CD8A) in Kasumi-3 cells showed that, as
expected, H3K27Ac, but not H3K27me3, was bound to genes that are expressed, while
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the opposite pattern was observed in genes that are not expressed (Fig. 5C). These
results confirm the reproducibility and the validity of our analyses. At 4 hpi, we
observed a major peak of Pol Il bound to the MIEP (Fig. 6 and Fig. S1). However, con-
sistent with our RNA-seq data, binding of Pol Il was also apparent throughout the ge-
nome. At 24 hpi, we did not observe the peak at the MIEP, and Pol Il binding was dis-
tributed uniformly throughout the viral genome.

Transcription of the major immediate early genes is initiated at multiple sites near
the MIEP (74-76). Regulation of the upstream enhancer region through modification of
histones is thought to be a major control point in determining lytic versus latent infec-
tion. At 4 hpi, we observed a major peak of H3K27Ac in the region of the MIEP and
additional low-level binding throughout the genome (Fig. 6A and B and Fig. S1Q).
Thus, acetylation of H3K27 largely paralleled binding of Pol Il to the MIEP at 4 hpi. At
24 hpi, the MIEP was still highly acetylated, despite a substantial reduction in Pol Il oc-
cupancy and RNA expression. Interestingly, a new peak of H3K27Ac was observed in
the oriLyt region at 24 hpi (Fig. 6A and C). Similar results were observed in cells that
were sorted for GFP expression at 24 hpi (see Fig. S2). These results were not due to
clustering of nucleosomes at specific regions, since H3 was dispersed throughout the
genome (see Fig. S3).

H3K27me3 ChIP-seq analysis was performed to identify potential regions of tran-
scriptional repression. A low level of H3K27me3 occupancy was observed throughout
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ChlIP-seq (green), and H3K27me ChIP-seq (red) coverage maps for the entire HCMV
zoom-in image for the MIEP (B) and oriLyt (C) regions in Kasumi-3 infected cells at 4

and 24 hpi. A representative example of three independent experiments is shown. (D) PCR-ChIP
analyses of the MIEP and orilLyt regions at 4 and 24 hpi. Three biological replicates were analyzed.

the viral genome at 4 hpi and 24 hpi. Increased methylation of H3K27 of the MIEP was

observed in 2

of 3 replicates at 24 hpi (Fig. 6A and B and Fig. S1D). This coincided with

decreased occupancy of Pol Il and reduced expression of UL122 and UL123 transcripts.
With the exception of the MIEP, H3K27me3-modified histones were not clustered to
particular classes of promoters, and the pattern did not correlate with the level of RNA
expression at either 4 or 24 hpi. Detection of H3K27me3 on the transcriptionally silent
CD8A gene and lack of detection at the transcriptionally active GAPDH gene (Fig. 5C)
served as controls to ensure the validity of the of H3K27me3 analysis. However, we
cannot exclude the possibility that the detected H3K27me3 is due to background.
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FIG 7 HCMV chromatin is open and accessible to cleavage with Tn5 transposase in infected Kasumi-3 cells. IGV ATAC-seq coverage maps of the HCMV
genome (A) and the cellular GAPDH gene (B) in GFP* HCMV-infected cells at 1dpi. GAPDH analysis serves as internal control for the quality of the ATAC-

seq. Three independent biological replicates are shown.

We then performed ChIP-PCR analyses with assays localized to the MIEP and oriLyt
regions (Fig. 6D). These analyses confirmed that (i) the MIEP was H3K27-acetylated at 4
and 24 hpi, (i) at 4 hpi, H3K27Ac occupancy was higher at MIEP than at orilLyt, (iii) at 24
hpi, H3K27Ac of MIEP and oriLyt were comparable in 2 of 3 experiments, and (iv) levels
of H3K27me3 at the MIEP and oriLyt were similar at 4 hpi, but there was an increase in
H3K27me3 at the MIEP in 2 of 3 replicates.

Collectively, our results suggest that acetylation of H3K27 at the MIEP and orilLyt is
likely important in driving expression from these regions, while changes in modifica-
tions of H3K27 at other promoters do not play a major role in regulating viral gene
expression.

Viral chromatin is open and accessible to cleavage with Tn5 transposase at 24
hpi. Like cellular DNA, viral DNA is wrapped around nucleosomes composed of histo-
nes H2A, H2B, H3, and H4, which are compacted into higher-order structures through
binding of the linker histone H1 and associated factors (33, 34). Highly compacted
nucleosomes block access of RNA Pol Il to the promoter and downstream regions and
thus present a barrier to transcription (77). Previous studies showed that nucleosomes
associated with viral genomes undergo dynamic changes over the course of infection
(33, 34). We used an assay for transposase-accessible chromatin using sequencing
(ATAC-seq) to identify open regions of the viral chromatin at 24 hpi. This assay uses
Tn5 transposase to simultaneously cut accessible regions and tag them with sequenc-
ing adaptors. These regions can then be identified as peaks following amplification
and genome-wide high-throughput sequencing (78). Because HCMV infection kills
some of the cells, and the results of this assay are confounded by the presence of dead
cells, we sorted for live GFP™ cells (Fig. 1B). There were some differences in the relative
abundance of viral RNAs between the cells that were sorted for GFP expression versus
unsorted cells (see Fig. S2A). However, these differences were not apparent in the oc-
cupancy of Pol Il or H3K27Ac on the viral genome. Visualization of ATAC-seq tracks for
cellular genes showed the expected sharp peaks of accessibility, which largely corre-
sponded to the promoter regions of the genes. The GAPDH gene is shown as an exam-
ple in Fig. 7B (additional genes are shown in Fig. 11). However, analysis of the viral
chromatin showed a markedly different result, with a broad pattern of susceptibility to
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Tn5 (Fig. 7A). These results demonstrate that, in contrast to the cellular genome, the
entire viral genome was open and accessible to the transposase at 24 hpi, when tran-
scription of many viral genes was observed.

Effect of HCMV infection on cellular gene expression. We then analyzed the
effect of HCMV infection on the host transcriptome by RNA-seq analysis. Because most
cells remain uninfected in this system, we sorted the cells for GFP expression at 24 hpi
to obtain a pure population of infected cells. Mock-infected cells were prepared in par-
allel and sorted for live cells (Fig. 1B). Duplicate samples showed a high degree of cor-
relation (R? = 0.88), validating the reproducibility of our results (Fig. 8A). We found that
1,551 genes were differentially expressed (adjusted P value <0.05, —1 < log, fold
change [FC] > 1), with 1,061 genes significantly upregulated and 490 genes downre-
gulated (Fig. 8B).

Next, we performed a pathway analysis to determine functional pathways that were
significantly changed by HCMV infection. As expected, many differentially expressed
genes belonged to host immune response pathways (Fig. 8C). Indeed, genes involved in
antiviral defense response, including type | interferon-responsive genes, were highly up-
regulated. RT-qPCR was used to validate the upregulation of two interferon-responsive
genes, IFITT and IFIT3 (Fig. 8D). HCMV infection differentially targeted genes involved in
antigen presentation by major histocompatibility complex (MHC) class | and class I
genes. Genes encoding MHC class | HLA-A, -B, -C, -F, and -H, which are expressed on the
surfaces of all cell types and are recognized by cytotoxic CD8* T cells, were upregulated,
while genes involved in MHC class Il antigen presentation, which are expressed primarily
on antigen-presenting cells and are recognized by CD4* helper T cells, were downregu-
lated. Among these downregulated genes were the class Il MHC genes for HLA-DQB1,
HLA-DRB1, HLA-DMB, HLA-DMA, HLA-DRB5, HLA-DPB1, HLA-DPA1, HLA-DRA, and the
MHC class Il chaperone CD74 as well as for the CIITA transactivator, which regulates tran-
scription of the MHC genes. Interestingly, the interferon gamma signaling pathway,
which leads to induction of MHC gene expression, was also differentially affected, with
upregulation of some genes and downregulation of others. Previous studies have shown
that HCMV downregulates both class | and class Il MHC antigen presentation pathways
through targeted degradation of MHC proteins, blockade of peptide processing, and in-
terference with the transport of peptide-loaded complexes to the cell surface (79, 80).
Our studies confirm previous findings reporting that HCMV also blocks class Il antigen
presentation in myeloid cells at the level of RNA expression (19).

In addition to its effect on the immune response, HCMV infection modulated apo-
ptotic processes both by inducing expression of genes involved in the positive regula-
tion of apoptosis and by downregulating genes involved in the negative regulation of
apoptosis. We also found that the infection upregulated genes involved in actin reor-
ganization. Among the genes downregulated by the infection are many genes
involved in the regulation of transcription, hemopoiesis, leukocyte migration, signal
transduction, mitogen-activated protein kinase (MAPK) signaling, protein phosphoryla-
tion, response to cytokines, and cellular proliferation. RT-gPCR was used to validate
downregulation of two of these genes, CISH (cytokine-inducible SH2 containing pro-
tein) and IL17RB, a receptor for the cytokine IL-17 (Fig. 8D).

These analyses were performed using steady-state RNA from infected and mock-
infected cells, where the abundance of the RNA is the net result of de novo transcrip-
tion and RNA degradation. In order to identify changes in gene expression that were
due to changes in transcription alone, we analyzed the expression of newly synthe-
sized RNA, as described above. Mock-infected cells were analyzed in parallel by sorting
for live cells and then labeling the RNA. For both populations, a portion of the RNA
was saved for analysis of total RNA. Thus, there were four populations: (i) nascent RNA
from mock-infected cells, (ii) total RNA from mock-infected cells, (iii) nascent RNA from
infected cells in which 100% of the cells were infected, and (iv) total RNA from this
population of infected cells. These analyses were performed on two independent repli-
cates. By comparing infected cells and mock-infected cells, we identified differentially
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FIG 8 Changes in cellular gene expression induced by HCMV infection at 24 hpi. (A) Pearson correlation analyses between replicates of RNA-seq, Pol II
ChlIP-seq, H3K27Ac ChlIP-seq, and H3K27me3 ChlIP-seq from mock-infected and TB40/Ewt-GFP-infected sorted cells at 24 hpi. (B) Volcano plot showing
differential gene expression between mock-infected and GFP*-infected Kasumi-3 cells at 1dpi. Vertical lines indicate a log, fold change (FC) of 1 and —1.
(C) DAVID functional GO analysis of biological processes (BP) enrichment for downregulated and upregulated genes in HCMV-infected cells compared to
mock-infected cells (adjusted P value < 0.05, —1 < log, FC>1). (D) RT-gPCR validation of changes in cellular gene expression induced by HCMV infection.
RNAs from HCMV-infected (+) or mock-infected Kasumi-3 cells (—) were analyzed for the indicated cellular genes. Statistical significance was determined

by one-way ANOVA with Tukey’s multiple-comparison test. *, P < 0.05; **, P < 0.01.

expressed genes in both the nascent and steady-state RNA populations. In the total,
steady-state RNA, ~82% of the differentially expressed genes were upregulated in
response to infection and ~17% were downregulated. In contrast, nearly 50% of differ-
entially expressed genes in the nascent RNA were downregulated (Fig. 9A and B). We
conclude from these results that there is a significant loss of new transcription in
infected cells.
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FIG 9 Effect of HCMV infection on de novo transcription of cellular genes. (A) Percentage of genes that were up- or downregulated at 24 hpi in total
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infected cells compared to that in mock-infected cells.

We then performed pathway analysis on the differentially expressed genes in the
nascent RNA (Fig. 9C). Similar to our previous analysis of steady-state RNA, the genes
that were newly transcribed in response to infection were dominated by interferon sig-
naling and a defense response to viral infection. Differences between the nascent and
steady-state RNAs were more apparent in the genes that were downregulated in
response to infection. Nascent RNAs involved in DNA replication and repair, G,/S cell
cycle control, ribosomal processes, including translation, and rRNA processing were
downregulated as well as genes involved in hemopoiesis, leukocyte migration, regula-
tion of transcription, and apoptosis, which were also observed in the steady-state RNA
analysis (Fig. 9C).

Viral infection dysregulates promoter-proximal binding of RNA polymerase Il
and H3K27 acetylation of cellular promoters and enhancers without significantly
altering chromatin accessibility. Transcription is regulated at multiple levels, includ-
ing chromatin accessibility, histone modification, binding of the RNA polymerase Il pre-
initiation complex, pausing of the polymerase, and elongation (69, 70, 77, 81). To iden-
tify changes in the cellular epigenome that were associated with changes in de novo
transcription, we analyzed occupancy of Pol Il, H3K27Ac, and H3K27me3 to cellular
genes and chromatin accessibility in GFP™-sorted infected and in mock-infected
Kasumi-3 cells sorted for live cells at 24 hpi (Fig. 1B). These analyses were conducted in
duplicates or triplicates, with replicates showing a high degree of correlation (Fig. 8A).
We performed metagene and heat map analyses to detect changes in occupancy of
Pol 1l, H3K27Ac, and H3K27me3 at gene promoters (Fig. 10). These analyses revealed
genome-wide loss of Pol Il and H3K27Ac and significant changes in the pattern of
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FIG 10 Effect of HCMV infection on occupancy of Pol Il and H3K27 at cellular promoters. (A)
Metagene analyses of ChIP-seq data of Pol Il, H3K27me3, and H3K27Ac promoter occupancy and
H3K27Ac enhancer occupancy in HCMV-infected or mock-infected Kasumi-3 cells at 1dpi. (B) Heat
maps of Pol Il, H3K27Ac, and H3K4me3 occupancy at promoter regions. TSS, transcription start site.

binding of these factors to the cellular genome at 24 hpi. These differences were not
due to differences in the number of reads, which were actually higher in the samples
from infected cells (see Table S3). In contrast to H3K27Ac, there was a slight increase in
binding of H3K27me3 to cellular promoters in HCMV-infected cells (Fig. 10A).

We then analyzed epigenetic changes in individual genes that were up- or downre-
gulated in response to infection using Integrative Genomics Viewer (IGV) to visualize
BigWig files (Fig. 11). These genes were selected from DAVID analysis of differentially
expressed genes in the nascent RNAs from infected and mock-infected cells (Fig. 9).
PCNA, RPL13, CD34, and MYC and NFATC2 were selected as representative genes that
were downregulated in pathways involved in DNA replication, translation, hemopoie-
sis, and transcription, respectively (Fig. 11A and Q). For all of these genes, loss of tran-
scription was associated not only with loss of Pol Il but also with loss of H3K27Ac. In
contrast, there was very little change in trimethylation of H3K27 or in chromatin
accessibility.

To analyze changes in genes that were upregulated in response to infection, we
examined virus defense response genes, including DHX58, RNASEL, and MX2, and the
antigen presentation genes HLA-B and TAPT (Fig. 11 B, D). Promoter-proximal occupancy
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of Pol Il was also reduced by infection in these genes. In contrast to genes that were
downregulated, the promoters of these genes retained H3K27Ac in infected cells. There
were no significant changes in H3K27me3 or chromatin accessibility in response to infec-
tion. Although further confirmation is needed, our results suggest that increased expres-
sion of these genes was likely due to release of Pol Il from pausing.

We performed differential peak analysis to further investigate epigenetic changes in
cellular genes induced by HCMV infection. These changes were characterized accord-
ing to their gene annotation, gene type, functional pathways, and correlations (Fig. 12
and 13). ATAC-seq analysis revealed that there were very few changes in chromatin
accessibility. Of the >100,000 peaks observed, only 88 were significantly different
between infected and mock-infected cells. Most of these localized to intergenic regions
and introns (Fig. 12A), and changes in chromatin accessibility did not correlate with
changes in gene expression.

Most of the changes in Pol Il occupancy occurred at promoter regions of protein-
coding genes, while ~24% of the changes occurred in introns and ~14% were in the
intergenic regions (Fig. 12B). There was a high correlation between changes in Pol Il
and H3K27Ac (Fig. 8A). Loss of promoter-proximal Pol Il and H3K27Ac was observed at
734 and 1,984 peaks, respectively (adjusted P value <0.05 and —0.5 < log, FC > 0.5)
(Fig. 12C, top right). Pathways associated with loss of Pol Il included those involved in
translation, RNA processing, transcription, rRNA processing, and biogenesis (Fig. 13).
Loss of promoter-proximal H3K27Ac was associated with genes involved in transcrip-
tion and its regulation, DNA repair, and cellular response to DNA damage, among
others (Fig. 13). We found 283 genes with reduced occupancy of both Pol Il and
H3K27Ac (Fig. 12C, top right), of which 49 were involved in transcription.

Increases in promoter-proximal Pol Il were observed at 1,597 genes (Fig. 12C), and
these were involved in regulation of transcription, cell cycle, apoptosis, and cell-cell ad-
hesion (Fig. 13). Increased occupancy of Pol Il coincided with increased promoter-prox-
imal H3K27Ac for some genes and loss of H3K27Ac at others (Fig. 12C, top left and
middle). Similarly, increases in Pol |l were associated with increased transcription in
some cases (e.g., RHOB and KLF2), and decreased transcription in others (e.g., RUNXT,
SH2B3, TGFB1, and FHL3) (Fig. 14). An increase in Pol Il associated with downregulation
of transcription may be due to increased pausing of the polymerase.

Increases in H3K27Ac were observed at 426 genes (Fig. 12C), and, like the nascent
RNAs that were upregulated in response to infection, many of these were associated
with pathways involved in interferon signaling and the immune defense response (Fig.
13B). Most changes in H3K27Ac occurred in introns and intergenic regions rather than
at the promoter regions (Fig. 12A). Since H3K27Ac is specifically localized to enhancers
and promoters, the other changes in H3K27Ac we observed were most likely localized
to enhancer regions, which also showed loss of H3K27Ac (Fig. 10A).

We observed increased trimethylation of H3K27 at 773 peaks and loss of H3K27me3
at 214 peaks (Fig. 12C, bottom), and there was little correlation with changes in
H3K27Ac (Fig. 8A). Very few changes in H3K27me3 occurred at promoter regions (Fig.
12A), and there were only 29 promoters in which upregulation of acetylation occurred
concurrently with a decrease in methylation and 22 genes where a decrease in acetyla-
tion corresponded to an increase in methylation (Fig. 12C, bottom). Changes in
H3K27me3 occurred at a higher proportion of intergenic regions (Fig. 12A) and non-
coding RNAs than H3K27Ac (Fig. 12B).

The observations that (i) methylation and acetylation of H3K27 occur at different
regions and do not correlate well with each other (Fig. 8, 10, and 12), (ii) there was little
overlap in the pathways affected by changes in H3K27Ac and H3K27me3 (Fig. 13), and
(i) very few genes showed concomitant changes in modification of H3K27 (Fig. 12C,

FIG 11 Legend (Continued)

0.05). Bars show mean values plus standard deviations. Coverage maps of selected genes whose expression is decreased (C) or increased (D) in infected
versus mock-infected Kasumi-3 cells. Pol Il ChIP-seq (pink), H3K27Ac ChIP-seq (green), H3K27me3 ChlIP-seq (red), and ATAC-seq (blue). Tracks shown are
representative of two to three independent experiments.
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FIG 12 Localization of changes in the cellular epigenome induced by HCMV infection. (A) Gene annotation of changes
in chromatin accessibility, Pol I, and H3K27Ac and H3K27me3 occupancy derived from differential peak analyses
performed on genes in mock-infected versus HCMV-infected Kasumi-3 cells at 24 hpi (adjusted P value < 0.05 and
—0.5 < log, FC>0.5). (B) Identification of gene type changes in Pol Il, H3K27Ac, and H3K27me3 occupancy on entire
genes and promoter-proximal regions in mock-infected and HCMV-infected Kasumi-3 cells at 24 hpi (adjusted P value <
0.05 and —0.5 < log, FC>0.5). (C). Venn diagrams showing correlations between changes in H3K27 versus Pol Il and
H3K27Ac versus H3K27me3.

bottom) suggest that a switch in modifications of promoter-proximal H3K27 is unlikely
to play a major role in regulating the cellular response to HCMV infection.

Expression and phosphorylation of Pol Il are not affected by HCMV infection.
RNA Pol Il activity is regulated in part by posttranslational modifications. To investigate
whether HCMV-induced dysregulation of promoter-proximal Pol Il could be due to
changes in Pol Il protein expression or its phosphorylation status, we performed

June 2021 Volume 95 Issue 11 e00183-21

jvi.asm.org

Journal of Virology

17


https://jvi.asm.org

Forte etal. Journal of Virology

A)
Increased Polll Decreased

ribosomal large subunit biogenesis

cell division

anaphase- promoting complex-dependent catabolic process
SRP-dep. cotranslational protein targeting to membrane
nuclear transcribed RNA catabolic process:

pos. reg. of ubiquitin ligase activity in mitotic cell cycle
mRNA splicing, via spliceosome

mitochondrial translational termination

mitochondrial translational elongation

neg. reg. of ubiquitin ligase activity in mitotic cell cycle:
viral transcription

regulation of transcription, DNA template :
transcription, DNA template

translational initiation

negative regulation of cell proliferation
positive regulation of transcription, DNA template
actin cytoskeleton organization
regulation of cell death
transcription, DNA template
protein phosphorylation
positive regulation of apoptotic process:
cell cycle
viral process
in utero embryonic development:
transcription from Pol || promoter:
cellular response to insulin stimulus'
cell-cell adhesion
regulation of transcription from Pol Il promoter.

positive regulation of transcription from Pol || promoter rRNA processing
negative regulation of transcription from Pol || promoter translation
I I 1 I I I I I I I
0 2 4 6 8 10 0 5 10 15
-Log p value -Log p value
B) H3K27Ac
Increased Decreased
positive regulation of extrinsic apoptotic regulation of transcription from
signaling via death domain receptors Pol Il promoter
positive regulation of IL2 production rmitichondrial translational termination.
positive regulation of protein phosphorylation mitotic nuclear division
synapse assembly nuclear-transcribed mRNA catabolic process
positive regulation of T cell proliferation mitochondrial translational elongation:
positive regulation of angiogenesis regulation of signal transduction by p53 class mediator:
B cell activation termination of Pol Il transcription:
negative regulation of FGFR signaling pathway histone H3 acetylation:
T cell costimulation gene expression.
positive regulation of viral genome replication cellular response to DNA damage stimulus
negative regulation of Ras signal trasduction DNA repair -
regulation of immune response rRNA processing:
response to virus translational initiation
) signal transduction regulation of transcription, DNA template
type | interferon signaling pathway mRNA splicing, via spliceosome:
defense response to virus transcription, DNA template
I T T 1 I T T I 1
0 2 4 6 0 5 10 15 20
-Log p value -Log p value
C) H3K27me3
Increased Decreased
cytoskeleton organization long-chain fatty acid import
potassium ion transmembrane transport myelination
calcium ion transmembrane transport intracellular cholesterol transport
activation of adenylate cyclase activity reg. of Rho protein signal transduction
response to hypoxia reg. of small GTPase mediated signal transduction
locomotory behavior e TS S eCphian oY 2
vescicle fusion activation of MAPK activity
adenylate cyclase-act. dopamine receptor signaling pos. regulation of apoptotic process
phospholipase C-activating G-protein : :
coupled receptdr signaling neg. regulation of focal adhesion assembly
calcium ion-regulated exocitosis of neurotransmitter pos. regulation of blood coagulation
regulation of calcium ion-dep. exocytosis pos. regulation of protein kinase B signaling
chemical synaptic transmission G-protein coupled receptor signaling
I T T T T 1 I T 1 1 1 1
0 2 4 6 8 10 0 1 2 3 4 5
-Log p value -Log p value

FIG 13 Pathway analysis of the effect of HCMV infection on occupancy of Pol Il and H3K27 at cellular promoters. DAVID functional GO analysis of BP
enrichment conducted on genes with increased and decreased Pol Il (A), H3K27Ac (B), and H3K27me3 occupancy at the promoter regions of HCMV-
infected cells compared to that of mock-infected cells (adjusted P value <0.05, —0.5 < log, FC > 0.5).

Western blot analysis of the major Pol Il subunit, Rpb1, as well as the Ser5 and Ser2
phosphorylated forms of Rpb1, which are present on paused and elongating Pol I,
respectively (Fig. 15). We found that neither total Pol Il nor its phosphorylated forms
were reduced in HCMV-infected Kasumi-3 cells at 24 hpi.
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FIG 14 Increased occupancy of Pol Il at promoter-proximal regions is associated with both upregulation and downregulation of gene expression. RNA-seq
(purple) and Pol Il ChiIP-seq (pink) coverage maps for RHOB (A), KLF2 (B), RUNX1 (C), SH2B3 (D), TGFB1 (E), and FHL3 (F). Tracks shown are representative of
two to three independent experiments.

In summary, our analyses of the cellular epigenome show that HCMV infection indu-
ces a loss of de novo transcription. This was associated primarily with reduced occu-
pancy of Pol Il and H3K27Ac at the promoter regions of genes, rather than changes in
phosphorylation of Pol ll, accessibility of the chromatin, or a switch between acetyla-
tion and methylation of H3K27.

However, HCMV infection also induced expression of some genes, particularly those
involved in the host defense response. Increased transcription was sometimes associ-
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FIG 15 Effect of HCMV infection on Pol Il protein isoforms. Kasumi-3 cells were infected with TB40/
Ewt-GFP, and at 1dpi, GFP-expressing cells were purified by flow cytometry. (A) Lysates were used for
Western blot (WB) analysis against Rpb1, phospho (p)-Ser2 Rpb1, and p-Ser5 Rpb1. Cyclophilin B was
used as a loading control (B). Quantification of protein expression levels from three independent
experiments. Error bars represent standard errors of the means (SEMs). P value <0.05 by one-tailed
Student’s pairwise t test.
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ated with loss of promoter-proximal Pol Il, but for these genes, Pol Il was released from
pausing to produce full-length transcripts, and acetylation of promoter-proximal
H3K27Ac was increased or maintained.

DISCUSSION

Previous studies have shown that HCMV genomes are heterochromatinized in la-
tency models and that histones with repressive modifications are recruited onto the vi-
ral genome in the early stages of infection in permissive fibroblasts (10, 20-22, 53).
This has led to the suggestion that HCMV latency is established in myeloid cells at the
outset of infection through transcriptional silencing of most viral genes involved in
lytic replication, due to recognition of incoming viral genomes as pathogen-associated
molecular patterns (PAMPs) by the host intrinsic immune response (reviewed in refer-
ences 82 and 83). While permissive cells are able to overcome this repression to acti-
vate the lytic cycle, this was thought not to occur in nonpermissive cells, such as mye-
loid progenitors, until they received signals from differentiation or inflammatory
mediators that trigger epigenetic reprogramming of histones bound to the MIEP
(reviewed in references 8 and 83).

However, more recent studies using sensitive new technologies that interrogate the
entire transcriptome have shown widespread activation of viral gene expression in var-
ious models of latency, including primary CD34* cells and monocytes (17, 18, 56, 84).
These observations are not consistent with a persistence of heterochromatic marks on
viral genomes following initial infection. We previously demonstrated that, although
latency can be established by ~14 days postinfection (dpi) in Kasumi-3 cells, activation
of lytic gene expression precedes the establishment of latency (7).

Here, we have used a multi-omics approach to investigate temporal changes in the
viral transcriptome and epigenomes over the course of infection in Kasumi-3 cells. Our
initial goal was to characterize these events from the initial infection to the establish-
ment of latency. However, there is a significant loss of viral genomes over the course
of infection, both in primary myeloid cells and in Kasumi-3 cells (7, 12, 85). The result-
ing very low copy number precluded ChiP-seq analysis of the latent HCMV epigenome,
and we therefore focused on the early events during infection of Kasumi-3 cells. We
show that activation of the lytic cycle in infected Kasumi-3 cells follows a pattern of
temporal activation of gene expression similar to that observed in permissive cells.
Consistent with previous studies in fibroblasts, we found that at 4 hpi, RNA expression,
Pol Il binding, and H3K27Ac were all highest in the IE region. These results are consist-
ent with previous studies showing that high levels of histone acetylation have an im-
portant role in activating viral gene expression (20, 21, 23, 40-42, 86, 87). However, we
were surprised to find binding of Pol Il and acetylation of H3K27 throughout the ge-
nome and expression of many viral RNAs, even at this early point in infection. Our
results are in accordance with those of a recent study which identified transcripts initi-
ated at start regions distributed throughout the viral genome at 4 hpi in infected fibro-
blasts (88).

Similar to previous analyses of infected fibroblasts which showed binding of repres-
sive H3K9me2 to viral genes at very early times postinfection (40, 41), we observed
binding of H3K27me3 to the viral genome in Kasumi-3 cells at 4 hpi, and we observed
increased occupancy of H3K27me3 at the MIEP at 24 hpi, when IE gene expression was
repressed. Acetylation and methylation of H3K27 are mutually exclusive. Therefore,
detection of both H3K27Ac and H3K27me3 could be due to the presence of mixed
populations of transcriptionally active or repressed genomes. Genomes with activating
modifications may be destined to go on to lytic infection, while those with repressive
modifications could be a reservoir for latency. Alternatively, there may be bivalent
genomes with repressive and activating modifications on different residues in the
same genome. High levels of acetylation at the enhancer regions may override repres-
sion mediated by H3K27me3 distributed throughout the genome. Finally, we cannot
exclude the possibility that the H3K27me3 signal we observed on the viral genome is

June 2021 Volume 95 Issue 11 e00183-21

Journal of Virology

jviasm.org 20


https://jvi.asm.org

Epigenetic Reprogramming Induced by HCMV Infection

simply due to background. Because we observed similar levels of H3K27me3 occu-
pancy in both cells sorted for GFP expression and those that were unsorted (see Fig.
S2D in the supplemental material), we favor one of the latter explanations. Further
studies, including single-cell analyses, will be required to distinguish these possibilities
and to resolve the question of whether latency can be established at the outset of
infection.

At 24 hpi, the patterns of RNA expression, Pol Il binding, and H3K27Ac occupancy
had also shifted. While the MIEP was still highly acetylated, binding of Pol Il to MIEP
and the abundance of the IE transcripts were reduced, as previously shown in infected
fibroblasts. Previous studies have shown that MIEP activity is downregulated through
acquisition of histones with repressive histone modifications (23, 40, 41). Consistent
with this, we observed an increase in H3K27me3 in 2 of 3 replicates at 24 hpi.
Variability in detection of H3K27me3 at the MIEP may reflect variation in the timing of
transition from activation to repression of the MIEP.

Surprisingly, a number of other genes in the vicinity of the MIEP were also lower in
abundance at 24 hpi. Although further studies are needed to investigate the regulation
of these genes, our results suggest that the MIEP may control expression of a larger
array of genes than previously recognized. The observation that the 5-kb noncoding IE
RNA was downregulated in Kasumi-3 cells but not in fibroblasts (57) adds to the mys-
tery surrounding this transcript.

Many viral genes, which fell primarily in the category of the early genes, were up-
regulated at 24 hpi relative to that at 4 hpi. Although most viral genes are expressed as
early as 4 hpi, analysis of nascent RNAs expressed 24 to 28 hpi showed that there is
also enhanced transcription of many genes during this phase of infection in Kasumi-3
cells. These included early genes involved in viral DNA replication as well as the late
gene transcriptional activators.

In addition, our ATAC-seq analysis demonstrated that the entire viral genome was
open and accessible to cleavage by Tn5 transposase in Kasumi-3 cells 24 hpi, and, con-
sistent with this observation, binding of Pol Il was observed throughout the genome.
Previous studies have shown that viral genomes have low nucleosome occupancy dur-
ing lytic infection of fibroblasts (33, 34, 37).

oriLyt may encode a second HCMV enhancer that is activated in the early
phase of infection. We observed a major switch in modification of H3K27 in the oriLyt
region from hypoacetylation to hyperacetylation between 4 and 24 hpi, which correlated
with enhanced transcription of early genes in the neighboring central region of the ge-
nome. oriLyt is a complex region with two major functional domains required for CMV
replication, essential region | (ER1) and essential region Il (ERIl). ER1 contains a bidirec-
tional promoter with binding sites for viral proteins pUL84 and IE2 and the cellular tran-
scription factors CEBPa/ 3, ATF-CREB, and Sp1 (89). The oriLyt promoter drives expression
of a highly abundant 4.9-kb noncoding RNA, which is expressed in both fibroblasts and
CD14* monocytes and regulates viral DNA replication (17, 90, 91). Thus, oriLyt shares
many of the features of an enhancer. This putative enhancer is activated in the early
phase of infection, and we speculate that it may have a role in activating early gene
expression. Despite high-level acetylation of H3K27 at the orilLyt, expression of the 4.9-kb
ncRNA encoded by this region was relatively low in Kasumi-3 cells at this time.

The mechanisms regulating temporal changes in expression of viral genes requires
further study. Transcription of cellular genes occurs through a complex series of steps,
including binding of RNA Pol Il to nucleosome-depleted promoter regions, initiation of
short transcripts, pausing of the polymerase, and release from pausing into the body of
the gene (81). Previous studies of HCMV infection of fibroblasts have shown that Pol Il
pausing and elongin B-mediated release from pausing play an important role in regulat-
ing HCMV gene expression (88, 92). Additional studies have implicated the FACT complex,
which is involved in nucleosome remodeling, in regulation of IE gene expression (93). Our
studies suggest that (i) changes in the acetylation state of H3K27 at enhancer regions,
rather than changes in accessibility of viral chromatin or a switch in promoter-proximal
modification of H3K27 from methylation to acetylation, and (ii) factors that govern
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transcriptional elongation, rather than Pol Il binding, are primarily responsible for the
transition from immediate early to early gene expression in Kasumi-3 cells.

In summary, our studies show that (i) transcription of the viral genome is broadly
activated early in infection, (ii) the genome is decorated with acetylated H3K27, first at
the MIEP and then at orilLyt, (iii) H3K27 methylation occurs throughout the genome at
4 and 24 hpi and was generally increased at the MIEP at 24 hpi, and (iv) there is low
nucleosome occupancy of the viral genome at early times postinfection. Collectively,
these results suggest that chromatin changes on the HCMV genome in the early phase
of latent infection resemble those that occur during lytic infection.

Previous studies have shown that Kaposi's sarcoma-associated herpesvirus (KSHV)
latency is established following a prelatency phase characterized by expression of
some viral genes and genome-wide deposition of activating histone marks H3K4me3
and H3K27Ac (94). These marks are gradually replaced by heterochromatic modifica-
tions between 24 and 72 hpi in parallel with loss of viral gene expression. Further stud-
ies will be required to determine whether the HCMV epigenome undergoes a similar
transition during the establishment of latency and to identify the factors that mediate
heterochromatinization of viral genomes.

HCMV induces loss of de novo transcription and dysregulation of promoter-
proximal Pol Il and acetylation of H3K27. Like other herpesviruses, HCMV relies on
host proteins for many aspects of its gene expression, including transcription, splicing,
nuclear export, and translation of viral RNAs by the ribosomes. However, herpesviruses
manipulate these processes in myriad ways to favor expression of viral genes over host
genes. Herpes simplex virus (HSV), a member of the alphaherpesvirus family, induces a
rapid shutoff of host gene expression to specifically favor synthesis of viral RNAs by
reducing promoter-proximal occupancy of Pol Il at cellular genes (95, 96) and disrup-
tion of transcript termination (97, 98).

Gammaherpesviruses, including Kaposi's sarcoma-associated herpesvirus (KSHV)
and murine herpesvirus 68 (MHV-68), also specifically disrupt transcription of host cell
genes by hijacking Pol Il onto viral genes (99, 100). Viral endonuclease-induced degra-
dation of host cell transcripts contributes to this process, in part through loss of Pol Il
subunits and TFIIB in the nucleus, while transcription of viral genes is spared through
sequestration of the polymerase into viral replication compartments (100).

HCMV, a betaherpesvirus, also manipulates the host cell environment to facilitate vi-
ral gene expression. Previous studies have elucidated the ways in which HCMV manip-
ulates cellular RNA expression, transport of mRNA out of the nucleus, and translation
of mRNAs on the ribosomes (15, 19, 101-110). Although HCMV does not encode an
RNA endonuclease for rapid shutoff of host gene expression, previous studies have
shown downregulation of some cellular genes in response to infection (107, 111).
Here, we show that HCMV profoundly dysregulates cellular transcription, recruitment
of Pol I, and acetylation of H3K27 at cellular promoters. This results in loss of transcrip-
tion of many genes, especially those involved in DNA replication, cell cycle control,
DNA damage and repair, hemopoiesis, transcription, rRNA processing, and mRNA
translation. Previous studies have shown the HCMV dysregulates the cell cycle, and
that IE2 is required to block cell cycle progression at the G,/S transition (112, 113). Our
studies suggest that the effect of HCMV on expression of genes that regulate the cell
cycle is broader than previously appreciated.

Loss of de novo transcription was often associated with loss of H3K27Ac as well as
loss of Pol II. These effects were not due to changes in accessibility of the chromatin or
to an increase in methylation of H3K27. Rather, loss of Pol Il and H3K27Ac bound to
cellular genes occurred concomitantly with gain of Pol II/H3K27Ac on the viral genome
at 24 hpi. These observations suggest that the virus encodes a factor(s) that sequesters
the polymerase and/or histone modifying enzymes onto viral genomes in order to
facilitate transcription of viral genes at the expense of the host. In contrast to MHV-68,
this did not occur because of loss of Pol Il protein expression at this early time postin-
fection (100). Interestingly, immune response genes, which were upregulated in
response to HCMV infection, were spared from this loss of Pol Il and H3K27Ac. We
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speculate that the host has developed a means to counteract hijacking of Pol Il as part
of the defense response to HCMV infection.

How does the virus commandeer host Pol Il onto viral genes? The Pol Il complex binds
to transcription start sites in host genes through binding of TATA-binding protein (TBP) to
TATA sequences in the promoter region. Gammaherpesviruses encode TBP-like proteins
that activate late gene expression from noncanonical TATT promoter sequences in the late
phase of infection, including EBV BcRF1 and MHV-68 ORF24 (114). HCMV late genes are
also regulated by noncanonical TATT promoters, and based on its structural similarity to
other herpesvirus proteins, HCMV pUL87 is thought to be a TBP-like protein that recruits
Pol Il to late promoters (88, 115). We speculate that a viral DNA-binding protein may also
associate with the Pol Il transcription apparatus at early times postinfection to redirect it to
early gene promoters. It has long been known that IE2 binds to early gene promoters and
interacts with a number of cellular transcriptional regulators, including AP1, CREB1, EGRI1,
SP1, p53, Rb, TAF4, TBP, TFIIB, and TFIID, chromatin assembly factor 1 (CAF1), and the his-
tone acetyltransferase P/CAF (37, 116-126). Recent studies show that IE2 also drives
expression of a subset of early/late and late genes that lack the TATT sequence (127).
Although this study showed that IE2 did not affect cellular gene expression at late times, it
is tempting to speculate that IE2 may have a role in sequestering Pol Il onto viral genes at
early times postinfection. Further studies are needed to investigate this question.

MATERIALS AND METHODS

Cells and virus stocks. Kasumi-3 cells were obtained from ATCC and maintained in RPMI 1640 me-
dium (ATCC 30-2001) supplemented with 20% fetal bovine serum (Corning) and 1,000 U/ml penicillin-
streptomycin (Gibco). TB40/Ewt-GFP (128) viral stocks were produced and the titers were determined as
previously described (7).

Antibodies and other reagents. Rpb1 N-terminal domain (NTD) (D8L4Y) rabbit monoclonal anti-
body (MAb) 14958, phospho-Rpb1 C-terminal domain (CTD) (Ser 2) (E1Z3G) rabbit MAb 13499, phos-
pho-Rpb1 CTD (Ser 5) (D9NS5I) rabbit MAb 13523, trimethyl-histone H3 (Lys27) (C36B11) rabbit MAb
9733, and acetyl-histone H3 (Lys27) (D5E4) XP rabbit MAb 8173 were obtained by Cell Signaling
Technologies. Cyclophilin B polyclonal antibody (PA1-027A) was obtained from Invitrogen, and the pro-
tein A/G PLUS-agarose (sc-2003) was purchased from Santa Cruz Biotechnology.

Western blotting. Cells were washed with phosphate-buffered saline (PBS) and lysed with 50 mM
Tris, pH 8, 150 mM NaCl, 5mM EDTA, 0.1% SDS, 1% IGEPAL (NP-40), 0.1% Triton, 0.5% sodium deoxycho-
late, 1 mM dithiothreitol (DTT), cOmplete EDTA-free protease inhibitors (Roche), and PhosSTOP phospha-
tase inhibitor cocktail (Roche) for 30 min on ice. Lysates were then cleared at 20,000 x g for 30 min at 4°
C, and protein concentrations were determined by a bicinchoninic acid (BCA) protein assay kit (Pierce).
Ten micrograms of extracts per sample was run on a 4 to 20% Mini-Protean TGX stain-free gel (Bio-Rad),
and the proteins were transferred to a polyvinylidene difluoride (PVDF) transfer membrane (Thermo
Scientific). Membranes were blocked with Tris-buffered saline (TBS), 0.1% Tween, and 5% bovine serum
albumin (BSA), and probed with the primary antibodies overnight at 4°C and with the IRDye 800CW
goat anti-rabbit secondary antibody (Li-Cor Biosciences) for 1h at room temperature. Images were
acquired and quantified with the Odyssey Fc imaging system (Li-Cor). Quantification was performed on
three independent biological replicates.

Infection of Kasumi-3 cells. Kasumi-3 cells were infected with TB40/Ewt-GFP at a multiplicity of
infection (MOI) of 1 as previously reported (7). Extracellular virus was inactivated at the time of harvest
(4 or 24 hpi) (129), and when required, GFP-expressing cells were sorted on a FACSAria-6 laser cell sorter
(BD Biosciences). Mock-infected cells were prepared in parallel with infected cells, without addition of vi-
rus. For experiments with sorted cells, mock-infected cells were sorted in parallel for live cells.

RNA extraction and RNA-seq. At the defined times, mock-infected and infected Kasumi-3 cells
(sorted or not) were collected and lysed in TRIzol. Total RNA was prepared using the Direct-zol RNA mini-
prep kit (Zymo Research) with an on-column DNase digestion step according to the manufacturer’s
instructions. RNA was rRNA depleted with Ribo-zero (lllumina), and RNA-seq libraries were prepared
with TrueSeq stranded mRNA (lllumina). RNA-seq libraries were sequenced on the lllumina NextSeq 500
sequencing system (50-bp single-end reads, 50 million reads/sample). RNA-seq analysis was conducted
on three independent biological replicates.

RT-qPCR analysis. Total RNA was reverse transcribed with the ABI high-capacity cDNA reverse tran-
scription kit (Thermo Fisher), and relative mRNA expression was analyzed by the comparative threshold
cycle (2724¢T) method. For HCMV UL122, UL123, UL54, and UL32, we used the TagMan assays previously
validated (7). For CISH and IL17R, we used TagMan gene expression assays obtained from Life
Technologies (hs 00367082 and hs 00218889, respectively) and a SYBR green-based real-time PCR assay
for IFITT (forward, 5-GGAATACACAACCTACTAGCC-3’, and reverse, 5'-CCAGGTCACCAGACTCCTCA-3’)
and IFIT3 (forward, 5'-AAAAGCCCAACAACCCAGAAT-3'). GAPDH was used as normalization control (Life
Technologies hs99999905 for TagMan assays, and 5-ACCCACTCCTCCACCTTTGAC-3' [forward] and 5'-
CTGTTGCTGTAGCCAAATTCGT-3' [reverse] for SYBR green).
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RNA-seq analysis. The quality of DNA reads, in FASTQ format, was evaluated using FastQC. Reads
were trimmed to remove lllumina adapters from the 3’ ends using a cutadapt wrapper, Trimgalore (130)
(www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Trimmed reads were aligned to the human
genome (hg19) or HCMV TB40/E clone TB40-BAC4 (EF999921.1), to which the GFP gene sequence was
added, using STAR (131). Read counts for each gene were calculated using the -quantMode gene counts
option in STAR. Normalization and differential expression were calculated using DESeq2 (132). The cutoff
for determining significantly differentially expressed genes was a false-discovery rate (FDR)-adjusted P
value of less than 0.05. Pathway analyses were performed using DAVID to identify significant pathways
among the differentially expressed genes.

Nascent RNA-seq analysis. Twenty-four hours postinfection, sorted mock-infected and infected
Kasumi-3 cells were resuspended at 500,000 cells/ml in the culture medium and treated with 200 uM 5-
ethynyl uridine (EU) for 4 h at 37°C to label the newly synthesized RNAs. Cells were collected and resus-
pended in TRIzol. RNAs were prepared with the Direct-zol RNA miniprep kit (Zymo Research) accordingly
to the manufacturer’s instructions that included a DNase digestion step. Nascent RNAs were purified by
using the Click-iT nascent RNA capture kit (Life technologies), as indicated by the manufacturer. Briefly,
for each sample, 5 ug of EU-RNA was biotinylated with 0.5 mM biotin azide for 30 min at room tempera-
ture. The reaction mixture consisted of 25 ul of Click-iT EU buffer 2x, 4 ul of 25mM CuSO,, 2.5 ul of bio-
tin azide (10 mM), 1.25 ul of 400 mM Click-iT reaction buffer additive 1, 1.5 ul of 400 mM Click-iT reaction
buffer additive 2, 5 g of RNA, and water to 50 ul. The biotinylated RNA was purified through precipita-
tion in the presence of 1 ul UltraPure glycogen, 75 ul of 5 M ammonium acetate, and 700 ul of chilled
100% ethanol. RNA was then resuspended in water, and its concentration measured with a NanoDrop.

One microgram was put aside as total RNA, and 1 ug was used for the purification of the nascent
RNA. Fifty microliters of Dynabeads MyOne streptavidin T1 magnetic beads were used per sample.
Beads were washed three times with 500 ul of Click-iT reaction wash buffer 2. To separate the beads
from the supernatants, we used the Invitrogen DynaMag-2 magnet.

After the last wash, the beads were resuspended in 50 ul of wash buffer 2. To allow the binding of the
RNA to the beads, RNA was added to a mix with 125 ul Click-iT RNA binding buffer 2x, 2 ul of RNaseOUT
recombinant RNase inhibitor (Thermo Fisher Scientific), and water to a final volume of 250 ul. The RNA
binding reaction mixture was incubated at 68°C for 4 min and added to the bead suspension. The RNA-
bead suspension was incubated at room temperature for 30 min and subjected to gently vortexing. The
beads bound to the biotinylated nascent RNA were then immobilized on the DynaMag-2 magnet. Beads
were washed five times with 500 ul of Click-iT reaction wash buffer 1 and five times with 500 ul of Click-iT
reaction wash buffer 2. The beads were resuspended in 50 ul of Click-iT reaction wash buffer 2, and RNA
captured on the beads was used as the template for cDNA synthesis. For the reverse transcriptase reaction,
we used the high-capacity cDNA reverse transcription kit (Applied Biosystems). Ten microliters of 10x RT
buffer, 10 ul of 10x RT random primers, 4 ul 25x deoxynucleoside triphosphate (dNTP) mix (10 mM), and
21 wl of water were added to 50 ul of the bead suspension preheated at 68°C for 5 min. The reaction mix-
ture was brought to room temperature, we added 5 ul of MultiScribe reverse transcriptase (50 U/ul), and
the reaction mixture was incubated at 37°C for 2 h while gently mixing. The reaction was stopped by incu-
bation at 85°C for 5 min, and the cDNA released from the beads. For the reverse transcription of total RNA,
we conducted two reactions with 0.5 ug of RNA each. The reaction mixture included 2 ul of 10x RT buffer,
2 ul of 10x RT random primers, 4 ul 25x dNTP mix (10 mM), 21 ul of water, and 10 ul of RNA. The reaction
mixture was incubated at 25°C for 10 min, 37°C for 2 h, and 85°C for 5 min. Finally, both nascent and total
RNAs were purified with the with Qiagen MinElute PCR purification kit. The cDNA was quantitated by qubit
and processed into next-generation sequencing (NGS) libraries using the Swift BioSciences ACCEL-NGS 1S
Plus DNA library kit in combination with the Swift BioSciences 1S unique dual indexing kit. Library quality
and quantity (QC) was determined by a Bioanalyzer, and the pool of libraries was sequenced at the
University of Chicago Genomics Facility on the Illumina NextSeq using lllumina reagents and protocols.
Two independent biological replicates were analyzed.

ATAC-seq. One hundred thousand mock-infected or acutely infected Kasumi-3 cells were spun
down for 10 min at 2,200 rpm at 4°C and resuspended in 50 ul of a transposase mix that included 25 ul
of 2x Nextera Tagment DNA buffer (Illumina), 2.5 ul Nextera Tn5 transposase (lllumina), 0.5 ul 5% digito-
nin (Invitrogen), and 22 ul of H,O. The reaction was carried out at 37°C for 30 min. DNA was purified
with Qiagen MinElute PCR purification kit and eluted in 10 ul of buffer EB. DNA libraries were amplified
by using NEBNext high-fidelity (New England BiolLabs) and barcoded primers as previously described
(133). The numbers of amplification cycles were calculated by qPCR and kept under 11 to prevent satu-
ration. Libraries were purified with a Qiagen MinElute PCR purification kit and size selected with AMPure
XB beads (Beckman Coulter) to have fragments of less than 1,000 bp. Library quality control was
assessed by a Bioanalyzer high-sensitivity DNA analysis kit (Agilent), and the libraries were sequenced
with lllumina NextSeq technology (75-bp single-end reads, 100 million reads/sample). Three independ-
ent biological replicates were analyzed.

ChIP-seq. Chromatin immunoprecipitation (ChIP) was conducted as previously described (134) with
a few variations. For each immunoprecipitation, 5 x 10° cells were washed twice with PBS, cross-linked
with 1% formaldehyde in PBS for 10 min, and quenched with 0.125 M glycine for 5 min at room temper-
ature. Cells were washed twice with PBS, resuspended in 10 ml of buffer 1 (50 mM HEPES at pH 7.5,
140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% IGEPAL, and 0.25% Triton X-100) and incubated for 10 min
at 4°C on a rotator. Cells were spun down for 7 min at 2,200 rpm at 4°C and resuspended in 10 ml of
buffer 2 (10 mM Tris-HCl at pH 8.0, 200 mM NaCl, 1 mM EDTA, and 0.5 mM EGTA). After an incubation of
10 min on a rotator at room temperature, the cells were centrifuged as previously described and resus-
pended in 1ml of buffer 3 (10mM Tris HCl at pH 8.0, TmM EDTA, and 0.1% SDS). Sonication was
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conducted with Covaris Focused ultrasonicator at 10% duty cycle, 140 peak, 200 cycles per burst, and
360 s to obtain fragments between 200 and 500 bp. An aliquot of the sheared chromatin (50 ul) was de-
cross-linked in elution buffer (50 mM Tris-HCl at pH 8.0, 10 mM EDTA, and 1.0% SDS) for 2 h at 65°C, and
the DNA was purified with a QIAquick PCR purification kit (Qiagen). The size of DNA fragments was
checked on a 1% agarose gel, and the range was between 200 and 500 bp. The rest of the sonicated
chromatin was cleared at maximum speed for 15 min at 4°C in a Microfuge. We added 100 ul of 10x
ChIP dilution buffer (10% Triton X-100, T M NaCl, 1% Na-deoxycholate, and 5% N-lauroylsarcosine) to
the cleared chromatin, and 100 ul was collected as input. The sample was then incubated with the des-
ignated antibody overnight at 4°C on a rotator at the concentration suggested by the manufacturer.
Thirty microliters of protein A/G agarose beads was added to the sample and incubated for 4 h at 4°C on
a rotator. Beads were then pelleted, washed 4 times with RIPA buffer (50 mM HEPES at pH 7.5, 500 mM
LiCl, 1 mM EDTA, 1.0% IGEPAL, and 0.7% Na-deoxycholate) and once with Tris-EDTA (TE) 1x with 50 mM
NaCl. Two hundred microliters of elution buffer (50 mM Tris-HCl at pH 8.0, 10 mM EDTA, and 1.0% SDS)
was added to the beads and incubated at 65°C for 30 min on a shaking incubator. Beads were spun
down, and the supernatant was de-cross-linked at 65°C overnight. Elution buffer was added to the input
and the de-cross-linking conducted as described. Finally, the DNA was purified using the Qiagen PCR pu-
rification kit in a volume of 60 ul. Libraries were prepared with the KAPA HTP library preparation kit mul-
tiplexed with NEXTflex DNA barcodes (Bioo Scientific) and size selected with AMPure XB beads
(Beckman Coulter) to have fragments 250 to 450 bp in length. Library quality control was assessed using
a Bioanalyzer high-sensitivity DNA analysis kit (Agilent), and sequencing was performed with lllumina
NextSeq technology (50-bp single-end reads).

ChIP-qPCR. ChIP was performed according to the same protocol described for the ChIP-seq analysis
with the only difference that the DNA was purified in a volume of 50 ul. DNA levels were measured by
RT-qPCR. To amplify the MIEP and oriLyt promoters, we used custom assays designed by Thermo Fisher.
The DNA amount was calculated relative to the input.

ChIP-seq analysis. The quality of reads, in FASTQ format, was evaluated using FastQC. Reads were
trimmed to remove lllumina adapters from the 3’ ends using cutadapt (135). Trimmed reads were
aligned using Bowtie 2 (version 2.2.9) with default parameters to the human genome (hg19) and the
HCMV TB40/E clone TB40-BAC4 sequence (EF999921.1), to which the GFP gene sequence was added.
Reads mapping uniquely to the genomes were further analyzed with Hypergeometric Optimization of
Motif EnRichment (HOMER, version 4.11) (136) to call Pol Il, H3K27Ac, and H3K27me3 binding regions,
identify regions of differential binding, and generate IGV read density tracks. Pathway analyses were per-
formed using DAVID.

Data availability. A track hub with the HCMV TB40/E+GFP reference genome has been made avail-
able on GitHub (https://github.com/Mary-Hummel/HCMV-TB40-E-GFP-reference-genome.git). ChiP-seq,
ATAC-seq, and RNA-seq raw data sets and BigWig files can be accessed at GEO under accession number
GSE164861.
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