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Replication-dependent (RD) histones are deposited onto human cytomegalovirus
(HCMYV) genomes at the start of infection. We examined how HCMYV affects the
de novo production of RD histones and found that viral infection blocked the accumu-
lation of RD histone mRNAs that normally occurs during the S phase. Furthermore,
RD histone mRNAs present in HCMV-infected cells did not undergo the unique
3’ processing required for their normal nuclear export and translation. The protein that
orchestrates processing in the nucleus, stem loop-binding protein (SLBP), was found
predominantly in the cytoplasm, and RD histone proteins were not de novo synthesized
in HCMV-infected cells. Intriguingly, however, we found that SLBP was required for
the efficient synthesis and assembly of infectious progeny virions. We conclude that
HCMY infection attenuates RD histone mRNA accumulation and processing and the
de novo protein synthesis of the RD histones, while utilizing SLBP for an alternative
purpose to support infectious virion production.

histone | SLBP | HCMV | cell cycle | S phase

Histones are deposited onto naked DNA to produce chromatin. Most naked DNA in
cells is produced by genome duplication during the DNA synthesis (S) phase of the
cell cycle. The major core histone proteins (H2A, H2B, H3.1/3.2, and H4) are synthe-
sized only during S phase and are deposited onto newly replicated DNA concomitant
with its synthesis, and thus they are termed the replication-dependent (RD) histones
(1). Histone deposition onto naked DNA outside of S phase occurs in a replication-
independent (RI) manner (2, 3) and uses RI histone variants such as H1.0 and mH2A
that are de novo synthesized throughout the cell cycle (2).

Naked herpesviral DNA introduced into nuclei upon infection rapidly becomes his-
tone associated and chromatinized in a RI process (4-6). It is unclear whether viral
genome chromatinization is a normal cellular response to naked DNA, a cellular
defense against virus infection, or is orchestrated by the virus as protection from nucle-
ases or to permit epigenetic transcriptional regulation (7, 8). However, herpesviruses
actively manipulate the chromatin structure of their genomes to regulate viral transcrip-
tion (9, 10). Transcription of human cytomegalovirus (HCMV) immediate-early (IE)
genes begins shortly after infection. The IE proteins activate the transcription of the
early genes that encode proteins required for viral DNA replication, which begins
around 24 h post-infection (hpi). After viral DNA replication, the late genes encoding
structural proteins are transcribed, and any remaining nucleosomes are removed from
the newly synthesized viral genomes before they are packaged into capsids within the
nucleus (11). DNA-containing capsids leave the nucleus, acquire the viral envelope in
the cytoplasm, and are released from the cell. Interestingly, both RI histone variants
and RD histones are deposited onto herpesvirus genomes (4, 5, 12-17). HCMYV arrests
the cell cycle in early S phase, presumably because it utilizes cellular proteins expressed
during this cell cycle stage for viral genome synthesis (18, 19). Early S phase is also the
cell cycle position where the RD histones are synthesized (20), although it is unclear if
new RD histones are produced in HCMV-infected cells.

The unique biogenesis of the RD histone mRNAs and proteins presents multiple
opportunities for regulation by HCMYV or other viruses. The RD histone genes lack
introns, and most are present at two major clusters forming a nuclear structure called
the histone locus body (1, 21). Histone loci contain multiple copies of genes for each
histone protein, each with nucleotide substitutions (22). The RNA polymerase
II-dependent transcription of the RD histone genes increases ~5-fold in S phase (23).
This transcriptional induction occurs upon Cdk/cyclin E-mediated phosphorylation of
the nuclear protein at the ataxia telangiectasia locus, a critical histone locus body
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Significance

Until now, it was not known if,
how, or why pathogenic human
viruses might modulate the de
novo production of the replication-
dependent (RD) histone proteins
that decorate their DNA genomes
within infected cells. Our finding
that human cytomegalovirus
(HCMV) inhibits RD histone
production affirms that a virus
targets this fundamental cellular
process. Furthermore, our
revelation that HCMV induces,
relocalizes, and then
commandeers the stem
loop-binding protein (SLBP) for a
purpose other than RD histone
synthesis to support productive
replication illuminates the
potential for other functions of
this highly conserved protein. The
critical nature of SLBP for HCMV
infection and of RD histone
synthesis for cellular DNA
replication highlights this process
as a target for future antiviral and
chemotherapeutic interventions.
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protein present only at RD histone genes (24, 25). At the end
of S phase, or when DNA replication is inhibited, RD histone
mRNAEs are rapidly oligouridylated and degraded (26-28).

The RD histone mRNAs are the only eukaryotic mRNAs that
lack poly-A tails (29). Instead, they have a 3’ stem loop structure
that binds the stem loop-binding protein (SLBP) and participates
in their posttranscriptional processing, stability, nuclear export,
and translation (26, 30-38). Transcription of the SLBP gene is
constitutive, but translation of its mRNA is induced at the G1/S
border (20, 39). SLBP accumulates during S phase (39) but is
rapidly degraded in G1 (39, 40) and G2 (20, 41, 42) by separate
ubiquitin ligase complexes. This tight window of SLBP availability
restricts RD histone synthesis to the S phase.

SLBP is imported into the nucleus through the canonical
importin pathway but may also passively diffuse through
nuclear pores (43). In the nucleus, SLBP cotranscriptionally
associates with the stem loop in the 3’ untranslated region of
RD histone mRNAs (44). Stem loop—bound SLBP stabilizes
the binding of the U7 small nuclear ribonucleoprotein with the
histone downstream element, and the histone cleavage complex
completes the processing by cleaving the mRNA (21). SLBP
remains associated, and the RD histone messenger ribonucleo-
protein is exported to the cytoplasm in a process dependent on
the TAP/NXF1 nuclear export factor (43). This noncanonical
mRNA export method is necessitated by the lack of common
export signals on either the mRNA (e.g., splice junctions or a
poly(A) tail) or SLBP (e.g., a nuclear export signal). In the
cytoplasm, SLBP stimulates the translation of bound RD his-
tone mRNAs (30, 31, 34, 36, 45).

Because little is known about RD histone biogenesis during
viral infections, we examined this process in HCMV-infected cells.
Even though HCMV-infected cells are in S phase, we show here
that RD histone protein de novo accumulation in fibroblasts pro-
ductively infected with HCMV is significantly reduced compared
to uninfected S phase cells. The RD histone mRNAs do not accu-
mulate to normal S phase levels in HCMV-infected fibroblasts,
and the transcripts that are present remain unprocessed. In

contrast, SLBP accumulates in HCMV-infected fibroblasts but is
more cytoplasmic in subcellular localization than in S phase cells.
Importantly, we show that SLBP supports productive viral replica-
tion and the assembly of infectious progeny virions, processes that
have both nuclear and cytoplasmic stages. We conclude that
HCMYV infection interferes with the synthesis of the RD histones
at multiple steps but uses the SLBP to facilitate productive
infection.

Results

RD Histone mRNAs Do Not Accumulate to S Phase Levels in
HCMV-Infected Cells. RD histone genes are transcriptionally
induced in S phase (21), and HCMYV infection drives serum-
starved (GO) cells into S (18, 19). To determine if RD histone
transcripts accumulate during HCMV infection, we designed
primers for gRT-PCR to quantitate transcript levels of the cod-
ing region (see Fig. 2A4) of one of the multiple genes of each
core RD histone type (H2A, H2B, H3, and H4), as well as the
RI histone genes H1.0 and macroH2A. We found that serum
stimulation of GO cells induced the accumulation of the RD
histone mRNAs, but a productive HCMYV infection did not
(Fig. 14). RI histone mRNA accumulation was similar between
HCMYV infection and serum stimulation (Fig. 14). Viral IE1/2
transcript accumulation demonstrated viral infection was initi-
ated, and viral RNAs were produced (Fig. 14). We also found
that HCMYV infection was able to reduce the ability of serum
to induce the accumulation of the RD histone mRNAs (Fig.
1B). We conclude that HCMYV does not induce, and it reduces
the serum induction of RD histone mRNA accumulation.

RD Histone mRNAs Are More Likely to be Unprocessed and
Poly-adenylated in HCMV-Infected Cells as Compared to S Phase
Cells. To test if the small number of RD histone mRNAs present
in HCMV-infected cells is processed, or if they remain un-
processed (including alternatively or misprocessed transcripts),
we used a previously developed PCR assay (46, 47) that uses one
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Fig. 1. RD histone mRNAs do not accumulate to S phase levels in HCMV-infected cells. (A) Serum-starved fibroblasts were left untreated (SF, serum-free

media), stimulated with serum for 24 h (S) or infected with HCMV for 48 h (V) and analyzed by qRT-PCR for the indicated transcripts. Transcript levels were
normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels from the same sample and are shown relative to serum-treated (S) cells from the
same experiment. (B) Serum-starved fibroblasts were stimulated with serum (S) with or without infection with HCMV (V) for the indicated time and analyzed
by qRT-PCR for the indicated transcripts. Transcript levels were normalized to GAPDH levels from the same sample and are shown relative to 24 h serum-
stimulated cells from the same experiment. Bar graphs show the mean + SEM from three biological replicates. Statistical significance is shown compared to

24 h serum-stimulation samples, unless otherwise indicated.
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Fig. 2. RD histone mRNAs are more likely to be unprocessed in HCMV-infected cells as compared to S phase cells. (A) Schematic of histone mRNA process-
ing PCR assay. Primers in the coding region (white arrows) detect both precursor and mature RD histone mRNA transcripts, while primers downstream
(black arrows) detect only unprocessed precursor mRNA. (B) Serum-starved fibroblasts were stimulated with serum for 24 h (S) or infected with HCMV
(V) for 48 h and analyzed by qRT-PCR for precursor and total transcripts for the indicated histone. The ratio of precursor to total mRNA for the indicated his-
tone (x100) is shown. The mean fold difference between infected (V) and serum-stimulated (S) + SEM is indicated below bar graphs (n = 6).
(C) Serum-starved fibroblasts were left untreated (SF) or stimulated with serum (S) for 24 h or infected with HCMV (V) for 48 h, and equal amounts of total
RNA were analyzed by Northern blot with probes complementary to the open reading frame of the indicated histone. Black brackets indicate processed,
mature histone RNA, while gray brackets denoted by (#) indicate slower migrating (unprocessed, misprocessed, or alternatively processed) RNA. The 28S
and 18S ribosomal RNA were visualized by methylene blue staining of blotted membranes, serving as loading controls (n = 3). (D) Quantitation of mature
RNA from Northern blots in (C). Levels of mature mRNA relative to serum-treated cells from the same experiment are shown (n = 3). (F) Ratio of unpro-
cessed histone RNA to total histone RNA from the Northern blots in (C). The mean fold difference between infected (V) and serum-stimulated (S) + SEM is
indicated below bar graphs (n = 3; for H3, one replicate had no detectable unprocessed signal for any sample; thus, H3 quantitation represents n = 2).
Bar graphs show the mean + SEM from the indicated number of biological replicates.

primer set that amplifies both processed (mature) and unpro-
cessed (precursor) mRNAs and another that amplifies only
unprocessed mRNAs (Fig. 2A4). The ratios of precursor-to-total
mRNAs for the RD histones were significantly higher in
HCMV-infected cells compared to serum-stimulated cells (Fig.
2B), indicating that their processing is decreased or altered in
HCMV-infected cells. We confirmed these results with North-
ern blot analyses using probes derived from the entire coding
region of one member of each class of RD core histone type

PNAS 2022 Vol. 119 No.14 2122174119

(Fig. 20). Consistent with the qPCR data (Fig. 14), levels of
mature RD histone mRNA were significantly induced by serum
stimulation, but not HCMV infection (Fig. 2 C and D). The
ratios of slower-migrating (unprocessed, misprocessed, or alterna-
tively processed) mRNAs to total RD histone mRNAs were
significantly higher in HCMV-infected cells compared to serum-
stimulated cells (Fig. 2 Cand £). We conclude that RD histone
mRNA  processing is inhibited or altered in HCMV-
infected cells.
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Processing of RD histone mRNAs is a prerequisite for their
normal export to the cytoplasm (43). To determine where
RD histone mRNAs accumulate, we biochemically fractionated
S phase or HCMV-infected cells into nudclear and cytoplasmic
fractions and used qRT-PCR to quantitate mRNA levels in equal
percentages of the nuclear or cytoplasmic fractions. Fractionation
efficiency was monitored by demonstrating the known cytoplas-
mic (48) mitochondrial RNA (16S) was predominantly cytoplas-
mic, while the known nuclear (49) long noncoding RNA
(MEG3) was predominanty nuclear (although a small fraction
was cytoplasmic) (S Appendix, Fig. S14). We found no signifi-
cant differences between the fractions of cytoplasmic mRNAs for
the RD histones, as well as for the actin control, between
HCMV-infected and S phase cells (ST Appendix, Fig. S1A).

Our finding of RD histone mRNAs in the cytoplasm of
HCMV-infected cells where RD histone mRNA processing is
inhibited (Fig. 2) prompted us to determine if unprocessed (pre-
cursor) RD histone mRNAs were cytoplasmic in HCMV-infected
cells. Indeed, we found substantially (preH2A, preH3) or signifi-
cantly (preH2B, preH4) higher levels of unprocessed (precursor)
RD histone mRNAs in the cytoplasmic fraction of HCMV-
infected cells compared to uninfected cells (SI Appendix, Fig.
S2B). When the processing of RD histone mRNAs is inhibited,

the RD histone mRNAs can be anomalously polyadenylated and
exported to the cytoplasm (50). We detected a significantly higher
ratio of oligo deoxythymine-selected RD histone mRNAs in
HCMV-infected cells as compared to serum-stimulated S phase
cells (87 Appendix, Fig. S1C). From this series of experiments, we
conclude that during HCMV infection, there is a substantial
increase in the number of RD histone mRNAs that are not prop-
erly processed but are polyadenylated and accumulate in the

cytoplasm.

SLBP Accumulates during HCMV Infection, but Its Subcellular
Localization Is More Cytoplasm Than in S Phase Cells. Because
of the increase in unprocessed RD histone mRNAs during
HCMYV infection, we next examined SLBP. We found the SLBP
mRNA at similar levels in serum-stimulated or HCMV-infected
cells, where infection was confirmed by viral IE1/2 transcript
accumulation (Fig. 34), indicating that HCMV does not appear
to regulate SLBP transcription or mRNA stability. Serum stimu-
lation caused SLBP accumulation as expected, but HCMV infec-
tion, in the absence of serum stimulation, caused an even greater
increase in SLBP levels (Fig. 3 Band C). Notably, there is a dra-
matic increase of SLBP in HCMV-infected cells at 24 hpi
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Fig. 3. SLBP accumulates during HCMV infection but is mislocalized. (A) Serum-starved fibroblasts were stimulated with serum (serum) or infected with
HCMV (virus) for the indicated amount of time and analyzed by qRT-PCR for the indicated transcripts. Levels are shown relative to 6 h serum stimulation
from the same experiment. (B) Western blots for the indicated proteins from serum-starved fibroblasts stimulated with serum (S) or infected with HCMV
(V) for the indicated time. (C) Quantitation of SLBP levels from (B) normalized to GAPDH levels and shown relative to 12 h serum-stimulated samples from
the same experiment. (D) Localization of SLBP in serum-starved fibroblasts left untreated (SF), stimulated with serum for 24 h (S), or infected with HCMV in
the absence (V) or presence of PAA (V + PAA) for 48 h. Nuclei were counterstained with Hoechst. UL44 staining serves as a marker for HCMV-infected
cells. (E) Percentage of cells with prominent nuclear SLBP in serum-stimulated (S) and HCMV-infected (V) cells from (D). (F) Serum-stimulated (top) and
HCMV-infected (bottom) cells treated and stained as in (D) were analyzed for fluorescence distribution using Plot Profile with FIJI software. (G) Distribution of
SLBP signal intensity in serum-stimulated (S) and HCMV-infected (V) cells from (D). Bar graphs show the mean + SEM from three biological replicates.
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Fig. 4. RD histone protein synthesis is attenuated in HCMV-infected cells compared to S phase cells. Fibroblasts were propagated in heavy arginine and
lysine for eight doublings then growth arrested in 0.5% serum for 24 h. Subsequent incubations were in light media. Histones were enriched from cells fol-
lowing stimulation with serum for 24 h or infection with HCMV for 24 and 72 h. Proteins were identified and quantified by liquid chromatography with tan-
dem mass spectrometry from technical triplicate analyses for two independent biological experiments. Protein identification required a minimum of two
peptides with at least one unique peptide. Samples marked by asterisks—namely, H2A variants H2a(1-B/E) from gene H2AC4 and H2a (2-A) from H2AC18 as
well as H2B variant H2B (1-M) from gene H2BC14—were identified in one biological replicate. (A) The relative H/L normalized intensity ratios are presented
for RD and RI histones between serum-stimulated cells and cells infected with HCMV for 24 h. (B) Comparison as in (A) between serum-stimulated cells and
cells infected with HCMV for 72 h. (C) The relative H/L ratios for the total population of proteins identified and quantified.

compared to serum-stimulated cells at the same time point. In
S phase cells, we found SLBP in both the nucleus and the cyto-
plasm (Fig. 3D) as expected, and more than 60% of S phase cells
contained SLBP predominantly in the nucleus (Fig. 3£). How-
ever, in HCMV-infected cells, we found SLBP more extensively
in the cytoplasm (Fig. 3D), with fewer than ~20% of HCMV-
infected cells containing SLBP predominantly in the nucleus
(Fig. 3F). The HCMV DNA polymerase processivity factor
UL44 was imaged to confirm HCMV infection (Fig. 3D).
Single-cell tracings (Fig. 3F) clearly showed SLBP concentrated
in the nudleus under serum stimulation conditions, with almost
50% of the SLBP density in the nucleus (Fig. 3G). Similar trac-
ings in HCMV-infected cells showed SLBP more evenly distrib-
uted through the cell (Fig. 3F), with less than 20% of the SLBP
density in the nucleus (Fig. 3G). SLBP cytoplasmic localization
during HCMV infection was not impaired by the viral DNA
polymerase inhibitor phosphonacetic acid (PAA) (Fig. 3D), indi-
cating that viral DNA replication is not required for this process.
Biochemical cell fractionation followed by analysis of proteins
from equal percentages of nuclear or cytoplasmic fractions by

PNAS 2022 Vol.119 No.14 2122174119

Western blot (57 Appendix, Fig. S2) also showed a higher percent-
age of SLBP in the cytoplasm of HCMV-infected cells than in
S phase cells. We conclude that compared to S phase cells,
HCMV-infected cells show an increase in SLBP steady-state
protein levels and a skewing of the subcellular localization of the
protein more toward the cytoplasm than the nucleus.

RD Histone Protein Synthesis Is Attenuated in HCMV-Infected
Cells Compared to S Phase Cells. We next employed stable iso-
tope labeling of amino acids in cell culture (SILAC) proteomics
to quantitate RD histone de novo synthesis at 24 h (HCMV
infection or serum stimulation) and 72 h (HCMYV infection)
time points. We identified and determined heavy/light (H/L)
ratios for 13 histones (SI Appendix, Table S1) common among
serum-stimulated, 24 hpi (Fig. 44), and 72 hpi (Fig. 4B) sam-
ples of chromatin-associated proteins. For RD histones (22),
we observed H/L ratios less than 1, indicating de novo synthesis
was higher in serum-stimulated cells than during HCMV infec-
tion. In contrast, all of the RI histones (and the majority of the
nonhistone proteins; Fig. 4C) showed ratios near or greater

https://doi.org/10.1073/pnas.2122174119 5 0of 9
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than 1, indicating similar de novo synthesis during serum stim-
ulation and HCMYV infection. Combined with the previous
data, we conclude that during HCMV infection, less RD his-
tone mRNA accumulates and less is properly processed com-
pared to S phase cells, and the balance of SLBP subcellular
localization is altered, all resulting in the inhibition of RD
histone de novo protein accumulation.

SLBP Is Required for the Efficient Production of Infectious
HCMV Virions. The increased accumulation of SLBP in the
absence of RD histone protein production led us to ask if the
protein might have an alternative function in HCMV-infected
cells. We used two different small interfering RNAs (siRNAs)
to knock down SLBP (with a scrambled siRNA as a control),
then infected cells with HCMV and assayed viral replication.
Western blots confirmed SLBP knockdown (Fig. 54). We
found a ~12-fold reduction in viral titers produced by SLBP
knockdown cells at each of the two multiplicities of infection
(MOI) assayed (MOI = 0.1 or MOI = 1.0) (Fig. 5B8). We con-
clude that SLBP is required for efficient HCMV productive

replication.

We next examined multiple steps of productive viral replica-
tion (MOI = 1.0) to determine which are impaired when SLBP
is knocked down with siRNAs (87 Appendix, Fig. S3A4), causing
productive replication to be inhibited (SI Appendix, Fig. S3B).
We found no differences in viral genomic DNA accumulation
between control and SLBP knockdown cells (SI Appendix, Fig.
S3C). We also found no difference between representative IE
(IE1; SI Appendix, Fig. S3D), early (UL44; SI Appendix, Fig.
S3E), or late (pp28; SI Appendix, Fig. S3F) transcript or protein
(SI Appendix, Fig. S3 G-J) accumulation between control and
SLBP knockdown cells. Similar results were obtained after infec-
tion at a lower multiplicity (MOI = 0.1) (85I Appendix, Fig. S4).
We conclude that SLBP is not required for the synthesis and
accumulation of viral proteins or nucleic acids.

In SLBP knockdown cells, there is a ~12-fold decrease in
infectious HCMYV titers (Fig. 5B) but no defects in the accu-
mulation of viral nucleic acids or proteins (S Appendix, Figs.
S3 and S4). Therefore, we hypothesized that SLBP was
required for virion assembly or infectivity. To test this hypothe-
sis, we analyzed viral particles harvested from control or SLBP
knockdown cells infected with HCMV (MOI = 1.0) by
Western blot (Fig. 5 C and D). We found little difference in
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Fig. 5. SLBP is required for the efficient production of infectious HCMV virions. (A) Serum-starved fibroblasts were transfected with one of two different siR-
NAs against SLBP (siSLBP #1 or #2) or a scrambled nontargeting control siRNA (siScr). Lysates were analyzed by Western blot with the indicated antibodies.
Tubulin serves as a loading control. (B) siRNA-transfected cells were infected with HCMV strain AD169 at an MOI = 0.1 (left) or 1.0 (right) for 6 d, after which
cell-free and cell-associated progeny virus was collected and quantitated by plaque assay on naive fibroblasts. Titers are shown relative to control
siRNA-transfected cells from the same experiment. (C) Serum-starved fibroblasts were transfected as in (A), then infected at an MOI = 1.0 for 6 d, after which
cell-free and cell-associated progeny virus was collected and quantitated by plaque assay on naive fibroblasts. Equal volume of collected virus from each
condition was analyzed for virion proteins by Western blot with the indicated antibodies. (D) Quantitation of Western blot in (C), shown relative to siScr
samples from the same experiment. () Encapsidated viral genomic DNA was isolated from equal volumes of virus derived from experiments described in
(€) and quantified by qPCR for UL122/123. Results are plotted relative to siScr samples from the same experiment. (F) Based on the determined titers of
virus collected in (C), equal PFUs of each virus stock were analyzed for virion proteins by Western blot with the indicated antibodies. (G) Quantitation of
Western blot in (F), plotted relative to siScr samples from the same experiment. (H) Encapsidated viral genomic DNA was isolated from equal PFUs of virus
derived from experiments described in (C) and quantified by gPCR for UL122/123. Results are plotted relative to siScr samples from the same experiment.
Bar graphs show the mean + SEM from three biological replicates.
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the amounts of the major capsid protein (UL86) or tegument
proteins pp71 and pp65 in equal volumes of virion prepara-
tions from control or SLBP knockdown cells. Furthermore, we
found lictle difference in the amount of micrococcal nuclease-
resistant (encapsidated) viral genomic DNA in equal volumes
of virion preparations from control or SLBP knockdown cells
(Fig. 5E). Similar results were obtained after infection at a
lower muldplicity (MOI = 0.1) (SI Appendix, Fig. S5 A-C). We
conclude that similar numbers of viral particles are assembled in
control and SLBP knockdown cells and, thus, that SLBP knock-
down does not affect overall virion particle assembly.

However, when we analyzed an equal number of plaque-
forming units (PFUs) from the same virion preparations, we
found substantially higher levels of virion proteins (UL8G6,
pp71, pp65) (Fig. 5 Fand G) and encapsidated viral genomic
DNA (Fig. 5H) in virions produced in SLBP knockdown cells
compared to virions representing the same number of PFUs
produced in control cells infected at an MOI = 1.0. Similar
results were obtained after infection at a lower multiplicity
(MOI = 0.1) (8] Appendix, Fig. S5 D—F). We conclude that
the HCMV virions released from SLBP knockdown cells are
less infectious than those released from control cells. In total,
we conclude that HCMYV impairs the ability of SLBP to pro-
mote RD histone synthesis (Fig. 64) while utilizing the protein
to ensure the infectivity of its progeny virions (Fig. 65).

Discussion

In this study, we found that RD histone mRNAs do not accu-
mulate to normal S phase levels in HCMV-infected cells (Figs.
1 and 2), perhaps because of a lack of transcriptional induction.
Alternatively, because RD histone mRNAs are degraded when
cellular DNA replication is inhibited (26, 31), they may be
degraded during HCMYV infection because productive viral
infection inhibits cellular DNA replication (18). It seems likely
that the RD histone mRNAs are not efficiently processed
(Fig. 2) because SLBP subcellular localization is skewed toward
the cytoplasm (Fig. 3), resulting in an inhibition of de novo

RD histones

<g%/"

RD histone protein synthesis (Fig. 4). What is unclear is why
the subcellular localization of SLBP in HCMV-infected cells is
more cytoplasmic than in S phase cells. SLBP is imported into the
nucleus through the canonical importin-dependent pathway (43),
which appears to be active in HCMV-infected cells, after both de
novo synthesis and dissociation from the RD histone mRNP com-
plex. Determining whether cytoplasmic SLBP in HCMV-infected
cells is associated with RD histone mRNAs or other RNAs might
help clarify which stage of SLBP trafficking is altered.

SLBP accumulates in HCMV-infected cells to a level that
exceeds that found in our S phase cultures (Fig. 3). When cellu-
lar DNA replication is inhibited during the S phase, SLBP lev-
els remain stable and may slightly increase, and the protein
remains in the nucleus (51). As S phase is prolonged in
HCMV-infected cells, we may simply be observing the natural
accumulation of SLBP. Alternatively, HCMV may be actively
stabilizing the protein to support the accumulation of infectious
progeny virions (Fig. 5).

This positive role for SLBP during HCMYV infection (Fig. 5)
may reveal how and why HCMV synchronizes cells and repli-
cates most efficiently in the early S phase (18). Mechanisms
through which HCMYV stimulates the cell cycle are well estab-
lished (18, 52, 53), but the mechanisms through which it
arrests cells in early S phase are less understood (54-57). The
appropriation of SLBP, perhaps for a unique purpose, may be
the proximal cause of HCMV-mediated cell cycle arrest in early
S phase. The current dogma proposes that DNA viruses includ-
ing HCMV drive quiescent cells into the S phase, in part by
inactivating the retinoblastoma (Rb) tumor suppressor, in order
to accumulate the macromolecules and enzymes required for
viral DNA synthesis. However, the Rb protein plays an uniden-
tified positive role during HCMV infection (58, 59), and the
accumulation of deoxyribonucleotides for DNA synthesis does
not appear to explain why HCMYV induces cell cycle progres-
sion (60). Our revelation that SLBP localization and function
is modulated during HCMV productive replication presents an
opportunity to revisit the role of cell cycle modulation during
DNA virus infections.
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Fig. 6. Model for RD histone synthesis and SLBP function in S phase versus HCMV-infected cells. (A) During S phase (left), RD histone transcription is
induced, and SLBP binds to RD histone mRNAs, facilitating their processing, nuclear export, and translation resulting in de novo RD histone protein produc-
tion. In contrast, during HCMV infection (right), RD histone transcripts do not accumulate, and the transcripts that are present remain largely unprocessed
and a fraction are polyadenylated, resulting in inhibition of de novo RD histone protein synthesis. SLBP accumulates in the cytoplasm and promotes the pro-
duction of infectious virions through an unknown mechanism. (B) Knockdown of SLBP (siSLBP; right) does not globally affect viral transcript or protein accu-
mulation, viral genome replication, or the amount of virions produced compared to infection of control cells (siScr; left). However, in the absence of SLBP,
the virions that are produced are less infectious, resulting in a higher particle-to-PFU ratio.
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Questions remain as to how SLBP promotes virion infectivity,
as well as what function of SLBP is required. While SLBP did
not substantially affect the virion packaging of the viral DNA
genome or any of the proteins we analyzed, global and unbiased
quantitative approaches may reveal more subtle defects in virion
composition (RNAs, proteins, or lipids) in the absence of SLBP
that could be explored for their role in promoting virion infectiv-
ity. Imaging approaches could compare the architecture of DNA-
containing capsids and complete virions produced in control and
SLBP-deficient cells. How any observed defects in composition
or architecture may affect virion stability, binding to the cell sur-
face, or intracellular trafficking (during entry or egress) would
then need to be determined. Interestingly, SLBP is required for
efficient HCMYV infectious progeny accumulation despite the fact
that during an HCMV infection, SLBP does not appear to per-
form its only known function (supporting RD histone biosynthe-
sis). A mutational analysis of SLBP could reveal which function
of SLBP (e.g., RNA binding, specific protein—protein interac-
tions, nucleo-cytoplasmic shuttling) facilitates HCMV infection.
Finally, as viruses are expert manipulators of cellular proteins and
pathways, studying the role of SLBP during HCMV infection
may reveal a previously unknown cellular function or functions
of this protein.

Materials and Methods

Cells and Viruses. For serum starvation, de-identified human foreskin fibro-
blasts were seeded at 1.2 x 10* cells/em?” in medium containing 10% fetal
bovine serum (FBS). After 24 h, media were removed, and cells were washed
twice with phosphate-buffered saline and refed with low-serum media (0.1%
FBS) for 48 h. Serum stimulation was performed by addition of media contain-
ing 10% FBS for 24 h. Unless otherwise indicated, cells were infected with
HCMV strain AD169 at an MOI of 1.0 pfu/cell in low-serum media (resulting in
~60-70% of cells being infected, based on UL44 expression by 48 hpi).

Western Blots and Immunofluorescence. For Western blot, cells were lysed
in sodium dodecyl sulfate (SDS) lysis buffer (1% SDS, 2% b-mercaptoethanol),
and equivalent amounts of total protein were analyzed by Western blot as previ-
ously described (61). For immunofluorescence, cells were cultured and infected
on glass coverslips and fixed and stained as previously described (61). Images
were acquired using a Nikon confocal laser scanning microscope with Prairie
View Software, and images were processed and analyzed using FUJI soft-
ware (62).

DNA and RNA Analysis. Total DNA or total RNA was isolated from cells using
an total DNA or total RNA minikit (IBI Scientific). For qRT-PCR, equal amounts of
RNA were treated with double-stranded DNA specific endonuclease (dsDNase)
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and converted to complementary DNA (cDNA) using the Maxima H Minus Super-
mix with dsDNase system (ThermoScientific). Equal amounts of DNA and cDNA
were analyzed by qPCR as previously described (63). For Northern blots, equal
amounts of total RNA were used for Northern blot analysis with probes derived
from the entire open reading frame of histone genes.

siRNA Transfection. Serum-starved fibroblasts were transfected with
ON-TARGETplus siRNAs (Dharmacon) targeting SLBP (siSLBP#1: J-012286-07,
CGGCUGACUUUGAGACAGA; siSLBP#2: J-012286-08, GACAGAAGCAGAUCAA-
CUA) or a nontargeting control (siScr: D-001810-10) at 20 pmol of siRNA per
one million cells by electroporation using an Amaxa Human Dermal Nucleofec-
tor Kit (Lonza cat. no. VPD-1001) according to the manufacturer’'s directions.

Quantification of Histones Using Mass Spectrometry. Changes in histone
levels were determined using SILAC and mass spectrometry. Cells were cultured
in heavy (H) SILAC media and then either infected or serum stimulated in light
(L) SILAC media. Histones were isolated using a histone purification kit (Active
Motif, Carlsbad, CA) and analyzed by mass spectrometry as previously
described (64).

Data Presentation and Statistical Analysis. Unless otherwise indicated, all
bar graphs represent the mean + SEM from at least three biological replicates.
Blots and micrographs shown are representative images from at least three bio-
logical replicates. Statistical significance was calculated by two-tailed Student's
ttest with *: P < 0.05, **: P < 0.01, ***: P < 0.001, ns: P> 0.7.

Please see SI Appendix for a more detailed description of the materials and
methods.

Data Availability. All study data are included in the article and/or S/ Appendix.
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