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ABSTRACT The initial events after DNA virus infection involve a race between epi-
genetic silencing of the incoming viral DNA by host cell factors and expression of vi-
ral genes. Several host gene products, including the nuclear domain 10 (ND10) com-
ponents PML (promyelocytic leukemia) and Daxx (death domain-associated protein
6), as well as IFI16 (interferon-inducible protein 16), have been shown to restrict her-
pes simplex virus 1 (HSV-1) replication. Whether IFI16 and ND10 components work
together or separately to restrict HSV-1 replication is not known. To determine the
combinatorial effects of IFI16 and ND10 proteins on viral infection, we depleted
Daxx or PML in primary human foreskin fibroblasts (HFFs) in the presence or ab-
sence of IFI16. Daxx or IFI16 depletion resulted in higher ICP0 mutant viral yields,
and the effects were additive. Surprisingly, small interfering RNA (siRNA) depletion of
PML in the HFF cells led to decreased ICP0-null virus replication, while short hairpin
RNA (shRNA) depletion led to increased ICP0-null virus replication, arguing that dif-
ferent PML isoforms or PML-related proteins may have restrictive or proviral func-
tions. In normal human cells, viral DNA replication increases expression of all classes
of HSV-1 genes. We observed that IFI16 repressed transcription from both parental
and progeny DNA genomes. Taken together, our results show that the mechanisms
of action of IFI16 and ND10 proteins are independent, at least in part, and that IFI16
exerts restrictive effects on both input and replicated viral genomes. These results
raise the potential for distinct mechanisms of action of IFI16 on parental and prog-
eny viral DNA molecules.

IMPORTANCE Many human DNA viruses transcribe their genomes and replicate in
the nucleus of a host cell, where they exploit the host cell nuclear machinery for
their own replication. Host factors attempt to restrict viral replication by blocking
such events, and viruses have evolved mechanisms to neutralize the host restriction
factors. In this study, we provide information about the mechanisms of action of
three host cell factors that restrict replication of herpes simplex virus (HSV). We
found that these factors function independently and that one acts to restrict viral
transcription from parental and progeny viral DNA genomes. These results provide
new information about how cells counter DNA virus replication in the nucleus and
provide possible approaches to enhance the ability of human cells to resist HSV in-
fection.
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Host factors control viral replication through positive and negative effects on viral
replication at steps ranging from entry to replication and assembly of progeny

viruses. Many DNA viruses transcribe and replicate their genomes in the host cell
nucleus by using the cellular machinery and are therefore subject to regulation by host
cell factors that can restrict viral processes. In turn, viruses have evolved strategies to
evade host cell factor-mediated restriction. For example, herpes simplex virus 1 (HSV-1)
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infected cell protein 0 (ICP0) is not essential for viral replication but does stimulate viral
replication, in particular at low multiplicities of infection (MOI) (1, 2). ICP0 is an E3
ubiquitin ligase that promotes the degradation of several host restriction factors,
including the promyelocytic leukemia (PML) protein, Sp100, ATRX, and interferon-
inducible protein 16 (IFI16) (3–6). Depletion of any of these factors increases the
replication of ICP0-negative mutant viruses (7, 8).

Host restriction factors for nuclear DNA viruses include the components of nuclear
domain 10 (ND10) bodies, or PML nuclear bodies (PML-NBs), which are nuclear punc-
tate or ring-like structures consisting of approximately 150 permanently or transiently
associated proteins (9). PML is a member of the tripartite (TRIM) family of proteins and
contains a RING domain, two zinc-binding B-box domains, and a coiled-coil domain
(10). According to current models, PML serves as a structural platform for recruitment
of other proteins, depending on the specific function (11, 12). ND10 bodies can act in
several key cellular pathways, including apoptosis (13), gene regulation (14, 15), onco-
genesis (15), and the antiviral response (16). In the last capacity, three factors, PML,
Sp100, and Daxx, have been found to inhibit HSV-1 infection in HepaRG cells and
fibroblasts (7). This inhibitory effect was also shown for a panel of DNA and RNA viruses,
including but not limited to other herpesviruses (17–19) and HIV (20). As described
above, HSV-1 ICP0 targets certain of these restriction factors for degradation.

Two recent publications, however, raised the hypothesis that PML might also exhibit
proviral activity for HSV-1 infection in Hep2 cells, in a multiplicity-of-infection (MOI)-
dependent fashion (21, 22). Furthermore, Ishov et al. (23) reported that PML-NBs may
provide a platform for human cytomegalovirus (HCMV) gene expression and replica-
tion. PML-NBs have been reported to localize near incoming and early-replicating viral
DNA (vDNA) (24–26).

An additional ND10 protein of interest, Daxx, has been described as a histone H3.3
chaperone (27) which physically interacts with chromatin-associated proteins, such as
histone deacetylase II (HDAC II) and histones H2A, H2B, H3, and H4 (28, 29). Thus, Daxx
has been implicated in epigenetic regulation of gene expression (28). It is believed that
Daxx cooperates with the alpha-thalassemia retardation syndrome X-linked (ATRX)
protein to form an ATP-dependent SNF2-like chromatin remodeling complex. The
combined action of ATRX and Daxx is believed to lead to HDAC II recruitment to the
genome, whereby ATRX performs the ATPase activity and Daxx serves as the recruit-
ment factor (30; reviewed in reference 31).

Interferon-inducible protein 16 (IFI16) has also emerged as an additional crucial
restriction factor during lytic herpesviral infection (8, 32–34). IFI16 is a member of the
PYHIN protein family (35) and is comprised of an N-terminal Pyrin domain, which
mediates protein-protein interactions, and two C-terminal HIN domains, which confer
a sequence-nonspecific double-stranded DNA (dsDNA)-binding ability (36). It was
identified initially as a cytoplasmic DNA-binding protein (35), but it can be nuclear or
cytoplasmic depending on the cell type (37). In the context of HSV-1 infection, IFI16 is
targeted for proteasomal degradation by the viral ICP0 protein (6, 38). We and others
have demonstrated that IFI16 can sense herpesviral DNA in the nuclei of infected cells,
initiate innate signaling (6, 33, 39), and lead to silencing of the viral DNA via establish-
ment of repressive heterochromatin (8, 32). Depletion of IFI16 leads to an increase in
replication of ICP0-null viruses due to enhanced viral gene expression (8, 32). Moreover,
IFI16 has been observed to associate with ND10 proteins (40).

PML-NB or ND10 components and IFI16 react dynamically to incoming viral DNA,
with IFI16, Daxx, and PML being recruited to genome complexes within a scale of
minutes after infection in diploid human fibroblasts (HFs) (8, 40, 41). In light of these
observations, we asked if IFI16 acts independently of the ND10 proteins, Daxx and PML,
through combinatorial depletion of these proteins. We found that the inhibitory effects
of IFI16 and Daxx are additive but that the effects of PML are inhibitory or proviral,
depending on whether PML depletion is via short hairpin RNAs (shRNAs) or small
interfering RNAs (siRNAs). In addition, we present results arguing that IFI16 exerts its
restrictive effect on input genomes as well as progeny genes in normal human cells.
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RESULTS

KO of IFI16 in HFFs increases replication of an HSV-1 ICP0-null virus. We showed
previously that depletion of IFI16 in human foreskin fibroblast (HFF) cells by use of
siRNAs increased replication of ICP0-null viruses (8). To confirm this effect by using gene
knockout (KO) approaches, we established HFF IFI16 knockout cells by using the
clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9 method. We
used guide RNAs (gRNAs) complementary to three different regions of the IFI16 gene,
mapping to the transcription start site (gRNA 2) or within the first 200 bp of the
transcribed region (gRNAs 1 and 4). As a control, we used a cell line expressing only
Cas9. Cell lines expressing Cas9 with gRNA 1 or 4 showed no detectable IFI16 protein
by Western blotting, while expression of gRNA 2 led to an intermediate phenotype with
a partial reduction of IFI16 (Fig. 1A). Levels of IFI16 expression were confirmed by
immunofluorescence (Fig. 1B). We then tested the capacity of the three IFI16 knockout
cell lines to support replication of the HSV-1 7134 ICP0-null virus or the HSV-1 7134R
ICP0� virus. Consistent with our previous siRNA results, we found that the IFI16
knockout cell lines showed increased replication of 7134 virus (Fig. 1C). Compared to
those with either wild-type HFFs or HFFs expressing only Cas9, viral yields increased
between 10- and 100-fold (Fig. 1C). This increase was statistically significant for gRNAs
1 (P � 0.05 by t test) and 4 (P � 0.001 by t test). Consistent with the extent of the
knockout, cell lines 1 and 4 were affected the most, and cell line 2 exhibited an
intermediate phenotype. No differences in viral yields were observed between the
different cell lines infected with 7134R virus, likely due to degradation of IFI16 pro-
moted by ICP0 encoded by 7134R virus. To analyze the kinetics of restriction, viral yields
were determined at 24 h postinfection (hpi) and 48 hpi for 7134 virus (MOI � 0.1). We
found that apart from the overall increase in viral titer from 24 to 48 h, failure of the
IFI16 knockout cell lines to restrict 7134 virus was more pronounced after 48 h (P � 0.01
by t test; both gRNAs) than at 24 hpi (P � 0.05 by t test; only gRNA 1) (Fig. 1D). This
observation was also reflected by a higher statistical significance of our results at 48 hpi
than at 24 hpi.

HSV-1 IE, E, and L proteins are expressed at higher levels and earlier in IFI16
knockout cell lines than in HFFs expressing only Cas9. We further investigated the

stage of infection at which IFI16 exerts its restriction effect. HFF, Cas9-expressing, or
IFI16 knockout cells were infected with 7134 or 7134R virus (MOI � 5) to analyze
immediate early (IE), early (E), and late (L) gene expression. We probed for represen-
tative IE (ICP4 and ICP27), E (ICP8), and L (gB) genes at 4 to 24 hpi. In cells infected with
7134R virus, we observed no differences in ICP4, ICP27, ICP8, and gB transcript and
protein levels in HFF, Cas9-expressing, or IFI16 knockout cells (Fig. 2A and B). In
contrast, after infection with the 7134 ICP0-null virus, ICP4, ICP27, ICP8, and gB transcript
levels were all elevated compared to those in HFFs and Cas9-expressing cells (Fig. 2A).
We detected the largest differences in viral transcript levels at 10 hpi for ICP4 (3-fold),
ICP27 (2.5-fold), ICP8 (7-fold), and gB (6-fold), with levels increasing from IE to E to L
genes. Compared to both HFF and Cas9-expressing control cells, differences in tran-
script levels were statistically significant by 2-way analysis of variance (ANOVA) with
multiple comparisons for ICP4 at 10 hpi (P � 0.01) and 24 hpi (P � 0.05), for ICP27 at
6 hpi (P � 0.05) and 10 hpi (P � 0.01), for ICP8 at 8 hpi (P � 0.05) and 10 hpi (P � 0.001),
and for gB at 10 hpi (P � 0.001). At the protein level, it was evident that ICP27 and ICP8
were expressed earlier and to higher peak levels in IFI16 knockout cells than in the
Cas9-expressing control cells (Fig. 2B). This effect was less pronounced with ICP4, in
accordance with the observed smaller difference in mRNA levels between the cell lines.
gB protein was detectable only at 24 hpi (in accordance with lower transcript levels
than those of ICP4, ICP27, and ICP8 at earlier time points) but was increased in IFI16 KO
cells compared to its level in the control cells. In total, these data argued that IFI16 acts
negatively on IE, E, and L gene expression, with restriction of IE genes causing further
reduction and delay in E and L gene expression. These results are consistent with
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FIG 1 IFI16 knockout via CRISPR/Cas in HFF cells leads to a defect in restriction of an HSV-1 ICP0-null virus. (A) Immunoblot of whole-cell lysates probed with
antibodies specific for IFI16 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in HFF, Cas9-expressing, and IFI16 knockout cells. (B) Immunofluores-
cence. HFF, Cas9-expressing, and IFI16 knockout (with gRNA 1, 2, or 4) cells were fixed, permeabilized, and incubated with DAPI (4=,6-diamidino-2-phenylindole;
blue) and an antibody specific to IFI16 (green). Total magnification, �400. (C) Wild-type HFF cells (HFF), HFF cells expressing Cas9 (Cas9), or HFF cells expressing
Cas9 and one of three IFI16-specific synthetic guide RNAs (gRNA 1, 2, or 4) were infected with the HSV-1 ICP0-null virus 7134 or the ICP0� virus 7134R at an
MOI of 0.1. Viral yields were collected at 48 hpi and titrated on U2OS cells. Results were plotted as numbers of PFU per milliliter or normalized to the Cas9 control
level. For statistical analysis, t tests were performed. (D) HFF, Cas9-expressing, or IFI16 knockout cells (with gRNA 1, 2, or 4) were infected with 7134 at an MOI
of 0.1. Viral yields were harvested at 24 hpi or 48 hpi and titrated on U2OS cells. Results were plotted as numbers of PFU per milliliter or normalized to the
Cas9 control level. Statistical analysis was performed as described above.
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FIG 2 Expression of IE, E, and L genes is earlier and increased in IFI16 knockout HFF cells. HFF, Cas9-expressing, and IFI16 knockout cells were infected with
the 7134 and 7134R viruses at an MOI of 5 or mock infected. Cells were harvested for RNA and protein analysis at 4, 6, 8, 10, and 24 hpi. (A) ICP4, ICP27, ICP8,
and gB transcript levels in HFF (black), Cas9-expressing (blue), and IFI16 knockout (red) cells were analyzed by qRT-PCR, and values were plotted relative to the
18S rRNA level. For statistical analysis, 2-way ANOVA including multiple comparisons was performed. Asterisks indicate significance compared to the values for
HFF and Cas9-expressing cells. (B) Immunoblot showing ICP4, ICP27, ICP8, gB, cGAS, and GAPDH from 7134- or 7134R-infected cells.
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published results arguing that IFI16 plays a role in epigenetic viral DNA silencing (8,
32, 34).

Effects of IFI16 on gene expression from input and progeny genomes. To
determine if the restrictive effect of IFI16 was exerted on parental or progeny genomes,
we examined gene expression at 10 hpi for the 7134 ICP0� virus with or without IFI16
under conditions where viral DNA replication occurred or was inhibited by phospho-
noacetate (PAA). In this study, we utilized an siRNA-based strategy to deplete IFI16. The
IFI16 knockdown was efficient (Fig. 3A and D), and IFI16 mRNA and protein levels were
reduced by siRNA treatment but not affected by the addition of PAA (Fig. 3A and D).
Both ICP27 and ICP8 transcript levels were reduced in a statistically significant fashion
(2-way ANOVA) by addition of PAA (Fig. 3B and C). For ICP27 mRNA, this reduction was
3.6-fold (P � 0.05) with siNT and 3.5-fold (P � 0.01) with siIFI16. For ICP8 mRNA, the
reduction was 8.4-fold with siNT and 10.5-fold (P � 0.05) with siIFI16. Depletion of IFI16
increased ICP27 and ICP8 transcript levels (Fig. 3B and C), as observed above for IFI16
knockout cells. The magnitude of the RNA level increase due to IFI16 depletion,
however, was independent of the presence of PAA (2.3- and 2.3-fold in the absence and

FIG 3 IFI16 acts on gene expression from input and progeny genomes. HFF cells were treated with siRNAs specific for IFI16 or with nontargeting siRNA and
infected with 7134 virus at an MOI of 5 in the presence or absence of PAA. Samples were harvested at 6, 8, and 10 hpi. (A to C) IFI16, ICP27, and ICP8 transcript
levels at 10 hpi were analyzed by qRT-PCR and plotted relative to the 18S rRNA level. Numbers denote fold changes between the indicated columns. (D)
Immunoblot probed with antibodies specific for ICP27, ICP8, IFI16, and GAPDH. (E) ICP8 protein levels at 10 hpi were quantified from the immunoblot,
normalized to GAPDH, and plotted. Numbers indicate fold changes between columns. The diagram represents results for two biological replicates. (F) Total DNA
was harvested at 1, 6, 8, and 10 hpi. Samples were analyzed via qPCR and plotted normalized to input DNA (1 hpi). For statistical analysis for panels B, C, and
F, 2-way ANOVA including multiple comparisons was performed.
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presence of PAA, respectively, for ICP27 and 2.9- and 2.3-fold in the absence and
presence of PAA, respectively, for ICP8) but dependent on the presence or absence of
IFI16. These increases in both ICP27 and ICP8 mRNA levels were statistically significant
in the absence of PAA (P � 0.05 by 2-way ANOVA). The above observations were
confirmed by Western blot analysis of protein levels (Fig. 3D). Depletion of IFI16 led to
modest increases in ICP27 and ICP8 protein levels (1.7- and 1.4-fold for ICP8 at 10 hpi)
(Fig. 3D and E), and addition of PAA led to decreases in ICP27 and ICP8 protein levels
(2.8- and 3.6-fold for ICP8 at 10 hpi) (Fig. 3D and E). We further analyzed viral DNA
replication (Fig. 3F). As expected, cells treated with PAA failed to replicate viral DNA,
independent of the presence or absence of IFI16. In the presence of PAA, the viral
genome copy number was slightly elevated at a constant level in the absence of IFI16.
This difference in copy numbers was found to be highly statistically significant (P �

0.001 at 8 hpi and P � 0.0001 by 2-way ANOVA). In summary, the results for viral gene
expression by ICP0-null viruses in HFF cells in the presence or absence of viral DNA
replication argued that progeny vDNA is the major template for viral gene mRNA
transcription for an ICP0-null mutant virus in HFF cells. Furthermore, the restrictive
effect of IFI16 showed similar effects with and without viral DNA replication, so
transcription from both input and progeny genes appeared to be affected by IFI16.

The effects on viral replication exerted by IFI16, PML, and Daxx are indepen-
dent. Antiviral effects of IFI16 and ND10 proteins against herpesviruses have been
shown previously by us and others (4, 6, 7, 42). We focused on the ND10 proteins PML
and Daxx to investigate if and how they might cooperate with IFI16 to restrict HSV in
normal human cells. We used siRNAs to deplete PML or Daxx in HFFs, Cas9-expressing,
or IFI16 KO cells and analyzed viral yields after infection with the 7134 virus. Consistent
with previous results (7), Daxx depletion increased viral yields between 10- and 100-fold
(Fig. 4A). Surprisingly, upon depletion of PML, we saw reductions in viral yields of
between 10- and 100-fold (Fig. 4A). Interestingly, the number of PML foci per cell was
slightly reduced, and foci appeared dimmer in IFI16 KO cells than in HFF and Cas9-
expressing cells (see Fig. S1 in the supplemental material), suggesting that IFI16 affects
the level or assembly of PML-NBs. This reduction in PML focus number was found to be
highly statistically significant (P � 0.0001 by t test) for comparisons of IFI16 KO cells to
HFF and Cas9-expressing control cells. To ensure that our observations were not due to
specific characteristics of the Cas/CRISPR-modified cells, we treated HFFs with siRNAs
against IFI16, PML, and Daxx or combinations thereof and investigated viral yields of
the 7134 virus. Knockdown efficiency was confirmed by mRNA and protein analyses for
each factor (Fig. 4C and D). Consistent with our own and others’ results (8, 43), we
confirmed that depletion of IFI16 or Daxx increased viral yields by approximately 10- or
100-fold, respectively (Fig. 4B). This increase was statistically significant for depletion of
IFI16 (P � 0.05 by t test). IFI16 depletion increased viral yields less than IFI16 KO did (Fig.
1C versus Fig. 4B), possibly due to a more complete loss of IFI16 with gene knockout.

PML depletion led to a decrease in viral yields of approximately 10-fold. The
reduction in viral yields upon PML depletion in both experiments was a surprising
result, because previous studies had observed that PML is a restriction factor for HSV-1
and other viruses (17, 18, 20). Furthermore, our results showed that knockdown of two
or more of the above proteins had additive or subtractive effects on 7134 viral yields.
Depletion of IFI16 and Daxx increased viral yields by 2 to 3 orders of magnitude (Fig.
4B). When IFI16 or Daxx knockdown was combined with PML siRNA treatment, this
resulted in a smaller increase in viral yields compared to that with treatment with IFI16
or Daxx siRNA alone (Fig. 4B). Depletion of all three proteins led to an intermediate
phenotype. The additive or subtractive effects were statistically significant (t test)
compared to the effects of siNT treatment for combined depletion of (i) IFI16 and Daxx
(P � 0.001), (ii) PML and Daxx (P � 0.05), and (iii) IFI16, PML, and Daxx (P � 0.01).
Compared to depletion of IFI16 alone, additional siDaxx treatment enhanced viral yields
in a statistically significant way (P � 0.01 by t test). Compared to PML depletion alone,
combined depletions of (i) IFI16 and PML, (ii) Daxx and PML, and (iii) IFI16, PML, and
Daxx resulted in significantly enhanced viral yields (P � 0.05, P � 0.01, and P � 0.01,
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respectively, by the t test). Thus, the anti- or proviral effects of IFI16, PML, and Daxx
appeared to be independent of each other.

siRNA-mediated knockdown of PML decreases viral yields of an ICP0-null virus
in an MOI-independent fashion. Our initial experiments on the effect of PML on 7134

FIG 4 IFI16, PML, and Daxx exert their effects on replication of an ICP0-null virus in ways that are independent of each other. (A) HFF, Cas9-expressing, or IFI16
KO cells were treated with pooled siRNAs specific for PML or Daxx or with nontargeting siRNA and infected with 7134 virus at an MOI of 0.1. Viral yields were
collected at 48 hpi and titrated on U2OS cells. (B) HFF cells were treated with pooled siRNAs specific for IFI16, PML, or Daxx or with nontargeting siRNA and
infected with 7134 virus at an MOI of 0.1. Viral yields were collected at 48 hpi and titrated on U2OS cells. Viral yields were plotted as numbers of PFU per milliliter
or normalized to nontargeting siRNA. For statistical analysis, t tests were performed. Asterisks located directly above columns indicate significance compared
to the siNT value. (C) Relative IFI16, PML, and Daxx mRNA levels were analyzed via qRT-PCR prior to infection. (D) Immunoblot of protein samples harvested
before infection and probed with antibodies specific for IFI16, PML, Daxx, and GAPDH. siRNA treatment is indicated by letters, as follows: I, IFI16; P, PML; and
D, Daxx. (E) HFF cells were treated with siRNAs specific for PML or with nontargeting siRNA and infected with 7134 virus at an MOI of 0.1 or 10. Viral yields were
collected at 48 or 24 hpi, respectively, and titrated on U2OS cells. The effectiveness of siRNA treatment was confirmed by immunoblot analysis of cell lysates
prior to infection. Statistical analysis by the t test was performed as described above.
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viral yields gave different results from those of most previously published studies (7, 43,
44). Because we had used an siRNA-based strategy, we sought to further validate our
results. The initial experiments were done using a pool of 4 siRNAs specific for PML;
therefore, to exclude the possibility that our observations were due to off-target effects,
we tested individual siRNAs from the pool (Fig. S2). We found that treatments with the
individual siRNAs affected PML to different extents. The combination of all four siRNAs
was most effective at reducing PML protein levels as determined by Western blotting
(Fig. S2B). Treatment with siRNA 06 reduced 7134 viral yields in HFF cells by 100-fold,
making siRNA 06 the most effective of the single siRNAs (Fig. S2A). This reduction was
statistically significant (P � 0.05 by t test). Furthermore, a clear correlation between
knockdown efficiencies determined by PML mRNA levels and reductions in viral yields
could be established (Fig. S2D, pool marked by a triangle). In addition, we performed
a human genome-wide reverse bioinformatic analysis to identify putative off-target
sites of the siRNAs in the pool. We found no evidence that the transcript levels of the
respective genes identified by the analysis changed upon treatment with any of the
siRNAs in the pool (Table S1).

A previous study reported that PML might act antivirally or provirally depending on
the MOI (21). To address this possibility, we infected HFF cells in which PML had been
depleted or not with 7134 virus at an MOI of 0.1 or 10 and analyzed the viral yields. We
found that depletion of PML in HFF cells by use of siRNAs led to statistically significant
decreases in viral yields (P � 0.05 by t test) that were independent of the MOI (Fig. 4E).

Effects of different PML knockdown strategies on ICP0-negative mutant virus
replication. To reconcile our results with published results (45), we obtained a previ-
ously used HFF-derived cell line in which a PML-specific shRNA is expressed, as well as
its respective control cell line (43). For cells infected with 7134 virus, we confirmed that
viral yields were increased upon shRNA-mediated PML knockdown, by about 10-fold, as
reported before (Fig. 5A to D). Treatment of these cells with our PML-specific siRNA,
however, resulted in a 10-fold reduction of 7134 viral yields, consistent with our results
described above (Fig. 5A to D). These effects were observed at either a low or high MOI.
At a low MOI, the increase in viral yields upon shRNA-mediated PML depletion in cells
treated with siNT was statistically significant (P � 0.05 by t test), as was the decrease
in viral yields when cells expressing the PML-specific shRNA were additionally treated
with PML-specific siRNA (P � 0.05 by t test) (Fig. 5A and C). At a high MOI, the increase
in viral yields in cells expressing the PML-specific shRNA was statistically significant
(P � 0.05 by t test) (Fig. 4D). At the protein level, immunoblot analysis showed the
decrease of PML upon siRNA treatment of the control cell line (Fig. 5E). HFF cells
expressing the shRNA did not show detectable PML protein. In control cells infected
with 7134 virus, ICP27 and ICP8 protein expression was greatly reduced after siRNA
treatment. This reduction was also observed, to a lesser extent, when the cells express-
ing the shRNA were treated with the siRNA (Fig. 5E). Both shRNA and siRNA treatments
were effective at reducing PML mRNA levels (Fig. 5F). ICP27 and ICP8 mRNA levels were
increased in PML shRNA-expressing cells and reduced upon PML siRNA treatment (Fig.
5G and H). The reduction upon PML siRNA treatment was found to be highly statistically
significant for both ICP27 (P � 0.01 by t test) and ICP8 (P � 0.05 by t test). In total, these
experiments confirmed previous results with PML as well as our own results.

PML knockdown reduces IE and E gene expression after infection with HSV-1
7134. To gain further mechanistic insight into how the knockdown of PML affects viral
replication in HFF cells, we measured the levels of ICP27 and ICP8 transcripts after
knockdown with siRNA 06 or the siRNA pool (Fig. 6A) and subsequent infection with
7134 virus. Both ICP27 and ICP8 transcript levels were reduced upon PML knockdown
(Fig. 6B and C). This effect was more pronounced for ICP8 than for ICP27 and was
strongest at 10 hpi. The ICP27 transcript level reduction upon treatment with the siRNA
pool or the single siRNA 06 versus treatment with siNT was statistically significant by
2-way ANOVA at 8 hpi (P � 0.001 and P � 0.0001, respectively) and 10 hpi (P � 0.0001).
The ICP8 transcript level reduction upon treatment with the siRNA pool or the single
siRNA 06 versus treatment with siNT was statistically significant by 2-way ANOVA at 8
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hpi (P � 0.05 and P � 0.01, respectively) and 10 hpi (P � 0.01). At the protein level, it
was evident that PML knockdown significantly reduced and delayed expression of both
ICP27 and ICP8 (Fig. 6D). There was no difference in the effects observed when
knockdown was done with the siRNA pool or the single siRNA 06. In total, these results
argue that a form of PML or a PML-related function can exert a proviral effect on the
expression of viral IE and E genes in HFF cells.

A PML-related function acts at the stage of viral DNA replication. To determine
whether the reduction in viral gene expression was independent of viral DNA replica-
tion, we treated HFF cells with either a nontargeting siRNA or the PML-specific siRNA
pool and infected them with 7134 virus in the presence or absence of PAA for 10 h

FIG 5 Different knockdown strategies affect HSV-1 replication differently. HFF cells expressing a PML-specific shRNA or control HFFs were treated with
PML-specific siRNAs or nontargeting siRNA. Cells were infected with 7134 virus at an MOI of 0.1 or 5, and viral yields were harvested at 48 or 24 hpi, respectively,
and titrated on U2OS cells. Total viral yields (A and B) or yields normalized to those for control HFFs treated with siNT (C and D) were plotted. (E) Immunoblot
of lysates from mock- or 7134-infected cells at 6 hpi, probed with antibodies specific for PML, GAPDH, ICP8, and ICP27. (F) PML transcript levels at 6 hpi in mock-
or 7134 virus-infected cells were assessed via qRT-PCR and plotted relative to 18S rRNA levels. (G and H) ICP8 and ICP27 transcript levels were measured by
qRT-PCR and plotted relative to 18S rRNA levels. Numbers denote fold changes between columns. For all statistical analyses for this figure, t tests were
performed.
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(Fig. 7). As expected, PML transcript and protein levels were not affected by the PAA
treatment but were responsive only to the knockdown (Fig. 7A and D). In cells treated
with the nontargeting siRNA, ICP27 and ICP8 gene transcript levels were significantly
reduced in the presence of PAA, by factors of 3.7- and 18-fold, respectively (Fig. 7B and
C). In contrast, upon PML knockdown, transcript levels were generally low, and the
difference in the presence or absence of PAA was less pronounced (2.2-fold for ICP27
and 4.1-fold for ICP8) (Fig. 7B and C). These differences were found to be statistically
significant for ICP27 (P � 0.05 by 2-way ANOVA). We further confirmed our previous
observations of a reduction in viral gene expression upon knockdown of PML (2.0-fold
for ICP27 and 4.8-fold for ICP8) (Fig. 7B and C). On comparing ICP27 and ICP8 transcript
levels in the presence and absence of PML in cells treated with PAA, no differences were
observed (1.3-fold for ICP27 and 1.1-fold for ICP8) (Fig. 7B and C). At the protein level,
effects similar to those at the mRNA level were seen (Fig. 7D and E).

We also analyzed viral DNA replication and found that PML depletion largely
blocked DNA replication. The differences in vDNA levels were highly statistically
significant at each time point analyzed (P � 0.001 at 8 hpi and P � 0.0001 at 6 hpi and
10 hpi by 2-way ANOVA) (Fig. 7F). We speculated that the absence of DNA replication
would affect formation of replication compartments or vice versa and carried out an
immunofluorescence analysis of replication compartment size (Fig. 8). PML knockdown
was efficient in HFFs and comparable to that described above (Fig. 8A). Upon infection
with 7134 virus, PML-depleted cells seemed to show a rather diffuse distribution of ICP8
instead of formation of defined replication compartments (Fig. 8B). The percentage of
cells exhibiting defined replication compartments as opposed to diffuse staining
decreased from 57% to 20% upon depletion of PML (Fig. 8C). In addition, the overall
percentage of cells that showed ICP8 protein expression beyond the background level
was reduced from 53% to 13% (Fig. 8D).

FIG 6 A PML-related function promotes ICP0-null virus replication and viral IE and E gene expression. HFF cells were treated with siRNAs specific for PML, a
single siRNA from that pool (siRNA 06), or nontargeting siRNA and infected with 7134 virus at an MOI of 5. Samples were harvested at 4 to 10 hpi, and transcript
levels of PML (A), ICP8 (B), and ICP27 (C) were analyzed by qRT-PCR and plotted relative to 18S rRNA levels. (D) Immunoblots of cell lysates obtained at 4 to
10 hpi, probed with antibodies specific for ICP8, ICP27, PML, and GAPDH. For statistical analyses for panels B and C, 2-way ANOVA including multiple
comparisons was performed.
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Thus, in total, the PML siRNA knockdown phenotype was similar to that in the
absence of DNA replication. Our results argue that a PML-related function acts in a
proviral fashion at the stage of viral DNA replication and is required for efficient
formation of replication compartments.

ICP0-null mutant viral gene expression is promoted by viral DNA replication to
different extents in different human cell types. In the course of these studies, we
observed that viral DNA replication stimulated IE and E gene expression differently
from that in the original cascade model of HSV gene expression (46). To examine the
regulation of HSV-1 gene expression of an ICP0-null virus in other cell types, we studied
HeLa cells, Vero E6 cells, primary HFF cells, and normal oral keratinocytes (NOKs). Equal
numbers of cells were seeded and infected at the same MOI for each cell type in the
presence or absence of PAA. In the absence of PAA, ICP27 transcript levels declined
from 6 to 10 hpi in HeLa and Vero cells (Fig. S3A and C) but rose in HFFs and NOKs (Fig.
S3E and G). ICP8 transcripts reached peak levels in HeLa, Vero, and NOK cells between
6 hpi and 10 hpi but were still rising in HFFs in the same time frame. For ICP27, the

FIG 7 A PML-related function acts at the stage of viral DNA synthesis. HFF cells were treated with siRNAs specific for PML or with nontargeting siRNA and
infected with 7134 virus at an MOI of 5 in the presence or absence of PAA. Samples were harvested at 6, 8, and 10 hpi. (A to C) IFI16, ICP27, and ICP8 transcript
levels at 10 hpi were analyzed by qRT-PCR and plotted relative to 18S rRNA levels. Numbers denote fold changes between the indicated columns. (D)
Immunoblot probed with antibodies specific for ICP27, ICP8, IFI16, and GAPDH. (E) ICP8 protein levels at 10 hpi were quantified from the immunoblot,
normalized to GAPDH, and plotted. Numbers indicate fold changes between the respective columns. The diagram represents data for two biological replicates.
(F) Total DNA was harvested at 1, 6, 8, and 10 hpi. Samples were analyzed via qPCR and plotted with normalization to input DNA (1 hpi). For statistical analyses
for panels B and F, 2-way ANOVA including multiple comparisons was performed.
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observed differences were statistically significant for all four cell types (for HeLa cells,
P � 0.001 at 6 hpi and P � 0.01 at 8 hpi and 10 hpi; for Vero cells, P � 0.0001 for all
time points by 2-way ANOVA; for HFFs, P � 0.01 at 6 hpi and P � 0.0001 at 8 hpi and
10 hpi; and for NOKs, P � 0.001 at 6 hpi, P � 0.01 at 8 hpi, and P � 0.0001 at 10 hpi).
Also, for ICP8, the observed differences were statistically significant for all four cell types
(for HeLa cells, P � 0.05 for all time points; for Vero cells, P � 0.01 at 8 hpi and 10 hpi;
for HFFs, P � 0.01 at 6 hpi and P � 0.0001 at 8 hpi and 10 hpi; and for NOKs, P � 0.05
at 6 hpi and 8 hpi and P � 0.01 at 10 hpi by 2-way ANOVA). The respective protein
levels followed the same trends but trailed behind the transcript kinetics (Fig. S3B, D,
F, and H). In the absence of vDNA replication, both ICP27 and ICP8 expression levels
were decreased, and respective mRNA and protein levels gradually rose over time. We
analyzed viral protein expression at 10 hpi for the different cell types on one Western
blot for better comparison (Fig. S3I), which confirmed that HFF and NOK cells depended
more on newly synthesized DNA as the template for viral IE and E gene expression, as
indicated by ICP27 and ICP8 protein expression. We found that the relative ICP8 protein
signal intensity differences were statistically significant (P � 0.05 by t test) in the
absence of PAA. When vDNA replication was blocked, differences in relative steady-
state ICP8 protein expression were statistically significant (P � 0.05 by t test) for HeLa
versus Vero, Vero versus HFF, and Vero versus NOK cells. We speculate that the
observed differences are possibly due to a more restrictive environment toward
incoming genomes in certain cell types.

DISCUSSION

Previous studies have shown that the ND10 proteins PML and Daxx (7), as well as the
innate DNA sensor IFI16 (8, 32, 34), can restrict replication of various HSV-1 ICP0-
negative mutant strains. Our initial experiments confirmed the role of IFI16 as a crucial
restriction factor for HSV-1 ICP0-null strains, as reflected by 10- to 100-fold increases in
viral yields upon knockout of the IFI16 gene in primary human cells. This confirmed
previous results showing an increase in replication of ICP0-null mutant viruses and no

FIG 8 Absence of PML reduces replication compartment formation. HFF cells were cultivated on coverslips and treated with siRNAs specific for PML or with
nontargeting siRNA. Cells were infected with 7134 virus at an MOI of 5 or mock infected and then were fixed at 6 hpi. Immunofluorescence staining was
performed with antibodies specific for PML and ICP8. (A) Images showing nuclei of representative mock-infected cells in the presence or absence of PML.
Channels specifically detected PML (green) or ICP8 (red), and merged images are also shown. (B) Same as panel A, but with 7134 virus infection. (C) Cells
showing ICP8 expression above the background were sorted into two groups according to the morphology of staining (diffuse versus replication compartment).
Percentages of cells with diffuse or replication compartment-like ICP8 staining are depicted for both siNT and siPML conditions. (D) Percentages of cells showing
ICP8 staining above the background for either the siNT or siPML background.
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effect on ICP0-positive viruses when IFI16 was depleted by use of siRNAs or shRNAs (8,
47). In contrast, one study showed that IFI16 knockdown also increased wild-type HSV-1
replication (32). The differences may be due to the latter study using microporation to
introduce the siRNAs, as opposed to the transfection approach used in the other
studies. We observed that viral DNA replication enhances expression of IE, E, and L
genes by an ICP0-negative mutant virus and that depletion of IFI16 increases expres-
sion of transcripts from all kinetic classes of genes, with or without viral DNA synthesis.
This argues that IFI16 can repress either input or progeny viral DNA molecules.

We observed that a PML-related function has a positive effect on replication of an
ICP0-null virus in primary HFF cells. Under siRNA knockdown conditions, this PML-
related function seems to be required for efficient replication compartment formation
and thus for viral DNA replication. Different PML depletion strategies revealed that PML
or separate PML-related functions might act in a dual fashion, having both antiviral and
proviral activities in HSV-1 infection of primary human cells.

Expression of all kinetic classes of genes of an ICP0-null virus is increased by
viral DNA synthesis. Our observations indicate that viral IE and E gene expression in
HFF cells in the absence of ICP0 is strongly stimulated by newly synthesized viral DNA.
IE and E gene expression was less dependent on viral DNA synthesis in HeLa and Vero
cell lines, whereas NOK cells showed a phenotype similar to that of HFF cells. Therefore,
two normal human cell types depend largely on newly synthesized DNA for efficient
viral gene expression. While the progression through IE, E, and L gene expression may
initially occur from incoming genomes, the majority of IE and E gene expression in HFF
and NOK cells seems to be accomplished after DNA replication, without a clear
temporal resolution. This observation may reflect the restriction of parental genomes
being more effective in normal human cells. While our experiments were not designed
to give a detailed answer to the question of which stage of NOK and HFF cells is more
restrictive toward HSV-1, we further emphasize that experimental results regarding
restriction of HSV-1 might differ greatly depending on the cell types used in the
respective assays.

IFI16 affects viral transcription from input and progeny viral genomes. We
observed that IFI16 reduces the levels of IE, E, and L transcripts with or without viral
DNA synthesis. Because the levels of viral gene expression are significantly higher after
viral DNA replication, these results argue that IFI16 acts on both parental and progeny
viral DNA molecules. Our previous models involved IFI16 binding to input viral DNA,
multimerizing, and recruiting epigenetic factors that load heterochromatin or add
heterochromatic modifications on viral chromatin (48). IFI16 was previously shown to
bind to viral DNA in infected cells (39), but that analysis was done at later times of
infection. One paper showed colocalization of 5-ethynyl-2’-deoxyuridine (EdU)-labeled
HSV DNA with IFI16 at 30 and 60 min postinfection (32), but the EdU-labeled foci
appeared to be too numerous for input viral genomes and may have been caused by
residual labeling of cellular DNA by free EdU. At early times postinfection, IFI16
colocalizes with viral genome complexes (8), consistent with the model of IFI16
recruiting epigenetic factors to the input DNA. In this light, it is interesting that
significantly higher levels of input vDNA were observed in IFI16-depleted cells, sug-
gesting that IFI16 can promote the turnover or loss of input vDNA. In contrast, in cells
infected with an ICP0-null mutant so that IFI16 is not degraded, IFI16 localizes to or
within replication compartments, but only to part of the compartments, not through-
out the replication compartments (6; P. Merkl and D. M. Knipe, unpublished data).
Therefore, IFI16 may function by different mechanisms to restrict transcription from
input versus progeny HSV-1 genomes.

IFI16 and Daxx act independently in HSV-1 gene expression regulation. Our
results are consistent with the idea that the restrictive effects of IFI16 and Daxx are
additive and thus independent of each other. We and others have shown that IFI16 is
a primary viral DNA sensor and promotes the formation of heterochromatin on
incoming viral genomes (8, 32). This in turn results in epigenetic silencing of viral gene
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expression. Because there is no evidence that IFI16 has enzymatic methyltransferase
activity or functions as a histone chaperone, we proposed that it has the capability to
recruit histone modifiers (48). IFI16 depletion leads to an increase of H3K4me3 signals
on the ICP4 gene promoter, correlated with a decrease in H3K9me3 signals, and thus
with increased gene expression (8, 32). In addition, overexpression of IFI16 in U2OS cells
results in less IE gene expression from ICP0-null genomes (8). As described above, the
additive effects of IFI16 and Daxx could be exerted on different forms of the viral DNA,
such as input and parental viral DNAs.

As described above, there is evidence from other biological systems that Daxx acts
through epigenetic mechanisms and can lead to a restrictive effect such as that
observed for IFI16. The mechanism of action of Daxx is better understood in the context
of HCMV infection than in that of HSV infection. HCMV infection of Daxx-depleted
fibroblasts shows increased H3K9 acetylation on major IE gene promoters compared to
that for fibroblasts containing Daxx (49). However, Daxx interacts with ATRX to form a
SNF2-like, ATP-dependent chromatin remodeling complex, a function that has not been
attributed to IFI16. IFI16 has direct DNA-binding capabilities via its two HIN domains, an
additional feature not found in Daxx. A putative mechanism of IFI16 recruitment of
histone-modifying factors would therefore involve IFI16 binding to naked incoming
viral DNA, as supported by evidence that IFI16 localizes to incoming viral genomes (J.
Cabral and D. M. Knipe, unpublished data).

We speculate that IFI16-mediated restriction is initiated by IFI16 binding to incom-
ing naked viral DNA, forming a platform for recruitment of chromatin-remodeling
factors and HDACs, which then introduce repressive chromatin marks, such as
H3K9me3. We propose that the Daxx/ATRX SNF2-like complex does not require
recruitment via IFI16 but has intrinsic capabilities to recognize target histones (Daxx)
and to remodel the chromatin structure (ATRX). In the end, both IFI16 and Daxx/ATRX
actions lead to silencing of incoming viral DNA, but they appear to be part of distinct
mechanisms. This model differs from one recently presented (50) in which the PML
nuclear bodies “entrap” the input viral DNA to “restrict the initiation” of ICP0-negative
viral replication. Viral DNA is loaded with heterochromatin by as early as 1 to 2 hpi (51),
so it seems more likely that early host restriction factors recruit host epigenetic
silencing factors rather than physically excluding proviral host factors.

A PML-related function is required for replication compartment formation in
primary HFF cells, thus exhibiting a novel proviral role. As described above, we
found that a PML-related function can exert a proviral effect on HSV-1 ICP0-null virus
replication. This observation appears to be contradictory to the literature, but some
evidence exists that PML may have a dual behavior in the context of DNA virus
infection. There is a body of evidence showing that PML is a restriction factor for HSV-1
and HCMV infections (43, 44, 52, 53), but our findings obtained by use of PML siRNAs
are more in accord with two recent publications (21, 22) supporting the notion that
PML can act provirally under certain circumstances. The latter two papers reported that
wild-type HSV-1 replication is decreased in PML-deficient Hep2 cells under low-MOI
infection conditions. In our system, the proviral effect of PML is not dependent on the
MOI. From a mechanistic point of view, the PML-related function seems to be required
for vDNA replication, and depletion of PML apparently prohibits efficient formation of
replication compartments. This is in line with previous studies that have shown that
PML is recruited to or found in the proximity of replication compartments (23, 24, 26)
and that it might provide a platform for replication and gene expression in HCMV
infection (23).

The method of PML depletion and the multiplicity of PML isoforms might
provide an explanation for the attribution of anti- or proviral properties. Because
siRNA-based strategies come with the risk of off-target effects, we deconvolved the
siRNA pool and found a correlation between the PML knockdown efficiency of each
single siRNA and the decrease in viral yields, arguing for specificity. Furthermore, our
genome-wide bioinformatic analysis revealed only a few potential off-target genes,
which we found to be unresponsive to PML siRNA treatment. The four siRNAs in the
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pool target sites in exons 2, 3, and 4, which are supposed to be common to all known
PML isoforms.

In contrast, Everett et al. (43) used an shRNA strategy that targeted exon 4 to deplete
PML in human fibroblasts, while Xu et al. (21) used the CRISPR/Cas system with a set of
guide RNAs targeting exon 1 to knock out the PML gene in Hep2 cells. Depending on
the source of information, 7, 11, or 14 PML isoforms exist (10, 54) (Uniprot and NCBI
databases). However, there is no uniform nomenclature. Cuchet et al. (44) demon-
strated that the two larger PML isoforms, PML I and II, were partially responsible for the
restrictive effect of PML in HepaRG cells but could not fully restore the phenotype
observed with expression of all PML isoforms. However, their study did not address
the effect of the cytoplasmic major isoform VIIb (see reference 54 for details on the
nomenclature) and acknowledged that other splice isoforms might exist and influence
viral replication. Our own siRNA-mediated knockdown experiments with HFF cells
expressing the PML-specific shRNA mentioned above revealed that we might be
looking at two different functions of PML or functions correlated with PML expression.
In this light, possible explanations for the apparently opposing results might be the
existence of currently unaccounted PML isoforms, different isoform expression patterns
in different cell types, or different parental virus strains. It is also conceivable that
certain forms of PML are essential for cell growth and are not depleted under long-term
knockdown conditions.

Summary. Our results further define the role of IFI16 as an important restriction
factor for HSV-1, and we are able to map the mechanism of action to the transcription
of IE genes from both parental and progeny viral genomes. Our results raise the
possibility that IFI16 may act by different mechanisms on parental and progeny
genomes. In addition, we provide evidence that PML has both antiviral and proviral
properties in HSV infection and give a mechanistic explanation for the proviral activity
of PML, that is, the requirement of the protein for the formation of replication
compartments and viral DNA replication. Finally, our results argue that IFI16, PML, and
Daxx exert at least some of their respective effects by independent mechanisms during
ICP0-null virus infection of normal human cells. Additional studies are needed to further
define each of the restriction mechanisms.

MATERIALS AND METHODS
Cell culture, viruses, and infections. HFF cells were grown in Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 10% (vol/vol) fetal bovine serum (FBS). The ICP0-null virus 7134 and the
respective rescued virus 7134R (55) were propagated and titrated in parallel on U2OS cells (56). For
infections, viruses were diluted in phosphate-buffered saline (PBS) containing 0.1% (wt/vol) glucose and
1% (vol/vol) bovine calf serum (BCS). Infections were carried out at the respective MOI for 1 h at 37°C,

TABLE 1 Primers for qRT-PCR and qPCR

Name Sequence or reference

ICP4 (mRNA) for GCGTCGTCGAGGTCGT
ICP4 (mRNA) rev CGCGGAGACGGAGGAG
ICP27 (mRNA) for GCATCCTTCGTGTTTGTCATT
ICP27 (mRNA) rev GCATCTTCTCTCCGACCCCG
ICP8 (mRNA) for GGAGGTGCACCGGATACC
ICP8 (mRNA) rev GGCTAACCGGCATGAAC
gB (mRNA) for TGTGTACATGTCCCCGTTTTACG
gB (mRNA) rev GCGTAGAAGCCGTCAACCT
ICP8 (genomic) for CAGGCGCCCAATACGACCAAATC
ICP8 (genomic) rev GAGACCGGGGTTGGGGAATGAATC
GAPDH (genomic) for CAGGCGCCCAATACGACCAAATC
GAPDH (genomic) rev TTCGACAGTCAGCCGCATCTTCTT
IFI16 (mRNA) for Orzalli et al. (6)
IFI16 (mRNA) rev Orzalli et al. (6)
PML (mRNA) for GGACCCTATTGACGTTGACC
PML (mRNA) rev TTGATGGAGAAGGCGTACAC
Daxx (mRNA) for AGAAGCAAACAGGATCAGGG
Daxx (mRNA) rev GCTGGGCAGGGTACATATC
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the inoculum was replaced with DMEM containing 1% BCS, and the cells were kept at 37°C for the
indicated times.

To discern between parental and progeny virus effects, HFF cells were infected with HSV-1 7134 in
the presence of 400 �g/ml phosphonoacetic acid (PAA) and 10 mM HEPES, pH 7.4. Cells were incubated
for 1 h at 37°C, overlaid with DMEM containing 0.1% BCS, 400 �g/ml PAA, and 10 mM HEPES, pH 7.4, and
harvested at the indicated times.

IFI16 Cas9/CRISPR knockout cell lines. Double-stranded DNA oligonucleotides encoding specific
gRNAs were inserted into the pRRL-Cas9-Puro lentivirus vector (57) by homologous recombination
(In-Fusion; Clontech). pRRL-Cas9-Puro plasmids expressing Cas9 alone or coexpressing the indicated
gRNAs were cotransfected with the psPAX2 packaging vector and pVSV-G into 10-mm dishes of 50%
confluent HEK293T cells. Medium containing transfection complexes was replaced at 24 h posttransfec-
tion. Supernatants from transfected cells were harvested at 48 h posttransfection and filtered through a
0.45-�m syringe filter (Millipore) to generate lentiviral preparations. Four of 5 ml of lentivirus-containing
solution was added to 1 � 105 HFF cells in a 6-well plate and spin infected at 2,000 rpm for 30 min.
Lentivirus-containing medium was replaced at 24 h posttransduction. At 3 days posttransduction, cells
were selected for puromycin resistance (2.5 �g/ml) and expanded over a 2-week period. Guide RNA
sequences are as follows: gRNA 1, GUUCCGAGGUGAUGCUGGUU; gRNA 2, UCACUUAUGUCUGUAAAGAU;
and gRNA 4, UUGAUGGAAGAAAAGUUCCG.

Relative quantification of viral DNA by qPCR and relative quantification of RNA by quantitative
reverse transcription-PCR (qRT-PCR). mRNAs were prepared (Qiagen RNeasy kit), treated with DNase
(DNAfree kit; Ambion), and reverse transcribed (High Capacity cDNA RT kit; Applied Biosystems). Total
DNA was extracted by use of a Qiagen blood and tissue kit according to the manufacturer’s standard
operating procedure (SOP). A list of the primers used for subsequent quantitative PCR (qPCR) (Fast SYBR
green reagents; Thermo Fisher) is provided in Table 1.

Immunofluorescence. Cells were grown, fixed with formaldehyde, permeabilized, and incubated
with antibodies (Table 2) as described before (6). Images were acquired with a Zeiss Axioplan microscope
using a Hamamatsu charge-coupled device (CCD) camera and processed with AxioVision software.

Depletion of proteins. siRNAs specific for IFI16, PML, and Daxx and a nontargeting siRNA were
purchased from Dharmacon (Table 3). siRNA transfection into HFF cells was done using RNAi Max
(Invitrogen) according to the manufacturer’s SOP.

Immunoblotting. Samples were run in 4 to 12% NuPage (Thermo Fisher) SDS-PAGE gradient gels
and blotted onto polyvinylidene difluoride (PVDF) membranes as described previously (58). A list of
antibodies used is provided in Table 2.

Statistical analysis. All statistical analyses were performed with GraphPad Prism 7. For single-
column comparisons, t tests were run. Statistical significance is indicated in the figures, as follows: *,

TABLE 2 Antibodies used for this studya

Antibody specificity Name Source or reference

IFI16 ab50004 Abcam
PML (Western blotting) A301-167A Bethyl
PML (IFA) ab96051 Abcam
Daxx D7810 Sigma
GAPDH ab8245 Abcam
ICP8 Knipe and Smith (59)
ICP27 ab31631 Abcam
ICP4 ab6514 Abcam
gB ab6506 Abcam
Mouse IgG Alexa 488-conjugated secondary Ab

for IFA; ab150113
Abcam

Rabbit IgG Alexa 594-conjugated secondary Ab
for IFA; 150080

Abcam

aIFA, immunofluorescence assay.

TABLE 3 siRNAs used for this study

siRNA Sequence or reference

IFI16 Orzalli et al. (6)
PML (pool) Combination of the PML siRNAs below
PML 05 GGAAAGAUGCAGCUGUAUC
PML 06 GAGCUCAAGUGCGACAUCA
PML 07 GGACAUGCACGGUUUCCUG
PML 08 GCAACCAGUCGGUGCGUGA
Daxx CAGCCAAGCUCUAUGUCUA

GAGGUUAACAGGCGCGCAUUG
GCAAAACAAAGGACGCAUA
GGAGUUGGAUCUCUCAGAA
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P � 0.05; **, P � 0.01; ***, P � 0.001; and ****, P � 0.0001. For grouped comparisons with two variables,
2-way ANOVA was performed, including multiple comparisons between variables of interest. Statistical
significance indicators for 2-way ANOVA follow the same scheme as that for t tests.
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