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Analyses of the levels of mRNAs encoding IFIT1, IFI16, RIG-1,
MDA5, CXCL10, LGP2, PUM1, LSD1, STING, and IFNβ in cell lines
from which the gene encoding LGP2, LSD1, PML, HDAC4, IFI16,
PUM1, STING, MDA5, IRF3, or HDAC 1 had been knocked out, as
well as the ability of these cell lines to support the replication of
HSV-1, revealed the following: (i) Cell lines lacking the gene encod-
ing LGP2, PML, or HDAC4 (cluster 1) exhibited increased levels of
expression of partially overlapping gene networks. Concurrently,
these cell lines produced from 5 fold to 12 fold lower yields of
HSV-1 than the parental cells. (ii) Cell lines lacking the genes
encoding STING, LSD1, MDA5, IRF3, or HDAC 1 (cluster 2) exhibited
decreased levels of mRNAs of partially overlapping gene net-
works. Concurrently, these cell lines produced virus yields that
did not differ from those produced by the parental cell line. The
genes up-regulated in cell lines forming cluster 1, overlapped in
part with genes down-regulated in cluster 2. The key conclusions
are that gene knockouts and subsequent selection for growth
causes changes in expression of multiple genes, and hence the
phenotype of the cell lines cannot be ascribed to a single gene;
the patterns of gene expression may be shared by multiple knock-
outs; and the enhanced immunity to viral replication by cluster
1 knockout cell lines but not by cluster 2 cell lines suggests that
in parental cells, the expression of innate resistance to infection is
specifically repressed.
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In a preceding publication, we reported that depletion of
PUM1 by siRNA resulted in a sequential activation of subsets

of genes associated with innate immune responses (1). Thus,
within 12 and 48 h after transfection of the siRNA targeting
PUM1, there was an upsurge (phase 1) in the accumulation of
LGP2, CXCL10, IL6, and PKR mRNAs. This was followed 24 h
later (phase 2) by a significant accumulation of mRNAs encod-
ing RIG-I, SP100, MAD5, IFIT1, PML, STING, and IFN β
(IFNβ). Phase 1 and phase 2 transcriptional activation was traced
to activation of LGP2 secondary to depletion of PUM1 (1). The
data did not exclude the possibility that LGP2 acted by activation
of as-yet-unidentified intermediaries. The results suggested that
the activated network persists for a limited time, inasmuch as
one end product of the activated network, IFNβ, was reduced to
background levels by day 5 after transfection of the siRNA. The
results of these studies raised several questions. The foremost
questions that arose were whether networks of activated genes
persist in cell lines in which individual genes associated with
various aspects of innate immune responses are knocked out,
whether the networks differ depending on knocked out gene, and
whether knockouts define permissivity of HSV replication in
knocked-out cell lines.
In the studies reported here, we examined the accumulation of

mRNAs of 10 genes encoded for proteins (IFIT1, IFI16, RIG-I,
MDA5, CXCL10, LGP2, PUM1, LSD1, STING, and IFNβ) in-
volved in various aspects of gene regulation and in innate im-
mune responses in 10 cell lines in which LGP2, LSD1, PML,

HDAC4, PUM1, IFI16, STING, MDA5, IRF3, or HDAC1 had
been knocked out. We also tested the ability of knocked-out cell
lines to support the replication of HSV-1. The findings reported
here suggest that the knocked-out cell lines form three clusters.
Cluster 1 consists of cell lines in which partially overlapping
networks of genes were up-regulated. Cluster 2 comprises
knockout cell lines in which partially overlapping networks of
genes were down-regulated. The third cluster comprises two
cell lines in which none of the tested genes was significantly af-
fected. The replication of HSV was significantly diminished in
several knockout cell lines. In none of the knockout cell lines
have the virus yields exceeded to a significant level those
obtained in the parental cell line.
The results reported here challenge the hypothesis that the

phenotype of a cell can be specifically linked to the absence of a
gene product that had been depleted by siRNA or whose gene
had been knocked out.

Results
Analyses of Gene Expression and HSV-1 Replication in Knocked-Out
Cell Lines. The objectives of the first series of experiments were to
examine the constitutive expression of 10 genes in parent and in
10 knockout cell lines. Both the probed gene and the knocked-out
genes have been reported to play a role in innate immune re-
sponses. To further relate the knocked-out genes to innate im-
munity, we examined the replication of HSV-1 in the various cell
lines. The knocked-out cell lines (i.e., ΔLGP2, ΔLSD1, ΔPML,
ΔHDAC4, ΔPUM1, ΔIFI16, ΔSTING, ΔMDA5, ΔIRF3, and
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ΔHDAC1) were derived from HEp-2 cells and probed for the
accumulation of mRNAs encoding IFNβ, STING, LSD1 PUM1,
LGP2, CXCL10, MDA5, RIG-I, IFI16, and IFIT1. The proce-
dures and reagents designed to knock out the targeted genes,
and the DNA probes used to quantify the various mRNAs, are
described in Materials and Methods.
The results of the first series of experiments may be summa-

rized as follows: Fig. 1 shows an immunoblot of the 10 cell lines
probed with antibodies to the proteins specified by the knocked-
out genes. The sources of the antibodies used to probe for the
specific proteins are listed in Materials and Methods. The im-
munoblots presented in this figure show that the protein targeted
in each of the targeted cell lines is no longer detectable. Note
that the ΔPML cell line was described elsewhere and included
here for consistency.
Fig. 2 shows the amounts of mRNAs detected by the 10 probes

in the 10 knockout cell lines relative to those detected in HEp-
2 cells. The analyses were performed in triplicate. The results
show that the ratios of mRNAs detected in knockout cell lines to
those in HEp-2 cells ranged from >10-fold lower than the levels
detected in parental HEp-2 cells to >60-fold higher. On the basis
of statistical analyses, we deemed as significant mRNA levels
that were at least fourfold higher or fourfold lower than those
obtained in the parental cell line.

Fig. 3 shows the yields of HSV-1(F) in HEp-2 cells and in the
knockout cell lines done in parallel at the same time. In these
experiments, the cell lines were exposed to 0.01 PFU per cell and
harvested 48 h after infection. The figure shows the ratios of
virus yields in knocked-out cells relative to those obtained
in HEp-2 cells. The results were that none of the cell lines
produced significantly more virus than the parental HEp-2 cell.
Yields fivefold or more lower than those obtained in HEp-2 cells
were significant at 95% or greater confidence levels. These in-
cluded ΔPML, ΔHDAC4, and ΔLGP2. The decrease in the
yields of HSV-1 in ΔPML and ΔHDAC4 cell lines obtained in
this study were consistent with the earlier reports (2, 3).
To facilitate analyses of the data and to highlight the key

features of the results, the data presented in Figs. 2 and 3 are
summarized in Fig. 4. Specifically, the results suggest that the
10 cell lines form three clusters. The first cluster comprises the
cell lines ΔLGP2, ΔPML, and ΔHDAC4. The key features of
these cell lines are significant decreases in virus yields and in-
creased accumulation of at least one mRNA.
The second cluster comprises cell lines ΔLSD1, ΔSTING,

ΔMDA5, ΔIRF3, and ΔHDAC1. A characteristic of these cell
lines is the significant decreases in the accumulation of mRNAs
encoded by at least one gene and no effect on virus yields. The
striking feature of the data is that for the most part, the genes
whose expression is down-regulated in cell lines comprising the
second cluster are up-regulated in the first cluster. Moreover,
although the number of parameters detailed in this study is
relatively small, no two cell lines exhibited identical responses to
the knockouts.
Last, the ΔPUM1 and ΔIFI16 cell lines form the third cluster.

These cell lines did not differ significantly from the parent HEp-
2 cell with respect to the parameters analyzed in this study.

Identification of Effector Genes Responsible for Changes in Expression
of Select Genes in Knockout Cell Lines. The key features of the results
reported here is that in each of two groups, knockout of indi-
vidual genes results in either up-regulation or down-regulation
of a group of seemingly unrelated genes. Thus, cells lacking
intact LGP2, PML, or HDAC4 each accumulated significantly
higher levels of mRNAs encoded by one to five different genes.
Conversely, cells devoid of LSD1, STING, MDA5, IRF3, or
HDAC1 accumulated significantly lower levels of mRNAs
encoded by at least four genes. There are at least two hypotheses
that could explain these results. The first hypothesis is that LGP2,
PML, and HDAC4 each act independently as transcriptional re-
pressors or significantly affect the stability of the mRNAs. Con-
sistent with this hypothesis, LSD1, STING, MDA5, IRF3, or
HDAC1 act independently to induce the synthesis or stabilize the
mRNAs encoding MDA5, RIG-I, IFI16, or IFIT1. An alternative
hypothesis is that the up-regulation or down-regulation is the con-
sequence of a cascade of events initiated by one or a small number
of effector gene products.
To test these hypotheses, we selected three group 1 knocked-

out cell lines. They were ΔLGP2, ΔPML, and ΔLSD1. Each cell
line was mock transfected or transfected with IRF3, STING,
IFI16, MDA5, or PUM1 siRNA. The control and siRNA-
transfected cells were harvested 60 h after transfection and an-
alyzed with respect to accumulations of mRNAs encoding RIG-I,
IFIT1, IFI16, STING, LGP2, or MDA5 mRNAs. The results
may be summarized as follows: The specificity of the IRF3,
STING, IFI16, and MDA5 siRNAs is shown in Fig. 5. In each
instance, at 60 h after transfection, there was a significant re-
duction of targeted mRNA, whereas the NT siRNA had no ef-
fect. The specificity of the PUM1 siRNAs used in this study was
reported in the preceding publication (1).
The results of the transfection of the three cell lines with

each of the five siRNAs are shown in Fig. 6. In this study, we
monitored the values of six mRNAs in four cell lines after

Fig. 1. Analyses of lysates of knocked-out cell lines for accumulation of
protein products of the knocked-out genes. Cultures of HEp-2 cells or of the
knockout cell lines each containing 3 × 105 of cells were exposed to IFNβ
(200 ng/mL, for LGP2 or MDA5 antibody immunoblotting) or mock treated
(for other antibodies, immunoblotting except LGP2 and MDA5). After 24 h,
the cells were solubilized subjected to electrophoresis in denaturing gels and
immunoblotted with respective antibodies. The sources of antibodies used in
these studies are listed in Materials and Methods.
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transfection of five siRNAs. To fit the massive amounts of
data in a simplified format, all the mRNA values are shown
relative to the corresponding values obtained in parental HEp-
2 cells (black bars with values set to 1). A further simplification
of the data is shown in Fig. 7. In this figure, the data are
grouped for each cell line normalized with respect to the
mRNA level in mock-treated knocked-out cells. The red and
blue arrows indicate that in consequence of transfection of
siRNAs, the mRNA levels increased or decreased at least
fourfold relative to the levels observed in mock-treated knocked-
out cells.
The key features of the results presented in Figs. 6 and 7 are as

follow: (i) Depletion of PUM1 resulted in multifold up-regulation
of mRNAs encoded by LGP2, IFI16, MDA5, IFIT1, and RIG-I in
ΔPML and ΔLSD1 cell lines, but not in ΔLGP2 cell line. The

results are consistent with the hypothesis that PUM1 acts as a
master repressor of multiple genes, but that it requires LGP2 for
its action. (ii) Depletion of IRF3 resulted in significant decrease
in the accumulation of RIG-I, IFIT1, MDA5, and IFI16 mRNAs
in the ΔLGP2 cell line. The down-regulation was limited to RIG-
I in ΔPML cell line and to MDA5 and IFIT1 in the ΔLSD1 cell
line. The results suggest that the function of IRF3 as an up-
regulator of gene expression is defined by the expression of
multiple genes. (iii) Of the siRNAs tested, STING siRNA had no
effect on the accumulation of any of the mRNAs tested. Other
siRNAs had an effect in one cell line, but not in the other two.
For example, MDA5 siRNA enhanced the accumulation of
LGP2 mRNA in the ΔPML cell line, but not in the other two
cell lines.

Fig. 2. Accumulation of mRNAs of selected cellular genes in parental and knockout cell lines. The parental and knocked-out cells were seeded in amounts of
3 × 105 cells per culture. After 24 h of incubation, the cells were harvested and total RNA was extracted, and 0.5 μg of each RNA was reverse-transcribed to
cDNA, quantified and normalized with respect to 18S RNA as described in Materials and Methods. In this figure, the amounts of mRNAs encoding IFNβ (1),
IFIT1 (2), STING (3), IFI16 (4), RIG-I (5), LGP2 (6), MDA5 (7), CXCL10 (8), PUM1 (9), and LSD1 (10) are shown normalized with respect to mRNA levels in HEp-2 cells
(black bar) and presented as means ± SD. Student’s t test was performed to calculate the P values (n = 3). *P ≤ 0.05; **P ≤ 0.02.
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Discussion
As noted in the introduction, in a preceding publication (1), we
reported that transfection of HEp-2 cells with PUM1 siRNA
resulted in a biphasic upsurge in the expression of genes asso-
ciated with innate immune responses. Thus, during phase 1 be-

tween 12 and 48 h after transfection, there was a significant
increase in the accumulation of LGP2, CXCL10, IL6, and PKR
mRNAs. This was followed 24 h later (phase 2) by a significant
increase in the accumulation of mRNAs encoding RIG-I, SP100,
MDA5, IFIT1, PML, STING, and IFNβ. The results suggested
that PUM1, but not PUM2, acted directly or via one or more
intermediaries to activate LGP2, and this in turn activated di-
rectly or through intermediaries the expression of at least some
phase 1 and phase 2 genes. The results revealed that suppression
of PUM1 results in the activation of a network in a sequence that
can be monitored in real time. Moreover, the data suggested that
the effect of transfection was likely transient. The surprising
finding was that depletion of PUM1 resulted in a sequence of
events that led to production of IFN β and reduction in HSV-
1 gene expression. The role of PUM1 could not be related to its
function as a posttranscriptional regulator of mRNA (1, 4–6).
The key questions addressed in this report were whether gene

knockouts also result in changes in the expression of multiple
genes, whether the networks of modified gene responses in dif-
ferent knockouts overlap, and whether enhancement of antiviral
activity is a common consequence of gene knockouts.
It should be noted that there is a vast difference between

depletion of targeted mRNAs by siRNA and gene knockouts.
Depletion results in a stress response that dissipates over time, as
illustrated by the disappearance of INFβ on the fifth day after
transfection of PUM1 siRNA. In principle, depletion of mRNA
does not result in the selection of survivors altered in perpetuity.
In contrast, the stable cell lines generated by gene knockouts
reflect the results of genetic and/or epigenetic changes that
compensate the cells for gene loss and enable them to survive
and divide.
In the studies reported here, we measured HSV replication

and the accumulation of mRNAs encoded by 10 genes associated
with various aspects of innate immunity in 10 knockout cell lines.
A characteristic of the genes selected for these studies is that

Fig. 3. Replication of HSV-1(F) in HEp-2 and knockout cell lines. Replicate
cultures of HEp-2 or indicated knockout cells were exposed to 0.01 PFU
of virus per cell for 2 h. The inoculum was then replaced with fresh medium.
Virus progeny were harvested at 48 h after infection and titered on Vero
cells. The numbers above the bars show the ratios of virus yield obtained in
the knocked-out cell lines relative to those obtained in HEp-2 cells. Student’s
t test was used to calculate the P values (n = 3). *P ≤ 0.05; **P ≤ 0.02.

Fig. 4. Summary of the accumulation of mRNAs (B) and HSV-1(F) (A) yields
in knockout cell lines. This diagram summarizes in simplified form the sig-
nificant data shown in Figs. 2 and 3. The probed mRNAs are listed on the y
axis. The knockout cell lines are listed on the x axis. The numbers at the top
of each cell line are the ratios of virus yields obtained in knockout cell lines
to yields obtained in HEp-2 cells. Green dots indicate that the probed gene
had been deleted. Red arrows indicate that the probed mRNA increased
significantly relative to the levels measured in HEp-2 cells; blue arrows in-
dicate that the amounts of mRNA detected in the knockout cell lines were
significantly lower than the amount detected in HEp-2 cells. A vertical bar
indicates that the values obtained in knockout cell lines were not signifi-
cantly different from those measured in HEp-2 cells.

Fig. 5. Efficiency of siRNAs in depleting targeted proteins after transfection of
HEp-2 cells. HEp-2 cells seeded on six-well plates were either mock treated or
transfected with 100 nM IRF3, MDA5, STING, IFI16, or PUM1 siRNA or nontarget
siRNA (siNT). The cells were harvested 60 h after transfection. Cell lysates were
separated on denaturing 10% polyacrylamide gels, electrically transferred to
nitrocellulose sheets, and immunoblotted for indicated proteins. GAPDH was
used as a loading control. For confirmation of siMDA5 depletion, mock-treated,
nontarget, or siMDA5-transfected cells were exposed to IFNβ (100 ng/mL) at
36 h after transfection; the cells were harvested after 24 h of additional in-
cubation and processed as described earlier.
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their products perform a wide spectrum of functions ranging
from chromatin modifiers, transcriptional regulators, sensors of
nucleic acids, and so on, and have been reported to interact with
multiple proteins (7–55). As illustrated in Fig. 8, they form two
distinct linkage groups.
The results of the studies reported here may be summarized

as follows: With two exceptions (ΔIFI16 and ΔPUM1), the
knocked-out cell lines exhibited changes in the expression of at
least 1 (ΔHDAC1) and, in most cases, changes in the expression
of multiple genes. These were either predominantly up-regulated
(cluster 1) or predominantly down-regulated (cluster 2).
Second, in both clusters, the same genes were up-regulated or

down-regulated in more than one knockout cell line. Neverthe-
less the cell lines differed with respect to the overall pattern of
response. A key question that remains unresolved is whether all
the changes in gene expression are essential for the function of
the knocked-out cell lines and whether some changes are co-
variant but do not contribute to the phenotype of the cells.
Irrespective of the role of each individual changes, the pheno-
type of each cell line reflects the sum total of alterations in gene
expression, and not merely the function of the deleted gene.
Third, none of the 10 knockout cell lines produced more virus

than the parental HEp-2 cells. A curious finding was that the
clusters of cell lines in which one or more genes were up-
regulated produced 5–100-fold less virus than HEp-2 cells. These
cell lines were ΔLGP2, ΔPML, and ΔHDAC4. PML and
HDAC4 were reported elsewhere to be required for HSV-
1 replication (2, 3). Conversely, the cell lines exhibiting decreases
in gene expression did not differ significantly from the parental

cell line with respect to virus yields. The significance of this
finding is twofold. Foremost, implicit in this finding is that the
genetic and or epigenetic changes that confer survival and
growth of some knocked-out cell lines may also confer a
heightened immunity against infection. Equally significant, the
innate antiviral state of some but not all knockout cell lines
suggests that in unstressed parental cells, the antiviral state is
repressed and must be activated by specific sensors.
Fourth, the role of STING in defining antiviral immunity de-

pends on the context in which it is probed. An earlier publication
from one of the reporting laboratories showed that depletion of
STING by siRNA significantly increased HSV-1 yields (56). This
report shows no perceptible decrease in virus yields in ΔSTING
cells. The discrepancy in the results obtained by the two methods
is consistent with the hypothesis noted earlier in the text, in that
transient depletion of a gene product in contrast to the deletion
of the gene may affect different cohorts of cellular genes and
yield divergent results.
Fifth, perhaps the major conflict to emerge from the com-

parison of the two methods of silencing the expression of a gene
emerged from analyses of the role of LGP2. Specifically, in cells
depleted of PUM1, the expression of LGP2 was enhanced and
was required for subsequent enhancement of expression of sev-
eral genes, including INFβ, and down-regulation of viral gene
expression (1). In the studies reported here, we noted a dramatic
decrease in virus yields and up-regulation of genes associated
with innate immunity. One hypothesis that could explain the data
is that the function of LGP2 is defined by one or more cellular

Fig. 6. Accumulation of mRNAs of selected cellular genes in ΔLGP2, ΔPML, and ΔLSD1 cells after mock transfection or transfection of IRF3, STING, IFI16,
MDA5, or PUM1 siRNAs. HEp-2 or knockout cells grown in six-well plates were mock-treated or transfected with 100 nM IRF3, STING, IFI16, MDA5, or
PUM1 siRNA. The cells were harvested at 60 h after transfection, and 0.5 μg total RNA was reverse-transcribed to cDNA, as described in Materials and
Methods. mRNAs encoding LGP2 (A), IFI16 (B), STING (C), MDA-5 (D), IFIT1 (E), and RIG-I (F) were normalized with respect to 18s RNA and are shown as fold
change compared with the mRNA levels measured in HEp-2 cells.
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gene products that remain to be identified and that are regulated
differently in depleted and knocked-out cells.
Last, the question arose of whether we could identify master

regulators among the cluster of up- or down-regulated genes. To
test one approach, we selected three knockout cell lines (i.e.,
ΔLGP2, ΔPML, andΔLSD1) that exhibited multiple up-regulated
genes. These were transfected with IRF3, IFI16, STING, MDA5,
or PUM1 siRNAs. The key finds were that IRF3 down-regulated
mRNAs encoding IFI16, MDA5, IFI1, and RIG-I in the
ΔLGP2 cell line, but not in the ΔPML or ΔLSD1 cell line.
Conversely, transfection of the three cell lines with PUM1 siRNA
resulted in the up-regulation of LGP2, IFI16, MDA5, IFIT1, and
RIG-1 in the ΔLSD1 and ΔPML cell line, but not, as expected,
in the ΔLGP2 cell line. On the basis of this approach, IRF3 up-
regulates a network of genes, but its function is down-regulated
by LGP2. However, as previously reported, PUM1 siRNA up-
regulates LGP2 and indirectly up-regulates a network of genes.
Consistent with earlier results, we detected up-regulation of
multiple genes after transfection of PUM1 siRNA in ΔPML and
ΔLSD1 cell lines, but not in cells in which LGP2 was knocked
out. The data suggest that the regulatory functions of PUM1 are
transient. In these studies, IRF3 and PUM1 appear to control
the expression of a network in which the primary effector
is LGP2.
The significance of this report stems from three conclusions.

Foremost, multiple single-gene knocked-out cell lines exhibit
covariant up- or down-regulation of partially overlapping clus-
ters of genes. Implicit in this finding is that the phenotype of
knocked-out cell lines cannot be ascribed to a single gene.
Moreover, in the studies reported here, up-regulation of innate
immunity appears to be associated with up-regulation of ex-
pression of partially overlapping gene clusters and is not a gen-
eral property of knocked out cells. Last, the term “stress”
inadequately portrays the range of stimuli to which cells respond
in many and diverse ways.

Materials and Methods
Cell Lines and Virus Strains. HEp-2 cells obtained from the American Type
Culture Collection and the knockout cell lines were routinely cultured in

DMEM (Life Technologies) containing 5% FBS (Life Technologies). HSV-1(F) is
the prototype HSV-1 strain used in this laboratory (57).

RNA Interference. Gene knockdown was achieved using siRNAs directed against
human IRF3, STING, IFI16, MDA5, or PUM1 genes (all from GenePharma);
the sequences of the siRNA were as follows: siPUM1(5′-GCUGCUUACUAU-
GACCAAATT-3′), siIRF3(5′-GGAGGAUUUCGGAAUCUUCTT-3′), siSTING(5′-GCA-
ACAGCAUCUAUGAGCUUCUGGAGAAC-3′), siIFI16(5′-CACGUUGAAACCAAGA-
CUGAATT-3′), and siMDA5(5′-GGAUUGUGCAGAAAGAAAATT-3′).

The NT siRNA(5′-UUCUCCGAACGUGUCACGUTT-3′) was used as negative
control. For siRNA transfection, cells (3 × 105 per well) seeded in six-well
plates were transfected with siRNA at a final concentration of 100 nM. At
60 h posttransfection, cells were harvested for further analysis. All trans-
fections were carried out using Lipofectamine 2000 (Invitrogen) according to
manufacturer’s instructions.

Generation of Knockout Cell Lines Using CRISPR. Parental HEp-2 cells were
cotransfected with the sgRNA vector plasmid, targeting indicated sequences
(Table 1), and a donor vector containing a selection cassette expressing GFP
was inserted into the targeted site. Selected cells (GFP+) were serially diluted
to form single cell-derived colonies. The knockouts were further verified by
genomic DNA sequencing and immunoblotting (Fig. 1).

RNA Extraction and Real-Time Quantitative PCR. Total RNA was isolated using
TRI Reagent solution (Thermo Scientific) and treated with DNase I (Takara).
cDNA was synthesized from 0.5 μg RNA with the aid of the Rever Tra Ace q-
pcr RT Kit (Toyobo) in accordance with instructions provided by the sup-
pliers. Gene expression was measured by real-time quantitative PCR analysis
using SYBR Green Realtime PCR master mix (Toyobo) in Step one plus
Real-Time PCR system (AB Applied Biosystems), using the following primers:
IFI16-F AAAGTTCCGAGGTGATGC, IFI16-R TGACAGTGCTGCTTGTGG, PUM1-F
CTTGCATTTGGACAAGGTCTG, PUM1-R CATTCACTACAAGGGCACCAG, LSD1-F
CCGCTCCACGAGTCAAAC, and LSD1-R ATCCCAGAACACCCGATC, sequences of
other primers were as described previously (1). Transcript expression was
normalized to the 18SRNA, and relative expression changes was determined
using the 2−ΔΔCT method.

Fig. 7. Summary of the accumulation of mRNAs in knockout cells trans-
fected with siRNAs targeted to IRF3, STING, IFI16, MDA5, or PUM1. The three
panels summarize the results of analyses ΔLGP2, ΔPML, or ΔLSD1 cell lines.
For each panel, the x axis shows the transfected siRNA. The y axis identifies
the mRNA. Red arrows indicate that the siRNA caused at least a fourfold
increase in the mRNA level relative to that of mock-transfected cells. Blue
arrows indicate that the siRNA caused at least a fourfold decrease in the
mRNA relative levels in mock-transfected cells. A vertical bar indicates no
significant changes. The green circle indicates that as expected, no
LGP2 mRNA could be detected in ΔLGP2 cells. Last, the black circles identify
mRNAs specifically targeted by corresponding mRNAs, and therefore
expected to be down-regulated.

Fig. 8. Linkage maps showing reported interactions of the products of
genes investigated in this study among themselves and products of other
genes. The numbers in parentheses refer to references.
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Immunoblot Assays. Cells were collected 60 h after transfection. The proce-
dures for harvesting, solubilization, protein quantification, SDS/PAGE, and
transfer to nitrocellulose membranes were as described previously (58).

Antibodies. The antibodies used in this study included rabbit polyclonal anti-
LGP2 (sc-134667; Santa Cruz), rabbit monoclonal anti-PUM1 (ab92545;
Abcom), rabbit monoclonal anti-MDA5 (#5321; CST), rabbit polyclonal anti-
STING (19851–1-AP; Proteintech), rabbit monoclonal anti-IFI16 (#14970; CST),
rabbit monoclonal anti-PML (ab179466; Abcom), rabbit polyclonal anti-LSD1
(#2139; CST), rabbit monoclonal anti-HDAC1 (#34589; CST), rabbit mono-
clonal anti-HDAC4 (#7628; CST), rabbit monoclonal anti-IRF3 (ab76409;
Abcom), and rabbit monoclonal anti-GAPDH (#2118; CST).

Virus Titration. A total of 1 × 106 of HEp-2 or knockout cells were seeded onto
six-well plates, After 24 h of incubation, the cells were exposed to 0.01 PFU
HSV-1(F) per cell. The cells were harvested at 48 h after infection. Viral
progeny were titrated on Vero cells.
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