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ABSTRACT The innate immune response is vital for host defense and must be
tightly controlled, but the mechanisms responsible for its negative regulation are
not fully understood. The cell growth-regulating nucleolar protein LYAR was found
to promote replication of multiple viruses in our previous study. Here, we report
that LYAR acts as a negative regulator of innate immune responses. We found that
LYAR expression is induced by beta interferon (IFN-B) during virus infection. Further
studies showed that LYAR interacts with phosphorylated IFN regulatory factor 3
(IRF3) to impede the DNA binding capacity of IRF3, thereby suppressing the tran-
scription of IFN-B and downstream IFN-stimulated genes (ISGs). In addition, LYAR in-
hibits nuclear factor-«B (NF-kB)-mediated expression of proinflammatory cytokines.
In summary, our study reveals the mechanism of LYAR in modulating IFN-B-
mediated innate immune responses by targeting phosphorylated IRF3, which not
only helps us to better understand the mechanisms of LYAR-regulated virus replica-
tion but also uncovers a novel role of LYAR in host innate immunity.

IMPORTANCE Type | interferon (IFN-I) plays a critical role in the antiviral innate im-
mune responses that protect the host against virus infection. The negative regula-
tors of IFN-I are important not only for fine-tuning the antiviral responses to patho-
gens but also for preventing excessive inflammation. Identification of negative
regulators and study of their modulation in innate immune responses will lead to new
strategies for the control of both viral and inflammatory diseases. Here, we report
for the first time that the cell growth-regulating nucleolar protein LYAR behaves as a
repressor of host innate immune responses. We demonstrate that LYAR negatively
regulates IFN-B-mediated immune responses by inhibiting the DNA binding ability
of IFN regulatory factor 3 (IRF3). Our study reveals a common mechanism of LYAR in
promoting different virus replication events and improves our knowledge of host
negative regulation of innate immune responses.
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iruses must overcome host innate immune responses to establish a productive

infection. During infection, the host senses pathogen invasion via the recognition
of pathogen-associated molecular patterns (PAMPs) by pattern recognition receptors
(PRRs), followed by a series of signal cascades resulting in the transcription of antiviral
genes (1-3). Upon viral RNA recognition, PRR retinoic acid-inducible gene | (RIG-I)
recruits the adaptor molecule mitochondrial antiviral signaling protein (MAVS) to activate
the TANK-binding kinase 1/inhibitor of kB kinase & (TBK1/IKKe) complex and the
inhibitor of kB kinase «/B (IKKa/B) complex, leading to the activation of interferon-
regulatory factor 3/7 (IRF3/7) and nuclear factor-«B (NF-«B), which ultimately induces
the production of type | interferon (IFN-I) and proinflammatory cytokines (4-6). Fol-
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lowing secreted IFN-l1 (IFN-e, IFN-B) binding to cell surface receptors, the Janus-
activated kinase/signal transducer and activator of transcription (JAK/STAT) signaling
pathway is activated, leading to the phosphorylation of STAT1 and STAT2. The phos-
phorylated STAT1 and STAT2 associate with IRF9 to form a complex termed interferon-
stimulated gene factor 3 (ISGF3), which enters the nucleus. ISGF3 binds to the IFN-
stimulated response element (ISRE) to activate the transcription of IFN-stimulated
genes (ISGs), which induces a cellular antiviral state (3, 7-9).

Many cellular factors are involved in the IFN-l-inducing pathway, and among them,
IRF3 is the major transcription factor which mediates IFN-I production (10). Upon viral
infection, cytoplasmic IRF3 is phosphorylated and forms dimers, followed by nuclear
translocation, association with CREB-binding protein (CBP)/p300 coactivators to form a
complex, and binding to the promoter of the targeted genes, ultimately leading to the
transcription of IFN-I and the downstream ISGs (11-14). However, IFN-I must be tightly
controlled to avoid inflammatory disorders (15). One of the mechanisms employed by
the host to achieve suppression of IFN-I production is inhibition of IRF3 activity. Some
negative regulators have been identified and shown to impair IRF3 functions via
protein degradation, dephosphorylation, or dimerization inhibition. For instance, Pin 1
(peptidylprolyl cis-trans isomerase NIMA-interacting 1) inhibits innate immune re-
sponses via proteasomal degradation of IRF3 (16); INKIT (inhibitor for NF-«B and IRF3)
blocks phosphorylation of IRF3 by impairing the recruitment of it to the upstream
kinase TBK1/IKKe (17); Rubicon (RUN domain Beclin-1-interacting cysteine-rich domain
containing) interacts with IRF3 to inhibit dimerization of IRF3 (18). Regardless, the study
of the mechanisms of the negative regulation of IRF3-mediated IFN-I signaling is
important for rationally controlling IFN-I to avoid deleterious imbalances in the immune
responses.

LYAR, the cell growth-regulating nucleolar protein, which contains two C2HC-type
zinc finger motifs and three nuclear localization signal sequences (NLSs) (19), has been
identified as an influenza A viral RNP (VRNP)-interacting partner and facilitated virus
replication by stimulating VRNP assembly in our previous study (20). In addition,
knocking down LYAR can significantly inhibit not only influenza A virus (IAV) but also
vesicular stomatitis virus (VSV) and Japanese encephalitis virus (JEV) replication, indi-
cating that LYAR is involved in the regulation of multiple virus replication events and
may utilize a common method in these events. In the current study, we show that LYAR
participates in antiviral innate immune responses. LYAR represses the expression of
IFN-B, ISGs, and proinflammatory cytokines, thus promoting virus replication. Mecha-
nistically, viral infection increases LYAR expression, which in turn associates with
phosphorylated IRF3 to impair the DNA binding ability of IRF3. Our findings uncovered
a novel role of LYAR as a negative regulator of innate immune responses.

RESULTS

IFN- increases the expression of LYAR during virus infection. LYAR was shown
to be involved in the replication of multiple viruses, including IAV, VSV, and JEV in our
previous study (20). Considering that all these viruses are regulated by IFN-I, LYAR
might regulate their replication by modulating IFN-I signal pathways. Moreover, LYAR
interacts with influenza A viral RNP (VRNP), and vRNP can recruit host proteins to
antagonize innate immune responses during infection (21). Based on these findings, we
made a further investigation into the role of LYAR in the virus-triggered innate immune
responses.

Since IAV infection enhances LYAR expression, we wondered whether other virus
infections have a similar effect. The expression levels of LYAR in Sendai virus (Sev) and
VSV-green fluorescent protein (GFP)-infected cells were determined. A549 cells were
infected with Sev or VSV-GFP at a multiplicity of infection (MOI) of 1.0 or 10, respec-
tively. The mRNA and protein levels of LYAR and virus replication levels were detected.
The data showed that the mRNA and protein levels of LYAR in A549 cells gradually
increased until 24 h postinfection after both a high and a low dose of Sev infection,
which are positively correlated with virus replication represented by the expression
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level of Sev M mRNA during the infection course (Fig. TA and B). It appears that the
expression of LYAR responds sensitively to Sev infection, because the expression of
LYAR was remarkably induced by Sev during the early infection period, and the
high-dose infection did not upregulate LYAR expression to a greater extent than the
low-dose infection (Fig. 1A and B). Similarly, both the mRNA and protein levels of LYAR
were significantly increased after VSV-GFP infection (Fig. 1C and D). In addition, LYAR
expression levels in A549 cells gradually increased with the stimulation of an increasing
amount of the viral RNA mimic poly(I-C) (Fig. 1F), which is correlated with the expres-
sion of IFN-B upon poly(I-C) stimulation (Fig. 1E). These results collectively illustrate that
different virus infections increase the expression of LYAR. A previous study showed that
an inducible interaction between oligoadenylate synthetase 3 (OAS3) and LYAR may
occur in poly(l-C)-stimulated A549 cells (22). Given that OAS3 is known to be induced
by IFNs (23), it would be interesting to see whether the increased expression of LYAR
upon virus infection is caused by the virus itself or the virus-induced IFNs. Therefore,
IFN-B was used to treat A549 cells to detect the expression of LYAR. As a control, we
monitored the expression of Mx1 that is typically induced by IFN-B. We found that the
LYAR mRNA and protein levels were upregulated by IFN-B in a dose-dependent manner
(Fig. 1G), indicating that IFN-B can induce LYAR expression in A549 cells. To further
confirm this result, the Vero cells which lack the functional type | IFN genes (24) were
infected with Sev, and then the LYAR expression was detected. Results showed that the
expression levels of LYAR were little changed upon Sev infection (Fig. 1H), while when
Vero cells were treated with IFN-B, a significant increase in LYAR expression was
observed (Fig. 11), suggesting that the induction of LYAR expression is indeed mediated by
IFN-B. Considering that type | IFNs (IFN-e, IFN-B) and type Il IFNs (IFN-A) share similar
immune responses and biological activities, both of which can be induced by virus (25).
IFN-a and IFN-A may also induce the expression of LYAR. To test this, the expression
levels of LYAR in A549 cells were detected after IFN-a and IFN-AT (interleukin 29 [IL-29])
treatment. We observed that the expression of the control ISG, Mx1, a gene that can be
induced by type | and Il IFNs (25), was effectively induced, whereas the expression
levels of LYAR were not affected (Fig. 1J and K), suggesting that IFN-a and IFN-A1
cannot induce LYAR in A549 cells. Taken together, these results suggest that the
virus-induced IFN-B increases the expression of LYAR, indicating a potential role of
LYAR in the IFN-B signaling pathway.

LYAR negatively regulates the antiviral innate immune responses. To explore
the role of LYAR in the innate immune responses, we first examined the effect of LYAR
on the expression of some key antiviral genes, which include IFN-3, ISGs, and proin-
flammatory cytokines. LYAR-overexpressed A549 cells or LYAR-KO A549 cells were
stimulated with poly(l-C) for 6 h, and the mRNA levels of the indicated genes were
analyzed by reverse transcription-quantitative PCR (qRT-PCR). The data showed that
overexpressing LYAR significantly decreased the mRNA levels of IFN-B, the ISGs (Mx1,
ISG15, 2-5-oligoadenylate synthetase-like protein [OASL], OAS3, interferon-induced
transmembrane protein 3 [IFITM3], and IFN-induced protein with tetratricopeptide
repeats 2 [IFIT2]), and the proinflammatory cytokines (IL-6, IL-8, IL-13, tumor necrosis
factor alpha [TNF-a], and CXCL11) (Fig. 2A and B). In contrast, knockout of LYAR showed
an opposite effect on these genes’ expression levels (Fig. 2D and E), indicating that
LYAR negatively regulates the expression of IFN-B, ISGs, and proinflammatory cyto-
kines. LYAR acts as a transcription factor with transcriptional repression activity (26),
which raises a possibility that LYAR inhibits so many genes’ expression due not only to
its suppression of IFN-B production but also due to its direct regulation of these genes’
transcription. To demonstrate a specific effect of LYAR on the antiviral responses, we
also examined the effect of LYAR on the transcriptions of TGF-B1, vascular endothelial
growth factor A (VEGFA), and granulocyte-macrophage colony-stimulating factor (GM-
CSF), genes that have not been shown to be regulated by IRF3, NF-«B, or ISGF3. We
found that the expression levels of TGF-B1 and VEGFA were hardly affected by LYAR
expression, and GM-CSF expression was only slightly increased by LYAR overexpression
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FIG 1 IFN-B increases the expression of LYAR. LYAR expression level in Sev-infected (A and B) and VSV-GFP-infected (C and D) cells. A549
cells were infected with virus at an MOI of 1.0 and 10. Samples were collected at 0, 6, 12, and 24 hpi, followed by qRT-PCR and Western
blotting to determine the mRNA (A and C) and protein (B and D) levels of LYAR, respectively. (E and F) LYAR expression level in
poly(I-C)-stimulated cells. A549 cells were left untransfected or were transfected with increasing amounts of poly(I-C) (50, 100, and 200 ng)
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FIG 2 LYAR suppresses the transcription of IFN-f3, ISGs, and cytokines. (A to C) The mRNA levels of IFN-B, ISGs, and cytokines in LYAR-overexpressed A549 cells.
Cells were transfected with HA-LYAR (LYAR) or control vector HA (HA). At 24 h posttransfection, cells were left unstimulated with or were stimulated with
poly(I-C) (100 ng) for 6 h. The mRNA levels of the indicated target genes were detected using qRT-PCR. (D to F) The mRNA levels of IFN-B, ISGs, and cytokines
in LYAR-KO A549 cells. LYAR-KO A549 cells (KO) or wild-type A549 cells (WT) were treated with poly(l-C) as described above. The mRNA levels of the target genes
were detected. The mRNA level was normalized to the GAPDH level, and the poly(l-C)-unstimulated HA and WT groups were set up to 1 (mean = SD from three

independent experiments) (*, P < 0.05; **, P < 0.01; *** P < 0.001; all by two-tailed Student’s t test).

despite a significant reduction of its expression in LYAR-KO cells (Fig. 2C and F), which
indicates that the LYAR suppression of numerous antiviral genes’ expression is more
likely to be attributed to its inhibition of IFN-S.

To further investigate the role of LYAR in the virus-triggered innate immune
signaling pathways, the effect of LYAR on the Sev-induced activation of IFN-B promoter
was examined. HEK293T cells were cotransfected with IFN-B-luc, pRL-TK, and si-LYAR or
HA-LYAR, and the cells were stimulated with Sev for another 12 h after 24 h posttrans-
fection. The luciferase activity assay was performed to measure the IFN-B promoter
activity. The data showed that LYAR silencing significantly enhanced the IFN-3 pro-
moter activity (Fig. 3A), while LYAR overexpression reduced the IFN-B promoter activity
in a dose-dependent manner (Fig. 3D), suggesting that LYAR inhibits the Sev-induced
activation of IFN-B promoter. It is well established that the expression of type I IFN
genes is mainly regulated by the transcription factors IRF3 and NF-«B. To examine the
effect of LYAR on Sev-induced activation of IRF3 and NF-«B, the promoter activity of
ISRE and NF-kB was measured in LYAR-overexpressed and -silenced cells. The data
showed that the ISRE (Fig. 3E) and NF-«B (Fig. 3F) promoter activity was gradually

FIG 1 Legend (Continued)

for 6 h. The mRNA levels of IFN-B (E) and both the mRNA and protein levels of LYAR (F) were detected. (G) LYAR expression level in
IFN-B-treated A549 cells. Cells were left untreated or were treated with increasing concentrations of IFN-S (500, 1,000, and 2,000 U/ml)
for 12 h, and the mRNA level of Mx1 (left) and both mRNA and protein levels of LYAR (right) were detected. (H) LYAR expression level
in Sev-infected Vero cells. Cells were infected with Sev at an MOI of 1.0 for the indicated times, and the mRNA level of Sev M segment
(left) and mRNA and protein levels of LYAR (right) were detected. () LYAR expression level in IFN-B-treated Vero cells. Cells were treated
as described for panel G, and the mRNA (left) and protein (right) levels of LYAR were detected. (J and K) LYAR expression level in IFN-a-
and IFN-A1-treated A549 cells. Cells were left untreated or were treated with the indicated concentrations of IFN-a (J) or IFN-A1 (K) for
12 h, and the mRNA level of Mx1 (left) and both mRNA and protein (right) levels of LYAR were detected. For real-time PCR analysis, the
mRNA level was normalized to the GAPDH level. The data are presented as the mean + SD from three independent experiments (*,
P < 0.05; **, P < 0.01; ***, P < 0.001; all by two-tailed Student’s t test). For Western blot analysis, GAPDH was used as a loading control.

The band intensities were quantified by ImageJ (NIH), and the relative LYAR levels (LYAR/GAPDH) are shown.
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FIG 3 LYAR inhibits the Sev-induced activation of IFN-B, ISRE, and NF-«B promoter and facilitates the virus replication. (A to F) Effects of LYAR
silencing and overexpression on IFN-B, ISRE, and NF-«kB promoter activity. HEK293T cells were transfected with pRL-TK, si-LYAR (A, B, and C),
or increasing amounts of HA-LYAR (D, E, and F) together with either IFN-B-luc (A and D), ISRE-luc (B and E), or NF-«B-luc (C and F), followed
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reduced along with increasing amounts of LYAR but was significantly increased in the
LYAR-silenced cells (Fig. 3B and C), which indicates that LYAR is involved in both IRF3-
and NF-«B-mediated IFN-B transcription. IFN-B can induce LYAR, and LYAR in turn
inhibits IFN-B expression, which means that when overexpressing LYAR, IFN-3 produc-
tion is inhibited, and then it might affect the endogenous LYAR expression. Here, we
conducted an experiment to see whether overexpression of LYAR would affect the
endogenous LYAR expression after Sev infection or IFN-B treatment. Here, we used
Flag-tagged LYAR instead of HA-LYAR due to an overlap of the endogenous LYAR and
HA-tagged LYAR bands. The expression levels of Flag-LYAR and endogenous LYAR in
both Sev-infected and IFN-B-treated cells were compared, and the effect of Flag-LYAR
on IFN-B promoter activity was also examined to assess whether Flag-LYAR inhibits
IFN-B expression like HA-LYAR. Consistently, Flag-LYAR overexpression reduced the
IFN-B promoter activity in a dose-dependent manner (Fig. 3G). Upon Sev infection
or IFN-B treatment, the expression of endogenous LYAR was significantly enhanced,
and the levels in the cells transfected with different doses of Flag-LYAR were very
similar, which showed no significant difference compared with the vector control group
infected with Sev or treated with IFN-B (Fig. 3G and H). These results indicate that
although overexpressing LYAR inhibits IFN-3 expression, which may reduce endoge-
nous LYAR expression induced by IFN-B theoretically, the practical effect is negligible.
In addition, compared with the expression level of Flag-LYAR, the endogenous LYAR
expression level of LYAR in Sev-infected or IFN-B-treated cells was about twice as high
as that in the low-dose overexpression group (0.25 ug), similar to that in the middle-
dose overexpression group (0.5 ng), and half of that in the high-dose overexpression
group (1 ng) (Fig. 3G and H), indicating that the overexpression levels of LYAR are not
overloaded under the experimental conditions. Taken together, the above results
suggest that overexpressing LYAR with the indicated doses (not overloaded) has little
impact in the endogenous LYAR expression.

The influence of LYAR in Sev and VSV replication was further determined to assess
its inhibitory effect on antiviral response. Results showed that overexpression and
knockout of LYAR significantly promoted and inhibited Sev replication in HEK293T cells,
respectively, which was determined by detecting the mRNA levels of Sev M segment by
gRT-PCR and the virus titers by 50% tissue culture infective dose (TCID,,) assay (Fig. 3l
and J). Results from the Western blotting and plaque assay showed that LYAR also
enhanced the VSV replication in HEK293T cells (Fig. 3K). Thus, we demonstrated that
LYAR negatively regulates the antiviral innate immune responses, thereby extensively
promoting virus replication.

LYAR negatively modulates the IFN-B-inducing pathway by targeting IRF3.
Virus can be recognized by RIG-I during infection and activates IFN-I production by
signaling transduction from RIG-l, MAVS, and the TBK1/IKKe complex to IRF3. To
investigate the mechanism of LYAR regulating IFN-B induction, the effect of LYAR on
the IRF3-mediated activation of the IFN-B promoter was examined. HEK293T cells were

FIG 3 Legend (Continued)

by Sev infection at 24 h posttransfection. Luciferase activities were measured using luciferase report assay at 12 hpi, and Renilla luciferase was
used as an internal control. The expression of LYAR was determined using Western blotting with an anti-LYAR or anti-HA mouse antibody.
(G) A comparison of the expression levels of Flag-LYAR and endogenous LYAR in Sev-infected cells. HEK293T cells were transfected with the
indicated plasmids as described above, except cells were transfected with Flag-LYAR instead of HA-LYAR. The IFN-B promoter activity was
detected (upper panel), and the expression of LYAR was detected using Western blotting with an anti-LYAR antibody (lower panel). (H) A
comparison of the expression levels of Flag-LYAR and endogenous LYAR in IFN-f3 treated cells. HEK293T cells were transfected with Flag-LYAR
or Flag, and the cells were left untreated or were treated with IFN-B (1,000 U/ml) at 24 h posttransfection. The expression levels of Flag-LYAR
and endogenous LYAR were detected with Western blotting using an anti-LYAR antibody. The relative levels of Flag-LYAR (Flag-LYAR/GAPDH)
and endogenous LYAR (Endo-LYAR/GAPDH) and the ratios of endogenous LYAR and Flag-LYAR (Endo-LYAR/Flag-LYAR) are shown. (I and J)
The effect of LYAR on Sev replication. LYAR-overexpressed HEK293T cells (left) or LYAR-KO HEK293T cells (right) were infected with Sev at an
MOI of 1.0, and cell RNA and supernatants were collected at 12 and 24 hpi. (I) The mRNA levels of Sev M segment were detected by qRT-PCR.
(J) The viral titers were determined by TCID,, assay on Vero cells, and the expression levels of LYAR were detected by using an anti-LYAR
antibody. (K) The effect of LYAR on VSV replication. LYAR-overexpressed HEK293T cells (left) or LYAR-KO HEK293T cells (right) were infected
with VSV-GFP at an MOI of 1.0 for the indicated times. The viral titers were detected by using plaque assay on Vero cells, and the expressions
of GFP and LYAR were analyzed using Western blotting. The data are presented as the mean = SD from three independent experiments (¥,
P < 0.05; **, P<0.01; ***, P < 0.001; all by two-tailed Student’s t test).
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FIG 4 LYAR inhibits IFN-B promoter activity induced by IRF3-mediated IFN-B signaling molecules. (A to G) The effect of different doses of LYAR on the activation
of IFN-B promoter induced by RIG-I (A), MAVS (B), TBK1 (C), IKKe (D), IRF3 (E), IRF3-5D (F), and IRF7 (G). HEK293T cells were transfected with IFN-B-luc, pRL-TK,
plus the indicated expression plasmids of signal molecules, along with an increasing amount of HA-LYAR (0, 0.25, 0.5, and 1.0 ng). Luciferase activity was
measured at 24 h posttransfection. The expression levels of LYAR and each signal molecule were detected by using Western blotting with an anti-HA antibody
and an anti-Flag antibody, respectively. (H) The effect of LYAR on IRF9 induced activation of ISRE promoter. HEK293T cells were transfected with ISRE-luc, pRL-TK,
HA-IRF9, and increasing amounts of Flag-LYAR (0, 0.25, 0.5, and 1.0 ug). Luciferase activity was measured at 24 h posttransfection. The expressions of LYAR and
IRF9 were detected by using anti-Flag and anti-HA antibodies, respectively. The data are presented as the mean = SD from three independent experiments
(*, P<0.05; **, P<0.01; ***, P < 0.001; all by two-tailed Student’s t test).

transfected with IFN-B-luc, pRL-TK, and Flag-tagged signal molecules along with an
increasing amount of HA-LYAR, and the luciferase activities were measured at 24 h
posttransfection. Results showed that the activation of the IFN-B promoter induced by
IRF3-5D (an active phosphomimetic mutant of IRF3) (Fig. 4F), IRF3 (Fig. 4E), and its
upstream molecules (Fig. 4A to D) was suppressed by LYAR in a dose-dependent
manner, suggesting that LYAR inhibits the induction of IFN-B by targeting IRF3.
Considering the structural and functional similarities of IRF3 and IRF7 (27, 28), LYAR
might target IRF7 as well. However, we found that LYAR did not affect the IFN-B
promoter activity induced by IRF7 (Fig. 4G), indicating that LYAR does not regulate the
induction of IFN-B via IRF7. We further examined whether LYAR targets IRF9 to affect
the expression of ISGs. The data showed that the ISRE promoter activity induced by IRF9
was not affected by LYAR (Fig. 4H). These results provide evidence that LYAR specifically
targets IRF3 to affect the expression of IFN-B and ISGs.

LYAR interacts with phosphorylated IRF3. In order to investigate how LYAR
represses IFN-B activation via IRF3, the interaction between LYAR and IRF3 was further
detected. HEK293T cells were transfected with the indicated plasmids, and the coim-
munoprecipitation (Co-IP) experiment was performed by using an anti-Flag or anti-HA
antibody. Interestingly, we found that LYAR only coprecipitated with IRF3-5D (the
constitutively active form of IRF3), but not with wild-type IRF3 or the negative-control
vectors (Fig. 5A), suggesting that LYAR interacts with the phosphorylated form of IRF3.
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FIG 5 LYAR interacts with phosphorylated IRF3. (A) The interaction between LYAR and IRF3 in transfected cells. HEK293T cells were
cotransfected with the indicated plasmids for 24 h. Co-IP was performed using an anti-Flag (left) or anti-HA (right) antibody, followed
by Western blotting to detect the LYAR and IRF3 with the anti-HA and anti-Flag antibodies, respectively. (B) The interactions between
LYAR and IRF3-5D or IRF3-5D mutants (N-terminal domain, NTD; amino acids 1 to 197 and C-terminal domain, CTD; amino acids 198
to 427). HEK293T cells were transfected with the indicated plasmids for 24 h. Co-IP was conducted by using an anti-Flag (left) or
anti-HA (right) mouse antibody. (C) The interaction between endogenous LYAR and IRF3. A549 cells were infected with Sev for 12 h,
and Co-IP was performed using an anti-LYAR mouse antibody or mouse IgG. The endogenous LYAR and coprecipitated IRF3 were
detected by using an anti-LYAR antibody and an anti-Ser386 phosphorylated IRF3 antibody, respectively. Mouse IgG served as the
negative control, and GAPDH was used as a loading control. (D) Colocalization of LYAR and IRF3. Hela cells were transfected
individually with HA-LYAR or Flag-IRF3 or were cotransfected with HA-LYAR and Flag-IRF3 or Flag-IRF3-5D. Cells were fixed at 24 h
posttransfection and stained for LYAR (red) and IRF3 (green) using the anti-HA rabbit antibodies and anti-Flag mouse antibodies,
followed by immunostaining with the Alexa Fluor 594-conjugated AffiniPure goat anti-rabbit secondary antibodies and Alexa Fluor
488-conjugated AffiniPure goat anti-mouse antibodies. DAPI was used to stain for the nucleus (blue). The boxed region was enlarged
and is shown on the right. Colocalization was quantified using the ZEN Blue software (Zeiss, Germany), and the Pearson’s correlation
coefficient (Rr, values from 0.5 to 1.0 indicating colocalization) and overlap coefficient according to Manders (R, values from 0.6 to 1.0
indicating colocalization) are shown below. Images are representative of three independent experiments. Scale bar, 10 um.

Furthermore, to determine which part of IRF3 mediates the interaction with LYAR, the
N-terminal domain (NTD) and C-terminal domain (CTD) of IRF3-5D were used for
detection. The data showed that LYAR failed to coprecipitate with the CTD of IRF3-5D
(Fig. 5B), suggesting that IRF3 interacts with LYAR via its NTD, which contains the DNA
binding domain (29). The interaction between endogenous LYAR and IRF3 was further
examined. A549 cells infected with Sev were lysed at 12 hours postinfection (hpi),
followed by a Co-IP assay using an anti-LYAR mouse antibody or mouse IgG. The results
revealed that the phosphorylated IRF3 was coprecipitated by LYAR, but the negative-
control IgG was not (Fig. 5C), indicating a real interaction between LYAR and phos-
phorylated IRF3 during virus infection. In addition, the colocalization of LYAR and IRF3
was detected using immunofluorescence and confocal microscopy. In Hela cells, LYAR
localized to the nucleoli when expressed alone, and when LYAR coexpressed with IRF3
or IRF3-5D, it colocalized not with IRF3 but with IRF3-5D in the nucleus (Fig. 5D), which
further demonstrates that LYAR interacts with the phosphorylated IRF3.

LYAR does not affect the phosphorylation and nuclear import of IRF3. During
virus infection, IRF3 is phosphorylated and subsequently forms dimers to enter the
nucleus to bind onto the IFN-B promoter, which activates IFN-B transcription. To
determine the effect of LYAR on IRF3 activation, the effect of LYAR on IRF3 phosphor-
ylation was examined. HEK293T cells transfected with HA-LYAR or si-LYAR were stim-
ulated with Sev for 12 h, followed by Western blotting to analyze the expression and
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FIG 6 LYAR does not affect the phosphorylation and nuclear import of IRF3. (A and B) Effect of LYAR on IRF3 phosphorylation. HEK293T
cells transfected with HA-LYAR (A) or si-LYAR (B) were infected with Sev for 12 h. The protein and phosphorylation levels of IRF3 were
detected with Western blotting using an anti-IRF3 rabbit antibody and anti-Ser386 phosphorylated IRF3 rabbit antibody, respectively.
GAPDH served as the loading control, and the band intensities were analyzed using the software ImageJ (NIH), and the relative p-IRF3
levels (p-IRF3/GAPDH) are shown below. (C and D) Confocal microscopy analysis of the nucleocytoplasmic distribution of IRF3 in
Sev-infected LYAR overexpression cells. A549 cells transfected with HA-LYAR or HA were infected with Sev for 6 h, and endogenous IRF3
and HA-LYAR were detected by IFA using an anti-IRF3 rabbit antibody and anti-HA mouse antibody, followed by immunostaining with
594-conjugated AffiniPure goat anti-rabbit secondary antibodies (red) and Alexa Fluor 488-conjugated AffiniPure goat anti-mouse
antibodies (green). Scale bar, 10 um. Images are representative of three independent experiments. Six images in a random field of view
from each sample were scored by the cell counter plugin of ImageJ (NIH). (D) The ratios of IRF3 nuclear localization cells/total cells were
analyzed from three independent experiments (means * SD from three independent experiments). (E) Western blot analysis of the
distribution of IRF3 in the cytoplasmic and nuclear fractions in Sev-infected LYAR overexpression cells. A549 cells were treated as described
for panel C. Cells were harvested and subjected to nuclear and cytoplasmic fractionation. Western blotting using an anti-IRF3 antibody
to determine the IRF3 content of the nuclear (Nuc) and cytoplasmic (Cyt) fractions, respectively. Histone 3.1 was used as a nuclear loading
control and marker, and GAPDH, as a cytosolic loading control and marker. The band intensities were quantified using ImageJ, and the
relative IRF3 levels (IRF3/GAPDH or histone 3.1) are shown below the images.

phosphorylation levels of IRF3. The data showed that neither the expression nor the
phosphorylation levels of IRF3 were visibly changed when LYAR was overexpressed or
silenced (Fig. 6A and B), indicating that LYAR does not affect the phosphorylation of
IRF3. The effect of LYAR on IRF3 nuclear translocation in Sev-infected cells was further
detected. Indirect fluorescent-antibody assay (IFA) results showed that approximately
70% of both the control cells and the LYAR-overexpressed cells displayed IRF3 nuclear
localization at 6 hpi (Fig. 6C and D), indicating that IRF3 nuclear import is hardly
affected by LYAR expression. Furthermore, the results of Western blotting on nuclear
and cytoplasmic fractions of these cells were consistent with the IFA data, i.e., the IRF3
was predominantly in the nuclear fraction of the control cells upon Sev stimulation and
so was in the LYAR-overexpressed cells (Fig. 6E), which suggests that LYAR has little
effect on the nuclear transportation of IRF3. The above results collectively demonstrate
that LYAR regulates IFN-B induction without affecting the phosphorylation and nuclear
translocation of IRF3.

LYAR impairs the DNA binding ability of IRF3. It is known that IRF3 binds to the
promoter and IFN-stimulated response element (ISRE) sequence to activate the tran-
scription of target genes (13). Given that IRF3 interacts with LYAR via its DNA binding
region, LYAR might interfere with the DNA binding ability of IRF3. To confirm this
speculation, the effect of LYAR on IRF3 binding onto ISRE was analyzed. HEK293T cells
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FIG 7 LYAR impedes IRF3 binding onto ISRE. (A) The effect of LYAR on IRF3 binding onto ISRE. HEK293T
cells cotransfected with Flag-IRF3 and HA-LYAR or HA were infected with Sev for 12 h. Biotinylated and
unbiotinylated ISRE were mixed with the cell lysates at the indicated ratios and incubated at 4°C for 4
h. The beads were then added and incubated for 2 h at 4°C, followed by washing four times with PBS.
Western blotting was done to detect IRF3 and LYAR by using an anti-Flag and anti-HA antibody,
respectively. The Flag-IRF3 levels are shown below. (B) The effect of LYAR on the interaction between
IRF3 and CBP/p300. HEK293T cells cotransfected with Flag-IRF3 and HA-LYAR or HA were infected with
Sev for 12 h. Co-IP assay was performed using an anti-Flag antibody to immunoprecipitate endogenous
CBP. The relative precipitated CBP/Flag-IRF3 ratios are shown below.

coexpressed with Flag-IRF3 and HA-LYAR or HA were infected with Sev for 12 h, and a
DNA pulldown assay was performed by using a biotinylated ISRE oligonucleotide or an
unbiotinylated ISRE oligonucleotide to compete away IRF3-LYAR binding. As shown in
Fig. 7A, the IRF3 protein was pulled down by biotinylated ISRE but not by the unbiotiny-
lated ISRE; the amounts of IRF3 associated with IRSE were obviously reduced in the
presence of LYAR when only using the biotinylated ISRE; when the biotinylated and
unbiotinylated ISRE were used in equal amounts, the amounts of IRF3 bound to ISRE
were still visibly reduced in the presence of LYAR, and the amounts of both IRF3 and
LYAR pulled down by the biotin-ISRE were also decreased compared to those in the
group that only used the biotinylated ISRE; in the group in which much more unbi-
otinylated ISRE was used, the IRF3 was hardly detected and LYAR was undetected (Fig.
7A). These results indicate that LYAR prevents IRF3 binding onto the ISRE. IRF3 binding
to the target genes to activate their transcription requires the interaction with CBP/
p300 coactivators. To further investigate whether the interaction of LYAR and IRF3
breaks the association of IRF3 and CBP/p300, the effect of LYAR on the interaction
between Flag-IRF3 and endogenous CBP was examined. We found that the endoge-
nous CBP coprecipitated by IRF3 was comparable in the presence and absence of LYAR,
indicating that LYAR does not affect the IRF3-CBP interaction (Fig. 7B). Taken together,
these results suggest that LYAR does not affect the formation of the IRF3-CBP/p300
complex but attenuates the DNA binding capacity of IRF3, thereby suppressing the
transcription of IFN-B and ISGs.

The lysine-rich region of LYAR plays a dominant role in the inhibition of IFN-f.
To further confirm the suppression of LYAR in IFN-B transcription, the effects of LYAR
mutants on virus-induced IFN-B and ISRE promoter activation were examined. The
functional domains of LYAR are detailed in the schematic diagram (Fig. 8A). HEK293T
cells transfected with pRL-TK and IFN-B-luc or ISRE-luc together with Flag-LYAR or LYAR
mutants were infected with Sev, and the luciferase activity was measured at 12 hpi. The
data showed that the LYAR wild type (WT) significantly reduced both the IFN-B and
ISRE promoter activity, while the N-terminal of LYAR (NTD) slightly increased the
promoter activity compared to the vector control (Fig. 8B and C). Deletion of two zinc
finger motifs (Azinc) at the N-terminal of LYAR did not significantly diminish the ability
of LYAR to suppress the IFN-B activation, although deletion of zinc finger motif 1
(Azinc1) led to minor reduction in IFN-B and ISRE promoter activity compared to the
WT, whereas zinc finger motif 2 deletion (Azinc2) resulted in slight increases (Fig. 8B
and Q). However, the C-terminal of LYAR (CTD) significantly decreased the IFN-B and
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FIG 8 The lysine-rich region of LYAR plays a dominant role in the inhibition of IFN-B. (A) Schematic
diagram of LYAR wild type and mutants. (B and C) Effects of LYAR mutants on the IFN-3 (B) and ISRE (C)
promoter activity. LYAR-KO HEK293T or wild-type HEK293T cells were transfected with pRL-TK, IFN-B-luc,
or ISRE-luc together with LYAR WT, LYAR mutants, or control vector Flag. At 24 h posttransfection, cells
were mock infected (control) or were infected with Sev for 12 h, and luciferase activities were measured
using luciferase report assay. Asterisks indicate the significant difference of the promoter activity in
Flag-tagged LYAR WT or mutant transfected cells compared to that in the control vector Flag transfected
cells within the same group (HEK-293T group or LYAR-KO group); pentagrams indicate the significant
difference of the promoter activity in Flag-tagged LYAR mutant transfected cells compared to that in the
Flag-LYAR WT transfected cells within the same group (mean = SD from three independent experiments)

(Continued on next page)
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ISRE promoter activity compared to the WT, and deletion of each individual nuclear
localization signal (NLS1, NLS2, or NLS3) at the CTD impaired the inhibitory activity of
LYAR in IFN-B activation to various degrees (Fig. 8B and C). Meanwhile, similar results
were acquired by using the LYAR-KO HEK293T cells (Fig. 8B and C). Collectively, these
results indicate that the lysine-rich region of LYAR plays a leading role in the LYAR
inhibited IFN-B activation, and the NLSs also play a role in this process.

DISCUSSION

In this study, LYAR suppressed the transcription of IFN-B and ISGs, including OAS3,
OASL, IFITM3, Mx1, ISG15, and IFIT2. ISGs target the key stages of the virus life cycle, or
regulate innate immune recognition and cytokine production, thereby establishing the
cell’s antiviral status (30). One of the I1SGs, OAS3, can be induced by IAV infection and
exert antiviral effect together with RNase L by degradation of virus single-stranded RNA
(sSRNA) (7, 23). A previous study showed that LYAR might interact with OAS3 in
poly(l-C)-stimulated A549 cells (22), and we found that LYAR significantly inhibits the
poly(l-C)-induced expression of OAS3 in A549 cells, indicating that LYAR may participate
in the OAS3-RNase-L pathway. Other ISGs, including OASL, IFITM3, Mx1, ISG15, and
IFIT2, also play important roles in restricting influenza virus replication. LYAR exten-
sively suppresses the expression of these ISGs, thereby inhibiting the antiviral re-
sponses. On the other hand, the expression of NF-kB-regulated proinflammatory
cytokines, including IL-6, IL-8, IL-13, and TNF-« are also inhibited by LYAR, and LYAR
inhibits the NF-«B promoter activity, suggesting that LYAR may participate in the NF-«B
signaling pathway, thus regulating cellular inflammatory responses, and further inves-
tigations would benefit for a comprehensive understanding of LYAR's role in innate
immunity. LYAR is a transcription factor, and two zinc finger DNA binding motifs in its
N-terminal domain are regarded to be involved in transcriptional regulation (26, 31, 32).
This raises the concern that the inhibitory activity of LYAR in antiviral gene expression
might be an effect of its transcriptional repression of those genes. However, two pieces
of data diminish this possibility. Most importantly, we found that deletion of the two
zinc finger motifs retained the ability of LYAR to inhibit the activation of IFN-B and ISRE,
and the LYAR inhibition of IFN-B induction was predominantly mediated by its
C-terminal region. Second, LYAR did not repress the expression of TGF-B1, VEGFA, and
GM-CSF, indicating that genes suppressed by LYAR may be limited to those that are
regulated by IRF3, NF-«B, or ISGF3. Thus, it can be speculated that the negative effect
of LYAR on the IFN-B-mediated antiviral responses does not require its transcriptional
activity.

IRF3 is the key transcription factor which is responsible for the transcription of IFN-I.
Phosphorylated IRF3-formed dimers are transported into the nucleus and bind to the
promoter of the target genes, resulting in the gene transcription. We found that LYAR
inhibits IRF3 and IRF3-5D stimulated IFN-B promoter activity, indicating that LYAR may
affect not only IRF3 phosphorylation but also the downstream events. However, LYAR
has little effect on the phosphorylation and nuclear import of IRF3, suggesting that
LYAR is likely to regulate IRF3 function in the nucleus. In a resting state, IRF3 mainly
localizes in the cytoplasm, and it translocates into the nucleus after phosphorylation
activation upon virus infection. Of note, LYAR only interacts with the phosphorylated
IRF3. Consistent with this observation, LYAR colocalizes with IRF3-5D in the nucleus. In
addition, LYAR nuclear localizations play an important role in regulating IFN-B, sug-
gesting a possibility that the association of LYAR with IRF3 occurs in the nucleus. More
importantly, the interaction between LYAR and IRF3 is mediated by the DNA binding

FIG 8 Legend (Continued)

(%, P<0.05; **, P<0.01; *** P<0.001; *, P<0.05 **, P<0.01; **%, P<0.001; all by two-tailed
Student’s t test). The blue lines indicate the relative promoter activity in the LYAR WT-overexpressed
HEK293T WT or LYAR-KO cells. The expression of endogenous LYAR (endo-LYAR), Flag-tagged LYAR WT,
and mutants was determined using Western blotting, and GAPDH was used as a loading control
(asterisks indicate specific LYAR or LYAR mutants detected).
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region of IRF3, which impedes IRF3 binding onto ISRE. However, another important
process in the nucleus, IRF3 and CBP/P300 forming a complex to activate the tran-
scription of IFN-, is not impacted by LYAR. Thus, we propose that LYAR attenuating the
DNA binding ability of IRF3 is a major mechanism to impair the IRF3 function. In
addition to IRF3, IRF7 is also involved in the RIG-I-like receptor (RLR) signaling pathway
to mediate the IFN-B transcription (33), but LYAR did not target IRF7, despite their
structural and functional similarities. Another IRF, IRF9, activates the transcription of
ISGs by forming the complex ISGF3 together with STAT1 and STAT2 to bind to the ISRE
(9), and LYAR did not act on IRF9 to regulate the expression of 1SGs. Thus, LYAR
specifically regulates the function of IRF3.

LYAR expression is significantly upregulated by Sev and VSV infection as well as
poly(l-C) stimulation. Further studies show that LYAR expression is increased in IFN-8-
treated cells but is not induced by Sev in the IFN-I deficiency Vero cells, suggesting that
LYAR is induced by IFN-B during viral infection. Interestingly, even if IFN-a and IFN-A1
share similar properties with IFN-B, especially IFN-«, which is very similar to IFN-B in
signaling pathways (34), they failed to stimulate LYAR expression in A549 cells, but it is
unknown if it is also the case in other types of cells and whether higher concentrations
and different time periods of treatment would make a difference. Although many genes
induced by type | and Il IFNs are shared, the kinetics of induction are distinct, and
certain genes may be uniquely regulated by one of the subtypes (35, 36), and it is
therefore reasonable that LYAR expression is only induced by IFN-B. However, it is
unclear how LYAR is induced by IFN-B and specifically targets the IRF3 during infection.
Given that LYAR expression is increased in both mRNA and protein levels, it is plausible
that LYAR expression is regulated by the transcription factors in the IFN-S signaling
pathways. Further investigation in the mechanism of LYAR induced in virus infection
will help us figure out the detailed role of LYAR in the antiviral responses.

Traditional ISGs typically exert antiviral effect, but a small class of IFN-induced genes
show proviral activity. ADAR1 (adenosine deaminase acting on RNA 1) is an example of
such genes and promotes the replication of several viruses, including VSV, measles virus
(MV), human immunodeficiency virus (HIV), and hepatitis C virus (HCV) (37-39). Its role
in HIV replication has been well studied. It is reported that ADART can be induced by
IFN-a and v, and it enhances HIV replication by limiting IFN production, by counter-
acting the activity of another antiviral ISG, PKR (double-stranded RNA [dsRNAJ-
dependent protein kinase R), and by editing viral RNA (37, 40-43). Other IFN-inducible
genes, including LY6E (lymphocyte Ag 6 complex, locus E), Siglec-1 (sialic acid-binding
Ig-like lectin 1) (also known as CD169), and IP-10 (IFN-y-inducible protein 10), positively
regulate HIV replication via modulating antiviral immunity (44-48). However, another
IFN-I-inducible gene, MCOLN2 (endosomal cation channel mucolipin-2), promotes the
replication of diverse RNA virus, including 1AV, by increasing virus trafficking efficiency,
which is independent of its role in IFN responses (49). These studies suggest that some
viruses may have evolved to co-opt IFN effectors for a survival advantage, and those IFN
effectors affect virus replication by modulating antiviral immune responses or directly
regulating viral life stages. Herein, we characterize LYAR as an IFN-B-inducible gene,
which is proposed to have the below double effect on IAV replication. LYAR expression
is induced by virus-activated IFN-B, which is in turn hijacked by influenza A viral RNP
to facilitate viral RNA synthesis (20). Simultaneously, LYAR targets IRF3 to suppress the
host innate immune responses, providing a favorable environment for virus replication.

Based on our findings, we proposed a model for the role of LYAR in the antiviral
innate immune responses (Fig. 9). Virus activates IFN-B, which induces the expression
of LYAR. LYAR associates with the phosphorylated IRF3 to impede its DNA binding
ability, leading to reduced production of IFN-B and its downstream ISGs, which in turn
facilitates virus replication. Therefore, for the viruses, LYAR is an inducible factor that is
utilized by the virus for replication; for the host, LYAR is induced by IFN-B and regulates
the IFN-B expression by negative feedback to avoid excessive immune and inflamma-
tory responses. In summary, our study uncovered an underlying mechanism of how
LYAR negatively regulates IFN-B by targeting IRF3, which would increase our under-
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FIG 9 Proposed model for the role of LYAR in the antiviral innate immune responses. Virus-induced IFN-
increases LYAR expression (a and b). In turn, LYAR suppresses IFN-B and ISG production by impeding the
DNA binding ability of IRF3, ultimately resulting in enhanced virus replication (c to e).

standing of the negative regulation of the host innate immunity and the functions of
LYAR in virus replication.

MATERIALS AND METHODS

Cells and viruses. Human embryonic kidney 293T cells (HEK293T) and African green monkey kidney
(Vero) cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, New York, USA). The
Henrietta Lacks strain of cancer cells (HeLa) and adenocarcinomic human alveolar basal epithelial cells
(A549) were maintained with Park Memorial Institute-1640 medium (RPMI 1640) and F12 medium
(HyClone, Beijing, China), respectively. All media were supplemented with 10% fetal bovine serum (FBS)
(PAN-Biotech, Germany), and all cells were cultured at 37°C in a 5% CO, humidified atmosphere. All the
cell lines listed above were purchased from ATCC (American Type Culture Collection, Manassas, VA, USA).
LYAR-KO A549 cells and HEK293T cells were generated as we described previously (20). Sendai virus (Sev)
was amplified using 10-day-old embryonic chicken eggs. The recombinant vesicular stomatitis virus
encoding green fluorescence protein (VSV-GFP) was a gift from Harbin Veterinary Research Institute
(Harbin, China).

Plasmids and small interfering RNAs. For construction of p3XFlag-CMV-LYAR (Flag-LYAR) and
PCAGGS-HA-LYAR (HA-LYAR), the full-length cDNA of LYAR (GenBank accession number NM_017816) am-
plified by PCR was cloned into vectors p3XFlag-CMV (Flag) and pCAGGS-HA (HA) digested by Bglll/Xbal
and ECORI/Xhol, respectively. The LYAR mutants (LYAR-Azinc, LYAR-ANLSs, LYAR-NTD, and LYAR-CTD)
were constructed by site mutation or overlapping PCR using PrimerSTAR (TaKaRa, Tokyo). Full-length
IRF7 (GenBank accession number NM_001572.5) and IRF9 (GenBank accession number NM_006084.4)
were inserted into the p3XFlag-CMV and pCAGGS-HA vectors, respectively. PCR primer sequences used in this
study are listed in Table 1. Flag-RIG-l, -MAVS, -TBK1, -IKKg, and -IRF3 expression plasmids were kindly provided
by Zhengfan Jiang (Peking University, Beijing, China). A luciferase (luc) reporter plasmid for the IFN-B
promoter (IFN-B-luc) and Renilla control plasmids pRL-TK were a gift from Ping Qian (Huazhong Agricultural
University, Wuhan, China). The Flag-tagged active phosphomimetic mutant of IRF3 (Flag-IRF3-5D) was kindly
provided by Yiling Lin (National Defense Medical Center, Taiwan, China). The luciferase (luc) reporter plasmids
for the ISRE promoter (ISRE-luc) and the NF-«B promoter (NF-«B-luc) were constructed by our laboratory.
Small interfering RNA (siRNA) targeting LYAR (si-LYAR) was used to knock down LYAR, and the sequences
were as follows: 5'-CACAGUUUCUGCAAACAGACACAUG-3’ and 5'-CAUGUGUCUGUUUGCAGAAACUGUG-3'; a
nontarget siRNA (si-NC) was used as a negative control, and the sequences were as follows: 5'-UUCUCCGA
ACGUGUCACGUTT-3" and 5'-ACGUGACACGUUCGGAGAATT-3". All the siRNAs used in this study were syn-
thesized by GenePhama (Shanghai, China).

Antibodies and reagents. Antibodies used for Western blotting, immunoprecipitation, and indirect
immunofluorescence were anti-Flag M2 mouse monoclonal antibody (F3165; Sigma, USA), anti-LYAR
mouse polyclonal antibody (H00055646-B01P; Abnova, China), anti-HA and -GAPDH mouse monoclonal

TABLE 1 Primers used for PCR

Journal of Virology

Plasmid Forward sequence (5’ to 3') Reverse sequence (5’ to 3')

Flag-LYAR GGAAGATCTGATGGTATTTTTTACATGCAATGC TGCTCTAGATTTCACAAGCTTGACTTTGTCCT
HA-LYAR GGAATTCATGGTATTTTTTACATGCAATGC CCCTCGAGTCATTTCACAAGCTTGACTTTG
LYAR-NTD GGAAGATCTGATGGTATTTTTTACATGCAATGC TGCTCTAGAGGTGGAGATTTCTGCATGTGGATTT
LYAR-CTD GGAAGATCTGATGAAGGTTCCAGCCTCCAAAGT TGCTCTAGATTTCACAAGCTTGACTTTGTCCT
LYAR-Azinc1 TTACAAGAAACTGTGAATGCCTTT CAGTTTCTTGTAAAAAATACCATCAGA
LYAR-Azinc2 GCCTTTCTATAAGTGAAGATCAGA CACTTATAGAAAGGCATTCACAGT
LYAR-Azinc GGAAGATCTTGGTGGCAAAGGCTATGAAGGTA TGCTCTGAGTTTCACAAGCTTGACTTTGTCCT
LYAR-ANLS1 AGAATGAACTAAAGTTAGAAAACCA AGTTCATTCTTCTTCACCTCCCCTT
LYAR-ANLS2 AGAAGGGACAGGAGGCTGACC TGTCCCTTCTGATTCCTTGAGTTTT
LYAR-ANLS3 CAGGGATGAAGCTCCCAGAGCAT TTCATCCCTGCGCCCACGCGTG

Flag-IRF7 CCCAAGCTTATGGCCTTGGCTCCTGAGAG GCTCTAGAGGCGGGCTGCTCCAGCTCCATA
HA-IRF9 CGGAATTCATGGCATCAGGCAGGGCA CCGCTCGAGCTACACCAGGGACAGAATGGCT
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antibodies (PMK013C and PMKO043F; PMK Bio, China), anti-histone 3.1 polyclonal rabbit antibody (p30266;
Abmart, USA), anti-IRF3 rabbit monoclonal antibody (11904; Cell Signaling Technology, USA), anti-Ser386
phosphorylated IRF3 polyclonal rabbit antibody (AP0091; ABclonal Technology, USA), anti-CBP rabbit
monoclonal antibody (D6C5; Cell Signaling Technology, USA), and Alexa Fluor 488-conjugated AffiniPure
goat anti-rabbit and Alexa Fluor 594-conjugated AffiniPure goat anti-mouse secondary antibodies
(SA00006-2 and SA00006-3; Proteintech, USA). The small-molecule compounds used in this study were
DAPI (4',6'-diamidino-2-phenylindole dihydrochloride; C1002; Beyotime, China) and poly(l-C) [polyinosinic-
poly(C) potassium salt; 31852-29-6; Sigma, USA]. The human IFN-¢, IFN-B, and IFN-A1 (IL-29) proteins used in
this study were purchased from Sino Biological, Inc. (catalog numbers 12341-H08Y, 10704-HNAS, and
12339-HO8H, respectively).

Transfections. Transfections were performed using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions. Briefly, plasmids, siRNAs, and Lipofectamine were diluted to equal
volumes with Opti-MEM and incubated for 5 min at room temperature. The diluted Lipofectamine
and the diluted DNA (or RNA) were mixed and incubated for 20 min at room temperature. The
mixture was added to cells and incubated for 6 h, and cells were then cultured in fresh medium
supplemented with 10% FBS.

Virus titration. LYAR-overexpressed or LYAR-KO HEK293T cells were infected with VSV-GFP or Sev at
an MOI of 1.0. Viral supernatants were harvested at the indicated time points postinfection, and plaque
assays were performed on Vero cells to titrate the VSV titer as described previously (50). To detect the
Sev virus titer, Vero cells were seeded in 96-well plates before Sev virus infection. Viral supernatants were
serially diluted with DMEM and added to each well with eight replicates of each dilution. The 50% tissue
culture infective dose (TCID,,) was calculated using the Reed-Muench method 48 h after infection.

Co-IP assay. HEK293T cells were transfected with the indicated plasmids for 24 h, and then cells were
washed with cold phosphate-buffered saline (PBS) and lysed in radioimmunoprecipitation assay buffer
(V900854; Sigma, USA) containing complete protease inhibitor cocktail (B14001; Biotool, USA) at 24 to 48
h posttransfection. The lysates were pretreated with 20 ul of protein A/G agarose (sc-2003; Santa Cruz,
USA) for 1 h at 4°C, and then protein A/G agarose was removed by centrifugation. Before overnight
incubation at 4°C, 2 to 3 ug of the indicated antibody was added to the pretreated lysates. Protein A/G
agarose was added to the lysates and incubated at 4°C for another 2 h with rotation. The agarose beads
were collected using centrifugation and washed four times with lysis buffer. The beads were resus-
pended in 1X SDS loading buffer, and proteins were resolved by SDS-PAGE, followed by transfer to
nitrocellulose and Western blotting.

IFA and confocal microscopy analysis. Indirect immunofluorescence and confocal microscopy were
performed as described previously (51). Briefly, A549 cells were fixed with 4% paraformaldehyde (PFA) for
10 min, treated with 0.2% (vol/vol) Triton X-100 for 10 min, and then incubated with 1% (wt/vol) bovine
serum albumin (BSA) for 1 h at room temperature. Samples were then incubated with the indicated
primary antibody for 2 h, followed by incubation with the appropriate Alexa Fluor-conjugated secondary
antibody, and stained with DAPI to visualize DNA. Images were acquired using a confocal microscope
(LSM880; Carl Zeiss, Germany).

Luciferase reporter assay. HEK293T cells in 24-well plates were transfected with the internal control
pRL-TK (5 ng/well) and IFN-B-luc, ISRE-luc, or NF-kB-luc (0.25 pg/well). To stimulate these promoters’
luciferase activity, the RIG-I, MAVS, TBK1, IKKe, IRF3, IRF3-5D, IRF7, or IRF9 expression plasmids (0.25 ng/
well) were transfected together with luciferase reporter plasmids, or Sev infection was conducted at 24
h posttransfection. At 24 h posttransfection or 12 h postinfection, cells were lysed in 100 ul of 1X passive
lysis buffer (PLB; Promega). The luciferase activity and Renilla activity were measured using a dual-
luciferase assay kit (Promega) according to the manufacturer’s instructions. Renilla luciferase activity was
used as an internal control and to normalize transfection efficiency. All experiments were performed in
triplicate and repeated at least three times.

RNA isolation and qRT-PCR. For quantitative reverse transcription-PCR (qRT-PCR), cells were lysed
with TRIzol reagent (Invitrogen, USA), and total RNA was extracted according to the manufacturer’s
instructions. One to two micrograms of RNA was used to generate cDNA using reverse transcriptase
(AMV XL; TaKaRa, Tokyo). Real-time PCR (ViiA7; ABI, USA) was performed using FastStart Universal SYBR
green master (Roche). The PCR conditions were 2 min at 50°C, 10 min at 95°C, and then 40 cycles for 15
s at 95°C and 1 min at 60°C. The mRNA levels of the target genes were normalized to the housekeeping
gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The sequences of primers used for qRT-PCR
are shown in Table 2.

Nuclear and cytoplasmic fractionation. Subcellular fractions were extracted as described previ-
ously (52). A total of 105 A549 cells treated accordingly were harvested and lysed with 100 ul of
cytoplasmic extraction buffer [10 mM HEPES, 10 mM KCl, 2 mM Mg(Ac),, 3 mM CaCl,, 340 mM sucrose,
1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF), pH 7.9] on ice for 20 min,
followed by the addition of NP-40 (Amresco, Solon, OH, USA) to a final concentration of 0.25% (vol/vol).
Samples were then vortexed for 15 s and then centrifuged for 10 min at 3,500 X g at 4°C. Supernatants
(the cytoplasmic fraction) were collected and stored at —80°C. Pellets were dissolved in 80 ul nuclear
extraction buffer (50 mM HEPES, 500 mM NaCl, 1.5 mM MgCl,, 0.1% [vol/vol] Triton X-100, 1 mM DTT,
1 mM PMSF, pH 7.9), incubated on ice for 10 min, and then centrifuged at 14,000 X g for 10 min at 4°C.
Supernatants (the nuclear fraction) were collected and stored at —80°C.

DNA pulldown assay. DNA probes were synthesized by Tsingke Biological Technology (Wuhan,
China). The sequences of triple repeats of the ISG54 ISRE (5'-GGGAAAGTGAAA CTAGGGAAAGTGAAACTA-
GGGAAAGTGAAACTA-3') (53, 54), which can be recognized and bound by the activated IRF3, were
labeled with biotin and were used in the pulldown experiments, and a cold competitor (unbiotinylated
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TABLE 2 Primers used for qRT-PCR?

Gene Forward sequence (5’ to 3’) Reverse sequence (5’ to 3')
LYAR AAGCGGAGGCACTCGGAAGTT TTCGGATCTGTGATGCTCATCTGTC
GAPDH GCTAAGGCTGTGGGCAAGG GGAGGAGTGGGTGTCGCTG

IFN-B GCTCCTGTGGCAATTGAATGG TTGGCCTTCAGGTAATGCAG

IL-6 ACAGCCACTCACCTCTTCAGAAC GCTCTGGCTTGTTCCTCACTACTC
IL-8 TGCAGCTCTGTGTGAAGGTG CAGCCCTCTTCAAAAACTTCTCC
IL-18 AGCTACGAATCTCCGACCAC CGTTATCCCATGTGTCGAAGAA
TNF-« CAGGCGGTGCTTGTTCC AAGAGGACCTGGGAGTAGATGA
OASL GCCTTCTCTTCCCAACTCCC AGGCATAGATGGTTAGAAGTTCAAGA
MX1 CCGAGGGAGACAGGACCAT CGTGGCCTTTCCTTCCTCC

CXCL11 ATTTGCTGCCTTATCTTTCTGACTCTA TGGCCTTCGATTCTGGATTCA
OAS3 CACAGACCTAAGGGATGGC TCAGGAAACTGAAGGCTCA

ISG15 TGGACAAATGCGACGAACC GCCCGCTCACTTGCTGCTT

IFITM3 GGGACAGGAAGATGGTTGG CACTGGGATGACGATGAGC

IFIT2 GGTCTCTTCAGCATTTATTGGTG TGCCGTAGGCTGCTCTCCA
TGF-B1 CCCAGCATCTGCAAAGCTC GTCAATGTACAGCTGCCGCA
VEGFA AGGAGGAGGGCAGAATCATCA CTCGATTGGATGGCAGTAGCT
GM-CSF TGCTGCTGAGATGAATGAAAC AAAGGTGATAATCTGGGTTGC
Sev-M GTGATTTGGGCGGCATCT GATGGCCGGTTGGAACAC

9The gene sequences are downloaded from NCBI, and primers are designed by Primer 5.

ISRE) was used as a control to compete away IRF3-LYAR binding. Single strains of DNA were thermally
annealed to form dsDNA prior to pulldown experiments. HEK293T cells transfected with the indicated
plasmids were infected with Sev. At 12 hpi, cells were lysed, and the lysates were then mixed with DNA
probes and incubated for 4 h at 4°C. The BeaverBeads streptavidin beads (22307-1; Beaver, China) were
washed three times with the buffer (10 mM Tris-HCI, 1 mM EDTA, 1 M NaCl, 0.01% to 0.1% [vol/vol] Tween
20, pH 7.5) and then added to the lysates for 2 h of incubation at 4°C. The beads were collected by
magnetic separator and washed four times with cold PBS. Finally, the beads were resuspended in 1X SDS
loading buffer, and bound proteins were resolved by SDS-PAGE, followed by immunoblotting with
antibody to IRF3 and LYAR.

Statistical analysis. The data are presented as the means = standard deviations (SD) from three
independent experiments. Statistical significance was determined using two-tailed Student’s t test. A P
value of less than 0.05 was considered statistically significant, and a P value of less than 0.01 was
considered highly significant.
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