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ABSTRACT Pseudorabies virus (PRV) is a porcine alphaherpesvirus that belongs to the
Herpesviridae family. We showed earlier that infection of porcine epithelial cells with PRV
triggers activation of the nuclear factor kB (NF-kB) pathway, a pivotal signaling axis in
the early immune response. However, PRV-induced NF-kB activation does not lead to
NF-kB-dependent gene expression. Here, using electrophoretic mobility shift assays
(EMSAs), we show that PRV does not disrupt the ability of NF-kB to interact with its kB
target sites. Assessing basal cellular transcriptional activity in PRV-infected cells by quan-
titation of prespliced transcripts of constitutively expressed genes uncovered a broad
suppression of cellular transcription by PRV, which also affects the inducible expression
of NF-kB target genes. Host cell transcription inhibition was rescued when viral genome
replication was blocked using phosphonoacetic acid (PAA). Remarkably, we found that
host gene expression shutoff in PRV-infected cells correlated with a substantial retention
of the NF-kB subunit p65, the TATA box binding protein, and RNA polymerase II—
essential factors required for (NF-kB-dependent) gene transcription—in expanding PRV
replication centers in the nucleus and thereby away from the host chromatin. This study
reveals a potent mechanism used by the alphaherpesvirus PRV to steer the protein pro-
duction capacity of infected cells to viral proteins by preventing expression of host
genes, including inducible genes involved in mounting antiviral responses.

IMPORTANCE Herpesviruses are highly successful pathogens that cause lifelong persistent
infections of their host. Modulation of the intracellular environment of infected cells is im-
perative for the success of virus infections. We reported earlier that a DNA damage
response in epithelial cells infected with the alphaherpesvirus pseudorabies virus (PRV)
results in activation of the hallmark proinflammatory NF-kB signaling axis but, remark-
ably, that this activation does not lead to NF-kB-induced (proinflammatory) gene expres-
sion. Here, we report that PRV-mediated inhibition of host gene expression stretches
beyond NF-kB-dependent gene expression and in fact reflects a broad inhibition of host
gene transcription, which correlates with a substantial recruitment of essential host tran-
scription factors in viral replication compartments in the nucleus, away from the host
chromatin. These data uncover a potent alphaherpesvirus mechanism to interfere with
production of host proteins, including proteins involved in antiviral responses.

KEYWORDS herpesvirus, host gene expression, pseudorabies virus, shutoff

Virus-infected cells prompt an acute set of responses to limit virus replication and
to alert neighbor cells and the immune system about the viral infection (1, 2). An

excellent paradigm of these defensive strategies is the activation of the nuclear factor
kappa B (NF-kB) pathway, a principal cellular signaling axis in innate immunity (3).

In line with this, we found earlier that the porcine alphaherpesvirus pseudorabies
virus (PRV) also triggers activation of the NF-kB pathway (4, 5). Alphaherpesviruses
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constitute the largest subfamily of the herpesvirus family and include, among others,
the human pathogens herpes simplex viruses 1 and 2 (HSV-1 and HSV-2) and varicella-
zoster virus (VZV), bovine herpesvirus 1 (BHV-1), equine herpesvirus 1 (EHV-1), and fe-
line herpesvirus 1 (FHV-1) (6, 7).

We identified that infection of epithelial cells with PRV leads to a rapid DNA damage
response (DDR) within 2 to 4 h postinoculation (hpi), which in turn leads to activation of
NF-kB (4, 5). Although the hallmark aspects of NF-kB activation can be observed in PRV-
infected cells (i.e., degradation of the NF-kB inhibitory factor IkBa followed by phospho-
rylation of the NF-kB p65 subunit at Ser536 and nuclear import of p65 in the infected cell
nucleus), this does not lead to NF-kB-dependent gene expression (4, 5). Importantly, the
transcriptional activity of NF-kB in PRV-infected cells was rescued by the addition of the vi-
ral DNA polymerase inhibitor phosphonoacetic acid (PAA), suggesting that shutoff of NF-
kB-dependent gene expression is driven by (processes depending on) viral replication (5).

In this report, we demonstrate that PRV-induced inhibition of NF-kB-dependent
gene transcription is a consequence of a broader repression of host cell transcription
activity in PRV-infected epithelial cells. NF-kB electrophoretic mobility shift assays
(EMSAs) show that PRV does not interfere with the capacity of NF-kB to interact with
its kB binding sites. However, PRV infection results in substantial sequestration of the
NF-kB p65 subunit along with the TATA box binding protein (TBP) and the RNA poly-
merase II inside virus replication compartments (VRCs) and thereby away from host
chromatin, which may constitute the basis of PRV-induced inhibition of (NF-kB-driven)
host gene transcription. Host gene expression and subcellular localization of p65, TBP,
and RNA polymerase II at sites of host chromatin were restored by the addition of PAA.
In addition, we found that PRV infection has remarkable consequences on nuclear
physiology, illustrated by the relocation of the linker histone H1 to PRV VRCs, although
the reversible acetylation of the nucleosomal histone H3 associated with the highly
compacted host DNA in the infected cell is preserved. Hence, this report reveals a
broad host cell transcription inhibition caused by PRV infection of epithelial cells,
thereby interfering with (antiviral) host cell responses against the virus.

RESULTS
PRV does not affect the ability of NF-jB to interact with jB sites and does not

encode a factor that binds jB sequences. To investigate how PRV infection inhibits
NF-kB-dependent gene expression, we assessed the ability of NF-kB in PRV-infected
cells to interact with kB sites, a crucial step leading to NF-kB-induced gene transcription.
To this end, NF-kB EMSAs were performed to assess the in vitro complexing capacity of
NF-kB from PRV-infected cells with kB-responsive elements. The kB-binding capacity of
NF-kB in PRV-infected swine testicle (ST) cells was evaluated at 4, 5, 6, 8, and 12 hpi,
time points that correlate with the gradually increased and continuous NF-kB activation
observed from 4 hpi onwards (Fig. 1A to C). The EMSA data showed that the kB-binding
capacity of NF-kB progressively increases throughout PRV infection from 5 hpi onwards
(Fig. 1B and C), which fits with the kinetics of PRV-induced IkBa degradation and nuclear
import of NF-kB p65 (Fig. 1A) (4). Of note, the ability of NF-kB to bind kB sequences in
PRV-infected cells at 8 hpi is comparable to that observed in mock-infected cells stimu-
lated with tumor necrosis factor alpha (TNF-a) for 30 min or doxorubicin for 6 h, further
highlighting that PRV does not disrupt kB-binding fitness of NF-kB transcription factors.
Furthermore, the NF-kB EMSA results demonstrate that PAA treatment reduces but does
not impair the in vitro interaction of NF-kB with kB sites (Fig. 1B and C). This less power-
ful complexing of NF-kB with kB sites in the presence of PAA is likely the result of the
weaker DDR, which is the trigger for NF-kB activation in PRV-infected cells, in line with
our earlier observations (5). As a control, Western blotting (WB) confirmed that complete
IkBa degradation was achieved by doxorubicin, TNF-a, and PRV infection (Fig. 1D). In
line with previous data (5), in PRV-infected cells, PAA restored NF-kB-dependent gene
expression and thereby replenishment of the IkBa protein (Fig. 1D).

Subsequently, we verified the composition of kB-interacting NF-kB complexes in
PRV-infected ST cells at 8 hpi by performing supershift EMSAs, making use of anti-p65
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FIG 1 Activated NF-kB in PRV-infected cells contains p65 and p50 and is able to bind kB sites in DNA. (A) Merged confocal microscopy pictures of NF-kB
p65 (shown in green) and cell nuclei (shown in blue) in PRV-infected ST cells at 4, 6, and 8 hpi (PRV WT Kaplan, MOI of 10). (B) NF-kB EMSA in PRV-infected
ST cells treated or not with 400 mg/mL PAA at 4, 5, 6, 8, and 12 hpi (PRV WT Kaplan, MOI of 10) and in ST cells exposed to 5 mM doxorubicin for 6 h or to

(Continued on next page)
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and anti-p50 antibodies (Fig. 1E). The results show that most, if not all, of the NF-kB
complexes that interact in vitro with kB sites contain the p65 subunit of NF-kB, con-
firming that the NF-kB p65 that is imported in the nucleus of PRV-infected ST cells is
apt to bind kB sequences. Moreover, a supershifted migration of NF-kB-kB complexes
(NF-kB bound to kB sequences) was also observed using the anti-p50 antibody (Fig.
1E), indicating that the p50 subunit of NF-kB also makes part of NF-kB complexes in
PRV-infected cells. Hence, the major NF-kB complex induced by PRV infection appears
to contain the p65/p50 heterodimer, arguing against the possibility that NF-kB com-
plexes formed in PRV-infected cells would be intrinsically repressive, as such repressive
complexes are typically composed of NF-kB dimers that lack the transactivation do-
main that is present only in Rel proteins like NF-kB p65 (RelA) (8). In addition, the assay
further confirmed the NF-kB EMSA results by the elimination of NF-kB-kB complexes
using cold probes as competitive inhibitors in PRV-infected cell lysates (Fig. 1E).

These EMSA data indicate that the inability of NF-kB to trigger gene expression in
PRV-infected cells cannot be explained by a lack of kB-binding capacity. Alternatively,
PRV infection possibly may result in an occupancy of kB sites, e.g., by PRV proteins,
thereby interfering with the NF-kB-kB interaction. To assess this hypothesis, we
explored the binding of other (viral) factors to kB sites in the absence of NF-kB activa-
tion in PRV-infected cells. To this end, NF-kB activation in PRV-infected cells was sup-
pressed by the use of three independent approaches using (i) the proteasome inhibitor
MG132 to inhibit IkBa degradation, (ii) the Nedd8 inhibitor MLN4924, which inhibits
IkBa ubiquitination and degradation, or (iii) the ATM inhibitor KU60019, which inhibits
the ATM-dependent DDR and therefore PRV-induced DDR-dependent NF-kB activation
(Fig. 1F). Notably, none of these inhibitors had a deleterious impact on virus replica-
tion, as illustrated by similar expression levels of the viral US3 protein in the absence or
presence of the inhibitors (Fig. 1F) and similar expression levels of late viral proteins (4,
5). All three inhibitors abolished the kB-binding capacity of NF-kB in PRV-infected cells,
and EMSAs showed no alternative proteins interacting with kB sites in the presence of
these inhibitors (Fig. 1G and H). Hence, the data do not suggest a possible competitive
inhibition by PRV(-induced) proteins for the binding with kB sites.

NF-jB p65, TATA box binding protein (TBP), and RNA polymerase II are largely
sequestered inside PRV replication compartments. The intact kB-binding capacity
of NF-kB during PRV infection in combination with the lack of NF-kB-dependent host
gene expression suggests that NF-kB may not have efficient access to host target
genes in PRV-infected cells. To address this, the relative position of NF-kB p65 with
respect to nuclear chromatin and RNA polymerase II, which is indispensable for (NF-
kB-induced) gene transcription, was assessed by confocal microscopy. First, the forma-
tion of virus replication compartments (VRCs) in the nucleus of PRV-infected cells was
evaluated. To this end, we used a PRV strain encoding a viral DNA-binding ICP8 protein
fused to enhanced green fluorescent protein (eGFP), which had been used before to
visualize the formation of PRV VRCs (9). In line with this earlier report, we observed
that from around 4 hpi onwards, PRV infection leads to the formation and expansion
of PRV VRCs in the nucleus, which leads to major host cell chromatin marginalization

FIG 1 Legend (Continued)
100 ng/mL porcine TNF-a for 30 min. (C) Graph representing the semiquantitative analysis of the intensity of protein bands corresponding to NF-kB-kB
complexes in the EMSAs of panel B (set relative to mock-infected cells). Means and standard deviations of the results of three independent repeats of the NF-
kB EMSA are shown. (D) Western blot analysis of IkBa in PRV-infected ST cells treated or not with 400 mg/mL PAA at 8 and 12 hpi (PRV WT Kaplan, MOI of
10) and in ST cells stimulated with 100 ng/mL porcine TNF-a for 30 min or 5 mM doxorubicin for 6 h. Detection of the PRV proteins US3 and gB was
performed to validate successful PAA treatment. (E) NF-kB supershift EMSAs in mock-infected ST cells and in PRV-infected ST cells at 8 hpi, either treated or
not with 400 mg/mL PAA. Supershift assays were performed using anti-p65, anti-p50, or rabbit IgG isotype control antibodies and cold kB probes. Arrows
indicate locations of supershifted NF-kB complex bands. (F) Western blot analysis of IkBa in PRV-infected ST cells at 6 hpi, treated or not with 10 mM MG132,
50 mM MLN4924, or 10 mM KU60019. MG132 and MLN4924 inhibitors were added at 2 hpi, and KU60019 was added 30 min before inoculation and kept
throughout infection. The PRV US3 protein was detected as infection control. (G) NF-kB EMSA in PRV-infected ST cells at 6 hpi, treated or not with 10 mM
MG132, 50 mM MLN4924, or 10 mM KU60019, and in ST cells stimulated with 100 ng/mL porcine TNF-a for 30 min. KU60019 was added 30 min before
inoculation and kept throughout infection, while MG132 and MLN4924 were added at 2 hpi. (H) Graph representing the semiquantitative analysis of the
intensity of protein bands corresponding to NF-kB-kB complexes in the EMSAs of panel G (set relative to mock-infected cells). Means and standard deviations
of the results of three independent repeats of the NF-kB EMSA are shown.
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(Fig. 2A). Using host cell chromatin marginalization as a proxy for VRC localization, a
PRV strain encoding an eGFP-tagged VP26 capsid protein (10) confirmed that the
expanding VRCs at 8 hpi are filled with viral capsid protein (Fig. 2A).

Again by the use of host cell chromatin marginalization as a proxy for VRC forma-
tion, nuclear distribution of NF-kB p65 was found to largely correspond with PRV VRCs
in PRV-infected ST cells at 6 hpi. In addition, and remarkably, RNA polymerase II also
substantially accumulates inside VRCs and is apparently physically largely discon-
nected from host chromatin (Fig. 2B and C). Importantly, the sequestration of RNA po-
lymerase II in VRCs was confirmed in PRV-infected primary porcine kidney (PPK) cells as
well as SK-6 swine kidney cells, indicating that this is not a cell type-dependent pheno-
type (Fig. 2C). As a control for purity of the primary PPK cell population, the epithelial
cell marker cytokeratin was stained (Fig. 2D). Addition of PAA suppressed the forma-
tion of noticeable VRCs and restored the colocalization of cellular DNA with RNA poly-
merase II (Fig. 2C). We also consistently observed an increased cytoplasmic signal for
RNA polymerase II in PRV-infected cells compared to mock-infected cells. Although
speculative, this possibly may point to disturbed nucleocytoplasmic transport in
infected cells. In any case, these findings suggest that PRV infection leads to the inhibi-
tion of NF-kB-induced gene transcription by preventing efficient access of NF-kB p65
as well as RNA polymerase II to the host genome. These data also suggest that the inhi-
bition of host gene expression may stretch well beyond NF-kB-dependent gene
expression and may involve most host genes expressed via RNA polymerase II.

To assess whether TBP, another key host protein that is involved in transcription
and acts upstream of RNA polymerase II, was also recruited to VRCs, and additional im-
munofluorescence (IF) assays were performed. TBP constitutes a subunit of the general
transcription factor TFIID and the most upstream factor of the transcriptional cascade,
as it directly interacts with cellular gene promoters and is critical for the subsequent
placement of RNA polymerase II on transcription start sites (11–13). Just like RNA poly-
merase II, TBP was mainly distributed within VRCs in the various cell types infected
with PRV. Again, inhibition of VRC formation by PAA rescued the access of TBP to nu-
clear host DNA (Fig. 2E). As a control, Western blot analyses indicate that protein levels
and electrophoretic mobility of RNA polymerase II and TBP are not affected in PRV-
infected ST cells at 8 hpi (Fig. 2F). In conclusion, the substantial recruitment of TBP and
RNA polymerase II in VRCs point toward a broad appropriation of the cellular transcrip-
tion machinery by PRV.

PRV infection induces a PAA-sensitive broad shutoff of host transcription. The
mismatch between nuclear distribution of host chromatin and factors that are required
for (NF-kB-dependent) transcription suggests that PRV induces a broad repression of
host transcription. Taking into consideration that PAA treatment leads to the rescue of
both colocalization of RNA polymerase II and TBP with host DNA and NF-kB-depend-
ent gene transcription, we hypothesized that such broad virus-induced inhibition of
host transcription would likely be PAA sensitive. To assess this, cellular transcription ac-
tivity was evaluated by reverse transcription-quantitative PCR (RT-qPCR) analyses for
quantification of prespliced transcripts corresponding to different genes. Analyzing
prespliced transcripts rather than mature transcripts allows the accurate estimation of
transcription efficiency without confounding factors, such as potential differences in
transcript degradation. We selected IkBa as a readout of NF-kB-induced gene tran-
scription, and the genes coding for GAPDH (glyceraldehyde-3-phosphate dehydrogen-
ase), B2M (b2-microglobulin), and PGK1 (phosphoglycerate kinase 1) were chosen as
constitutively expressed genes for the measurement of basal host gene transcription.
These three constitutive genes are typically used as housekeeping genes and are located
on different chromosomes. RT-qPCR assays conducted to assess prespliced mRNA levels
were based on the generation of amplicons corresponding to sequences in the intron-
exon boundaries that are present only in unspliced transcripts. Interestingly, although
statistically significant differences were observed only for the GAPDH gene, transcription
of all three constitutively expressed genes appeared to be reduced in PRV-infected cells
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FIG 2 PRV infection results in substantial sequestration of NF-kB p65, RNA polymerase II, and TATA box binding protein (TBP) in nuclear virus replication
compartments (VRCs). (A) Confocal microscopy pictures of ST cells infected with PRV ICP8-GFP (PRV 926, MOI of 10) at 4, 6, and 8 hpi or with PRV VP26-
GFP (PRV GS443, MOI of 10) at 8 hpi. Viral proteins fused to GFP are shown in green, and the counterstained cell nuclei are represented in gray (upper
row) or blue (lower row). Bar, 10 mm. (B) Confocal microscopy pictures of RNA polymerase II (in green) and NF-kB p65 (in red) in ST cells infected with PRV
at 6 hpi (PRV WT Kaplan, MOI of 10) or treated with 100 ng/mL porcine TNF-a for 30 min. Cell nuclei are shown in gray. Bar, 50 mm. (C) Confocal
microscopy pictures of RNA polymerase II (in green) in PRV-infected ST, SK-6, and PPK cells (PRV WT Kaplan, MOI of 10). ST and PPK cells were fixed at 6
hpi, while SK-6 cells were fixed at 8 hpi. The counterstained cell nuclei are shown in gray. Bar, 50 mm. (D) Confocal microscopy pictures of PKK cells stained
for pancytokeratin (in green). Cell nuclei are shown in blue. Bar, 50 mm. (E) Confocal microscopy pictures of TBP (in green) in PRV-infected PPK, ST, and SK-
6 cells at 6 hpi (ST and PPK) and 8 hpi (SK-6) (PRV WT Kaplan, MOI of 10). The counterstained cell nuclei are shown in gray. Bar, 50 mm. (F) Western blot
analysis of RNA polymerase II and TBP in mock-infected and PRV-infected ST cells at 8 hpi (PRV WT Kaplan, MOI of 10). Detection of the viral gE protein
served as the infection control, whereas H3 and a-tubulin protein levels were used as loading controls for nuclear and cytoplasmic proteins, respectively.
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at 8 hpi and, in the case of the GAPDH gene, already at 6 hpi, in line with a general shut-
off of host gene expression in PRV-infected cells (Fig. 3A). Importantly, and in agreement
with the earlier described PAA-dependent release of NF-kB-induced gene expression,
addition of PAA rescued the expression of the different constitutively expressed host
genes in PRV-infected cells, without increasing their expression in mock-infected cells. In
the case of the B2M and PGK1 genes, addition of PAA to PRV-infected cells even resulted
in a markedly (albeit not statistically significant) increased transcription at 6 hpi, suggest-
ing that virus induced increased transcriptional activity at this time point. As a control,
addition of the transcription inhibitor actinomycin D from 6 to 8 hpi suppressed the
increase of constitutive gene transcription by PAA in this time window in PRV-infected
ST cells (Fig. 3A). When transcriptional rates for the different constitutively expressed
genes are examined at different time points postinoculation, consistent with our other
data, host transcriptional activity drops substantially and significantly for the GAPDH,
B2M, and PGK1 genes from 4 hpi onwards (Fig. 3B and C). Independent data sets were
used to generate Fig. 3B and C, which accounts for the slight discrepancies at the 6-hpi
time point observed in the two figure panels.

To confirm that PRV infection of ST cells causes a broad inhibition of cellular transcrip-
tion, we analyzed RNA sequencing (RNA-seq) data of PRV-infected ST cells at 16 hpi.
Figure 3D confirms that PRV infection of ST cells leads to a broad downregulation of
host transcripts, with .75% of cellular transcripts being significantly downregulated,
whereas less than 1% of cellular transcripts are upregulated. In agreement with our RT-
qPCR data on the corresponding pre-mRNAs (Fig. 3A and B), GAPDH, B2M, and PGK1
mRNAs were significantly reduced in the RNA-seq data set. Further in line with earlier
RT-qPCR data (4), the RNA-seq data indicated that also transcripts corresponding to the
A20 and IkBa NF-kB-inducible genes were statistically significantly downregulated in
PRV-infected ST cells compared to mock-infected cells, Interleukin-6 (IL-6) was downre-
gulated albeit not statistically significantly and TNF-a was not detectably expressed in
any sample. Although the RNA-seq data were generated at a late time point in infection
(16 hpi) and time course analyses would be needed to carefully assess this, we hypothe-
size that the small percentage (,1%) of upregulated cellular transcripts may be the
result of their enhanced transcription early in infection, prior to the inhibition of host
gene transcription by PRV. In conclusion, these data demonstrate that the PAA-sensitive
shutoff of NF-kB-dependent gene transcription is at least partially and possibly entirely
due to a broad inhibition of host gene transcription in PRV-infected cells, probably
driven by the formation and expansion of VRCs and the sequestration of the host tran-
scription complex in these VRCs.

The PRV-induced shutoff of host gene transcription does not appear to depend
on the impermeability of cellular chromatin or on the PRV-induced DNA damage
response. The inability of TBP and RNA polymerase II, largely retained inside PRV VRCs,
to efficiently access the host chromatin may possibly rely on an impermeability of the
densely compacted cellular genome to any type of protein. To evaluate this, the rela-
tive positions of histones and the modularity of histone epigenetics were evaluated. As
illustrated in Fig. 4A, the core histone H3, composing the nucleosome, localizes mostly
at sites of marginalized host chromatin in PRV-infected ST cells at 6 hpi. The linker his-
tone H1 also colocalizes substantially with marginalized cellular DNA but in addition is
present in PRV VRCs at 6 hpi and also, although limitedly, at 10 hpi (Fig. 4A). Since H3
does not appear to detach substantially from host chromatin, we analyzed whether
enzymes affecting histone H3 acetylation still have access to host chromatin by induc-
ing the accumulation of acetyl-H3 using the broad-spectrum histone deacetylase
(HDAC) inhibitor trichostatin A (TSA). Interestingly, TSA was able to trigger H3 acetyla-
tion at lysine 27 (H3K27ac) when added to PRV-infected ST cells either before (from 2
to 6 hpi) or after (from 8 to 12 hpi) the appearance of chromatin marginalization and
the virus-induced shutoff of host gene transcription (Fig. 4B and C). This suggests that
histone acetyltransferases and/or deacetylases are active despite the compression of
cellular chromatin, indicating that marginalized host chromatin in PRV-infected cells is
not impermeable to nuclear enzymes.
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FIG 3 PRV infection results in broad inhibition of host gene expression. (A) Graphs showing the means
and standard deviation of results of three independent repeats of quantification of the fold difference

(Continued on next page)
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The TSA-induced relaxation of host DNA did not noticeably affect (ICP8-GFP-positive)
PRV VRC growth or chromatin marginalization (Fig. 4D), suggesting that the marginaliza-
tion of cellular chromatin likely depends on mechanical forces and not on epigenetic
host chromatin compaction. In addition, and in line with this, the release of the PRV-
induced shutoff of cellular gene transcription by PAA is not associated with noticeable
PAA-mediated effects on H3 K27 acetylation (Fig. 4E). Finally, to assess whether HDACs
and/or the PRV-induced DDR contribute to the virus-induced shutoff of host gene
expression, we tested whether the repression of host gene transcription could be
released by TSA-induced inhibition of HDACs or by blocking the massive PRV-induced
DDR using the ATM inhibitor KU60019 (Fig. 4F). As shown in Fig. 4G, neither inhibition of
HDACs nor ATM restored transcription levels of GAPDH, B2M, or PGK1 genes in PRV-
infected ST cells at 8 hpi. In conclusion, neither histone deacetylation nor the PRV-
induced DDR causes the virus-induced shutoff of cellular gene transcription, further
pointing toward the substantial sequestration of key host cell transcription factors in
PRV VRCs as a possible cause for this suppression.

PRV-induced NF-jB activation does not affect the transcription of viral genes
that contain potential jB sites upstream of their start codon. Although PRV infec-
tion triggers nuclear recruitment of p65/p50 NF-kB heterodimers that are able to bind
kB sites, at least in vitro (Fig. 1B and E), this does not result in upregulation of the tran-
scription of prototypical NF-kB-driven cellular genes due to the virus-induced shutoff
of host gene expression. Taking into consideration that nuclear NF-kB p65 in PRV-
infected cell nuclei is distributed mainly within VRCs (Fig. 1A and B), it is possible that
NF-kB complexes may interact with viral genomes to enhance transcription of specific
PRV genes. To address this hypothesis, the PRV Kaplan genome was analyzed for the
presence of possible kB sites by using the consensus sequence 59-GGGRNWYYCC-39, in
which N represents any base, R represents any purine, Y represents any pyrimidine,
and W may be an adenine or a thymine (8, 14). This in silico analysis rendered 36 poten-
tial kB sites in the PRV genome, of which only 9 were located within the upstream
600 bp of the start codon of a viral gene, either overlapping with other viral open read-
ing frames (ORFs) or present in noncoding regions of the genome (Table 1). These 9
kB sites were possibly controlling the expression of 6 PRV genes, i.e., US1 (at bp
2577 and 2405 in the two copies of the gene), US4 (at bp 2152), UL24 (at bp 2425),
UL39 (at bp 241), UL50 (at bp 287), and UL51 (at bp 2290 ) (Table 1). Evaluation of
the mRNA expression kinetics of these 6 viral genes indicated that the peak in mRNA
levels already takes place at 4 hpi for the UL39, UL50, and UL51 genes. Increased tran-
scription from 4 hpi onwards, albeit limited, was observed only for US1, US4, and UL24
genes (Fig. 5A). Since our earlier and current results indicate that noticeable NF-kB
activation and NF-kB interaction with kB sites were detected only from 4 hpi onwards
(4, 5) (Fig. 1B), this suggests that viral gene transcription prior to 4 hpi may not be
directly associated with NF-kB activity. To assess whether PRV-induced NF-kB activa-

FIG 3 Legend (Continued)
in prespliced transcript levels versus the mock condition, determined via RT-qPCR. Results are shown for
prespliced transcripts corresponding to the IkBa, GAPDH, B2M, and PGK1 genes. ST cells were either
mock infected or PRV infected (6 and 8 hpi with PRV WT Kaplan, MOI of 10) and treated or not with
400 mg/mL PAA or 5 mg/mL actinomycin D. PAA was added 30 min prior to inoculation and
maintained throughout infection, while actinomycin D was added from 6 to 8 hpi. In mock-infected
cells, the treatment duration was identical to that in infected cells. As positive controls for IkBa gene
transcription, ST cells were treated with 100 ng/mL porcine TNF-a for 30 min or 5 mM doxorubicin for 6
h, respectively. Different letters in the GAPDH graph indicate conditions that are statistically significantly
different from each other (P , 0.05). (B) Graphs showing mean and standard deviation of results of
three independent repeats of RT-qPCR-based quantification of prespliced mRNA levels corresponding to
GAPDH, B2M, and PGK1 genes in PRV-infected ST cells at 2, 4, 6, and 8 hpi (PRV WT Kaplan, MOI of 10).
Statistically significant differences in results compared to mock-infected cells are indicated (ns,
nonsignificant; ***, P , 0.001). (C) Western blot analysis of the PRV proteins IE180, US3, and gE in PRV-
infected ST cells at 2, 4, 6, and 8 hpi (PRV WT Kaplan, MOI of 10). (D) MA plot analysis of RNA-seq data
sets of ST cells infected with PRV WT NIA3 at 16 hpi (MOI of 10) compared to transcript levels found in
mock-infected cells. Gray dots indicate cellular transcripts, whereas black dots correspond to viral
transcripts.
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FIG 4 PRV-induced suppression of host transcription is not caused by HDAC-mediated epigenetic silencing. (A) Confocal microscopy pictures of
histone 3 (H3, upper panel) and histone 1 (H1, lower panel) at 6 hpi and 10 hpi in PRV-infected ST cells (PRV WT Kaplan, MOI of 10). Histones are

(Continued on next page)
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tion was involved in expression of any of these 6 viral genes, the corresponding mRNA
levels were quantified at 4 hpi and 8 hpi in the absence or presence of the ATM inhibi-
tor KU60019, which efficiently blocks PRV-induced DDR-dependent NF-kB activation
(Fig. 1F to H and 5B) (5). Figure 5C shows that none of the candidate genes displayed

TABLE 1 Potential kB sequences present in the PRV Kaplan genomea

Sequence (59–39) Strand Positions Location
GGGGCTCTCC 2 698–707 Noncoding region
GGGGCTCCCC 1 7430–7439 290 bp upstream of UL51 ORF
GGGACTCCCC 2 9468–9477 87 bp upstream of UL50 ORF
GGGGTTTCCC 1 32711–32720 Noncoding region
GGGGTTTCCC 2 32711–32720 Noncoding region
GGGGCTCCCC 1 33949–33958 Noncoding region
GGGGATCTCC 1 36332–36341 Noncoding region
GGGAGATCCC 2 36333–36342 Overlapping with the UL36 ORF
GGGGCTCCCC 2 44025–44034 Overlapping with the UL37 ORF
GGGACTCTCC 1 46722–46731 41 bp upstream of the UL39 ORF
GGGGCTCCCC 2 60095–60104 425 bp upstream of the UL24 ORF
GGGACTCTCC 1 64238–64247 Noncoding region
GGGAATCCCC 2 64324–64333 Noncoding region
GGGAATCCCC 1 64324–64333 Noncoding region
GGGGGTTTCC 1 95406–95415 Noncoding region
GGGAAACCCC 2 95407–95416 Overlapping with the UL1 ORF
GGGGGATTCC 1 95788–95797 Noncoding region
GGGGGATCCC 1 96697–96706 Noncoding region
GGGGCTCCCC 1 97975–97984 Noncoding region
GGGGGTCCCC 1 100847–100856 Noncoding region
GGGGCTCTCC 2 104975–104984 Overlapping with the IE180 ORF
GGGAGTCCCC 1 106180–106187 Noncoding region
GGGGGATTCC 1 114358–114367 Internal repeat sequence
GGGAATCCCC 2 114359–114368 Noncoding region
GGGGGATCCC 1 115604–115613 Internal repeat sequence, 577 bp upstream of the US1 ORF
GGGGGATCCC 2 115606–115615 Noncoding region
GGGGCTTCCC 1 115776–115785 Internal repeat sequence, 405 bp upstream of the US1 ORF
GGGGCTTTCC 1 119313–119322 Overlapping with the US3 ORF, 152 bp upstream of the US4 ORF
GGGGCTCCCC 2 126209–126218 Noncoding region
GGGGCTTCCC 2 128954–128963 405 bp upstream of the US1 ORF
GGGGGATCCC 1 129124–129333 Terminal repeat sequence
GGGGGATCCC 2 129126–129135 577 bp upstream of the US1 ORF
GGGAATCCCC 1 130371–130380 Terminal repeat sequence
GGGGGATTCC 2 130372–130381 Noncoding region
GGGAGTCCCC 2 138550–138559 Noncoding region
GGGGCTCTCC 1 139755–139764 Overlapping with the IE180 ORF
aSequences are indicated from the 59 to the 39 end of the corresponding DNA strand. The nucleotide positions are defined based on the positive DNA strand from the 59 to
39 end of the PRV Kaplan genome.

FIG 4 Legend (Continued)
shown in green, and cell nuclei are shown in blue. Pictures in the third column show zoomed regions indicated by white dashed boxes. Bar, 50 mm.
(B and C) Western blot analysis of acetylated H3 at lysine 27 (H3K27ac) and total H3 levels in mock-infected or PRV-infected ST cells (PRV WT Kaplan,
MOI of 10) that were either exposed or not to 5 mM trichostatin (TSA) for 4 h. In panel B, PRV-infected cells were incubated with TSA from 2 to 6
hpi, while in panel C, TSA was added from 8 to 12 hpi. The levels of PRV proteins IE180 (immediate early protein), US3 (early protein), and gE (late
protein) (panel B) or of gE (panel C) were assessed as infection controls. (D) Upper two rows, confocal microscopy images of ST cells at 6 hpi with
PRV ICP8-GFP (PRV 926, MOI of 10), treated or not with 5 mM TSA from 2 to 6 hpi. Cell nuclei are shown in blue. Bar, 50 mm. Lower row, confocal
microscopy pictures of Hoechst-stained PRV-infected ST cell nuclei (PRV WT Kaplan, MOI of 10) at 6 hpi, treated or not with 5 mM TSA from 2 to 6
hpi. Bar, 50 mm. (E) Western blot analysis of H3K27ac in PRV-infected ST cells (PRV WT Kaplan, MOI of 10 PFU/cell) at 6 and 8 hpi, treated or not with
400 mg/mL PAA. PAA treatment was initiated 30 min before infection and was kept during the entire course of infection. As a positive control for H3
acetylation, treatment of mock-infected ST cells with 5 mM TSA was included. Total H3 proteins were assessed as a loading control, whereas viral US3
and gB proteins served as infection controls and confirmed successful PAA treatment. (F) Western blot analysis of the DDR marker phosphorylated
histone H2A.X at serine residue 139 (also termed gH2A.X) in PRV-infected ST cells (PRV WT Kaplan, MOI of 10) at 8 hpi, treated or not with 10 mM
ATM inhibitor KU60019. KU60019 treatment was initiated 30 min prior to infection and maintained during the infection. Total H2A.X and PRV gE
protein levels were assayed as loading and infection controls, respectively. (G) Graphs showing means and standard deviations of results of three
independent repeats of RT-qPCR-based quantification of prespliced mRNA corresponding to GAPDH, B2M, and PGK1 genes in mock- or PRV-infected
ST cells (PRV WT Kaplan, MOI of 10 PFU/cell) at 8 hpi, treated or not with 10 mM KU60019 or 5 mM TSA. TSA was added at 2 hpi, while KU60019 was
added 30 min before virus inoculation and kept throughout the infection. Different letters indicate conditions that are statistically significantly
different from each other (P , 0.05).
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FIG 5 Knockdown of NF-kB p65 or inhibition of ATM does not affect expression of PRV genes that contain potential kB sites upstream of their start
codon. (A) Graphs show the accumulation of transcripts corresponding to the UL51, UL50, UL39, UL24, US1, and US4 viral genes via RT-qPCR assays
throughout the first 8 h of infection in ST cells (PRV WT Kaplan, MOI of 10). Viral mRNA copy numbers are indicated per 12.5 ng of total RNA. The dotted
lines indicate the amount of viral mRNA reached within the first 4 h of infection, before noticeable NF-kB activation. (B) Confocal microscopy images
showing NF-kB p65 (green) and PRV gB (red) in mock-infected ST cells and in PRV-infected ST cells at 8 hpi (PRV WT Kaplan, MOI of 10), either treated
with 10 mM KU60019 or not. KU60019 was added 30 min before virus inoculation and kept throughout the infection. Cell nuclei are shown in blue. Bar,
50 mm. (C) Graphs representing the mean and standard deviation of results of three independent repeats of quantification of mRNA levels corresponding
to the UL51, UL50, UL39, UL24, US1, and US4 viral genes, determined via RT-qPCR in PRV-infected ST cells at 4 hpi and 8 hpi (PRV WT Kaplan, MOI of 10),
treated (gray bars) or not (black bars) with 10 mM KU60019. KU60019 was added 30 min before virus inoculation and kept throughout the infection. Viral
mRNA copy numbers are indicated per 12.5 ng of total RNA. (D) Western blot analysis of NF-kB p65 at 4 hpi and 8 hpi (PRV WT Kaplan, MOI of 10) in PRV-
infected ST cells that were either knocked down or not for NF-kB p65 via siRNA. Infection was monitored by detection of the viral IE180 and gE proteins.
(E) Graphs representing the means and standard deviations of results of three independent repeats of viral transcript quantitation via RT-qPCR assays for
the UL51, UL50, UL39, UL24, US1, and US4 genes at 4 hpi and 8 hpi (PRV WT Kaplan, MOI of 10) in PRV-infected ST cells that were either knocked down
(gray bars) or not (black bars) for NF-kB p65 via siRNA. Viral mRNA copy numbers are indicated per 12.5 ng of total RNA.
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reduced transcription at either 4 hpi or 8 hpi upon treatment with the ATM inhibitor
KU60019, suggesting that NF-kB does not contribute to transcription of these genes.
To confirm this, we assessed mRNA levels of the selected viral genes in PRV-infected ST
cells that were either knocked down or not for NF-kB p65 via small interfering RNA
(siRNA). As described above, the NF-kB p65 is an essential component of the NF-kB
complexes induced by PRV (Fig. 1E). In agreement with the assays conducted using the
ATM inhibitor KU60019, NF-kB p65 knockdown did not affect transcription of the six
selected viral genes, either at 4 hpi or 8 hpi (Fig. 5D and E). Although this further indi-
cates that NF-kB does not contribute to PRV gene expression, we cannot exclude at
this point that kB-binding sites in the viral genome may interact with the NF-kB com-
plexes located in the VRCs for a purpose(s) other than the transcription of the currently
selected viral genes.

DISCUSSION
PRV infection of porcine epithelial cells induces a DDR-dependent activation of the

NF-kB signaling pathway that culminates in the nuclear import of the NF-kB p65 subu-
nit but does not result in an upregulated transcription of NF-kB-responsive genes (4,
5). Here, we show that this lack of NF-kB-dependent gene expression is not due to a
PRV-induced inability of NF-kB complexes, which contain predominantly p65/p50 het-
erodimers, to interact with NF-kB-responsive DNA sequences (kB sites) and does not
appear to involve virus-encoded competitive inhibitors that bind kB sites. Instead, the
shutoff of NF-kB-induced gene transcription is very likely the result of a more general
PRV-induced suppression of host gene transcription that we describe here and that
also affects constitutively expressed housekeeping genes. This broad shutoff of host
gene expression correlates with a spatial sequestration of critical host transcription fac-
tors (including TBP, RNA polymerase II, and NF-kB p65) in virus replication compart-
ments in the nucleus, likely preventing their efficient access to host chromatin.

HSV-infected human epithelial cells have been reported to trigger an aberrant and
persisting NF-kB activation, similar to what we observe in PRV-infected epithelial cells.
Interestingly, EMSAs in these reports also indicated an unaffected ability of activated NF-
kB to bind kB sites throughout the course of the infection without leading to NF-kB-de-
pendent gene transcription or to IkBa protein replenishment (15, 16), in line with what
we describe for PRV. However, other studies suggest that HSV-1-induced persistent NF-
kB activation may be to some extent productive, since it has been reported to prevent
virus-induced apoptosis and to facilitate virus egress from HSV-1-infected epithelial cells
(17, 18). The differences in NF-kB transcription activity may possibly be cell type depend-
ent, as the pathway seems to be productive in HSV-1-infected monocytic cells (19–22).
Amici et al. explained the lack of IkBa protein replenishment in HSV-1-infected epithelial
cells by the redirection of NF-kB factors from cellular to viral gene promoters, in particu-
lar that of the ICP0 gene, to enhance virus replication (23). Other studies suggest that
the proviral effect of HSV-1-induced NF-kB activation may be a consequence of
improved virus release without affecting viral protein expression (15, 18, 24). In any case,
our data indicate that in PRV-infected epithelial cells, the DDR/NF-kB signaling axis acti-
vation does not affect virus replication efficiency or infectious virus production and does
not seem to affect expression of viral genes that harbor potential kB sites in the region
upstream of their start codon, at least in cell culture (4, 5).

The suppression of NF-kB transcriptional activity in PRV-infected cells correlates
with a substantially reduced constitutive expression of the GAPDH, B2M, and PGK1
housekeeping genes. HSV-1 has also been reported to induce a shutoff of cellular gene
transcription starting very early in infection and mediated by diverse immediate early
proteins such as ICP0, ICP4, and ICP27 (25). In PRV-infected ST cells, the onset of inhibi-
tion of host gene transcription coincides with the initiation of exponential viral DNA
replication and L protein expression and is prevented by the addition of the DNA poly-
merase inhibitor phosphonoacetic acid (PAA). In PRV infection, the protein expression
of the HSV-1 ICP4 homolog, the IE180 protein, is not substantially reduced by PAA
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treatment, in line with its expression kinetics as an immediate early gene (4, 5).
Moreover, PAA treatment also does not affect transcription of the two early EP0 and
UL54 genes, which encode the protein homologs of ICP0 and ICP27 of HSV-1, respec-
tively (data not shown), indicating that the mechanisms underlying host gene transcrip-
tion repression differ in PRV and HSV-1. In agreement with our data in PRV-infected cells,
Jenkins and Spencer showed that TBP, RNA polymerase II, and also different subunits of
TFIIE (p56E) and TFIIH (p62H) were concentrated inside (ICP4 positive) HSV-1 VRCs (26).
In addition, the retention of TBP and TBP-associated factors (hsTAF1 and hsTAF4) within
HSV-1 replication factories was reversed by PAA-dependent abrogation of VRC growth
(27). Hence, although there may be (possibly cell type-dependent) differences in this
respect, both PRV and HSV-1 have the capacity to trigger a PAA-sensitive sequestration
of critical host cell transcription factors in VRCs, thereby complicating their access to
host chromatin.

Several HSV-1 proteins affect the activity of RNA polymerase II (e.g., phosphoryla-
tion status of the large subunit of RNA polymerase II) (25–33) and general transcription
factors (GTFs) involved in viral gene expression, such as ICP4 (26, 30, 34–42), VP16 (43,
44), ICP22, UL13 (30–33), ICP0 (26), ICP27, and ICP8 (26, 45). The IE62 protein of VZV
also cooperatively works with the cellular transcription machinery to regulate viral
gene expression (46–51). For PRV, it is known that the IE180 protein promotes RNA po-
lymerase II-dependent gene transcription by modulating the activity of other (cellular)
transcription factors, particularly via formation of the preinitiation complex (52, 53).
However, as discussed above, a potential complexing of IE180 protein or viral E pro-
teins with factors of the host cell transcription complex does not explain the shutoff of
cellular gene transcription in PRV-infected cells, as this shutoff is effectively prevented
by PAA treatment, which does not affect viral IE and E protein expression. Therefore,
we hypothesize that, instead, the PAA-sensitive virus-induced sequestration of RNA po-
lymerase II and GTFs within the growing PRV VRCs may be the main reason for the
PRV-induced suppression of host gene transcription.

Our data suggest that the permeability of marginalized cellular DNA toward DNA-tar-
geting enzymes, like histone deacetylases, does not seem to be an obstacle and there-
fore likely does not explain the apparent lack of association of RNA polymerase II and
GTPs with host chromatin. Therefore, we speculate that the preferential transcription of
viral genes rather than cellular genes may rely on an the association of PRV factors with
the transcription machinery, thereby leading to retention of these host factors inside the
PAA-sensitive VRCs.

Interestingly, earlier microarray-based transcriptome studies of PRV-infected por-
cine PK-15 epithelial cells also indicated a broad shutoff of host gene expression
between 4 hpi and 8 hpi (54, 55), which is in line with our current results. In addition,
microarray-based transcriptome analyses of PRV-infected cells of other species (i.e., rat
embryonic fibroblasts and human HEK-293 cells) also pointed to virus-induced sup-
pression of host gene expression at later stages of infection (56–58). Our RNA-seq anal-
ysis indicated that at late stages of infection, ,1% of host genes showed statistically
increased expression. Although the RNA-seq data were generated at a late time point
in infection (16 hpi) and additional time course experiments are needed to assess this
carefully, it is possible that this very low percentage of upregulated cellular transcripts
may in fact represent transcripts that were upregulated earlier in infection, prior to the
inhibition of host gene transcription by PRV, and/or whether some host genes escape
the broad inhibition of host gene transcription from 4 hpi onwards in PRV-infected
porcine epithelial cells. Of note, some of the upregulated host genes that were identi-
fied in other, microarray-based transcriptome studies of PRV-infected cells and tissues
were also found to be upregulated in our RNA-seq data set, such as the COX1, ARC,
and SLC4A1 genes (56, 59). Ray et al. have demonstrated earlier that the COX1 gene,
which encodes cyclooxygenase 1, contributes to PRV replication in rat embryo fibro-
blasts (60). Hence, it might be interesting in future assays to carefully identify host
genes that are consistently upregulated in several of these transcriptome studies and
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determine their putative biological role in PRV infection. Of note, HSV-1 infection has
been reported to impair transcription termination (61). It will be interesting in future
research to assess whether transcription termination is also suppressed in PRV-infected
cells, as this may further add to host shutoff in addition to the reduced levels of pre-
spliced host mRNA levels that we observe here.

In conclusion, we report that PRV infection of porcine epithelial cells triggers a
broad shutoff of cellular gene transcription. Since this broad inhibition of host gene
expression appears to be highly efficient at repressing NF-kB-dependent proinflamma-
tory gene transcription in PRV-infected epithelial cells, we assume that other (antiviral)
inducible pathways may be similarly hindered from 4 hpi onwards. Hence, this broad
inhibition of host gene expression in infected epithelial cells may serve as a wide-scope
mechanism to inhibit innate immune responses at mucosal epithelia that represent
the primary site of PRV infection.

MATERIALS ANDMETHODS
Cells and viruses. Swine testicle (ST) cells (ATCC CRL-1746) were cultured in modified Eagle’s me-

dium (MEM) supplemented with 10% inactivated fetal bovine serum (FBS), 100 U/mL penicillin, 0.1 mg/
mL streptomycin, 50 mg/mL gentamicin, and 1 mM sodium pyruvate (all from Gibco, Thermo Fisher
Scientific) (ST medium). A swine kidney (SK-6) cell line (62) was cultivated in MEM supplemented with
10% FBS, 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 50mg/mL gentamicin (SK medium).

Porcine primary epithelial kidney (PPK) cells were isolated from 18-week-old piglets (Sus scrofa). In
brief, after the removal of the renal capsule and the outer layer of the kidney cortex, the intermediate
layer of the kidney cortex was fragmented in small pieces and sequentially digested with trypsin at
2.5 mg/mL, resulting in a single-cell suspension. The primary kidney cells collected from several rounds
of trypsinization were cultured in PPK medium consisting of MEM (with L-glutamine) supplemented with
10% FBS, 100U/mL penicillin, 0.1 mg/mL streptomycin, 50mg/mL gentamicin, and 0.05% (vol/wt) lactoal-
bumin hydrolysate until full cell confluence was achieved. A total of 800,000 PPK cells were seeded on
each well of a 24 well plate well, and the next day, the confluent cell monolayer was used to perform
the corresponding assay.

The wild-type (WT) PRV strain used was PRV WT Kaplan (63). The PRV GS443 strain expresses PRV
VP26 capsid protein fused to GFP (VP26-GFP) by coupling the PRV UL35 open reading frame to that of
GFP in the PRV WT Becker backbone (10). The PRV 926 strain was also originated from PRV WT Becker
and encodes the PRV ICP8-GFP protein (and VP26-mRFP), in which the PRV UL29 and GFP open reading
frames were fused (9). PRV GS443 virus was kindly provided by G. A. Smith (Northwestern University, IL,
USA), and PRV 926 was a generous gift from J. B. Bosse (Centre for Structural Systems Biology, Hamburg,
Germany) and L. W. Enquist (Princeton University, NJ, USA). Virus stocks were grown and titrated by se-
rial dilution on ST cells. Every infection was performed on confluent cell monolayers and always using a
multiplicity of infection (MOI) of 10 PFU/cell.

Chemicals and cytokines. Purified recombinant porcine TNF-a was purchased from R&D Systems
(catalog number 690-T). Doxorubicin hydrochloride was obtained from Thermo Fisher Scientific (catalog
number BP25161). The viral DNA polymerase phosphonoacetic acid (PAA) was purchased from Sigma-
Aldrich (catalog number 284270). The 26S proteasome inhibitor MG132 was obtained from Sigma-
Aldrich (catalog number M7449). The Nedd8 inhibitor MLN4924 (pevonedistat) was purchased from
Selleckchem (catalog number S7109). The ATM kinase inhibitor KU60019 was also purchased from
Selleckchem (catalog number S1570). The broad-spectrum histone deacetylase inhibitor trichostatin A
(catalog number T1952) and the gene transcription inhibitor actinomycin D (catalog number A9415)
were purchased from Sigma-Aldrich.

NF-jB EMSA. Five million cells were harvested per condition and resuspended in ice-cold electro-
phoretic mobility shift assay (EMSA) lysis buffer composed of 20 mM HEPES (pH 7.9), 350 mM NaCl,
1 mM MgCl2, 0.5 mM EDTA, 0.15 mM EGTA, 20% glycerol, 1% Nonidet P-40 (NP-40), 0.5 mM dithiothreitol
(DTT), and protease inhibitor cocktail (1 tablet/10 mL of EMSA lysis buffer, cOmplete mini EDTA free; cat-
alog number 11836170001, Roche). Cell lysates were incubated for 30 min on ice and later centrifuged
at 14,000 ! g for 10 min. The supernatant was collected and frozen at 220°C. Cell extracts (10 mg) were
incubated with 1 mg of poly(dI-dC) (catalog number P4929, Sigma-Aldrich) and EMSA binding buffer
(75 mM NaCl, 15 mM Tris HCl [pH 7.5], 1.5 mM EDTA, 1.5 mM DTT, 7.5% glycerol, 0.3% NP-40, 20 mg/mL
bovine serum albumin [BSA]) in a total reaction volume of 9mL for 20 min at 4°C. For supershift assays, 1
mL (;0.2 mg) of the following antibodies were added to the above reaction mixture: anti-NF-kB P65
(Cell Signaling; clone D14E12, catalog number 8242), anti-NF-kB P50 (Upstate; catalog number 06–886),
or control normal rabbit IgG (Cell Signaling; catalog number 2729). To demonstrate the specificity of the
NF-kB complexes, 0.5 mL of unlabeled probe (see below) was added to the above reaction mixture in a
25-fold molar excess. One microliter of [32P]-labeled double-stranded oligonucleotides (59-TCAACAG
AGGGGACTTTCCGAGAGGCC-39) containing the intronic kB site (underlined) from the Igk gene was
added to the reaction mixture and incubated for 20 min at room temperature. The samples were sepa-
rated on a 4% native polyacrylamide gel, which was then dried and exposed to film or a phosphor
screen, and the NF-kB binding bands were quantified by Image Quant software (64).
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Antibodies for the detection of PRV proteins. The mouse monoclonal antibodies used for the
detection of PRV proteins were anti-gB (clone 1C11; 1:100 for Western blotting [WB]), anti-gE (clone
18E8, 1:100 for WB) (65), and anti-US3 (1:100 for WB) (66) antibodies. The anti-IE180 was a rabbit polyclo-
nal antibody (1:1,000 for WB) (67). The anti-US3 antibody was generously provided by L. W. Enquist
(Princeton University, NJ, USA), and the anti-IE180 antiserum was a gift of E. Tabares (Autonoma
University of Madrid, Madrid, Spain).

Antibodies for the detection of cellular proteins. The antibodies purchased from Cell Signaling
Technology (CST) were the mouse monoclonal antibodies anti-IkBa (clone L35A5, 1:1,000 for WB; cata-
log number 4814) and anti-NF-kB p65 (clone L8F6, 1:400 for IF and 1:1,000 for WB; catalog number
6956) and the rabbit antibodies anti-H3 (clone D1H2, 1:2,000 for WB; catalog number 4499), anti-
H3K27ac (clone D5E4, 1:1,000 for WB; catalog number 8173), anti-H2A.X (clone D17A3, 1:1,000 for WB;
catalog number 7631), and anti-phospho-H2A.X at Ser139 (gH2A.X) (1:1,000 for WB; catalog number
2577). From Santa Cruz Biotechnology, we obtained the mouse monoclonal antibodies anti-H1 (clone
AE4, 1:100 for IF; catalog number sc-8030), anti-H3 (clone 1G1, 1:100 for IF; catalog number sc-517576),
and anti-RNA polymerase II (clone CDT4H8, 1:50 for IF and 1:500 for WB; catalog number sc-47701). The
mouse monoclonal anti-TBP antibody was purchased from Thermo Fisher Scientific (clone 3TF1-3G3,
1:1,000 for IF and WB; catalog number MA3-080). The rabbit polyclonal anti-pancytokeratin antibody
(1:200 for IF; catalog number ab9377) and the horseradish peroxidase (HRP)-conjugated mouse mono-
clonal antibody anti-a-tubulin were obtained from Abcam (clone DM1A; catalog number ab40742).

Western blot assays. Samples were harvested in ice-cold 1! radioimmunoprecipitation (RIPA)
buffer, made from 10! RIPA buffer (catalog number ab156034; Abcam) diluted in ultrapure water and
containing protease inhibitor cocktail (cOmplete mini EDTA free; catalog number 11836170001, Roche).
Cell lysates were kept at 4°C for 20 min before storage at 220°C. SDS-PAGE and Western blot (WB) pro-
cedures were extensively described previously (68). The blocking solution was composed of 5% (wt/vol)
nonfat dry milk diluted in 0.1% PBS-Tween 20 (PBS-T). However, for the detection with determined anti-
bodies, the blocking buffer used consisted of 5% (wt/vol) BSA (fraction V; catalog number 1120180100,
Sigma-Aldrich) diluted in PBS-T. Blotted polyvinylidene difluoride (PVDF) membranes were blocked for 1
h at room temperature. Primary antibodies diluted in the corresponding blocking buffer were incubated
with gentle shaking overnight at 4°C. Prior to the incubation with the secondary antibodies, three wash-
ing steps with PBS-T of 10 min each were carried out. HRP-linked secondary antibodies, goat anti-IgG
mouse-HRP (1:2,000; catalog number P0447, Dako) and goat anti-IgG rabbit-HRP (1:3,000; catalog num-
ber P0448, Dako), were diluted in the corresponding blocking solution and incubated at room tempera-
ture for 1 h. Subsequently to the three washing steps after incubation with the secondary antibodies,
protein bands were visualized by chemiluminescence using a ChemiDoc imaging device (Bio-Rad).
Depending on the levels of the targeted protein and the antibody sensitivity, the use of ECL Plus sub-
strate (GE Health Care) or SuperSignal West Femto maximum sensitivity substrate (Thermo Scientific)
was required.

Immunofluorescence assays. Cell monolayers were rinsed with sterile phosphate-buffered saline
(PBS) containing calcium and magnesium prior to fixation using 4% paraformaldehyde for 15 min at
room temperature. After the total removal of paraformaldehyde, fixed cells were incubated with the
blocking/permeabilizing buffer consisting of 0.3% Triton X-100 and 5% inactivated FBS diluted in PBS for
1 h at 37°C. Next, primary antibodies were diluted in the incubation buffer (0.3% Triton X-100 and 1%
[wt/vol] BSA diluted in PBS) and incubated overnight at 4°C. Once the fixed cells were washed three
times to eliminate the unbound primary antibody, fluorochrome-conjugated goat anti-IgG mouse sec-
ondary antibodies (1:200; Invitrogen, Thermo Fisher Scientific) were incubated for 1 h at 37°C. Finally,
cell nuclei were counterstained by using Hoechst 33342 (1:200; catalog number H3570, Invitrogen,
Thermo Fisher Scientific) diluted in PBS for 10 min at room temperature. Most of the pictures shown
were taken with a Leica SPE confocal microscope, except those shown in Fig. 4A, which were captured
with a Thunder imaging system (Leica). The resulting images were analyzed using ImageJ imaging soft-
ware (NIH, USA).

RNA isolation and reverse transcription. An RNeasy minikit (catalog number 74104, Qiagen) was
used to isolate RNA according to the procedure provided by the manufacturer. Total RNA was treated
with DNase I (RNase free; catalog number M0303S, New England Biolabs) for 10 min at 37°C. To stop the
DNase I activity, up to 5 mM EDTA (catalog number AM9260G, Invitrogen) was added for the later incu-
bation at 75°C for 10 min. Reverse transcription (RT) was performed on 500 ng of DNase I-treated RNA,
by making use of the iScript cDNA synthesis kit (catalog number 1708891, Bio-Rad), in a final volume of
20 mL, in accordance with the guidelines provided by the manufacturer. The single-step reverse tran-
scription consisted of 5 min at 25°C (priming), 20 min at 46°C (reverse transcription), and 1 min at 95°C
(inactivation).

qPCR for analysis of unspliced transcript levels and viral mRNAs. Primer DNA oligonucleotides
were produced by Integrative DNA Technologies (IDT). For the analyses of unspliced mRNA
levels, primer sequences were obtained via Primer-BLAST software (NIH, USA) from manually
established sequences placed on exon-intron boundaries of approximately 200 bp, without con-
sidering the first exon. Primers were selected based on their capacity to generate an amplicon
that comprises intron and exon sequences. The primer sequences are shown in Table 2. The complete
sequences of IkBa (NFKBIA, gene ID 406188; range, positions 64509779 to 64509964, chromosome 7),
GAPDH (gene ID 396823; range, positions 64130601 to 64130829, chromosome 5), B2M (gene ID 397033;
range, positions 126867515 to 126867898, chromosome 1), and PGK1 (gene ID 407608; range, positions
62203312 to 62203548, chromosome X) genes in Sus scrofa were drawn from the NCBI Gene database.
The quantitative PCR (qPCR) assays were performed on MicroAmp Fast optical 96-well reaction plates
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(catalog number 4346906, Thermo Fisher Scientific) in a total volume of 20 mL and using SYBR green PCR
master mix (catalog number 4309155, Thermo Fisher Scientific). qPCR assays were launched in a
StepOnePlus real-time PCR system (catalog number 4376600, Thermo Fisher Scientific). Every condition
was assessed in duplicate, and the qPCR data analysis was done by the double delta threshold cycle
method. Data were normalized with the levels of the rRNA 28S. Importantly, the qPCR assays performed
using RNA samples that were not subjected to reverse transcription gave negative results for detection of
any of the prespliced transcripts.

For the quantification of viral transcripts, a standard curve was created by 1/10 serial dilution of viral
genome isolated virus particles from infectious supernatants by using the DNeasy blood and tissue kit
(catalog number 69405, Qiagen) in accordance with the procedure given by the manufacturer. The
standard curve included viral genome concentrations ranging from 5 ! 107 to 5 copies, considering
that 1 PFU corresponds to one viral genome, from which an equation with an R2 of$0.99 was generated
for the calculation of the absolute number of mRNA copies (per 12.5 ng total yield of RNA subjected
to reverse transcription reaction) by linear regression, which was normalized to the relative amount
of rRNA 28S. This procedure was adapted from that described earlier (69). All the primer sequences
(Table 3) were specific for PRV strain Kaplan (GenBank accession number JQ809328) and were obtained
from Tombácz et al. (70).

RNA-seq analysis. RNA isolations were performed using the RNeasy minikit (Qiagen) according to
the manufacturer’s procedure. DNase treatment was performed on-column to eliminate DNA contami-
nation (catalog number 79254, Qiagen). The concentration and quality of the total extracted RNA were
checked via the Quant-it RiboGreen RNA assay (Life Technologies) and the RNA 6000 nano chip (Agilent
Technologies). The QuantSeq 39 mRNA library prep FWD kit (Lexogen) was used for library preparation.
Library quality control (QC) was performed using the high-sensitivity DNA chip (Agilent Technologies).
Sequencing was performed on the NextSeq 500 SR 76 high-output system (Illumina). Data from mock-
infected ST cells or ST cells infected with WT PRV NIA3 (71) (MOI of 10, 16 hpi) were downloaded and
used for analysis in the present study. A combined genome annotation containing the porcine genome
(Sus scrofa) (GCF_000003025.6) and the Suid herpesvirus 1 (PRV) reference genome (GenBank accession num-
ber NC_006151.1) was generated. Reads were aligned using HISAT2 in the QuasR package in R software (72),
and they were subsequently counted via qCount. Differential gene expression was determined using DESeq2
(73). Transcripts with an adjusted P value of less than 0.05 were considered significantly up- or downregulated.
Noncoding transcripts were discarded from these analyses. Size factors were determined based on total library
sizes. Results are represented as MA plots.

In silico analysis of potential jB sequences in the PRV genome. The kB binding sequences pres-
ent in the PRV genome were determined using R software. To that end, the consensus sequence 59-GG
GRNWYYCC-39 in which N represents any base, R represents purine, W represents A or T, and
Y represents pyrimidine, that is 59-GGG(AG)(GATC)(TA)(TC)(TC)CC-39, was identified in the PRV Kaplan ge-
nome (GenBank accession number JQ809328) and in the reverse complement DNA strand. The resulting
kB sequences were exported as a bed file and visualized with the Integrative Genomics Viewer (IGV) ge-
nome browser. Viral genes that contain potential kB sites 600 bp upstream of the coding DNA sequence
were selected for further study.

NF-jB p65 gene expression knockdown via siRNA. The procedure for silencing RNA-mediated
knockdown of porcine p65 gene expression was described in detail previously (4).

Statistics. Unpaired t tests were performed for statistical analyses of the data shown in Fig. 3B.
Tukey’s test for multiple comparisons was applied to data shown in Fig. 3A and 5G.

Data availability. All sequencing data were deposited in GEO under accession number GSE201012.

TABLE 2 Sequences of primers used for detection of prespliced transcriptsa

Primer Forward sequence (59–39) Reverse sequence (59–39)
Prespliced IkBa AGG GTG GCA ACA AGT GCT TA AGC ACC CAA AGA CAC CAA CA
Prespliced GAPDH CAT CCA CAG TCT TCT GGG TGG TTC ACT CCC CCT CCT TGT CTC
Prespliced B2M GGC GGA TGG AAC CCA GAT AC CGG TGA AAT CCT CTG GCG TT
Prespliced PGK1 GGA AGA ATT GCT AGG GAC TGA TCC AGC CTT CTT TGG CAG ATT
rRNA 28S (60) GGG CCG AAA CGA TCT CAA CC GCC GGG CTT CTT ACC CAT T
aThe forward sequence is that closer to the 59 end of the chromosome in which the gene is located.

TABLE 3 Sequences of primers used for detection of viral transcripts

Primer Forward sequence (59–39) Reverse sequence (59–39)
US1 AGC TCA ACG AGC GCG ACG TCT A CGG AAG CTA AAC TCG GAC GCG A
UL24 TGT GCT TCG TCA TCG AGC TC TGG GCG TGT TGA GGT TCC
UL39 GCT GGC CAA GTT CAA GAC G CGC ACA TGT CGA TGA GCA G
UL50 CTT CTT CGA GGT CTT TGC GC ATG TCG TAT CCG GCG TCC T
UL51 GCT CAT GCA CCT GTA CCT CTC G ACG TCG GAC ATC ACC ACG TTG C
US4 ACC TCG ATC TAC ATC TGC GTC G GGC CCT GGT GAT CGC CAT
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