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PUM1 is a biphasic negative regqulator of innate
immunity genes by suppressing LGP2
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PUM1 is an RNA binding protein shown to regulate the stability
and function of mRNAs bearing a specific sequence. We report the
following: (/) A key function of PUM1 is that of a repressor of key
innate immunity genes by repressing the expression of LGP2. Thus,
between 12 and 48 hours after transfection of human cells with
siPUM1 RNA there was an initial (phase 1) upsurge of transcripts
encoding LGP2, CXCL10, IL6, and PKR. This was followed 24 hours
later (phase 2) by a significant accumulation of mRNAs encoding
RIG-I, SP100, MDAS5, IFIT1, PML, STING, and IFNB. The genes that
were not activated encoded HDAC4 and NF-xB1. (ii) Simultaneous
depletion of PUM1 and LGP2, CXCL10, or IL6 revealed that up-
regulation of phase 1 and phase 2 genes was the consequence of
up-regulation of LGP2. (jii) IFNp produced 48-72 hours after transfec-
tion of siPUM1 was effective in up-regulating LGP2 and phase 2 genes
and reducing the replication of HSV-1 in untreated cells. (iv) Because
only half of genes up-regulated in phase 1 and 2 encode mRNAs
containing PUM1 binding sites, the upsurge in gene expression could
not be attributed solely to stabilization of mRNAs in the absence of
PUMA1. (v) Lastly, depletion of PUM2 does not result in up-regulation
of phase 1 or phase 2 genes. The results of the studies presented here
indicate that PUM1 is a negative regulator of LGP2, a master regulator
of innate immunity genes expressed in a cascade fashion.

PUM1 | LGP2 | RIG-I | MDAGS | interferon

In this article we report that depletion of human Pumilio pro-
tein 1 (PUM1) also known as PUF or RBF results in a cascade
of expression of innate immunity genes that ultimately lead to
the synthesis of IFN. To monitor the sequential order of gene
expression we depleted PUM1 by transfecting cells with siRNA
specifically directed against PUM1 and monitored the changes in
gene expression as a function of time after transfection. We re-
port that the entire gene expression cascade evolves within a 48-
to 72-h time frame. The first phase extrapolates to an interval
between 12 and 48 h after transfection of siPUM1 RNA and is
characterized by a significant increase in the accumulation of
transcripts encoding LGP2, CXCL10, IL6, and PKR. The second
phase, which extrapolates roughly to an interval between 48 and
72 h after siPUM1 transfection, is characterized by an upsurge in
the accumulation of mRNAs encoding RIG-I, MDAS, SP100,
PML, STING, and IFNp and to a lesser extent that of I[FNy. The
results also show that the increase in the expression of genes in
both phase 1 and phase 2 were dependent on the increase in the
expression of LGP2 following depletion of PUML. Lastly, the
results show that the production of IFNf was effective in up-
regulating LGP2 and phase 2 genes. Thus, PUM1 emerged as a
negative biphasic regulator of innate immune responses.
Human cells express two Pumilio proteins, PUM1 and PUM2 (1-
3). The primary function of PUM proteins described to date is that
of mRNA posttranscriptional regulators (4-9). Specifically both
PUMI1 and PUM2 contain a RNA sequence-specific binding do-
main (10-15). In studies that detailed the consequences of the in-
teraction, the results suggest that PUM proteins alter the function
of the RNAs by altering their conformation (7, 16). Other studies
reported that PUM proteins mediate translational silencing via a
number of mechanisms. These include mRNA deadenylation (17),
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decapping (18), by blocking translation initiation (19), or by facili-
tating their interaction with microRNAs (7, 16). PUM proteins have
also been reported to be markers of stress granules in cells infected
with Newcastle disease virus (20). The findings reported here vastly
expand our knowledge of the functions of PUMI.

The PUM1 and PUM2 RNA binding domains have been
reported to be 91% identical (2). The remaining amino acid
sequences of the two proteins are 75% identical (2). Notwith-
standing the close relationship of the two proteins, depletion of
PUM?2 did not match the consequences of depletion of PUMI.

Results

PUM1 Mediates the Suppression of Selected Genes Known to Play a
Significant Role in Innate Inmune Responses to Infection. In this series
of experiments we measured the accumulation of proteins and
mRNAs of selected cellular genes associated with innate immune
responses in cells depleted of PUM1 by transfection of targeted
(siPUM1) or nontargeted (siNT) siRNAs. We have chosen to
deplete cells of selected proteins using siRNAs to trace the de-
pletion of gene products as a function of time after transfection.
The sequence of siRNAs used in these studies, the sequences of
the probes for quantification of mRNAs, and the sources of an-
tibodies are described in Materials and Methods and Table 1.

In preliminary studies we tested three PUMI1 siRNAs and a NT
siRNAs. The sequences of the siRNAs are listed in Materials and
Methods. Of the four siRNAs tested, two PUMI1 siRNAs (nos.
2652 and 1777) significantly decreased the accumulation of PUM],
whereas the NT siRNA and the PUM1 siRNA no. 412 had no effect.

The NT siRNA and the PUMI siRNA (412) had no effect on
the synthesis and accumulation of PUM1, whereas the remaining
two, 1777 and 2652, significantly reduced the accumulation of
PUM1 (Fig. 1A4). The results shown in Fig. 14 indicate that the

Significance

We report that PUM1, a protein linked to control of translation
of mRNAs carrying a cognate sequence, is a negative regulator
of LGP2. In turn LGP2 emerged as a biphasic master activator of
numerous innate immunity genes leading to production of in-
terferon. The studies traced in real-time the changes in innate
immune responses following transfection of siPUM1 RNA. This
approach enabled the discovery that innate immune genes
analyzed in this report were activated sequentially in a cascade
fashion. The studies were done in uninfected cells in the absence
of viral gene products that could affect the expression of cellular
genes. This report seeds the possibility of systemic engagement
of innate immune responses following life-threatening viral infec-
tions by suppressing PUM1 function.
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Table 1. Sequences of primers used to measure gene expression

Gene Forward primer Reverse primer

LGP2 5-GAGCCAGTACCTAGAACTTAAAC-3’ 5-ATGGCCCCATCGAGTTTG-3'
CXCL10 5’-ACGTGTTGAGATCATTGCTAC-3’ 5-ATCTTTTAGACCTTTCCTTGC-3’
IL6 5-GCCACTCACCTCTTCAGAACG-3’ 5-CAGTGCCTCTTTGCTGCTTTC-3’
PKR 5’-GGAAAGCGAACAAGGAGTAAG-3’ 5’-ATCCCGTAGGTCTGTGAAAAAC-3’
RIG-I 5’-AGAAGAGTACCACTTAAACCCAG-3’ 5’-TTGCCACGTCCAGTCAATATG-3’
SP100 5-TTTTCGCCTCAGAACCGTATT-3’ 5'-CTGCACAAACCCTTCTACTCG-3’
MDA5 5-AGGAGTCAAAGCCCACCATC-3' 5'-GTGACGAGACCATAACGGATAAC-3
IFIT1 5’-CAACCAAGCAAATGTGAG-3’ 5’-AGGGGAAGCAAAGAAAATGG-3’
PML 5-CACCCGCAAGACCAACAACATC-3’ 5-GCTTGGAACATCCTCGGCAGTAG-3’
STING 5’-TCAGCATTACAACAACCTGCTAC-3’ 5'-TTATCCAGGAAGCGAATGTTG-3’
HDAC4 5'-TCAAGAACAAGGAGAAGGGCAAAG-3’ 5-TCCCGTACCAGTAGCGAGGGTC-3’
NFxB1 5’-TAAAGCCCCCAATGCATCCAAC-3’ 5’-CCAAATCCTTCCCAGACTCCAC-3’
IFN-a 5-AGAGTCACCCATCTCAGCAAG-3’ 5-CACCAGGACCATCAGTAAAGC-3’
IFN-p 5’-TTGTGCTTCTCCACTACAGC-3’ 5'-CTGTAAGTCTGTTAATGAAG-3’
IFN-y 5-ATGTCCAACGCAAAGCAATAC-3’ 5-GCTCTTCGACCTCGAAACAG-3’
ICP27 5’-TCATGCACGACCCCTTTGG-3’ 5’-CTTGGCCCGCCAACAC-3’

ICP8 5’-GCCTGAAACACACGGTCGTT-3’ 5’-ATGGTCGTGTTGGGGTTGAG-3’
uL42 5-TTTCTCCTGAAACCCCAGAAGATTTG-3’ 5'-AGTCCTGGCTGTCTGTTGGCTC-3’
VP16 5-CTCGAAGTCGGCCATATCCA-3' 5-CCGGGTCCGGGATTTACC-3'

18S 5’-CTCAACACGGGAAACCTCAC-3’ 5’-CGCTCCACCAACTAAGAACG-3’

NT siRNA and the siPUM1 1777 and 2652 at 100 nM are suit-
able for the studies described below.

In preliminary studies we noted that depletion of PUM1 by
siRNA induces the synthesis LGP2. To verify the link between
depletion of PUM1 and activation of transcription of LGP2, HEp-2
cells were transfected with NT siRNA or the PUM1 siRNAs, 412,
2652, and 1777. As shown in Fig. 1B the PUMI1 siRNAs 1777
and 2652 activated the transcription of LGP2, whereas the PUM1
siRNA 412 and the NT siRNA had no effect. These studies support
the conclusion that depletion of PUM1 correlates with activation
of transcription of LGP2. We selected PUM1 siRNA 1777 for
further studies.

We next examined the effect of depletion of PUM1 on the
accumulation of IFIT1, PKR, PKR-p-Thr446, and STING. The
amounts of protein were normalized with respect to amounts of
loading controls (GAPDH) and the amounts of proteins de-
tected in mock transfected level cells. The results (Fig. 1C, lanes
7-9) show that at 66 h after transfection, the amounts of the
proteins analyzed in this study increased at least twofold. The
amounts of PKR-p-Thr446 increased 4.8-fold. Smaller increases
were noted at 48 h after transfection.

We next examined the accumulation of mRNAs of a selected
set of 12 cellular genes. In this instance, the amounts of mRNAs
were normalized with respect to 18S RNAs. The results are shown
in Fig. 2. In brief, few changes in mRNA levels were noted at 12 h
after transfection of siRNAs. At later times after transfection, we
noted three different responses. Specifically the mRNA levels of
LGP2, CXCL10, IL6, and PKR began to increase sometime be-
tween 12 and 48 h of transfection and leveled off between 72 and
90 h after transfection. The levels of RIG-I, SP100, MDAS, IFIT1,
and to a lesser extent those of PML and STING, increased after
48 h after transfection, consistent with the accumulation of the
respective proteins shown in Fig. 1. Lastly, we did not detect a
significant increase in the levels of mRNAs encoding HDAC4 and
NF-kB1 within the time interval tested.

In summary the results show that the expression of at least
10 genes associated with innate immune responses are up-
regulated in uninfected HEp-2 cells depleted of PUMI. The
increases in expression of some genes extrapolate to ~12 h after
transfection. In the case of others, notably RIG-I, SP100, IFIT1,
MDAS, PML, and STING, the increases in the accumulation of
mRNAs began between 48 and 72 h after transfection. One
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hypothesis that could explain the results is that the genes whose
increase in expression began after 48 h after transfection were
activated by the products of genes transactivated between 12 and
48 h after transfection.

Up-Regulation of both Phase 1 and Phase 2 Genes Requires the
Expression of LGP2. The primary function of PUM proteins de-
scribed to date is that of translational repressors that act by binding
to a conserved sequence motif (UGUANAUA) in the 3" UTR of
target mRNAs (14, 21). Analyses of the sequences of the mRNAs
of the genes up-regulated in phases 1 and 2 revealed that only half
of the 12 tested mRNAs contained the conserved sequence motif
UGUANAUA. As indicated by the red circle in Fig. 2, these were
the mRNAs encoding CXCL10, PKR, RIG-I, SP100, IFITI,
HDACH4, and NF«B1. In essence these analyses do not support the
hypothesis that up-regulation of innate immune responses is the
consequence of derepression of their mRNAs.

We next tested the hypothesis that one of the activated genes
in phase 1 plays a key role in activation of both phase 1 and
phase 2 genes. In two series of experiments we established that
LGP2 plays this role. Specifically, in the first series of experi-
ments we measured the role of LGP2 in the up-regulation of
phase 1 genes IL16 and CXCL10. The results summarized in Fig.
3 shows that in cells transfected with siPUM1 and siLGP2 RNAs
there was no enhancement of accumulation of LGP2 mRNA
(Fig. 3C) or of IL6 (Fig. 34) or CXCL10 mRNAs (Fig. 3B).
Thus, activation of phase 1 genes by depletion of PUM1 required
the enhanced expression of LGP2.

In the second series of experiments we examined the role of
enhanced expression of LGP2, CXCL10, or IL6 in the up-
regulation of phase 2 genes RIG-I, SP100, MDAS, or IFIT1 by
measuring the accumulation of the mRNAs of these genes in
cells depleted of PUM1 and LGP2 (Fig. 44), PUM1 and
CXCLI10 (Fig. 4B), or PUMI and IL6 (Fig. 4C). Depletion ef-
ficiency of LGP2 (Fig. 4 A, a), CXCL10 (Fig. 4 B, f), and IL6
(Fig. 4 C, k) by siRNAs were verified by mRNA accumulation.
Next we examined the doubly depleted cells for the accumula-
tion of RIG-I, SP100, MDAS, and IFIT1. The results show that
the enhancement of the accumulation of the mRNAs encoding
RIG-I, SP100, MDAS, and IFIT1 required the activation of
LGP2 (Fig. 4 A, b-e) but not the activation of CXL10 (Fig. 4 B,
g-j) or IL6 (Fig. 4 C, I-0).
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Fig. 1. Depletion of PUM1 in HEp-2 cells resulted in up-regulation of selected cellular proteins. (A) Depletion of PUM1 by transfection of siRNA. The 3 x 10°
HEp-2 cells seeded on six-well plates were either mock treated or transfected with 50 or 100 nM PUM1 siRNA or nontarget siRNA (siNT). The cells were
harvested at 66 h after transfection. Cell lysates containing 70 pg of total proteins were separated on denaturing 10% polyacrylamide gels, electrically
transferred to nitrocellulose sheets, and immunoblotted for PUM1 protein. -Actin was used as a loading control. (B) Accumulation of mRNA of LGP2 in HEp-
2 cells at times after transfection of NT and PUM1 siRNAs. HEp-2 cells seeded on six-well plates were transfected with 100 nM of PUM1 siRNAs: siPUM1-1777,
siPUM1-2652, siPUM1-412 or siNT. The cells were harvested at 12, 48, or 72 h after transfection. Total RNAs were extracted and reverse transcribed to cDNA as
described in Materials and Methods. mRNAs encoding LGP2 were normalized with respect to 185 RNA and plotted as a function of time after transfection.
(C) Accumulation of selected cellular proteins in HEp-2 cells depleted of PUM1. The 3 x 10° HEp-2 cells seeded on six-well plates were mock treated or
transfected with 100 nM PUM1 siRNA or siNT. The cells were harvested at 36, 48, or 66 h after transfection. Lysates containing 70 ug of total proteins were
electrophoretically separated on denaturing 10% polyacrylamide gels, electrically transferred to nitrocellulose sheets, and immunoblotted for PUM1, IFIT1,
PKR, PKR-P-Thr446, and STING. GAPDH was used as loading control. The images of bands were scanned with the aid of ImageJ, and the band density was

normalized with respect to GAPDH and shown as a percentage of the values obtained for mock-transfected cells.

In summary, up-regulation of both phase 1 and phase 2 genes
required the activation of LGP2 that was induced by depletion
of PUMIL.

HSV-1 Gene Expression Is Inhibited in Cells Depleted of PUM1. The ob-
jective of this series of experiments was to determine whether
PUML1 depletion affected the replication of HSV-1. We report three
series of experiments. In the first replicate, HEp-2 cell cultures were
exposed to 0.1 HSV-1(F) per cell 48 h after transfection with siNT or
siPUMI. The results (Fig. 54) indicate that the replication of HSV-1
was impaired and resulted in reduced virus yields. In the second
series of experiments, the cells were exposed to 0.5 pfu of HSV-1(F)
per cell 66 h after transfection with siNT or siPUML1. The cells were
harvested at times indicated in Fig. 5B, solubilized, subjected to
electrophoresis in denatured gels, and probed with antibodies to
proteins associated with different kinetic classes of HSV-1 replica-
tion. These included ICPO and ICP27, representative of the o or
immediate early genes, ICP8 representative of the p or early genes,
and VP16 and US11 representative of y or late genes (Fig. 5B). In
the third series of experiments, the cells were exposed to 0.5 pfu of
virus per cell. The cells were harvested at times shown in Fig. 5C and
the amounts of mRNAs of ICP27, ICPS, ULA2, and VP16, repre-
sentative of the various kinetic classes of HSV-1 replication, were
measured. The results of three series of experiments indicate di-
minished viral replication in cells transfected with siPUM1 RNA.

The Decrease in the Yields of Viral Gene Products in Cells Transfected
with siPUM1 RNA Is Associated with Production of IFN. The activa-
tion of genes associated with innate immunity and reductions in
viral yields and viral gene products raised the question of
whether depletion of PUMI results in production of IFN. The
results presented below suggest that this is the case. We report

E6904 | www.pnas.org/cgi/doi/10.1073/pnas.1708713114

three series of experiments. In the first series of experiments we
tested transfected cells for the synthesis of IFNa, IFNp, or IFNy
mRNA:s. Cells mock treated or transfected with 100 nM of siNT
or siPUM1 RNAs were harvested at 12, 48, 72, or 90 h after
transfection and analyzed for the accumulation of mRNAs
encoding IFNa, IFNf, or IFNy using procedures and probes
described in Materials and Methods and Table 1. The results
shown in Fig. 64 suggest that IFNf mRNA begins to accumulate
between 48 and 72 h after transfection of siPUM]1, that is, during
phase 2. The assays also detected the accumulation of small
amounts of IFNy mRNAs.

In the second series of experiments, we verified the accumula-
tion of IFNf and determined its pattern of accumulation. Spe-
cifically the cells were mock treated or transfected with 100 nM of
PUM1I, siLGP2, or both siPUMI1 and siLGP2 RNAs. The cell
culture media of transfected cells were replaced daily and the
spent media harvested on days 1-5 after transfection were ana-
lyzed by ELISA for the accumulation of IFNf protein using pro-
cedures described in Materials and Methods. The results shown in
Fig. 6B suggest that in the cells, depleted PUM1 IFNf was pro-
duced between day 1 and day 2 and reached peak levels by day 4.
It then declined to its basal level as detected on day 1 after
transfection. IFNp production was not detected in cells transfected
with siLGP2 or both siPUM1 and siLGP2 RNAs. We conclude
from these results that IFNB production requires depletion of
PUMI1 and activation of LGP2. Both sets of experiments exclude
the alternative hypothesis that IFNp is induced by an alternative
pathway as a consequence of transfection of siRNAs.

In the third series of experiments, we ascertained that the
antiviral activity produced in siPUM1-transfected cells was due to
IFNB. First we tested for antiviral inhibitory activity in the spent
medium harvested 48 h after mock transfection or transfection

Liu et al.


www.pnas.org/cgi/doi/10.1073/pnas.1708713114

L T

z

1\

BN AS  DNAS P

8
10°)A (6p2 B cxcuio ® Gz Dekr @
107 /\/ 4
<
< 108
® J
5
@ 10
2 1ot . — — — ey
8 10° Erc @ 1F spi00 @ 1Gmabs Hrm@
8
£ 107
=
- 108
8
T 105
£
2 10 r — r — r r— T —
ﬁ 108l PmL J stinG HoACH @ L nece1 @
[1's
E 407
. —ﬁ
10 § —
5 — siNT
1 e SPUM 1
10* —r— r—r— — e
12 48 72 90 12 48 72 90 12 48 72 90 12 48 72 90

Hours after transfection

Fig. 2. Accumulation of mRNAs of selected cellular genes in HEp-2 cells at times after mock transfection or transfection of NT and PUM1 siRNAs. HEp-2 cells
seeded on six-well plates were either mock treated or transfected with 100 nM of PUM1 siRNA or nontarget siRNA (siNT). The cells were harvested at 12, 48,
72, or 90 h after transfection. Total RNAs were extracted and reverse transcribed to cDNA as described in Materials and Methods. mRNAs encoding LGP2 (A),
CXCL10 (B), IL6 (C), PKR (D), RIG-I (E), SP100 (F), MDAS5 (G), IFIT1 (H), PML (/), STING (J), HDAC4 (K), and NF-xB1 (L) were normalized with respect to 185 RNA and
plotted as a function of time after transfection. The red circle indicates that the mRNA contains the affinity sequence required from binding to PUM1 or PUM2.

of 100 nM of siNT or siPUMI. In these experiments, replicate
cultures of HEp-2 cells in six-well plates were exposed to amounts
of spent medium ranging from 0.125 to 2 mL. After 24 h of in-
cubation, the cells were exposed to 0.1 pfu of HSV-1(F) per cell.
The cells were harvested 24 h after infection and analyzed for
the accumulation of viral proteins representative of different
kinetic classes. The results (Fig. 6C) show that the yields of viral
proteins were not affected by the exposure to 2 mL of spent
medium from cultures of mock-transfected or siNT-transfected
cells. Infected cells exposed to spent medium from culture trans-
fected with siPUM1 yielded fewer viral proteins in spent medium
dose-dependent fashion.

We next tested whether the inhibitor present in spent medium
of cells transfected with siPUM1 was IFNa, IFN, or IFNy. In
these experiments, 2-mL aliquots of the spent medium from

siPUMI1-transfected cells (siPUM1-S) were incubated for 2 h at
37 °C with antibody to IFNa, IFNB, or IFNy as detailed in Ma-
terials and Methods. Replicate HEp-2 cell cultures were then
exposed to 2-mL amounts of Mock-S, siNT-S, or siPUM1-S or
the siPUMI1-S antibody mixtures. After 24 h the cells were ex-
posed to 0.1 pfu of HSV-1(F). Fig. 6D shows the amounts of
various viral proteins present in cells harvested 24 h after in-
fection. The results suggest that the spent medium harvested
from cells transfected with siPUM1 contained IFNp, inasmuch as
cells exposed to spent medium neutralized with anti-IFNB ac-
cumulated two- to fourfold more proteins than the controls. We
did not detect evidence of antiviral effects due to IFNy (Fig. 6D,
lane 7).

Additional data supporting the hypothesis that cells depleted
of PUMI secrete IFN into extracellular fluid emerged from two
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Fig. 3. Accumulation of mRNAs encoding IL6 and CXCL10 in HEp-2 cells depleted of PUM1 and LGP2 RNAs. HEp-2 cells seeded on 12-well plates were
transfected with nontarget siRNA (siNT) or cotransfected siPUM1 and NT siRNAs or siPUM1 and siLGP2 RNAs. The cells were harvested at 12, 48, or 72 h after
transfection. Total RNAs were extracted and reverse transcribed to cDNA as described in Materials and Methods. mRNA levels of IL6 (A), CXCL10 (B), and LGP2
(C), were normalized with respect to 185 RNA.
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Fig. 4. Accumulation of mRNAs of selected cellular genes in HEp-2 cells depleted of PUM1 and LGP2 (A), PUM1 and CXCL10 (B), or PUM1 and IL6 (C) by
transfection of siRNAs. HEp-2 cells seeded on 12-well plates were either transfected with nontarget siRNA (siNT) or cotransfected with siPUM1 and siNT RNAs
or siPUM1 and siLGP2 RNAs (A), siPUM1 and siCXCL10 RNAs (B), or siPUM1 and silL6 RNAs (C).The final concentration of total siRNA was 80 nM. The cells were
harvested at 12, 48, or 72 h after transfection. Total RNAs were extracted and reverse transcribed to cDNA as described in Materials and Methods. mRNA levels
of RIG-I, SP100, MDAS5, and IFIT1 were normalized with respect to 18S RNA. Depletion efficiency of mRNA levels LGP2 (A, a), CXCL10 (B, f), and IL6 (C, k) by

siRNAs were verified and normalized with mock-treated cells.

series of experiments. Thus, cells exposed to Mock-S, siNT-S, or
siPUM1-S as above were harvested 48 h after transfection and
analyzed with respect to the level of mRNAs encoding known
IFN-stimulated genes (ISG). The procedures were the same as
those used in preceding experiments (Fig. 2). The results (Fig.
7A4) show that the spent medium from cells incubated with
siPUM significantly up-regulated the mRNA encoding LGP2,
RIG-I, STING, IFIT1, and SP100. Although the up-regulation of
PKR was significant, it was lower than that of other genes tested
in this assay.

In the second experiment, we examined the accumulation of
several ISG proteins in lysates of cells maintained in Mock-S,
siNT-S, or siPUMI1-S for 24 h. The procedures were as described

E6906 | www.pnas.org/cgi/doi/10.1073/pnas.1708713114

earlier in the text. The results (Fig. 7B) show that the cells ex-
posed to siPUM1-S expressed levels of PML, IFIT1, and STING
more than twofold higher than those exposed to Mock-S. Again
in this assay the up-regulation of PKR was lower than that of
other genes tested in this assay.

Depletion of PUM2 Does Not Mimic the Effects of Depletion of PUM1.
In view of the close relationship between PUM1 and PUM2, the
question arises whether PUM2 is also involved in the regulation
of innate immune responses described in this report. The fol-

lowing experiments were done to resolve this question.
First, we selected a siRNA that depleted PUM2 in HEp-2
cells. As shown in Fig. 84 transfection of HEp-2 cells with
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Fig. 5. Accumulation of infectious virus, representative viral proteins, and viral mRNAs in cells mock transfected or transfected with NT or PUM1 siRNA.
(A) Virus yields in PUM1-depleted cells. Replicate cultures of HEp-2 cells in six-well plates were mock treated or transfected with 100 nM PUM1 siRNA or
irrelevant nontarget siRNA (siNT). After 48 h of incubation, the cells were exposed to 0.1 pfu of HSV-1(F) per cell for 2 h. The inoculum then was replaced with
fresh medium. Virus progeny were harvested at the times shown and titered in Vero cells. (B) Accumulation of selected viral proteins in PUM1-depleted cells.
HEp-2 cells in six-well plates were either mock treated or transfected with 100 nM siPUM1 or nontarget siNT RNAs for 66 h. The cells were then exposed to

0.5 pfu of HSV-1(F) per cell and harvested at 3, 6, 12, or 24 h after infection.

The proteins were electrophoretically separated in a 10% denaturing gel and

reacted with indicated antibodies. The band density at 3, 6, 12, and 24 h after infection was normalized with respect to GAPDH and the values were obtained
from mock-transfected cells. (C) Accumulation of selected viral mRNAs in PUM1-depleted cells. HEp-2 cells were mock transfected or transfected with NT
siRNA or PUM1 siRNA and then infected with 0.5 pfu of HSV-1(F) per cell as described in B. The cells were harvested at 1, 3, 6, 12, 24, or 36 h after infection.
Total RNAs were extracted, reverse transcribed to cDNA as described in Materials and Methods. The mRNAs encoding viral proteins ICP27, ICP8, UL42, or

VP16 were quantified and normalized with respect to 185 RNA.

100 nM of siRNAs 437, 961, or 1814 effectively depleted PUM2.
The sequence of the siRNA selected for the next series of ex-
periments is listed in Materials and Methods.

Next, six-well cultures of HEp-2 cells were mock treated or
transfected with siNT or PUM2 siRNAs. The cells were har-
vested at 36, 48, or 60 h after transfection, solubilized, electro-
phoretically separated on denaturing polyacrylamide gels, and
reacted with antibodies against PUM2, PUM1, PKR, or STING.
The results in Fig. 8B show that, whereas siPUM2 RNA was
effective in depleting PUM2, the data do not support the hy-
pothesis that depletion of PUM2 affects the accumulation of
PUMI, PKR, or STING.

Lastly, six-well cultures of HEp-2 cells were transfected as
above. At 60 h after transfection the cells were exposed to 0.5 pfu
of HSV-1(F) per cell. The cells were harvested at 3, 6, 12, or 24 h
after infection, processed as above but reacted with viral proteins
differing with respect to time of synthesis after infection. The
results shown in Fig. 8C indicate that depletion of PUM2 had no
impact on the accumulation of viral proteins.

Discussion

PUM1 is known primarily as a sequence-specific mnRNA binding
protein (1, 10-13, 22). In that role its function is to regulate the
stability and function of the mRNA (4, 6-9, 23). PUM1 has also
been reported to interact with LGP2 and in that context to affect
innate immune response in the course of a Newcastle virus in-
fection (20). The key finding described in this report is that de-

Liu et al.

pletion of PUM1 but not of PUM2 induces a biphasic activation
of innate immune responses that culminate in the production of
IFN. The genes activated in phase 1 between 12 and 48 h after
transfection of siPUM1 RNA included LGP2, CXCL10, IL6, and
PKR. The genes activated in phase 2 between 48 and 72 h after
transfection of siPUM1 RNA included RIG-I, SP100, MDAS,
IFIT1, PML, STING, and IFNB. We could not demonstrate up-
regulation of HDAC4 or NF-xB1. We noted a slight up-regulation
of IFNy RNA but not the actual accumulation of the IFNy. Finally
the spent medium containing IFN was able to induce in fresh
untransfected cells both the genes linked to activation of IFNp in
the first place (e.g., LGP2) as well as genes previously shown to be
up-regulated by IFNp (e.g., PML, SP100, etc.) The list included
RIG-I, PKR, STING, and IFITI.

Relevant to the results reported here are that up-regulation of
phase 1 genes required the expression of LGP2. Thus, CXCL10 and
IL6 were not up-regulated in cells depleted of both PUMI and
LGP2 and that up-regulation of phase 2 genes also required the
expression of LGP2. Thus, representative phase 2 genes (RIG-I,
SP100, MDAS, and IFIT1) were up-regulated in cells depleted of
PUMI1 and CXCL10 or PUMI and IL6 but not in cells depleted of
PUMI and LGP2.

The results obtained to date do not support the hypothesis
that PUMI1 represses phase 1 and 2 genes by binding to the
mRNAs and that the increase in accumulation of mRNAs is the
consequence of increased longevity in the absence of PUMI.
Of the phase 1 and 2 up-regulated genes LGP2, IL6, MDAS,
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STING, IFNf, and PML mRNAs do not have a PUM1 binding
site. Moreover, whereas PUM2 binds a similar mRNA sequence,
cells depleted of PUM2 do not overexpress the genes overex-
pressed in PUM1-depleted cells. An alternative hypothesis that
takes note of the nearly 100-fold increase in the accumulation of
LGP2 mRNA in the course of 48 h after transfection of siPUM1
RNA is that PUMI in association with other factors acts as
a transcriptional repressor.

A key question that emerges from the studies reported here is
that if LGP2 is a master activator of innate immunity genes why
are some genes activated early after depletion of PUMI1 (phase
1), whereas others are activated after a significant delay (phase
2). One hypothesis that could explain our results is that the ac-
tivation of LGP2 is required but is not sufficient for the activa-
tion of phase 2 genes. A hypothesis consistent with the results
presented here is that LGP2 activates a component of the innate
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Fig. 6. Depletion of PUM1 resulted in the accumulation of IFNp mRNA and diminished accumulation of selected HSV-1 proteins. (A) Depletion of PUM1 resulted
in the accumulation of IFNp mRNA. The 3 x 10° HEp-2 cells seeded in six-well plates were either mock treated or transfected with 100 nM siPUM1 or siNT RNAs.
The cells were harvested at 12, 48, 72, or 90 h after transfection. Total RNAs were extracted and reverse transcribed to ¢cDNA as described in Materials and
Methods. mRNA expression of IFNw, IFNB, and IFNy were normalized with respect to 185 RNA. (B) Dynamic state of accumulation of IFNB protein from cells
depleted of PUM1. HEp-2 cells seeded on six-well plates were transfected with siPUM1, siLGP2, or cotransfected with siPUM1 and siLGP2 siRNAs. The 1.5-mL
amounts of spent culture medium were harvested from each plate at days 1-5 after transfection. IFNp levels in culture medium were measured using ELISA kits for
IFNB. (C) Spent medium harvested from cultures of PUM1-depleted cells blocked HSV-1 replication in a dose-dependent manner. Spent medium was collected
from HEp-2 cells either mock treated or transfected with 100 nM PUM1 siRNA or nontarget siRNA (siNT) for 48 h. Fresh HEp-2 cells were incubated with the spent
medium with indicated amount for 24 h, then infected with 0.1 pfu of HSV-1(F) per cell. The cell lysates were collected 24 h postinfection, denatured, elec-
trophoretically separated in a 10% denaturing gel, and reacted with indicated antibodies. The band densities were normalized with respect to GAPDH and shown
as percentages of the values obtained for Mock-S-treated cells. (D) Anti-IFNB but not anti-IFN« or anti-IFNy attenuated the antiviral effects of spent medium
collected from cultures of PUM1-depleted cells. The 2-mL amounts of spent medium collected from mock treated, transfected with siNT RNA, or siPUM1 RNAs
were incubated with antibodies against IgG (25 pg), IFNa (12.5 pg), IFN (25 pg), or IFNy (25 ug) at 37 °C for 2 h. Fresh cultures of HEp-2 cells in 12-well plate were
incubated with the spent medium preincubated with IFN antibodies described above for 24 h, then infected with 0.1 pfu of HSV-1(F) per cell. The cell lysates were
collected at 24 h after infection, electrophoretically separated in a 10% denaturing gel, and reacted with indicated antibodies. The band density was normalized
with respect to GAPDH and shown as percentages of the values obtained for mock-treated cells.
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0% denaturing gel and reacted with indicated antibodies. The band density was

normalized with respect to GAPDH and is shown as percentages of the values obtained for Mock-S-treated cells.

immune system, which in turn activates phase 2 genes. The
identity of this component is not known. One component of the
innate immune system, which we cannot exclude, is IFN itself.
One example of the potential complexity of innate immune gene
regulation relates to regulation of PML and SP100, key com-
ponents of ND10 nuclear bodies and important innate immune
responders to viral infections (24-29). In this report we show that
depletion of PUMI1 resulted in LGP2-dependent activation of
both PML and SP100. Other studies have shown that PML and
SP100 are induced on exposure of cells to interferons (30-32).
We cannot exclude the possibility that some of the phase 2 genes
are in fact up-regulated by IFN.

The significant finding to emerge from the studies reported
here is that PUMI is a negative regulator of LGP2—a master
activator of what appears to be a cascade of innate immunity
genes. At the same time its precise mode of action of both
LGP2 and PUMI1 remains obscure. The reports published to
date depict LGP2 as a multifunctional protein whose function at
any one time may be dependent on interactions with as yet un-
defined factors. LGP2 was reported to play an essential role in
innate immune responses to viral infections that are mediated by
RIG-I and MDAS (33, 34). At the same time overexpression of
LGP2 was reported to inhibit RIG-I-mediated antiviral signaling
both in the presence or absence of viral ligands (33, 35-37).

LGP2 is a member of the RIG-I-like receptor (RLR) proteins
that include RIG-1, MDAS, and LGP2. Most of the studies on
the functions of LGP2 were done in the context of viral infec-
tions or in cells expressing viral genes. The function of LGP2 as
defined in these studies yielded contradictory results and re-
mains to be fully elucidated. Thus, LGP2 expressed from plasmid
vectors inhibited IFN-stimulated response element-dependent
reporter gene transcription upon Newcastle disease virus or
Sendai virus infection (33, 35, 38). LGP2 was also induced during
antiviral signaling and functioned as a feedback inhibitor of an-
tiviral responses (36). Other studies reported LGP2 as a positive
regulator of antiviral responses. Thus, LGP2~/~ mice are more
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susceptible to infection and have defects in generating antiviral
responses, notably in response to the encephalomyocarditis virus
and poliovirus infection (36, 38, 39). Moreover, LGP2’s positive
contributions to antiviral signaling were highlighted by the ac-
tions of IFN antagonists, the paramyxovirus V proteins, which
can bind directly to the LGP2 helicase domain and disrupt its
ATP hydrolysis activity (40, 41).

The studies reported here were done in the absence of in-
fection or the presence of viral proteins that could affect the
function of LGP2. In these studies LGP2 functioned as master
regulator of numerous genes that included the genes encoding
the related RLR proteins. In turn, LGP2 was subject to negative
control by PUMI.

Lastly, the findings reported here were based on knockdown
rather than knockout of PUMI. By using siRNA to knockdown
PUMI1, we were able to monitor the status of key innate im-
munity gene products as a function of time over a period of at
least 72 h after transfection of siRNA.

Materials and Methods

Cells and Viruses. HSV-1(F) is a limited-passage prototype strain used in this
laboratory (42). HEp-2 cells were obtained from the American Type Culture
Collection. All cells were grown in DMEM containing 10% FBS.

Depletion of PUM1, PUM2, LGP2, CXCL10, or IL6 Levels in HEp-2 Cells by siRNA.
All transfections were carried out using Lipofectamine 2000 (Invitrogen) by its
manufacturer’s instructions. The sequences for the siRNA were as follows:
siPUM1-1777, 5-GCUGCUUACUAUGACCAAATT-3’; siPUM1-2652, 5'-GGA-
GAUUGCUGGACAUAUATT-3’; siPUM1-412, 5'-GGCGGCUAUAAUAAUAGC-
ATT-3’; siLGP2, 5'-CCGGAAAUUUGGGACGCAATT-3’; siCXCL10, 5'-CCUUA
UCUUUCUGACUCUATT-3’; and silL, 5'-CCCAGGAGAAGAUUCCAAATT-3".
The siNT (5'-UUCUCCGAACGUGUCACGUTT-3’) was used as negative control.

RNA Extraction and Measurements by Real-Time Quantitative PCR. Total RNAs
were extracted with the aid of TRl Reagent solution (Thermo Scientific)
according to the manufacturer’s instructions, standardized by optical density
measurements, and then treated with DNase | (Takara). Viral and cellular
cDNA were synthesized from 0.5 pg of total RNA with the aid of the
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Fig. 8. Unlike PUM1, depletion of PUM2 in HEp-2 cells has no effect on the accumulation of host or viral proteins. (A) Efficiency of PUM2 depletion by siRNA. The 3 x
10° HEp-2 cells seeded in six-well plates were either mock treated or transfected with 100 nM siPUM2 or siNT RNA. The cells were harvested at 70 h after transfection.
Lysates containing 70 pg of total proteins were separated on denaturing 10% polyacrylamide gels, electrically transferred to nitrocellulose sheets, and immunoblotted
for PUM2 protein. GAPDH was used as loading control. (B) Depletion of PUM2 protein has no effect on accumulation of host proteins. The 3 x 10° HEp-2 cells seeded
on six-well plates were either mock treated or transfected with 100 nM siPUM2 or siNT RNAs. The cells were harvested at 36, 48, and 60 h after transfection. Lysates
containing 70pg of total proteins were separated on denaturing 10% polyacrylamide gels, electrically transferred to nitrocellulose sheets, and immunoblotted for
indicated proteins. The band density was normalized with respect to GAPDH and shown as percentages of the values obtained from mock-transfected cells.
(C) Depletion of PUM2 has no effect on HSV-1(F) replication. HEp-2 cells in six-well plates were mock treated or transfected with 100 nM siPUM2 or siNT RNAs. At 60 h
after transfection, the cells were exposed to 0.5 pfu of HSV-1(F) per cell and harvested at 3, 6, 12, or 24 h after infection. The cells were solubilized and the denatured
proteins were electrophoretically separated in a 10% denaturing gel and reacted with indicated antibodies. The band densities at 6, 12, and 24 h after infection were
normalized with respect to GAPDH and shown as percentages of the values obtained fom mock-transfected cells.

ReverTra Ace g-PCR RT kit (Toyobo) in accordance with instructions provided
by the suppliers. Viral and cellular DNA copy numbers were then quantified
by SYBR green real-time PCR technology (Toyobo) using primers listed in
Table 1, normalized with respect to 18S RNA.

Immunoblot Assays. Cells were collected at the indicated times after infection.
The procedures for harvesting, solubilization, protein quantification, SDS/
PAGE, and transfer to nitrocellulose membranes were as described previously
(43). Images were quantified with ImageJ by integration of pixel values
across the area of specific bands.

Antibodies. Antibodies against to HSV-1 ICP4 (44), ICP27 (44), ICPO (44), ICP8
(Rumbaugh Goodwin Institute for Cancer Research), VP16 (45), UL38 (46),
and US11 (47) have been reported elsewhere. These studies used rabbit
monoclonal antibodies against PUM1 (92545, Abcam), PUM2 (92390,
Abcam), PKR (32506, Abcam), PKR-p-T446 (32036, Abcam), PML (179466,
Abcam), IFIT1 (D2 x 92, CST), GAPDH (2118, CST), p-actin (60008-1-lg, Pro-
teintech), and rabbit polyclonal against STING (19851-1-AP, Proteintech).

Virus Titration. HEp-2 cells were transfected with 100 nM of PUM1 siRNA. After
48 h, the cells were exposed to 0.1 pfu of HSV-1(F) per cell. The cells were har-
vested at indicated times after infection. Viral progeny was titrated on Vero cells.

Assays of Spent Medium. Spent medium collected 48 h after transfection of

HEp-2 cells with 100 nM of PUM1 siRNA was overlayed on fresh cultures of
HEp-2 cells as described in Results. The treated cell cultures were harvested
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for quantitative PCR assay of indicated host cell mRNAs or exposed to 0.1 pfu
of HSV-1(F) per cell and harvested at 24 h after infection for quantification
of viral proteins.

IFN Neutralization Assay. Two-milliliter amounts of spent culture medium
harvested from HEp-2 cells 48 h after transfection of PUM1 siRNA (100 nM)
were incubated with either anti-lgG (B900610, Proteintech), anti-IFN«
(21118-1, PBL), anti-IFNp (MAB814-100, R&D Systems), or anti-IFNy (MAB285-
100, R&D Systems) antibodies at 37 °C for 2 h. Fresh HEp-2 cells grown in 12-well
plates were then exposed to the mixtures of spent medium and antibodies
as described above. After 24 h of incubation the cultures were exposed to
0.1 pfu of HSV-1(F) per cell and harvested at 24 h after infection.

ELISA Analysis. The 1.5-mL amounts of spent culture medium were harvested
from HEp-2 cells at days 1-5 after transfection of 100 nM of either PUM1 siRNA,
LGP2 siRNA alone, or PUM1 siRNA plus LGP2 siRNA. Culture supernatants were
collected and the IFN concentrations were measured using ELISA kits for IFNf
(Thermo Scientific) according to the manufacturer’s instructions.

ACKNOWLEDGMENTS. These studies were supported by a Grant from Shenzhen
Overseas High-Caliber Peacock Foundation (KQTD2015071414385495) to
Shenzhen International Institute for Biomedical Research; National Nature
Science Foundation of China Grant NSFC 81472826, Guangdong Nature
Science Foundation Grant 2016A030308007, and Guangzhou Science Technol-
ogy and Innovation Commission Project Grant 201504010016 to Guangzhou
Medical University.

Liu et al.


www.pnas.org/cgi/doi/10.1073/pnas.1708713114

L T

/

1\

BN AS  PNAS D)

20.

2

22.

23.

24.

25.

. Quenault T, Lithgow T, Traven A (2011) PUF proteins: Repression, activation and

mRNA localization. Trends Cell Biol 21:104-112.

. Spassov DS, Jurecic R (2002) Cloning and comparative sequence analysis of PUM1 and

PUM2 genes, human members of the Pumilio family of RNA-binding proteins. Gene
299:195-204.

. Wickens M, Bernstein DS, Kimble J, Parker R (2002) A PUF family portrait: 3' UTR

regulation as a way of life. Trends Genet 18:150-157.

. Carreira-Rosario A, et al. (2016) Repression of Pumilio protein expression by

Rbfox1 promotes germ cell differentiation. Dev Cell 36:562-571.

. Gennarino VA, et al. (2015) Pumilio1 haploinsufficiency leads to SCA1-like neuro-

degeneration by increasing wild-type Ataxin1 levels. Cell 160:1087-1098.

. Goldstrohnm AC, Hook BA, Seay DJ, Wickens M (2006) PUF proteins bind Pop2p to

regulate messenger RNAs. Nat Struct Mol Biol 13:533-539.

. Kedde M, et al. (2010) A Pumilio-induced RNA structure switch in p27-3' UTR controls

miR-221 and miR-222 accessibility. Nat Cell Biol 12:1014-1020.

. Wang Y, Wang Z, Tanaka Hall TM (2013) Engineered proteins with Pumilio/fem-3

mRNA binding factor scaffold to manipulate RNA metabolism. FEBS J 280:
3755-3767.

. Wharton RP, Aggarwal AK (2006) mRNA regulation by Puf domain proteins. Sci STKE
2006:pe37.
. Edwards TA, Pyle SE, Wharton RP, Aggarwal AK (2001) Structure of Pumilio reveals

similarity between RNA and peptide binding motifs. Cell 105:281-289.

. Filipovska A, Razif MFM, Nygard KKA, Rackham O (2011) A universal code for RNA

recognition by PUF proteins. Nat Chem Biol 7:425-427.

. Jenkins HT, Baker-Wilding R, Edwards TA (2009) Structure and RNA binding of the

mouse Pumilio-2 Puf domain. J Struct Biol 167:271-276.

. Miller MT, Higgin JJ, Hall TM (2008) Basis of altered RNA-binding specificity by PUF

proteins revealed by crystal structures of yeast Pufdp. Nat Struct Mol Biol 15:397-402.

. Wang X, MclLachlan J, Zamore PD, Hall TM (2002) Modular recognition of RNA by a

human pumilio-homology domain. Cell 110:501-512.

. Wang Y, Opperman L, Wickens M, Hall TMT (2009) Structural basis for specific rec-

ognition of multiple mRNA targets by a PUF regulatory protein. Proc Natl Acad Sci
USA 106:20186-20191.

. Miles WO, Tschép K, Herr A, Ji JY, Dyson NJ (2012) Pumilio facilitates miRNA regu-

lation of the E2F3 oncogene. Genes Dev 26:356-368.

. Van Etten J, et al. (2012) Human Pumilio proteins recruit multiple deadenylases to

efficiently repress messenger RNAs. J Biol Chem 287:36370-36383.

. Blewett NH, Goldstronm AC (2012) A eukaryotic translation initiation factor 4E-

binding protein promotes mRNA decapping and is required for PUF repression. Mo/
Cell Biol 32:4181-4194.

. Friend K, et al. (2012) A conserved PUF-Ago-eEF1A complex attenuates translation

elongation. Nat Struct Mol Biol 19:176-183.
Narita R, et al. (2014) A novel function of human Pumilio proteins in cytoplasmic
sensing of viral infection. PLoS Pathog 10:e1004417.

. Gerber AP, Luschnig S, Krasnow MA, Brown PO, Herschlag D (2006) Genome-wide

identification of mRNAs associated with the translational regulator PUMILIO in
Drosophila melanogaster. Proc Nat/ Acad Sci USA 103:4487-4492.

Valley CT, et al. (2012) Patterns and plasticity in RNA-protein interactions enable
recruitment of multiple proteins through a single site. Proc Nat/ Acad Sci USA 109:
6054-6059.

Zamore PD, Williamson JR, Lehmann R (1997) The Pumilio protein binds RNA through
a conserved domain that defines a new class of RNA-binding proteins. RNA 3:
1421-1433.

Bernardi R, Pandolfi PP (2007) Structure, dynamics and functions of promyelocytic
leukaemia nuclear bodies. Nat Rev Mol Cell Biol 8:1006-1016.

Burkham J, Coen DM, Hwang CB, Weller SK (2001) Interactions of herpes simplex virus
type 1 with ND10 and recruitment of PML to replication compartments. J Virol 75:
2353-2367.

Liu et al.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Chee AV, Lopez P, Pandolfi PP, Roizman B (2003) Promyelocytic leukemia protein
mediates interferon-based anti-herpes simplex virus 1 effects. J Virol 77:7101-7105.
Gu H, Roizman B (2003) The degradation of promyelocytic leukemia and
Sp100 proteins by herpes simplex virus 1 is mediated by the ubiquitin-conjugating
enzyme UbcH5a. Proc Natl Acad Sci USA 100:8963-8968.

Gu H, Zheng Y, Roizman B (2013) Interaction of herpes simplex virus ICPO with
ND10 bodies: A sequential process of adhesion, fusion, and retention. J Virol 87:
10244-10254.

Xu P, Mallon S, Roizman B (2016) PML plays both inimical and beneficial roles in HSV-1
replication. Proc Nat/ Acad Sci USA 113:E3022-E3028.

Dror N, et al. (2007) Interferon regulatory factor-8 is indispensable for the expression
of promyelocytic leukemia and the formation of nuclear bodies in myeloid cells. J Bio/
Chem 282:5633-5640.

Grotzinger T, Sternsdorf T, Jensen K, Will H (1996) Interferon-modulated expression
of genes encoding the nuclear-dot-associated proteins Sp100 and promyelocytic
leukemia protein (PML). Eur J Biochem 238:554-560.

Stadler M, et al. (1995) Transcriptional induction of the PML growth suppressor gene
by interferons is mediated through an ISRE and a GAS element. Oncogene 11:
2565-2573.

Saito T, et al. (2007) Regulation of innate antiviral defenses through a shared re-
pressor domain in RIG-I and LGP2. Proc Natl Acad Sci USA 104:582-587.

Satoh T, et al. (2010) LGP2 is a positive regulator of RIG-I- and MDA5-mediated an-
tiviral responses. Proc Natl Acad Sci USA 107:1512-1517.

Rothenfusser S, et al. (2005) The RNA helicase Lgp2 inhibits TLR-independent sensing
of viral replication by retinoic acid-inducible gene-I. J Immunol 175:5260-5268.
Yoneyama M, et al. (2005) Shared and unique functions of the DExD/H-box helicases
RIG-I, MDAS, and LGP2 in antiviral innate immunity. J Immunol 175:2851-2858.
Komuro A, Horvath CM (2006) RNA- and virus-independent inhibition of antiviral
signaling by RNA helicase LGP2. J Virol 80:12332-12342.

Venkataraman T, et al. (2007) Loss of DExD/H box RNA helicase LGP2 manifests dis-
parate antiviral responses. J Immunol 178:6444-6455.

Kato H, et al. (2006) Differential roles of MDA5 and RIG-I helicases in the recognition
of RNA viruses. Nature 441:101-105.

Bruns AM, et al. (2013) ATP hydrolysis enhances RNA recognition and antiviral signal
transduction by the innate immune sensor, laboratory of genetics and physiology 2
(LGP2). J Biol Chem 288:938-946.

Parisien JP, et al. (2009) A shared interface mediates paramyxovirus interference with
antiviral RNA helicases MDAS and LGP2. J Virol 83:7252-7260.

Ejercito PM, Kieff ED, Roizman B (1968) Characterization of herpes simplex virus
strains differing in their effects on social behaviour of infected cells. J Gen Virol 2:
357-364.

Zhou G, Te D, Roizman B (2010) The CoREST/REST repressor is both necessary and
inimical for expression of herpes simplex virus genes. MBio 2:¢00313-e10.
Ackermann M, Braun DK, Pereira L, Roizman B (1984) Characterization of herpes
simplex virus 1 alpha proteins 0, 4, and 27 with monoclonal antibodies. J Virol 52:
108-118.

McKnight JL, Kristie TM, Roizman B (1987) Binding of the virion protein mediating
alpha gene induction in herpes simplex virus 1-infected cells to its cis site requires
cellular proteins. Proc Natl Acad Sci USA 84:7061-7065.

Ward PL, Ogle WO, Roizman B (1996) Assemblons: Nuclear structures defined by
aggregation of immature capsids and some tegument proteins of herpes simplex
virus 1. J Virol 70:4623-4631.

Roller RJ, Roizman B (1992) The herpes simplex virus 1 RNA binding protein US11 is a
virion component and associates with ribosomal 60S subunits. J Virol 66:3624-3632.

PNAS | Published online July 31, 2017 | E6911

wv
=2
o
a
w
<
=
o

IMMUNOLOGY AND

INFLAMMATION



