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Highly pathogenic PRRSV upregulates IL-13 production
through nonstructural protein 9-mediated inhibition of
N6-methyladenosine demethylase FTO
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Porcine reproductive and respiratory syndrome virus
(PRRSV), a highly infectious virus, causes severe losses in the
swine industry by regulating the inflammatory response,
inducing tissue damage, suppressing the innate immune
response, and promoting persistent infection in hosts.
Interleukin-13 (IL-13) is a cytokine that plays a critical role in
regulating immune responses and inflammation, particularly in
immune-related disorders, certain types of cancer, and
numerous bacterial and viral infections; however, the under-
lying mechanisms of IL-13 regulation during PRRSV infection
are not well understood. In this study, we demonstrated that
PRRSV infection elevates IL-13 levels in porcine alveolar
macrophages. PRRSV enhances m°A-methylated RNA levels
while reducing the expression of fat mass and obesity associ-
ated protein (FTO, an m®A demethylase), thereby augmenting
IL-13 production. PRRSV nonstructural protein 9 (nsp9) was a
key factor for this modulation. Furthermore, we found that the
residues Asp567, Tyr586, Leu593, and Asp595 were essential
for nsp9 to induce IL-13 production via attenuation of FTO
expression. These insights delineate PRRSV nsp9’s role in
FTO-mediated IL-13 release, advancing our understanding of
PRRSV’s impact on host immune and inflammatory responses.

Porcine reproductive and respiratory syndrome virus
(PRRSV), which belongs to the genus Arterivirus and family
Arteriviridae, comprises a 15-kb-long single-stranded posi-
tive-sense RNA (1). It causes reproductive disorders and
breathing difficulties in pigs, generating huge economic loss to
the swine industry (2). The PRRSV genome contains 11 ORFs,
encoding eight structural proteins and 16 nonstructural pro-
teins (nsp), each possessing diverse functions in various steps
of infection, replication, virulence, and virus—host interactions
(3-8). Immunosuppression after PRRSV infection may
contribute to inefficient innate and acquired immune re-
sponses, modulating the expression and release of inflamma-
tory and/or anti-inflammatory factors, upregulating
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immunosuppressive cytokines expression, and allowing the
viruses to rapidly reproduce and cause disease (9-12).

PRRSV infection has been reported to modulate various
inflammatory factors and mediators, including cold-inducible
RNA-binding protein, interleukin (IL)-17, IL-6, hypoxia-
inducible factor 1a (HIF-1a), C1QBP, etc. (10-15). The enzy-
matic domains of PRRSV nonstructural protein 1p (nsplp)
nuclease protease and papain-like cysteine protease have been
noted to elevate HIF-la expression, thus facilitating viral
proliferation (11). Cold-inducible RNA-binding protein has
been detected in stress granules as an RNA-binding protein,
which positively regulates the NF-kB pathway to induce the
expression of downstream proinflammatory cytokines, thus
promoting inflammatory response during PRRSV infection
(13). Furthermore, PRRSV-infected Marc-145 cells and
porcine alveolar macrophages (PAMs) have been observed to
exhibit increased C1QBP secretion and enhanced PRRSV-
induced inflammatory cytokine production, including TNF-a,
IL-1f, IL-6, IL-8, and MCP-1 production (10). PRRSV nsp2
can activate the NF-kB pathway, leading to the induction of
NEF-kB-dependent proinflammatory molecules, including IL-
6, IL-8, COX-2, and RANTES (12-15). Several studies have
consistently reported that PRRSV infection causes an aberrant
immune response called “cytokine storm,” in which the im-
mune system of a healthy individual generates excessive
amount of proinflammatory and immunosuppressive cyto-
kines, severely overreacting to the viral infection (4, 12, 16).
Accumulation of large amounts of proinflammatory cytokines
can induce tissue injury and other serious inflammatory
damage. The massive secretion of immunosuppressive cyto-
kines negatively modulates innate immunity and can possibly
lead to viral immune evasion. However, the mechanism un-
derlying “cytokine storm” and immune suppression caused by
PRRSV infection is unclear and requires further in-depth
investigation.

IL-13, which belongs to the Th helper (Th) 2 family cyto-
kines, is generally secreted by various cells, including alveolar
macrophages, mast cells, Treg cells, activated T-cells, NK cells,
innate lymphoid cells, and nonimmune cells (17-22). It is
involved in several physiological and pathological processes,
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PRRSV induces IL-13 through inhibition of FTO

particularly in inflammation, cancer, angiogenesis, immune
suppression, and viral infection (17, 23). Increasing studies
have revealed that IL-13 is an important mediator in multiple
infectious and respiratory diseases, such as excessive inflam-
mation, polarization of M2 macrophages, immune evasion of
virus, pulmonary fibrosis, and viral pneumonia (24-27). IL-13
has been noted to enhance Arg-1 expression, contributing to
the increase in Th2 immune response, thus increasing the
permissiveness of the host to Trypanosoma cruzi infection
(28). During the development of liver cirrhosis and fibrosis in
chronic hepatitis B virus infection, IL-13 has been reported to
play a key role in linking metabolic with inflammatory com-
ponents (29). Besides, activation of STAT6 expression has
been observed to increase IL-13 production in Kaposi’s sar-
coma herpesvirus—infected primary effusion lymphoma cell
lines. This increase in IL-13 production represents a positive
feedback loop potentiating proliferation of these cells through
autocrine and/or paracrine effects (30). It has been reported
that PRRSV infection causes statistically significant increase in
anti-inflammatory and type I IEN-regulated gene expression,
such as Mx1, IRF7, OASI, IFNy, IL-10, IL-13, IRF3, STING,
OPN, IFNa, IFNB, IL-2, and TNF-a (31, 32). In addition,
infection of PRRSV alone in sows or in combination with
Mycoplasma hyopneumoniae in piglets can induce alterations
in immunoregulatory cytokines, such as IL-2, IL-10, IL-13,
TGEF-p1, TNF-a, CCL3L1, MIG, and PEPCAM-1 (33). IL-13
has been frequently observed to exhibit inflammatory roles
in lung cancer and lung injury and can promote asthmatic
airway inflammation, mucus overproduction, bronchial
hyperresponsiveness, and immunoglobulin E synthesis (34).
To date, although a few studies have shown that PRRSV could
induce IL-13 release, the underlying reason and mechanism of
this process are still unclear and need to be exhaustively
investigated.

N6-Methyladenosine (m®A) is one of the most important
posttranscriptional modifications of RNA and is highly
conserved in size, structure, and function in various species,
including mammals, plants, insects, and viruses (35-37). It is
regulated by three groups of cellular proteins, namely, writers,
including methyltransferase-like 3 (METTLS3),
methyltransferase-like 14 (METTL14), and Wilms' tumor 1
associating protein; erasers, including a-ketoglutarate-depen-
dent dioxygenase homolog 5 (ALKBH5) and fat mass and
obesity associated protein (FTO), which eliminate m°®A
modification from RNAs; and readers, including YTH-domain
containing family 1 (YTHDF1), YTHDF2, and YTHDEF3, which
regulate mRNA stability, translation, and cellular localization
(38, 39). Recently, increasing studies have predicted that m°A
methylation might be involved in controlling various cellular,
pathological, and biological processes, such as stress response,
innate and adaptive immune responses, immunosuppression,
stem cell differentiation, cancer development, microRNA ac-
tivities, and viral infection (38—42). Multiple viruses, such as
HIV-1, hepatitis B and C virus (HBV), dengue virus, yellow
fever virus, and severe acute respiratory syndrome coronavirus
clade 2 (SARS-CoV-2), have been indicated to interact with
mPA in the host genomic RNAs (35, 38—40, 42, 43). A previous
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study has reported that the host cell m°A methyltransferase,
METTL3, decreased RIG-I binding and subsequently reduced
the activation of inflammation pathways to regulate innate
immune responses induced by SARS-CoV-2 virus infection
(35). Furthermore, the 3'-UTR of m°A sites of HIV-1 has been
found to recruit cellular YTHDF m°A “reader” proteins to
enhance both HIV-1 protein and RNA expression as well as
viral replication in CD4+ T cells (43). Besides, methyl-
transferases (METTL3/14) of m°A have been noted to modify
the 50 epsilon of HBV pgRNA to promote its interaction with
core proteins to regulate its encapsulation (38). These findings
indicate that the internal m®A modification and viral RNA
interact during viral infections, thus suggesting that research
on RNA modifications in PRRSV genome and their functional
relevance to IL-13 expression during viral infection is crucial.
In this study, we defined the role of PRRSV-induced m°A
level in regulating the host inflammatory factor and demon-
strated that cellular m°A machinery could increase IL-13
expression induced by viral infection. Importantly, the viral
proteins were examined individually for their ability to affect
IL-13 production, and the results revealed that nsp9 enhanced
IL-13 secretion by promoting FTO mRNA degradation.
Furthermore, targeted mutations indicated that 551 to 600
amino acid residues (aa) as well as D567, Y586, L593, and
D595 in nsp9 played important roles in inducing IL-13
secretion in PRRSV-infected PAMs through FTO-bound
m°A modification. Taken together, our results revealed a
novel mechanism of inflammatory reaction to viral infection
via m®A modification, in which PRRSV nsp9 decreased FTO-
bound increasing m°®A-modified motifs of IL-13 secretion.

Results

PRRSV infection strongly induces IL-13 secretion with high
lung inflammation

In our study, lung tissue samples from pigs infected with
PRRSV S1 or BB0907 strain were analyzed. Quantitative PCR
was utilized to determine PRRSV viral titers and IL-13 levels in
the collected lung tissues. Our findings revealed an elevation in
IL-13 levels in both S1 and BB0907 strain-infected tissues, with
a correlation observed between higher IL-13 levels and
increased viral loads (Fig. 1, A—C). Additionally, H&E staining
of lung tissue sections revealed more pronounced pulmonary
inflammation in tissues with higher IL-13 levels (Fig. 1D). To
examine the effect of PRRSV infection on host cells’ produc-
tion of IL-13, PAMs were inoculated with various PRRSV
strains of differing virulence, including HP-PRRSV BB0907, C-
PRRSV S1, and LP-PRRSV NTO0801. Lipopolysaccharide-
treated cells served as a positive control. All the three
PRRSV strains significantly increased IL-13 mRNA expression
(Fig. 1E) and IL-13 release level (Fig. 1F). Figure 1, H—J shows
the obvious increase in IL-13 production at different time
points following PRRSV infection; the IL-13 production
rapidly increased from 12 to 36 hpi but moderately increased
from 36 to 48 hpi, with PRRSV titers in infected PAMs
reaching a peak at 36 hpi (Fig. 1G), suggesting that IL-13 in-
duction was dependent on PRRSV replication.
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Figure 1. PRRSV infection strongly induces IL-13 in PAMs. The expression of IL-13 was detected in lung of pigs with PRSSV BB0907 or S1 strain infection.
Virus titer (A) and IL-13 mRNA (B) in lungs were quantified by real-time PCR. C, the levels of IL-13 in lungs were quantified by ELISA. D, H&E staining of the
lung samples. PAMs were cultured with or without inoculation of HP-PRRSV BB0907, C-PRRSV S1, and LP-PRRSV NT0801 at an MOI of 1. E, total RNA
extracted from PAMs cell lysate at 36 h. Real-time PCR was used to analyze IL-13 expression (expressed as 2728CT yalues). GAPDH was used as reference
gene. F, ELISA of IL-13 secretion in culture supernatants. G, TCIDsq assay of the supernatants of infected PAMs to measure PRRSV infection kinetics. H-J,
PAMs infected with PRRSV BB0907 (MOI of 1) for the indicated time. H, Western blot analysis of the protein levels of PRRSV N protein and IL-13. /, detection
of IL-13 expression using RNA extracted from cell lysates by qRT-PCR. J, ELISA of IL-13 secretion in culture supernatant. K-M, PAMs infected with PRRSV at an
MOI of 0.1, 0.5, 1, 2, and 4 for 36 h. K, analysis of IL-13 mRNA level by qRT-PCR. L, ELISA of IL-13 expression in culture supernatant. M, Western blot analysis of
the levels of PRRSV N protein and IL-13. N-P, Marc-145 cells incubated with PRRSV BB0907 at an MOI of 1 for 36 h. N, IL-13 mRNA level, (O) IL-13 release, and
(P) IL-13 protein level. All assays were repeated at least three times. Bars represent mean + SD. ***p < 0.001; **p < 0.01; *p < 0.05; ns, not significant. IL-13,
Interleukin-13; MOI, multiplicity of infection; PAM, porcine alveolar macrophage; PRRSV, porcine reproductive and respiratory syndrome virus; TCIDso, 50%

tissue culture infective dose.

To optimize viral infection, PAMs were infected with
PRRSV at varying multiplicity of infection (MOI) of 0.1, 0.5, 1,
2, or 4. As shown in Figure 1, K-M, the protein level and
expression of IL-13 mRNA were significantly higher in cells
infected with PRRSV at an MOI of 1, when compared with
those in cells infected at an MOI of 0.5. These results indicated
that IL-13 production increased in PRRSV-infected cells in a
dose-dependent manner. As PRRSV can grow in cultured
Marc-145 cells (derived from embryonic African green mon-
key kidney tissue), Marc-145 cells were infected with PRRSV at
a range of MOIs. The results of Western blot analysis, qRT-
PCR, and ELISA revealed that PRRSV infection dramatically
increased IL-13 mRNA expression (Fig. 1N) and release
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(Fig. 1P), as well as IL-13 protein (Fig. 10), irrespective of the
cell type.

PRRSV infection upregulates cellular RNA m°A levels

To systematically analyze the effects of PRRSV infection on
cellular RNA m°A levels, PAMs and Marc-145 cells were
infected with PRRSV BB0907 or S1 strain at a range of MOIs
(0.1, 0.5, 1, 2, and 4, respectively). Dot blot assay was
employed to measure the m°A levels in the total RNA from
the control or PRRSV-infected cells at 36 hpi. The total RNA
was stained with methylene blue (MB) as a loading control to
normalize the relative m°A levels. When compared with the
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control cells, the cellular RNA m°A levels increased in both

BB0907- and Sl-infected PAMs (Fig. 24) or Marc-145 cells PRRSV-infected group, with increasing m®A accumulation

(Fig. 2B) with increasing MOIs. To investigate the underlying (Fig. 2, C—H). Accordingly, we selected the highly virulent
mechanism of PRRSV-induced increase in cellular RNA m°A  HP-PRRSV BB0907
levels, we examined the expression of mC®A writers (METTL3
and METTL14) and erasers (AIkBH5 and FTO) in BB0907-
or Sl-infected PAMs or Marc-145 cells (Fig. 2, C—H). In both
BB0907- and S1-infected cells, no significant change in pro-
tein and mRNA levels of writers (METTL3 and METTL14)
was observed after PRRSV infection (Fig. 2, C—H); however,

the expressions of AIkBH5 and FTO were decreased in the

strain for subsequent experiments.
Furthermore, as the increased cellular RNA mCPA level
reached a possible threshold at MOI of 1, MOI of 1 was used
in the subsequent experiments. These results indicated that
AIKBH5- and FTO-mediated enhancement of RNA m°A level

during PRRSV infection occurred in a dose-dependent
manner.
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Figure 2. PRRSV infection upregulates cellular RNA mCA levels in PAMs. A, PAMs or (B) Marc-145 cells infected with PRRSV BB0907 or S1 strain at the
indicated MOI for 36 h. Relative m®A levels in total RNA (500 ng) collected from infected or control cells were measured by m°A dot blot analysis. MB
staining was used as an RNA loading control. C and D, Western blot analysis of cell lysates from (C) BB0907-infected or (D) S1-infected samples to detect
m°CA writers (METTL3 and METTL14) and erasers (AIkBH5 and FTO). GAPDH was used as a loading control. E and F, qRT-PCR detection of the mRNA levels of
METTL3, METTL14, AIkBH5, and FTO in BB0907-infected PAMs (E) and Marc-145 cells (F). G and H, gRT-PCR detection of the mRNA levels of METTL3,
METTL14, AIkBH5, and FTO in S1-infected PAMs (G) and Marc-145 cells (H). Data represent mean + SD of three independent experiments. ***p < 0.001;
**p < 0.01; *p < 0.05; ns, not significant, when compared with control samples as indicated. m6A, N6-Methyladenosine; MB, methylene blue; METTL,
methyltransferase-like; MOI, multiplicity of infection; PAM, porcine alveolar macrophage; PRRSV, porcine reproductive and respiratory syndrome virus.
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AlkBH5 does not influence the expression level of IL-13

In our investigation into whether cellular RNA m°A
upregulation impacts IL-13 expression, we initially used a
sequence-based m°A modification site predictor, SRAMPA
(http://www.cuilab.cn/sramp/), to identify potential methyl-
ation sites (Fig. 3A). This study involved Marc-145 cells,
RAW?264.7 cells, and PAMs, leading us to compare the se-
quences of IL-13 mRNA m®A modification sites across pigs,
mice, and monkeys. The analysis showed that these sites are
conserved in IL-13 mRNA at nucleotide positions 281, 354,
485, and 1886 in pigs (Fig. 3B). Following this, PAMs and
Marc-145 cells were infected with PRRSV at an MOI of 1 for
36 h, and the IL-13 m°A levels were quantified using
methylated RNA immunoprecipitation (MeRIP)-qPCR.
Compared to the control, the PRRSV-infected samples

PRRSV induces IL-13 through inhibition of FTO

exhibited a significant increase in IL-13 m°A levels (p < 0.01)
(Fig. 3, C and D). Given the observed decrease in AlkBH5
and FTO expression due to PRRSV infection, we first probed
whether AIKBH5 directly binds to IL-13 transcripts using
RNA immunoprecipitation (RIP)-qPCR, which no alteration
in IL-13 transcripts within the m°®A region (Fig. 3E). We then
assessed AlkBH5’s effect on IL-13 expression by transfecting
Marc-145 and RAW264.7 cells with either AIkBH5 knock-
down or overexpression plasmids. Subsequent analysis
through MeRIP-qPCR, qRT-PCR, ELISA, and Western blot
showed no significant changes in IL-13 m°A levels (Fig. 3F),
IL-13 protein levels (Fig. 3, G and H), mRNA expression
(Fig. 3)), or secretion (Fig. 3K) in the siRNA-targeted AIkBH5
(si-AlkBH5) group, despite a reduction in AIkBH5 expression
(Fig. 3]). Additionally, IL-13 production levels in the AIkBH5
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Figure 3. AIkBH5 does not influence IL-13 production. A, IL-13 mRNA m°A modification sites predicted by SRAMP (http://www.cuilab.cn/sramp/). B

sequence comparison of IL-13 mRNA m°A modlﬁcatlon sites in porcine, monkey and human, corresponding to 281 nt, 354 nt, 485 nt, and 1886 nt of
porcine. C and D, m°A-RIP-gPCR analysis of m A enrichment on IL-13 mRNA in PRRSV-infected (C) PAMs and (D) Marc-145 cells. E, RIP- -qPCR assay of the
enrichment of AIkBH5 on the IL-13 mRNA m°®A region. Marc-145 and RAW264.7 cells transfected with si-NC, si- AIkBH5, Oe-NC, and Oe- AIkBHS. F, IL-13
mRNA m°®A level |n Marc-145 and RAW264.7 cells determined by MeRIP-gPCR using anti-m°®A antibody. G and H, protein level of m°A writers (METTL3
and METTL14), m°A erasers (AIkBH5 and FTO), and IL-13 in (G) RAW264.7 cells and (H) Marc-145 cells determined by Western blot analysis. / and J, the mRNA
level of (/) AIkBH5 and (J) IL-13 in cells detected by gqRT-PCR. K, IL-13 secretion ascertained by ELISA of cell supernatant. Data are expressed as mean + SD,
representative of three independent experiments. ***p < 0.001; **p < 0.01; *p < 0.05; ns, not significant. IL-13, Interleukin-13; m6A, N6-Methyladenosine;
METTL, methyltransferase-like; PAM, porcine alveolar macrophage; PRRSV, porcine reproductive and respiratory syndrome virus; RIP, RNA

immunoprecipitation.
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overexpression (Oe-AlkBH5) group were unaffected by
increased AlkBH5 expression, compared to the negative
control overexpression (Oe-NC) group (Fig. 3, G-K), and the
protein expression of METTL3, METTL14, and FTO
remained largely unchanged. This evidence suggests that
AlkBHS5 does not influence IL-13 expression levels.

FTO directly affects IL-13 production during the progression of
PRRSV infection

To ascertain whether FTO directly binds to IL-13 transcripts,
we employed RIP-qPCR. The results from FTO RIP-qPCR
demonstrated a significant enrichment of IL-13 transcripts in
the m°A region (Fig. 44). To explore FTO’s impact on IL-13
expression, we transfected FTO knockdown or overexpression

plasmids into Marc-145 and RAW264.7 cells. Subsequent qRT-
PCR, ELISA, and Western blot analysis revealed that, compared
to the negative control siRNA (si-NC) group, IL-13 protein
levels (Fig. 4, B and C), mRNA expression (Fig. 4E), and secre-
tion (Fig. 4F) were significantly increased in the FTO-targeted
siRNA (si-FTO) group, despite a decrease in FTO expression
(Fig. 4, B-D). Conversely, in the FTO overexpression (Oe-FTO)
group, compared to the Oe-NC group, IL-13 production was
significantly reduced as FTO expression increased (Fig. 4, B—F),
while the protein expression of METTL3, METTL14, and
AlkBHS5 remained largely unchanged.

Further analysis revealed alterations in IL-13 m°A levels in
RAW?264.7 and Marc-145 cells post-FTO knockdown or
overexpression. The IL-13 m°A level rose in the si-FTO group
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drome virus; RIP, RNA immunoprecipitation; si-FTO, FTO-targeted siRNA.

6 . Biol. Chem. (2024) 300(4) 107199

SASBMB



compared to the si-NC group, while it significantly decreased
in the Oe-FTO group compared to the Oe-NC group (Fig. 4G).
These results suggest that FTO binds directly to IL-13 tran-
scripts in an m®A-dependent manner. To further verify if FTO
mediated IL-13 production during PRRSV infection, Marc-
145 cells were inoculated with or without PRRSV (MOI of 1)
and with or without Oe-FTO. The PRRSV+QOe-NC group
showed significantly higher IL-13 mRNA expression and
secretion (Fig. 4, J and K) but lower production of mCA erasers
protein FTO (Fig. 4, H and I), compared to the Oe-NC group.
In contrast, IL-13 production in the PRRSV+QOe-FTO group
was inhibited due to the restored expression of FTO (Fig. 4,
H-K), compared to the PRRSV+QOe-NC group. These findings
underscore the role of FTO in regulating IL-13 expression
during PRRSV infection.

PRRSV viral proteins affect m°A levels

To identify viral proteins with the ability to increase m°A
level, we constructed a series of recombinant plasmids by
using the pCAGGS vector, including pCAGGS-GP2-GP5,
pCAGGS-M, pCAGGS-N, pCAGGS-nspla, pCAGGS-nsplf,
and pCAGGS-nsp2—-nspl2. However, only plasmids encod-
ing N, M, GP2-GP5, nspla, nsplf, nsp2-nsp5, nsp7, and
nsp9-nspl2 exhibited efficient expression. Subsequently,
m®A dot blot assay was employed to detect the cellular m®A
level in Marc-145 cells transfected with a plasmid carrying
an nsp, N, M, or GP2-GP5 gene. The results showed that
GP2-GP4, nsp3, nsp4, nsp9, nsplO, and nspll strongly
increased the m°A level (Fig. 54). Similar findings were also
noted in RAW264.7 cells (Fig. 5B). Further investigation of
the expression of m°A writers (METTL3 and METTL14) and
erasers (AlkBH5 and FTO) by qRT-PCR and Western blot
analysis revealed that the levels of METTL3 and METTL14
proteins were hardly influenced by PRRSV viral proteins in
Marc-145 cells (Fig. 5C) and RAW264.7 cells (Fig. 5D). In
contrast, the levels of AIkBH5 proteins were obviously
impaired by GP2, GP4, GP5, nsp9, and nspll, while the
levels of FTO proteins were observably reduced by GP4,
GP5, nsp9, and nspll (Fig. 5, C and D). Furthermore, GP2,
nspla, and nsplf increased METTL3 mRNA expression
(Fig. 5, E and F); GP3 and nsp10 enhanced METTL14 mRNA
expression (Fig. 5, G and H); GP5, nsp9, nspll, and nspl2
decreased AlIkBH5 mRNA expression (Fig. 5, I and J); and
nsp7, nsp9, and nspll inhibited FTO mRNA expression
(Fig. 5, K and L).

PRRSV nsp9 upregulates IL-13 expression by accelerating
degradation of m°A demethylase FTO mRNA

As illustrated in Figure 5, nsp7, nsp9, and nspll inhibited
FTO mRNA expression, while PRRSV nsp9 and nspll
decreased FTO mRNA and protein expression. In particular,
nsp9 caused maximum significant decrease in the FTO
expression. However, as research on the functional mechanism
of PRRSV nsp9 is limited, we first examined the effect of nsp9
on FTO-mediated IL-13 production. It has been reported that
nsp8 serves as the N-terminal portion of nsp9. To analyze the
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relationship between nsp8 and nsp9 in the process of regu-
lating FTO and IL-13 expression, we transiently expressed
PRRSV nsp9 or nsp8—9 in RAW?264.7 and Marc-145 cells and
investigated the expression of FTO and IL-13 by qRT-PCR,
Western blot analysis, and ELISA. The results obtained
proved that both nsp9 and nsp8-9 similarly impaired the
mRNA and protein levels of FTO in Marc-145 (Fig. 6, A and C)
and RAW264.7 (Fig. 6, B and F) cells but enhanced IL-13
protein expression (Fig. 6, A and B), mRNA expression
(Fig. 6, D and G), and secretion level (Fig. 6, E and H).
Accordingly, we used the plasmid carrying only nsp9 gene in
subsequent experiments. To examine the role of nsp9 from
different PRRSV strains in stimulating IL-13 production,
plasmids expressing the nsp9 gene from HP-PRRSV BB0907,
Classical PRRSV S1, and NADC30-like strain FJ1402 were
constructed. These plasmids were transfected in both Marc-
145 cells and RAW264.7 cells. The results in Figure 6, I-P
demonstrated that nsp9 from BB0907, S1, and FJ1402 strains
equally stimulated the IL-13 production, as evidenced by the
significant increase in IL-13 mRNA expression and secretion
detected by qRT-PCR (Fig. 6, M and N) and ELISA (Fig. 6, O
and P), respectively. While the FTO protein and mRNA levels
were suppressed at the same level by nsp9 from all three
strains of virus (Fig. 6, [-L). In addition, RAW264.7 cells were
transfected with or without nsp9 plasmids. At 24 h after
transfection, the cells were observed under confocal micro-
scopy. Nsp9 inhibited FTO expression indicated by decreased
intensity of the green fluorescence, while the expression of
nsp9 shown with the red fluorescence (Fig. 6Q). The further
experiments were performed in RAW?264.7 and Marc-145 cells
containing different concentrations of nsp9 construct, and the
results revealed that nsp9 affects IL-13 production in a dose-
dependent manner (Fig. 6, R and S, V-Y). Furthermore, the
FTO protein and mRNA levels directly reduced with nsp9
concentrations (Fig. 6, R-U).

We next explored if the modulation of IL-13 expression by
nsp9 correlates with m®A levels. For this, total RNA from Marc-
145 and RAW264.7 cells transfected with nsp9 for 48 h was
isolated, and MeRIP-qPCR using IL-13 specific primers was
performed. The results obtained proved that nsp9 was involved
in m°A modulation of IL-13 expression (Fig. 7, A and F). To
further confirm that FTO mediated the effect of nsp9-induced
IL-13 expression, we conducted a functional rescue experi-
ment by cotransfecting cells with nsp9 alongside Oe-NC or Oe-
FTO. Compared to Mock and NC groups, the nsp9 group
showed a substantial elevation in IL-13 expression and secretion
(Fig. 7, C-E and H-J), with a concurrent significant decrease in
FTO mRNA and protein levels (Fig. 7, B, E, G and J). FTO
overexpression mitigated the nsp9-induced IL-13 upregulation
in the nsp9+Oe-FTO group (Fig. 7, C-E and H-J), indicating
that nsp9 enhances IL-13 production by downregulating FTO at
both mRNA and protein levels. To decipher nsp9’s role in FTO
mRNA decay, overexpression studies in Marc-145 and
RAW?264.7 cells were conducted. mRNA stability assays
revealed that nsp9 overexpression reduced the half-life of FTO
mRNA in these cells (Fig. 7, K and L), suggesting nsp9-mediated
regulation of FTO via mRNA stability. Additionally, to verify
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Figure 5. PRRSV viral proteins affect m°CA levels. A and B, dot blot assay of the m°CA levels in (A) Marc-145 cells and (B) RAW264.7 cells. C and D, Western
blot analysis of the protein levels of METTL3, METTL14, AlkBH5, FTO, and PRRSV N protein in (C) Marc-145 cells and (D) RAW264.7 cells. E-L, qRT-PCR
detection of the mRNA expression of (E and F) METTL3, METTL14, (/ and J) AIkBH5, and (K and L) FTO in Marc-145 cells and RAW264.7 cells. All data
were compared with the NC group for at least three times, with each experiment performed in triplicate. Bars represent mean + SD. ***p < 0.001; **p <
0.01; *p < 0.05; ns, not significant. m6A, N6-Methyladenosine; METTL, methyltransferase-like; PRRSV, porcine reproductive and respiratory syndrome virus.
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Figure 6. PRRSV nsp9 upregulates IL-13 expression in a dose-dependent manner. A-H, transfection of Marc-145 and RAW264.7 cells with plasmids
expressing nsp9, nsp8-9, or pCAGGS empty vector. A and B, Western blot analysis of the protein levels of METTL3, METTL14, AIkBH5, FTO, and IL-13. gRT-
PCR analysis of the mRNA expression of (C and F) FTO and (D and G) IL-13. E and H, ELISA of IL-13 release. I-P, Marc-145 and RAW264.7 cells were transfected
plasmids expression nsp9 gene from BB0907, S1, or FJ1402 strain for 48 h. | and J, Western blot analysis of the protein levels of METTL3, METTL14, AlkBH5,
FTO, and IL-13. K-N, qRT-PCR analysis of the mRNA expression of (K and L) FTO and (M and N) IL-13. O and P, ELISA of IL-13 release. Q, IFA verification of the
stable expression of FTO in RAW264.7 cells with or without transfection of nsp9. R-Y, Marc-145 and RAW264.7 cells transfected with PRRSV nsp9 at a dose of
0.5, 1.0, and 1.5 ug for 48 h. R and S, Western blot analysis of the protein levels of METTL3, METTL14, AlkBH5, FTO, IL-13, and PRRSV N protein. T-W, qRT-PCR
analysis of the mRNA expression of (T and U) FTO and (V and W) IL-13. X and Y, ELISA of IL-13 release. Data represent mean + SD of three independent
experiments. ***p < 0.001; **p < 0.01; *p < 0.05; ns, not significant. IL-13, Interleukin-13; METTL, methyltransferase-like; nsp9, nonstructural protein 9;
PRRSV, porcine reproductive and respiratory syndrome virus.

nsp9’s involvement in FTO promoter activation, Marc-145 and revealed a dose-dependent decrease in FTO promoter activity
RAW?264.7 cells were cotransfected with pFTO-luc, pRL-TK, with nsp9 concentrations (Fig. 7, M and N), further establishing
and varying concentrations of the pCAGGS-nsp9 plasmid. This  nsp9’s regulatory role.

SASBMB J. Biol. Chem. (2024) 300(4) 107199 9



PRRSV induces IL-13 through inhibition of FTO

A varcass B Marc-145 C Marc-145 D Marc-145 E Marc-145
sk L - 1201 s @]
° s — ° 106 —rEE E s 3 e FEE = % E
2 g 80 2 = s b
= 5 Z 6 31 v g9 g
10 z2® g H T 2 =3 3
@ @
3 g;{g s = o 4 fﬁg e s © © & 8
S s B E 3 70-| qm e e @=e e METTL3
£ z & 2 ns = 204 ns 60 —’—ﬁ-—
- = 5 —_— L ns S
K] =05 2 D S Sy S— S\ TT]14
-4 ~ '-—1 |
0 NG . 0.0 T 0 . — 0 T r 7 T —_—
! nsp v‘&\. P ,\O %(’ (&0 ®o& E ,éc <0 5 \;c <0 V@g&- ; §C g,\o 3 /%C «"O 45| W e - = S AIKBHS
° on o & qp‘“ O qp’* so- B > 3
& & & 8 S &8 =R = " ;1o
F rawzesr G RAW264.7 H RAW264.7 | RAW264.7 13- [N -
L1 3
150+ wox _ 3007 N — _ 1207 XL 400+ it
o 5 S :; s 1 a——
E 2250 5 501 — Flag
« 200 < ~ 300 e (B Pl = s e |
";100- % 1504 % 401 . 35— G @D GEDEES C \PDH
o T —_ Fis " B
3 215y P e o 60 J RAW264.7
2 504 ¢ 101 R 2401 il o)
£ 2z Z 055 ns QU =
K < 0.5 g0 204 — zZ =
& & d ¢
01— 0.0 —1— — ool . ol e . . Y e e 9
NC  nsp9 X < O < o & < 0 < o & C O < o Z B o o
R S ¥Feg s s K N 2 T %%
o o O ey O o P & O & P & kDa m © O £ &
& N & :
S8 = g ki |- - - w1
K Marc-146 L RAW264.7 M_" Marc-145 N N RAW264.7 60-
< 157 5 157 £ 15, £ 157 0 NP S B @ METTLI4
—S ~ ~Q E .= p(‘A(}(}S % g ******
P ~ pCAGGS 4 ~ nsp9 L 5 = 45- | W B 55 g | AKBHS
% 1.04 —— nsp9 Z 104 £ 101 £ 107
£ £ 60- -
: Ly 8 -y ; .
= = ) ©
s 0.5 s 05 £ 0.5 £05 15- -~ | IL-13
= = @ @
& & 3 K 70- w Flag
0.0 . - . . 0.0 . . . & 004 - £ 0.0- .
0 2 4 6 8 0 2 4 6 8 PCAGGS B pCAGGS nsp

Hours after transcription inhibition Hours after transcription inhibition

Figure 7. PRRSV nsp9 upregulates IL-13 expression by modulating
RAW264.7 cells with plasmids expressing nsp9 or pCAGGS empty vector. IL-1
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FTO mRNA stability and promoter. Transfection of (A) Marc-145 and (F)
3 mRNA m°A level was determined by MeRIP-qPCR. B-E and G-J, Marc-145 and

RAW264.7 cells transfected with Oe-NC or Oe-FTO with or without plasmid expressing nsp9. Untreated sample was used for calibration. gRT-PCR analysis of

the mRNA expression of (B and G) FTO and (C and H) IL-13 in Marc-145 or

RAW?264.7 cells. ELISA of IL-13 release in (D) Marc-145 and (/) RAW264.7 cells.

Western blot analysis of the lysates of transfected (E) Marc-145 and (J) RAW264.7 cells. K and L, lifetime of FTO mRNA in pCAGGS or nsp9 overexpression in
Marc-145 or RAW264.7 cells. Relative mRNA levels were quantified by qPCR. M and N, the decrease in FTO promoter activity by nsp9 overexpression is dose-
dependent in Marc-145 and RAW264.7 cells. Data represent mean + SD of three independent experiments. ***p < 0.001; **p < 0.01; *p < 0.05; ns, not
significant. IL-13, Interleukin-13; m6A, N6-Methyladenosine; nsp9, nonstructural protein 9; PRRSV, porcine reproductive and respiratory syndrome virus.

Truncated mutations in nsp9 attenuate the increase in IL-13
production

Truncated nsp9 mutants containing nucleotides 1 to 1929
(1-643 aa), 1 to 1377 (1-459 aa), and 1 to 630 (1-210 aa)
(encoding the N-terminus); nucleotides 631 to 1929 (211-643
aa) and 1378 to 1929 (460-643 aa) (encoding the C-termi-
nus); and nucleotides 631 to 1377 (211-459 aa) were derived
from the intact nsp9 gene using PCR (Fig. 84). The amplified
products were inserted into a vector that could generate a
chimeric polypeptide with a Flag tag at the C terminus.
Subsequently, RAW?264.7 or Marc-145 cells were transfected
with pCAGGS-nsp9 or a truncated construct. The results of
Western blot analysis showed no difference in the induction
of FTO expression between the WT nsp9 (nsp9(wt)) and
several mutants, including constructs containing 211 to 643
aa and 460 to 643 aa (Fig. 8, B-D). In contrast, the FTO
protein level was significantly higher in the nsp9 mutant
containing 1 to 459 aa, 1 to 210 aa, and 211 to 459 aa (Fig. 8,
B and C). Furthermore, the FTO mRNA expression was
increased (Fig. 8, D), whereas the IL-13 mRNA expression

10 J Biol Chem. (2024) 300(4) 107199

(Fig. 8, E and H) and secretion (Fig. 8, F and G) were
decreased in the nsp9 mutant containing 1 to 459 aa, 1 to 210
aa, and 211 to 459 aa.

Subsequently, we sequentially constructed truncated nsp9
mutants containing nucleotides 1 to 1800 (1-600 aa), 1 to
1650 (1-550 aa), and 1 to 1500 (1-500 aa) (encoding the N
terminus) with Flag tag into an expression vector pCAGGS
(Fig. 8P) and transfected RAW264.7 or Marc-145 cells with
PCAGGS-nsp9 or a new truncated construct. When compared
with nsp9(wt), the nsp9 mutant containing 1 to 500 aa and 1 to
550 aa exhibited increased FTO mRNA and protein levels
(Fig. 8, I, N and O) but decreased IL-13 production (Fig. 8, J-
M). These results suggested that 551 to 600 aa in nsp9 con-
tains a domain that stimulates IL-13 expression.

Mutations in nsp9 reduce its ability to induce IL-13 production

To refine the results of functional domain 551 to 600 aa in
nsp9, we constructed 14 multipoint mutants with mutations in
the putative functional region of nsp9 with the targeted amino
acid residues replaced with alanine to obtain F551-5A, 1556-
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Figure 8. Truncated mutations in nsp9 attenuate stimulation of IL-13 production. A, schematic representation of the nsp9(wt) and its truncated
mutants. The mutants included those containing 1 to 643 aa, 1 to 459 aa, and 1 to 210 aa (encoding the N-terminus); 211 to 643 aa and 460 to 643 aa

(encoding the C-terminus); and 211 to 459 aa. RAW264.7 and Marc-145 cells w

ere transfected with nsp9(wt) or its truncated mutants. B and C, Western blot

analysis of METTL3, METTL14, AIkBH5, FTO, and nsp9 (mutants) protein expression in (B) RAW264.7 and (C) Marc-145 cells. D, FTO mRNA level detected by

gRT-PCR. E and H, IL-13 mRNA level determined by qRT-PCR and (F and G) IL-13
with nsp9(wt) or a new truncated construct. qRT-PCR analysis of the mRNA le

secretion ascertained by ELISA. RAW264.7 or Marc-145 cells were transfected
vel of (/) FTO and (J and M) IL-13. K and L, ELISA of IL-13 secretion. N and O,

Western blot analysis of METTL3, METTL14, AlkBH5, FTO, and nsp9(mutants) protein expression in (N) RAW264.7 and (O) Marc-145 cells. P, schematic
representation of the nsp9(wt) and its optimized truncated mutants. The mutants included 1 to 600, 1 to 550, and 1 to 500 aa (encoding the N-terminus). All

data are representative of one of the three independent experiments. ***p <
like; nsp9, nonstructural protein 9.

2A, N558-3A, Q561-5A, R566-2A, R568-3A, A571-2A, L573-
3A, H576-5A, N581-5A, Y586-3A, A589-2A, A591-5A, and
S596-5A mutants (the nomenclature of the mutants indicates
the location and number of alanine substitutions; e.g., F551-5A
indicates that five alanine substitutions were created beginning

SASBMB

0.001; **p < 0.01; *p < 0.05. IL-13, Interleukin-13; METTL, methyltransferase-

at position F551). As shown in Figure 9, A—H, the mutants
R566-2A, A571-2A, Y586-3A, and A591-5A could restore in-
hibition of the FTO protein level in Marc-145 (Fig. 94) and
RAW264.7 (Fig. 9B) cells and lowered the increase in the levels
of IL-13 protein (Fig. 9, A and B), mRNA (Fig. 9, E and F), and
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Figure 9. Specific amino acid sites of nsp9 contribute to m®A demethylase FTO mediated IL-13 expression. A-H, transfection of nsp9(wt) or mutant
expression plasmids into Marc-145 and RAW264.7 cells. Negative controls comprised cells transfected with pCAGGS. A and B, Western blot analysis of the
protein level in cell lysates using relevant antibody. GAPDH was used as a loading control. C-F, gRT-PCR analysis of the mRNA expression of (C and D) FTO
and (E and F) IL-13. G and H, ELISA of IL-13 secretion. All data were compared with the nsp9(wt) group. Data represent mean + SD of three independent
experiments. ***p < 0.001; **p < 0.01; *p < 0.05. IL-13, Interleukin-13; m6A, N6-Methyladenosine; nsp9, nonstructural protein 9.

release (Fig. 9, G and H), when compared with the nsp9(wt) (Fig. 9, C and D), whereas A571-2A mutant did not show any
protein or any other multipoint mutants. Interestingly, when difference.

compared with nsp9(wt), only R566-2A, Y586-3A, and A591- To identify individual amino acid residues within the
5A mutants showed lower decrease in FTO mRNA level functional domains that are necessary for inducing IL-13
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production, point mutations were constructed in the regions
spanning 566 to 567 aa, 571 to 572 aa, 586 to 588 aa, and 591
to 595 aa. The mutations at Asp567, Tyr586, Leu593, and
Asp595 significantly decreased IL-13 production (Fig. 10, C-H
and K-P) and recovered FTO expression (Fig. 10, A, B, I, and
J), when compared with the WT protein in Marc-145 and

PRRSV induces IL-13 through inhibition of FTO

RAW?264.7 cells. These findings indicated that Asp567,
Tyr586, Leu593, and Asp595 are the functional domains
necessary for the stimulation of IL-13 production. However, as
each nsp9 mutant only comprised an amino acid mutation site,
a single nsp9 mutation could not completely rescue change in
FTO and IL-13 expression.

A RAW264.7 B Marc-145 | Marc-145 J RAW264.7
N ER R . ERR T1s
3 * K] ] 2
= % < - + XX < * A
Z1o g Z1o - Z1o
£ £ £ £
S S S S
£ £ £ E
£ i P
0.0 & & 0.0
S S S N AN N
¥ Afvl,b «-;\\Yl, 6%@ & S $of bv;;\v AT S 55 ‘Y.& ,‘r‘j&}v ST T s ahq\vﬁw R
& S &Y S ¢ o“‘oﬁ- P T S g oF 9 o & g oV oV R
S & S & < & & SEL L SES S
C Marc-145 D Marc-145 L _ RAW264.7
3 e T3 2120 ok
2 2 2 ® 2 Rk
z b z . Z
Z Z zZ ¢ 2 g9
£ £ £ £
o @ “ 4 «
= = = = 40
: : : 2 2
£ £ £ £
= 3 z z
& & 20 g 0
> & ) ® P S J > \
voo‘ qub @;5@:«\\» o %.ov ;,%Q%@c Y~QoQ be%) Q\v é\qy o Yb% &5 Y~c>c> 'S °’Q\‘h\°’$”$’:\" é;,v Yg’o 9 g?\\? 5@, «v@w@s
CF o oY ot el p < SR ’ (@) % O Y Q’ q Sy
¥ LSS ¥ LSS MO O e T AL
E Marc-145 F RAW264.7 M Marc-145 N RAW264.7
150 sk sk 400 ek
T FHEE
E100 £ £
& & £200
“ ) o
50 \ L
e 2 =100
0 0
) o T AT T P S F &GP P oF OF o P ST P o P
S @wév NPy RARRS & AT AT AT A ) o O N )
X H° H 0 o A AV & & ) Q S & N S o
&6&‘? 0°’ 5% A.“QV’Q% SEF Y %@:@ & Q&wvf’ © VR FEF DS Vs @s T
N %\Q &Q &Q &Q Q PO @Q &Q &Q &Q &Q S (\%Q & @Q _Q @Q c,Q &Q @Q %Q Q%Q
G Marc-145 H RAW264.7 (0] Marc-145 P RAW264.7
< L € L € L < € € € € < < < < < < < L
p $EEfER g n $EEEEEg 2 24338 A EEEE
8§MQQQ>25§ gERA2IIR LG gg<das3a g BT 8534
e L EBEEERREE LEEEREEEEE wpy a2 2 EE g S EEEEEE g
70- -70 -70
‘b-----ﬁh‘ METTLS |5 e e e oo eo e wo 69 70 l“ oo == o oo o - METTL3 [.....-‘
-60 60- a
“-------" METTL14 - T Sw ee = e = . L------- METTL14 {------- 60

5-’- “ e mm e WS AIKBHS iﬁ--‘----

i -60
60 IU-.._....——— FTO - -uW

15-‘ ——— e —

IL-13 I“—b-- - - 15

45- ‘-.-.-;.-.....-"‘ AIKBHS W °= == gy oo o g 5F 50
60- I—-—----—- ‘ FTO = oy - - -———
15.| - — o - --‘ IL-13 el T
70- I -----ﬂ‘ Flag ' — —— — -

35 {-h’.‘d—-ﬂ‘] GAPDH ‘--.---.q—

-70 70-’ wwwewe [ - oy g o wp oo

-35 35- {‘v_ —— GAPDH i--...-. -35

Figure 10. Characterization of individual amino acid residues of nsp9 protein required for the induction of IL-13 expression via FTO degradation.
Marc-145 or RAW264.7 cells were transfected with plasmids expressing nsp9(wt) or a mutant protein (1 pg). Cells transfected with pCAGGS served as
negative controls. A-H, individual alanine substitutions at positions 566, 567, 571, 572, and 586 to 588. qRT-PCR analysis of the mRNA expression of (A and B)
FTO and (C and D) IL-13. E and F, ELISA of IL-13 secretion. G and H, Western blot analysis of protein level in cell lysates using relevant antibody. GAPDH was
used as a loading control. I-P, individual alanine substitutions at positions 591 to 595. qRT-PCR analysis of the mRNA expression of (/ and J) FTO and (K and L)
IL-13. M and N, ELISA of IL-13 secretion. O and P, Western blot analysis of protein level in cell lysates using relevant antibody. GAPDH was used as a loading
control. Data are expressed as mean * SD, representative of three independent experiments. One-way ANOVA was used to determine statistical signifi-
cance. ***p < 0.001; **p < 0.01; *p < 0.05; ns, not significant. IL-13, Interleukin-13; nsp9, nonstructural protein 9.
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The nsp9 mutant PRRSV plays a crucial role in m°A
demethylase FTO-mediated IL-13 expression

The Asp567, Tyr586, Leu593, and Asp595 mutants exhibi-
ted impaired inhibition of FTO protein expression and lower
IL-13 mRNA expression and secretion, when compared with
nsp9(wt). Initially, we predicted the impact of mutations at
Asp567, Tyr586, Leu593, and Asp595 on nsp9’s structure us-
ing SWISS-MODEL (https://swissmodel.expasy.org/). The
predictions confirmed that these mutations did not alter the
overall structural integrity (Fig. 11A4). Then, to confirm the
identities of the viral amino acids that play critical roles in the
induction of IL-13 production, we attempted to obtain muta-
tions affecting 567 aa, 571 to 572 aa, 586 aa, 593 aa, and 595 aa
in nsp9 and constructed mutant viral strains containing mu-
tations in nsp9 using PRRSV infectious cDNA clones
(Fig. 11B). We successfully constructed full-length mutant
cDNA clones pBB/D567A, pBB/YA571-2A, pBB/Y586A, pBB/
L593A and pBB/D595A and transfected Marc-145 cells with
each plasmid for 96 h to generate the mutant viruses rBB/wt,
rD567A, rYA571-2A, rY586A, rL593A and rD595A. The
mutant strains rD567A, rYA571-2A, rY586A, and rD595A
were successfully rescued, which caused cytopathic effects in
Marc-145 cells. Notably, the rY586A strain showed lower
cytopathic effects than rBB/wt (Fig. 11C) and exhibited slower
growth kinetics in early infection stages with about a 10-fold
reduction in titers. The remaining mutants demonstrated
growth kinetics similar to rBB/wt (Fig. 11F). Subsequently,
Marc-145 cells infected with these mutants were analyzed via
Western blot, ELISA, and qRT-PCR. The mutants D567A,
A571-2A,Y586A, and D595A showed diminished FTO protein
expression inhibition (Fig. 11D), reduced IL-13 protein level
(Fig. 11D), mRNA expression (Fig. 11H), and secretion
(Fig. 111), whereas only rD567A, rY586A, and rD595A mutants
showed FTO mRNA reduction (Fig. 11G), when compared
with nsp9(wt). In addition, PAMs were also infected with these
mutants at an MOI of 1 and examined by MeRIP-PCR. When
compared with the rBB/wt-infected group, the IL-13 m°A level
was remarkably decreased in the rD567A-, rA571-2A-,
rY586A-, and rD595A-infected groups (Fig. 11J). qRT-PCR
analysis showed that rD567A, rA571-2A, rY586A, and
rD595A decreased the IL-13 mRNA level (Fig. 11L), whereas
only rD567A, rY586A, and rD595A increased the FTO mRNA
expression, when compared with rBB/wt (Fig. 11K). Moreover,
the IL-13 secretion (Fig. 11M) and protein expression
(Fig. 11E) in PAMs infected with rD567A, rA571-2A, rY586A,
and rD595A were obviously lower than those in PAMs infec-
ted with the WT virus.

Discussion

IL-13 is an important cytokine that plays crucial role in
multiple immunoregulatory processes, contributing to cancer
progression, tissue injury, respiratory disease, innate and
adaptive antiviral immune response, and immunosuppression
(23, 44, 45). It has been reported that IL-13 inhibited IFN-y
production, enhanced cytolytic potential, suppressed chemo-
tactic migration of T lymphocytes, and stimulated IL-13

14 J Biol. Chem. (2024) 300(4) 107199

receptor al expression in T cells (46). During respiratory
syncytial virus infection, elevated IL-13 induces and sustains
long-term airway hyperreactivity and mucus production (47).
Additionally, IL-13 levels are elevated in severe COVID-19
patients (48). IL-13—induced goblet cell metaplasia has been
noted to contribute to airway remodeling and pathological
mucus hypersecretion in asthma, and IL-13 has been found to
promote susceptibility and abrogate acquired immunity to
Leishmania major infection, possibly by acting as a Th2
cytokine and downregulating Thl cytokines such as IFN-y
(30). Furthermore, IL-13 has been shown to significantly
modulate respiratory syncytial virus infection, including
decreasing the viral titers, inhibiting the lung IFN-y produc-
tion, and reducing weight loss, as well as affecting viral entry,
replication, and cell-to-cell transmission (45). Besides, IL-13
has been observed to attenuate intense viral and cell shed-
ding caused by SARS-CoV-2 infection by affecting viral entry,
replication, and spread (44). In lung disease, high levels of IL-
10 and IL-13 have been found to cause T- and B-cell-rich
inflammatory response, subepithelial fibrosis, and mucus
metaplasia with goblet cell hyperplasia and mucin hyperse-
cretion, all of which may be the result of IL-10—induced IL-13
production (49). Many recent studies have indicated that
various viral infections can induce IL-13 production and lead
to pathological tissue damage through different mechanisms
(24, 44, 46, 49, 50). We speculated that IL-13 might regulate
inflammatory response and that chronic inflammation may
cause lung damage and immune evasion during PRRSV
infection. The results of the present study showed that PRRSV
infection significantly increased IL-13 level in alveolar mac-
rophages, suggesting that lung inflammation and injury were
closely related to high level of IL-13 in PRRSV-infected pigs,
considering the functions of IL-13 in inflammatory and im-
mune responses.

Porcine reproductive and respiratory syndrome is charac-
terized by disturbance of respiratory and genital systems in
every growth stage of swine, causing significant loss to pig
industry worldwide. PRRSV is a positive-strand RNA virus
within the family Arteriviridae, and its genome comprises 15-
kb nucleotides encoding eight structural proteins (GP2a, GP3,
GP4, GP5, ORF5a, N, M, and E) and 16 nsp (nspla, nsplf,
nsp2, nsp2F/nsp2N, nsp3, nsp4, nsp5, nsp6, nsp7a, nsp7f,
nsp8, nsp9, nspl0, nspll, and nspl2) (51-53). Recent studies
have revealed that PRRSV infection can modulate innate
antiviral defense, cause immunosuppression, alleviate inflam-
matory response, and alter pathological reaction during lung
damage. Besides, PRRSV infection can cause excessive secre-
tion of proinflammatory cytokines and chemokines, including
IL-1pB, IL-4, IL-6, IL-8, IL-12, IL-17, and TNF-a (3, 12, 54, 55).
The high level of IL-1p induced by PRRSV infection can
significantly inhibit the replication and release of classical
swine fever virus C strain proliferation. The induction of IL-1
by PRRSV is presumed to be mediated by TLR4-NF-«xB-
MAPK signaling pathways and NLRP3 inflammasome in host
cells (3). PRRSV-2 has been noted to be involved in the
regulation of lung injury by targeting STAT1 and TNF-q,
which might be associated with mir-331-3p/mir-210 (6).
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Figure 11. Recombinant PRRSV strains containing nsp9 mutants increase FTO expression and decrease IL-13 expression. A, predicted three-
dimensional structure of nsp9(wt) or nsp9 mutants of PRRSV strain BB0907, presented in cartoon formats. B, construction of full-length ¢cDNA clones
and the rescued PRRSV strains containing mutations in nsp9. C, Marc-145 cells were transfected with the full-length mutant cDNA clones pBB/D567A, pBB/
YA571-2A, pBB/Y586A, pBB/L593A, and pBB/D595A. Light microscopy images of CPE were detected after 96 h. D and E, Western blot analysis of the protein
expression of METTL3, METTL14, AIkBH5, FTO, N protein, and IL-13 in (D) Marc-145 or (E) PAMs. F, multistep growth kinetics of PRRSV in Marc-145 cells after
infection with the indicated viral strain at an MOI of 0.1. Results are expressed as TCIDso. G-/, Marc-145 cells inoculated with PRRSV rBB/wt, rD567A, rA571-
2A, rY586A, or rD595A at an MOI of 1. gRT-PCR analysis of (G) FTO and (H) IL-13 mRNA expression. /, ELISA of IL-13 secretion. J-L, PAMs inoculated with
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Furthermore, HP-PRRSV infection has been observed to
induce IL-6 expression, which could be associated with the
activation of TAK-1-JNK-AP-1 and TAK-1-NF-«B signaling
pathways (12).

PRRSV proteins play important roles in the expression of a
variety of proinflammatory factors and are involved in the
process of immune response, antiviral infection, immune
evasion, and pathogenesis (11, 51, 52, 56—58). PRRSV infection
can increase the HIF-1a levels, contributing to the develop-
ment of inflammation and viral life cycle (11). One of the
major properties of PRRSV nsplp is the N-terminal nuclease
activity and C-terminal deubiquitinating enzyme activity, while
PRRSV nsp9 can downregulate PON1 to inhibit type-I IFN
signaling pathway, eventually facilitating PRRSV replication
(58). The Ser74 and Phe76 of PRRSV nspll can significantly
induce IL-17 expression, which is also dependent on the
activation of PI3K-p38MAPK-C/EBPB/CREB pathways, thus
causing alleviated lung inflammation and injury during PRRSV
infection (55). Furthermore, through ubiquitination-
proteasome pathway, PRRSV nsp6 can downregulate
mucosa-associated lymphoid tissue lymphoma translocation
protein 1 (MALT1), which plays essential roles in regulating
immunity and inflammation, resulting in immune defense
alleviation and virus survival (9). The further studies are
necessary to determine the PRRSV proteins involved in IL-13
expression and the underlying mechanism.

In the present study, we focused on the function of m°A,
which plays pivotal roles in the posttranscriptional regulation
of gene expression and modulates multiple biological pro-
cesses. Several studies have suggested that m°A is involved in
virus—host interaction during viral infection (41, 43, 59, 60).
HIV-1 has been noted to induce upregulation of m°A levels in
cellular RNA via binding of HIV-1 gp120 to the CD4 receptor,
which affects viral replication (61). Cellular m°®A reader pro-
teins (YTHDF2 and YTHDF3) machinery has been found to
regulate the RIG-I signaling pathway activated by hepatitis C
virus and HBV infection as a mechanism of immune evasion
via m®A modification of viral RNA (62). Host cell m°A
methyltransferase METTL3 has been reported to limit RIG-I
binding to SARS-CoV-2 viral RNAs viaz additional m°A
modifications and subsequent decrease in the activation of
inflammation pathways (35). In the present study, we found
that the expression of m®A demethylase FTO was decreased,
while the level of m°A methylated RNA was elevated during
PRRSV infection. Functional assays demonstrated that
elevated m°A methylated RNA level and FTO suppression
contributed to IL-13 secretion in Marc-145 cells and PAMs
and that knockdown of FTO enhanced IL-13 gene expression,
suggesting that higher cellular m°A levels may increase IL-13
secretion.

To identify viral proteins with the ability to stimulate IL-13
release, we constructed a series of recombinant plasmids by
using an expression vector encoding GP2-GP5, N, M, and nsp
proteins. Of these, only GP2—GP4, nsp3, nsp4, nsp9, and nsp11
significantly increased the m®A level. It must be noted that nsp9
contains an RNA-dependent RNA polymerase (RdRp) domain
in the C terminus and a newly identified nidovirus RdRp-

16 J Biol. Chem. (2024) 300(4) 107199

associated nucleotidyltransferase domain in the N terminus
(63, 64). We focus on the functional aspects of the nsp9 C-ter-
minal domain. The C-terminal RdRp domain is pivotal for viral
RNA synthesis and replication efficacy. This domain’s interac-
tion with the PRRSV N protein recruits cellular RNA helicases,
facilitating the unwinding of the gRNA’s double-stranded RNA
structure, playing a significant role in viral RNA replication and
transcription (65). Additionally, the leucine-rich repeat domain
of NLRX1, which interacts with nsp9’s RARp domain, is vital for
its antiviral activity (66). The interaction between the DDX5 and
nsp9 RdRp domains is also identified as a positive regulator of
PRRSV replication (67). PRRSV nsp9 not only possesses poly-
merase activity but also interacts with other cellular proteins
and PRRSV proteins, and investigation of the interaction of nsp9
with a zinc finger antiviral protein can provide insights into
virus—host interaction (64). Recently study has revealed that
genotype 2 PRRSV’s Nsp9 interacts with retinoblastoma pro-
tein, leading to retinoblastoma protein degradation via the
ubiquitin-proteasome pathway in the cytoplasm (68). In addi-
tion, nsp9 can also interact with other proteins, including
nucleotide-binding, oligomerization domain-like receptor
(NLR) X1 annexin A2, retinoblastoma protein, and DEAD box
RNA helicase 5 (63). Compelling evidences have demonstrated
that m®A methylation plays critical roles in physiological pro-
cesses, controlling RNA metabolism, stress response, and im-
mune response via its “writer protein” (METTL3, METTL14)
and “eraser protein” (FTO and AlkbH5) (43, 69, 70). FTO, as a
demethylase protein of m®A RNA methylation, belongs to the
ALKB family of Fe (II)/a-ketoglutarate-dependent dioxyge-
nases, which may be regulated through multiple pathways and
may participate in cell function (61). It has been reported that
miR-149-3p repressed the expression of FTO gene through
binding to the 3-UTR of the FTO mRNA (69). During HIV
infection, FTO has been noted to interact with cellular protein
RIG-I, contributing to innate sensing of m®A-defective HIV-1
RNA in differentiated monocytic cells (43). Besides, the long
noncoding RNA CASCI15 has been observed to interact with
FTO to regulate the progression of esophageal squamous cell
carcinoma (70). To comprehensively understand the underlying
mechanisms of these interactions, research on the interaction of
nsp9 with FTO is necessary, which may be achieved using
cellular proteins, microRNA, long non-coding RNA, etc. The
present study revealed that nsp9 can significantly decrease the
FTO mRNA and protein expression, largely owing to the nsp9-
mediated mRNA decay. In addition, analysis of a sequence of
recombinant plasmids expressing truncated nsp9 mutants
revealed that 460 to 643 aa are important for the upregulation of
m°A level and attenuation of FTO expression. Furthermore, 551
to 600 aa in nsp9 were found to play important roles in the
stimulation of IL-13 production by reducing m®A demethylase
FTO expression. Recent studies have shown that amino acids at
positions 519, 544, 586, 588, 590, 592, 611, and 643 in nsp9
regulated the high virulence of PRRSV, interacted with other
viral proteins, enhanced pathogenicity, and controlled cellular
immune response (65, 71-73). The amino acid mutations at
positions 519 and 544 of PRRSV nsp9 were found to be neces-
sary for the rescue of PRRSV and critical to the replication

SASBMB



efficiency of HP-PRRSV, contributing to enhanced pathoge-
nicity (73). The amino acids at positions 586 and 592 in nsp9
have been reported to contribute to the replication efficiency of
the Chinese HP-PRRSV in PAMs and act as critical sites
determining the viral virulence in piglets (71). The amino acid
residues at positions 588, 590, and 643 in nsp9 and at positions
62,105, and 107 in nanobodies 6 (nb6) have been observed to be
involved in nsp9—nb6 interaction, contributing to the inhibition
of PRRSV replication (72). The E608 and E611 aa in nsp9 and
Q85 aa in the N protein have been noted to be the pivotal res-
idues involved in the N-nsp9 interaction, acting as anti-
attenuation factors for the continuous elongation of nascent
transcript during negative-strand RNA synthesis (65). In the
present study, by using domain-specific mutations, we deter-
mined that the D567, Y586, L593, and D595 amino acid sites in
nsp9 are important for the upregulation of IL-13 mRNA level
and attenuation of FTO expression. Interestingly, when
compared with nsp9(wt), 571 to 572 aa of nsp9 had no effects on
FTO mRNA expression but restored suppression of FTO pro-
tein level. We presume that the modulatory effects of nsp9 on
FTO mRNA or protein expression might be through different
pathways, and the mechanism underlying PRRSV nsp9 inter-
action with FTO needs to be investigated in future studies.

Four mutant strains with mutations in nsp9 were rescued by
using cDNA infectious clones, indicating that D567, A571-2A,
and D595 are crucial for PRRSV-induced secretion of IL-13
through alteration of m°A demethylase FTO. PRRSV nsp9
has been reported to play a crucial role in viral replication, and
the PRRSV nsp9 residues 586 and 592 are critical sites
determining the viral replication efficiency and virulence (71).
Accordingly, when compared with rBB/wt, rY586 prevented
PRRSV replication and caused lower IL-13 secretion. As a Th2
family cytokine, IL-13 has been reported to play an important
role in inflammation and lung tissue injury, with the ability to
stimulate proliferation and survival of lymphocytes, achieve
persistence and transformation of virus-infected T cells, and
modulate inflammatory response microenvironment (18, 24,
74). Besides, IL-13 inhibition has been a known approach in
immunotherapeutic treatments. Therefore, more effective
vaccines against PRRSV could be developed in future by
regulating the IL-13 level and immune response during PRRSV
infection.

In summary, the present study investigated the RNA
modification profile of PRRSV, focusing on m®A modification
and its functional relevance to the host cell immune response.
The results revealed a new mechanism of PRRSV utilizing the
host cellular m°A methyltransferase to modify its RNA and
regulate the activation of downstream inflammatory genes.
PRRSV infection was found to increase IL-13 expression in
PAMs, which was predominantly owing to the increase in
cellular m®A level with the attenuated expression of FTO.
Besides, the m®A level was demonstrated to affect the IL-13
mRNA expression via FTO proteins. PRRSV nsp9 induced
IL-13 secretion via acceleration of FTO mRNA degradation,
and this function was specifically affected by D567, A572-2A,
Y586, L593, and D595 amino acid sites of nsp9 (Fig. 12).
These results highlighted the mechanism underlying the
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inflammatory and immune response regulated by cellular m®A
machinery during viral infection.

Experimental procedures
Cells and virus

PRRSV has a highly restricted tropism for cells of the
monocyte-macrophage lineage, especially PAMs, during acute
infection of pigs. Currently, PRRSV can only be propagated
in vitro in epithelial-derived Marc-145 cells, a subclone of the
African green monkey kidney cell line. Primary PAMs and
Marc-145 cells are generally used in virus infection experi-
ments. The RAW264.7 cells belong to the mouse macrophage-
like cell line, which have been widely used to evaluate
macrophage-specific immune responses in vitro. Recent studies
have constructed PRRSV-susceptible murine peritoneal
macrophage-like RAW?264.7 cell lines by achieving pCD163 cell
surface expression in these cells (75), and the Viral titers in the
RAW264.7°P1% cells were similar to those observed in primary
PAMs. Moreover, PRRSV-induced cytokine expression patterns
in RAW?264.7°P1%% cells closely mirrored the patterns observed
in PAMs. Besides, many analyses on IL-13 have been frequently
performed in RAW264.7 cells. Therefore, we used
RAW?264.7 cells in the present study (76-78).

PAMs were obtained from lung lavage of 8-week-old
specific-pathogen-free pigs and cultured in RPMI 1640 me-
dium (Gibco) containing 10% heat-inactivated fetal bovine
serum (Gibco) and 1% penicillin-streptomycin (Gibco). Marc-
145 cells (a monkey embryonic kidney epithelial cell line) and
RAW?264.7 cells (a mouse leukemia cells of monocyte
macrophage) were obtained from the ATCC and grown in
Dulbecco’s Modified Eagle’s Medium supplemented with 10%
fetal bovine serum containing 1% penicillin-streptomycin in a
5% CO, humidified atmosphere at 37 °C.

PRRSV strains used in this study comprised the HP-PRRSV
strain BB0907 (GenBank Accession No. HQ315835) isolated
in 2009 in Guangxi Province, China; classic PRRSV (C-PRRSV)
strain S1 (GenBank Accession No. AF090173) isolated in 1997
from pigs with clinical signs of porcine reproductive and res-
piratory syndrome in Jiangsu Province, China; and low patho-
genic PRRSV (LP-PRRSV) strain NT0801 (GenBank Accession
No. HQ315836) isolated in 2008 in Jiangsu Province, China.
Recombinant viruses (rBB/wt, rD567A, rA571-2A, rY586A, and
rD595A) were rescued from infectious clone pCMV-BB0907
(the plasmid was kindly provided by Prof. Ping Jiang from the
Institute of Nanjing Agricultural University, China). All the vi-
ruses were propagated in PAMs or Marc-145 cells, and the viral
titers were determined using the Reed-Muench method and
calculated as 50% tissue culture infective doses (TCIDs).

Animal experiment

Nine 4-week-old specific-pathogen-free piglets were
randomly divided into three groups (three piglets per group).
Three piglets were intranasally inoculated with 2 ml of PRRSV
S1 or BB0907 strain(1 x 10° TCIDs, virus/ml). On day 10, we
performed pathological dissection and collected all the lungs
and PAMs of the piglets. The sacrificed pigs were removed,
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Figure 12. Model demonstrating the ability of PRRSV nsp9 to induce IL-13 production mainly via FTO-bound m®A demethylation. The model shows
a possible mechanism by which PRRSV induces IL-13 production in PAMs. Following viral infection, intracellular accumulation of the viral protein, nsp9,
inhibits FTO expression and then increases the m°A level, allowing it to bind to IL-13 m®A, thus increasing the release of IL-13. Mutations in nsp9 (rD567A,
rA571-2A, rY586A, or rD595A) produce the opposite mechanism (red arrow). IL-13, Interleukin-13; m6A, N6-Methyladenosine; nsp9, nonstructural protein 9;
PAM, porcine alveolar macrophage; PRRSV, porcine reproductive and respiratory syndrome virus.

and the animal experiments were performed by random and
blinded methods. This study was approved by the Jiangsu
Normal University Animal Ethics Committee (protocol No.
JSNUSK20221021-01).

H&E stain

Lung tissue specimens from pigs were fixed in 4% para-
formaldehyde solution for 24 h. Following fixation, the tissues
underwent dehydration process and subsequently embedded
in paraffin. Sections with a thickness of 4 um were then pre-
pared from these paraffin-embedded tissues. To assess lung
pathology and inflammation, H&E staining was employed on
these sections.

Plasmid construction

The construction of Flag-tagged expression plasmids
(pCAGGS-Flag) encoding PRRSV nspla, nsplf, nsp2, nsp3,
nsp4, nsp5, nsp7, nsp8-9, nsp9, nsp10, nspl1, nspl2, N, M, GP2,
GP3, GP4, and GP5 was performed in our laboratory. The genes
of nsp and structural proteins were amplified from HP-PRRSV
strain BB0907 by RT-PCR using the primers listed in Table S1.
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The truncated versions of nsp9 were subcloned from
pCAGGS-nsp9 (including the Flag tag at the N terminus) and
designated as pCAGGS-nsp9 (1-1377), pPCAGGS-nsp9 (1-630),
pCAGGS-nsp9  (631-1929), pCAGGS-nsp9 (1378-1929),
pCAGGS-nsp9  (631-1377), pCAGGS-nsp9  (1-1800),
pCAGGS-nsp9 (1-1650), and pCAGGS-nsp9 (1-1500). Alanine
substitution mutations in the nsp9 genes were generated using
PCR Phanta Super-Fidelity DNA Polymerase (Vazyme). All the
constructs were confirmed by DNA sequencing, and the primers
used for plasmid construction are presented in Table S2.

The whole PCR fragments were ligated into the pCAGGS
vector (Invitrogen), generating an N-terminal Flag tag fusion
plasmid. The protein expression of each constructed plasmid
was detected by Western blot, analysis using anti-Flag antibody
(Flag).

siRNA transfection

The siRNA targeting ALKBH5 and FTO were utilized to
silence AIkBH5 and FTO in cells, and a nontarget siRNA (si-
NC)-loaded system was used as a control. The si-AIkBH5, si-
FTO and si-NC were synthesized by BioSune (Shanghai). The
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primer sequences for si-AlkBH5, si-FTO, and si-NC are
detailed in Table S3.

Enzyme-linked immunosorbent assay

Supernatants from the cell cultures were harvested at
designated times post infection. The IL-13 content in the su-
pernatants was analyzed by using porcine IL-13 ELISA kit
(RayBiotech) and human IL-13 ELISA kit (Abcam), following
the manufacturers’ instructions.

Western blot analysis

The levels of METTL3, METTL14, AlkBH5, FTO, IL-13,
nsp9, N protein, and GAPDH were measured by Western
blot analysis. In brief, the treated cells were collected and lysed
on ice for 30 min in protein isolation buffer, subjected to SDS-
PAGE, and transferred to nitrocellulose membrane. Then, the
membrane was blocked with 10% low-fat milk at 37 °C for 4 h
and probed with MAD anti-N (1:100; generously offered by
Prof. Ping Jiang from the Institute of Nanjing Agricultural
University), anti-FLAG (1:2000; Abmart), anti-METTL3
(1:1000; Proteintech), anti-METTL14 (1:1000; Proteintech),
anti-AIkBH5 (1:1000; Proteintech), anti-FTO (1:1000; Pro-
teintech), anti-IL-13 (1:1000; Proteintech), or anti-GAPDH
(1:10,000; Abcam) at 37 °C for 1 h. After washing, the mem-
brane was incubated with HRP-conjugated anti-mouse or anti-
rabbit secondary antibody (1:1000; Abcam), and the bound
proteins were visualized with a chemiluminescence (ECL;
Biosharp) reagent.

Real-time PCR

Quantitative real-time PCR was performed to measure the
METTL3, METTL14, AIkBH5, FTO, N protein, IL-13, and
GAPDH mRNA levels in PAMs, Marc-145, and
RAW?264.7 cells. The total RNA was extracted using Qiagen
RNeasy kit (Qiagen) and cDNA was synthesized using an RT-
PCR kit (TaKaRa), according to the manufacturers’ in-
structions. Quantitative real-time PCR was performed using
SYBR Premix Ex Taq (TaKaRa), and the relative gene
expression levels were determined using the 272" method
and normalized to the housekeeping gene, GAPDH. The
specific primer sequences used in this study are listed in
Table S3.

Construction of infectious cDNA clones of PRRSV

As shown in Figure 114, a full-length cDNA clone (pCMV-
BB) was obtained. The full-length PRRSV genome was
amplified using the five primer pairs presented in Table S4 and
employed as the backbone to construct nsp9 mutants in a
PRRSV BB0907 background (51, 52). Mutagenesis of nsp9 was
performed on the C fragment of pCMV-BB. Two plasmids
containing the C fragment were constructed and labeled as
pEASY-BB-C1 and pEASY-BB-C2, respectively. Site-directed
mutations were accomplished using pEASY-BB-C2 as the
template. Subsequently, splicing overlap extension PCR was
performed using pEASY-BB-C1 and pEASY-BB-C2 (nsp9m) to
construct the pEASY-BB-C (nsp9m) plasmid containing an
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nsp9 mutation. The AfllI/Ascl fragment of pCMV-BB was
replaced with the corresponding region derived from the
pEASY-BB-C (nsp9m) plasmid. The final full-length clone
containing the mutation was labeled as pCMV-BB/nsp9m
(Fig. 11A).

To rescue chimeric viruses, Marc-145 cells were transfected
with pCMV-BB/nsp9m using Lipofectamine 3000 reagent ac-
cording to the manufacturer’s protocol. The supernatants were
harvested and serially passaged four times in Marc-145 cells,
until about 80% of cells exhibited cytopathic effects. The P2—
P5 virus stocks were prepared in the same manner. The
rescued viruses were confirmed by whole-genome sequencing
(data not shown) and labeled as rBB/wt, rD567A, rA571-2A,
rY586A and rD595A.

One-step viral growth curves

Marc-145 cells, seeded in 24-well plates, were inoculated
with 10° TCID*® of PRRSV. At 6, 12, 24, 36, 48, and 72 h post-
infection (hpi), 100 ul of the infected cell supernatant were
removed from each well and replaced with the same volume of
fresh medium. All the samples were stored at —80 °C until
virus titration, and the viral titers were determined as TCIDsy,.

Methylated RNA immunoprecipitation assay

Methylated RNA immunoprecipitation (MeRIP) assay was
performed to examine m°A-modified IL-13. The total RNA
from PAMs or Marc-145 cells was isolated using TRIzol re-
agent (Invitrogen), and 5 pg of anti-m®A antibody (Pro-
teintech) or anti-rabbit IgG (Abcam) were conjugated to
protein A/G magnetic beads. The eluted RNA was allowed to
react with 200 ul of 0.5 mg/ml N6-methyladenosine 5-
monophosphate sodium salt (Sigma-Aldrich) for 1 h at 4 °C.
The immunoprecipitated RNA was reverse-transcribed to
cDNA, and real-time PCR was subsequently performed with
specific primers of IL-13.

RNA immunoprecipitation assay

Enrichment of AIkBH5 or FTO in the IL-13 m°A region was
further assessed using PureBindingRNA immunoprecipitation
kit (Geneseed) according to the manufacturer’s instructions. In
brief, the cells were lysed in RIP lysis buffer at 4 °C for 10 min,
and the sample was divided into three parts (100 ul each), with
two parts subjected to RIP with protein A/G sepharose beads
conjugated with anti-AIkBH5 (5 ug, Proteintech) or anti-FTO
(5 pg, Proteintech) antibody and normal rabbit IgG (Abcam) at
4 °C for 6 h. The RNA bound to the antibodies was purified
and dissolved in RNASE-free water. RT-qPCR was employed
to analyze the number of IL-13 transcripts in the immuno-
precipitated RNA and total RNA from the whole cell lysates.

The m°A dot blot assay

For the m°A dot blot assay, total RNA was extracted from
cell aliquots using TRIzol, and the RNA samples were quan-
tified by Nanodrop and UV crosslinked to nylon membranes.
The membranes were blocked with 5% nonfat dry milk (in
1 x TBS) for 1 to 2 h and incubated with a specific anti-m°A
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antibody (1:2000, Proteintech) and mouse-HRP secondary
antibodies. Then, the membranes were developed with ECL
Western Blotting Substrate (Bio-Rad), visualized using
Immobilon Western Chemilum HRP Substrate (Merck Milli-
pore), washed once with TBST buffer for 5 min, and stained
with MB for 30 min, followed by two or three washes with
water. Subsequently, the relative m®A levels were determined
by densitometry quantification and normalized to MB staining.

mRNA stability analysis

Marc-145 and RAW264.7 cells were treated with 5 pg/ml
actinomycin D (Sigma-Aldrich, A9415) to inhibit global
mRNA transcription. After incubation for 0, 2, 4, and 8 h,
mRNA was extracted from the cells and cDNA was synthe-
sized using an RT-PCR kit (TaKaRa). The mRNA transcript
levels of interest were detected by qPCR using primers specific
to FTO.

Statistical analysis

The data were obtained from at least three independent
experiments for the quantitative analysis and are expressed as
mean + SD. GraphPad Prism (version 5.0; GraphPad Software)
was used for data analysis, One-way ANOVA was utilized for
comparison between multiple groups, following Tukey’s mul-
tiple comparison tests. The ¢ test was employed to compare the
average between the two groups.

Data availability

The datasets used and/or analyzed during the current study
are available from the corresponding author on reasonable
request.

Ethics statement

This study was approved by the Jiangsu Normal University
Animal Ethics Committee (protocol No. JSNUSK20221021-
o1).

Supporting information—This article contains supporting informa-
tion (51, 52).

Acknowledgments—This work was supported by grants from project
funded by the Priority Academic Program Development of Jiangsu
Higher Education Institutions (PAPD), National Natural Science
Foundation of China (No. 32000108), Natural Science Foundation
of Jiangsu Province (No. BK 20201022), Key Research and Devel-
opment Plan (Modern Agriculture) Project of Xuzhou City (No.
KC22076), and Natural Science Research of Jiangsu Higher Edu-
cation Institutions of China (20KJB180006). We thank Prof. Jiang
Ping of Nanjing Agricultural University for his guidance and kindly
providing a full-length ¢cDNA clone (pCMV-BB) plasmid. We are
grateful to the members of Zhang laboratory for their help in this
work.

Author contributions—X. G. and Xi Chen conceptualization; X. G.,
Y. L., and J. W. investigation; X. G., Y. L., Y. P, and Xiaohan Chen
resources; X. G., J. W., and Xiaohan Chen formal analysis; X. G. data
curation; Y. L. methodology; Y. P. validation; Y. P., X. F,, and Xi

20 J. Biol. Chem. (2024) 300(4) 107199

Chen, supervision; Xi Chen writing—original draft; Xi Chen funding
acquisition.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: FTO, fat mass and
obesity associated; HBV, hepatitis B virus; HIF, hypoxia-inducible
factor; IL, Interleukin; m6A, N6-Methyladenosine; Marc-145 cells,
African green monkey kidney cell line; MB, methylene blue; MeRIP,
methylated RNA immunoprecipitation; METTL, methyltransferase-
like; MOI, multiplicity of infection; nsp, nonstructural protein; Oe-
FTO, FTO overexpression; Oe-NC, negative control over-
expression; PAM, porcine alveolar macrophage; PRRSV, porcine
reproductive and respiratory syndrome virus; RdRp, RNA-depen-
dent RNA polymerase; RIP, RNA immunoprecipitation; SARS-
CoV-2, severe acute respiratory syndrome coronavirus clade 2; si-
FTO, FTO-targeted siRNA; si-NC, negative control siRNAs;
TCID50, 50% tissue culture infective dose; YTHDF, YTH-domain
containing family.

References

1. Yuan, L., Zhu, Z, Fan, J,, Liw, P, Li, Y., Li, Q., et al. (2022) High path-
ogenicity of a Chinese NADC34-like PRRSV on pigs. Microbiol. Spectr.
10, 0154122

2. Xu, H, Li, C, Li, W., Zhao, J., Gong, B., Sun, Q., et al. (2022) Novel
characteristics of Chinese NADC34-like PRRSV during 2020-2021.
Transbound. Emerg. Dis. 69, e3215—e3224

3. Chen, D, Xu, S, Jiang, R., Guo, Y., Yang, X., Zhang, Y., et al. (2022) IL-1
induced by PRRSV co-infection inhibited CSFV C-strain proliferation via
the TLR4/NF-kB/MAPK pathways and the NLRP3 inflammasome. Vet.
Microbiol. 273, 109513

4. Li, X, Guo, Y., Song, Y., Sun, R, Zhu, M., Tan, Z., et al. (2021) The
glycosyltransferase ST3GAL2 modulates virus proliferation and the
inflammation response in porcine reproductive and respiratory syndrome
virus infection. Arch. Virol. 166, 2723-2732

5. Shi, X, Yang, Y., Zhang, X., Chang, X., Chen, J., Wang, C., et al. (2022)
miR-541-3p promoted porcine reproductive and respiratory syndrome
virus 2 (PRRSV-2) replication by targeting interferon regulatory factor 7.
Viruses 14, 126

6. You, X, Qu, Y., Zhang, Y., Huang, J., Gao, X., Huang, C., et al.
(2020) Mir-331-3p inhibits PRRSV-2 replication and lung injury by
targeting PRRSV-2 ORF1b and porcine TNF-a. Front. Immunol. 11,
547144

7. Gong, X., Ma, T., Zhang, Q., Wang, Y., Song, C., Lai, M., et al. (2023)
Porcine reproductive and respiratory syndrome virus modulates the
switch of macrophage polarization from M1 to M2 by upregulating
MoDC-released sCD83. Viruses 15, 773

8. Gong, X., Ma, T., Wang, J., Cao, X., Zhang, Q., Wang, Y., et al. (2023)
Nucleocapsid protein residues 35, 36, and 113 are critical sites in up-
regulating the Interleukin-8 production via C/EBPalpha pathway by
highly pathogenic porcine reproductive and respiratory syndrome virus.
Microb. Pathog. 184, 106345

9. Gu, H,, Zheng, S., Han, G., Yang, H., Deng, Z., Liu, Z., et al. (2022)
Porcine reproductive and respiratory syndrome virus adapts antiviral
innate immunity via manipulating MALT1. Mbio 13, e0066422

10. Li, Y., Wei, Y., Hao, W., Zhao, W., Zhou, Y., Wang, D., et al. (2020)
Porcine reproductive and respiratory syndrome virus infection promotes
C1QBP secretion to enhance inflammatory responses. Vet. Microbiol.
241, 108563

11. Pang, Y., Zhou, Y., Wang, Y., Sun, Z, Liu, J,, Li, C,, et al. (2022) Porcine
reproductive and respiratory syndrome virus nsplf stabilizes HIF-1a to
enhance viral replication. Microbiol. Spectr. 10, 0317322

12. Xu, Y., Wang, H., Zhang, X., Zheng, X., Zhu, Y., Han, H., et al. (2021)
Highly pathogenic porcine reproductive and respiratory syndrome virus

SASBMB


http://refhub.elsevier.com/S0021-9258(24)01694-6/sref1
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref1
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref1
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref2
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref2
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref2
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref3
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref3
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref3
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref3
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref4
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref4
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref4
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref4
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref5
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref5
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref5
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref5
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref6
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref6
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref6
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref6
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref7
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref7
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref7
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref7
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref8
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref8
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref8
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref8
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref8
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref9
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref9
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref9
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref10
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref10
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref10
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref10
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref11
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref11
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref11
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref12
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

(HP-PRRSV) induces IL-6 production through TAK-1/JNK/AP-1 and
TAK-1/NF-kB signaling pathways. Vet. Microbiol. 256, 109061

Xiao, X., Zhang, W., Hua, D., Zhang, L., Meng, W., Huang, J., et al. (2020)
Cold-inducible RNA-binding protein (CIRBP) promotes porcine repro-
ductive and respiratory syndrome virus (PRRSV)-induced inflammatory
response. Int. Immunopharmacol. 86, 106728

Chen, X. X,, Quan, R., Guo, X. K,, Gao, L., Shj, J., and Feng, W. H. (2014)
Up-regulation of pro-inflammatory factors by HP-PRRSV infection in
microglia: implications for HP-PRRSV neuropathogenesis. Vet. Microbiol.
170, 48-57

Turlewicz-Podbielska, H., Czyzewska-Dors, E., and Pomorska-Mol, M.
(2021) Respiratory viral infections drive different lung cytokine profiles in
pigs. Bmc Vet. Res. 17, 5

Senthilkumar, D., Rajukumar, K., Kumar, M., Kalaiyarasu, S., Shrivastava,
D., Katare, M., et al. (2019) Porcine reproductive and respiratory syn-
drome virus induces concurrent elevation of high mobility group box-1
protein and pro-inflammatory cytokines in experimentally infected pig-
lets. Cytokine 113, 21-30

Li, X,, Liu, M., Shi, Q., Fang, Y., Fu, D., Shen, Z. X,, et al. (2023) Elevated
serum IL-13 level is associated with increased Treg cells in tumor
microenvironment and disease progression of diffuse large B-cell lym-
phoma. Hematol. Oncol. 41, 230-238

Scott, G., Asrat, S., Allinne, J., Keat, L. W., Nagashima, K., Birchard, D.,
et al. (2023) IL-4 and IL-13, not eosinophils, drive type 2 airway
inflammation, remodeling and lung function decline. Cytokine 162,
156091

Versace, A. G., Bitto, A., Ioppolo, C., Aragona, C. O., La Rosa, D., Rob-
erts, W. N, et al. (2022) IL-13 and IL-33 serum levels are increased in
systemic sclerosis patients with interstitial lung disease. Front. Med. 9,
825567

Iwaszko, M., Bialy, S., and Bogunia-Kubik, K. (2021) Significance of
interleukin (IL)-4 and IL-13 in inflammatory arthritis. Cells 10, 3000
Liu, Q., Dwyer, G. K,, Zhao, Y., Li, H., Mathews, L. R., Chakka, A. B., et al.
(2019) IL-33-mediated IL-13 secretion by ST2+ Tregs controls inflam-
mation after lung injury. JCI Insight 4, 123919

Symowski, C., and Voehringer, D. (2019) Th2 cell-derived IL-4/IL-13
promote ILC2 accumulation in the lung by ILC2-intrinsic STAT6
signaling in mice. Eur. J. Immunol. 49, 1421-1432

Zaatar, M. T., Simaan, Y., and Karam, M. C. (2022) Exogenous IL-13
exacerbates leishmania major infection and abrogates acquired immu-
nity to re-infection. Parasitol. Res. 121, 2009-2017

Vaz, D. P. C,, de Azevedo, M., Nagashima, S., Martins, A., Malaquias, M.,
Miggiolaro, A., et al. (2020) IL-4/IL-13 remodeling pathway of COVID-19
lung injury. Sci. Rep. 10, 18689

Roy, S., Liu, H. Y., Jaeson, M. I, Deimel, L. P., and Ranasinghe, C. (2020)
Unique IL-13Ralpha2/STAT3 mediated IL-13 regulation detected in lung
conventional dendritic cells, 24 h post viral vector vaccination. Sci. Rep.
10, 1017

Sohn, K. H., Baek, M. G., Choi, S. M., Bae, B., Kim, R. Y., Kim, Y. C,, et al.
(2020) Alteration of lung and gut microbiota in IL-13-transgenic mice
simulating chronic asthma. J. Microbiol. Biotechnol. 30, 1819-1826
Hashimoto, S., Gon, Y., Takeshita, 1., Maruoka, S., and Horie, T. (2001)
IL-4 and IL-13 induce myofibroblastic phenotype of human lung fibro-
blasts through c-Jun NH2-terminal kinase-dependent pathway. J. Allergy
Clin. Immunol. 107, 1001-1008

Abad Dar, M., and Holscher, C. (2018) Arginase-1 is responsible for IL-
13-mediated susceptibility to trypanosoma cruzi infection. Front.
Immunol. 9, 2790

Wong, S. W., Ting, Y. W., Yong, Y. K, Tan, H. Y., Barathan, M., Ria-
zalhosseini, B., et al. (2021) Chronic inflammation involves CCL11 and
IL-13 to facilitate the development of liver cirrhosis and fibrosis in
chronic hepatitis B virus infection. Scand. J. Clin. Lab. Invest. 81, 147-159
Ramaswami, R., Lurain, K., Marshall, V. A., Rupert, A., Labo, N., Cornejo-
Castro, E., et al. (2021) Elevated IL-13 in effusions of patients with HIV
and primary effusion lymphoma as compared with other Kaposi sarcoma
herpesvirus-associated disorders. Aids 35, 53—62

Charerntantanakul, W., and Pongjaroenkit, S. (2018) Co-administration
of saponin quil A and PRRSV-1 modified-live virus vaccine up-regulates

SASBMB

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

PRRSV induces IL-13 through inhibition of FTO

gene expression of type I interferon-regulated gene, type I and II inter-
feron, and inflammatory cytokines and reduces viremia in response to
PRRSV-2 challenge. Vet. Immunol. Immunopathol. 205, 24—34
Rodriguez, A. L., Fowler, V. L., Huether, M., Reddick, D., Tait-Burkard,
C., O Shea, M., et al. (2023) Effects of a water-soluble formulation of
tylvalosin on disease caused by porcine reproductive and respiratory
syndrome virus alone in sows or in combination with Mycoplasma
hyopneumoniae in piglets. BMC Vet. Res. 19, 31

Charerntantanakul, W., and Fabros, D. (2018) Saponin Quil A up-
regulates type I interferon-regulated gene and type I and II interferon
expressions which are suppressed by porcine reproductive and respira-
tory syndrome virus. Vet. Immunol. Immunopathol. 195, 76-83

Bao, C,, Liu, C,, Liu, Q., Hua, L., Huy, J,, Li, Z,, et al. (2022) Liproxstatin-1
alleviates LPS/IL-13-induced bronchial epithelial cell injury and neutro-
philic asthma in mice by inhibiting ferroptosis. Int. Immunopharmacol.
109, 108770

Li, N., Hui, H., Bray, B., Gonzalez, G. M., Zeller, M., Anderson, K. G.,
et al. (2021) METTL3 regulates viral m°®A RNA modification and host cell
innate immune responses during SARS-CoV-2 infection. Cell Rep. 35,
109091

Sun, T., Wu, R, and Ming, L. (2019) The role of m®A RNA methylation in
cancer. Biomed. Pharmacother. 112, 108613

Wang, L., Wen, M., and Cao, X. (2019) Nuclear hnRNPA2B1 initiates and
amplifies the innate immune response to DNA viruses. Science 365
Kim, G., Moon, J., and Siddiqui, A. (2022) N6-methyladenosine modifi-
cation of the 5’ epsilon structure of the HBV pregenome RNA regulates
its encapsidation by the viral core protein. Proc. Natl. Acad. Sci. U. S. A.
119, €2120485119

Tirumuru, N., Zhao, B. S., Lu, W., Lu, Z., He, C., and Wu, L. (2016) N6-
methyladenosine of HIV-1 RNA regulates viral infection and HIV-1 Gag
protein expression. Elife 5, e15528

Bayoumi, M., and Munir, M. (2021) Evolutionary conservation of the
DRACH signatures of potential N6-methyladenosine (m°A) sites among
influenza A viruses. Sci. Rep. 11, 4548

Jia, L., Chen, J., Liu, H., Fan, W., Wang, D., Li, J., et al. (2021) Potential
m®A and m5C methylations within the genome of A Chinese African
swine fever virus strain. Virol. Sin. 36, 321-324

Kostyusheva, A., Brezgin, S., Glebe, D., Kostyushev, D., and Chulanov, V.
(2021) Host-cell interactions in HBV infection and pathogenesis: the
emerging role of m°A modification. Emerg. Microbes Infect. 10,
22642275

Tirumuru, N., and Wu, L. (2019) HIV-1 envelope proteins up-regulate
N6-methyladenosine levels of cellular RNA independently of viral repli-
cation. J. Biol. Chem. 294, 3249-3260

. Morrison, C. B., Edwards, C. E., Shaffer, K. M., Araba, K. C., Wykoff, J. A.,

Williams, D. R, et al. (2022) SARS-CoV-2 infection of airway cells causes
intense viral and cell shedding, two spreading mechanisms affected by IL-
13. Proc. Natl. Acad. Sci. U. S. A. 119, €2119680119

Zhou, W., Hashimoto, K., Moore, M. L., Elias, J. A., Zhu, Z., Durbin, J.,
et al. (2006) IL-13 is associated with reduced illness and replication in
primary respiratory syncytial virus infection in the mouse. Microbes
Infect. 8, 2880—2889

Stier, M. T., Bloodworth, M. H., Toki, S., Newcomb, D. C., Goleniewska,
K., Boyd, K. L., et al. (2016) Respiratory syncytial virus infection activates
IL-13—producing group 2 innate lymphoid cells through thymic stromal
lymphopoietin. J. Allergy Clin. Immunol. 138, 814—824.e11

Tekkanat, K. K., Maassab, H. F., Cho, D. S., Lai, J. ]., John, A., Berlin, A., et al.
(2001) IL-13-induced airway hyperreactivity during respiratory syncytial
virus infection is STAT6 dependent. J. Immunol. 166, 35423548
Donlan, A. N., Sutherland, T. E., Marie, C., Preissner, S., Bradley, B. T,
Carpenter, R. M., et al. (2021) IL-13 is a driver of COVID-19 severity. JCI
Insight 6, 150107

Lee, C. G., Homer, R. J., Cohn, L., Link, H,, Jung, S., Cratft, J. E., et al.
(2002) Transgenic overexpression of interleukin (IL)-10 in the lung causes
mucus metaplasia, tissue inflammation, and airway remodeling via IL-13-
dependent and -independent pathways. J. Biol. Chem. 277, 35466—35474
Donovan, C., Bourke, J. E., and Vlahos, R. (2016) Targeting the IL-33/IL-13
axis for respiratory viral infections. Trends Pharmacol. Sci. 37, 252-261

J. Biol. Chem. (2024) 300(4) 107199 21


http://refhub.elsevier.com/S0021-9258(24)01694-6/sref12
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref12
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref13
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref13
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref13
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref13
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref14
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref14
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref14
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref14
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref15
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref15
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref15
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref16
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref16
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref16
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref16
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref16
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref17
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref17
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref17
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref17
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref18
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref18
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref18
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref18
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref19
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref19
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref19
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref19
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref20
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref20
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref21
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref21
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref21
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref22
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref22
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref22
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref23
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref23
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref23
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref24
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref24
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref24
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref25
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref25
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref25
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref25
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref26
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref26
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref26
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref27
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref27
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref27
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref27
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref28
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref28
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref28
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref29
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref29
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref29
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref29
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref30
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref30
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref30
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref30
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref31
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref31
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref31
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref31
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref31
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref32
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref32
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref32
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref32
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref32
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref33
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref33
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref33
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref33
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref34
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref34
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref34
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref34
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref35
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref35
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref35
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref35
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref35
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref36
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref36
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref36
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref37
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref37
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref38
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref38
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref38
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref38
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref38
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref39
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref39
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref39
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref40
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref40
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref40
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref40
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref41
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref41
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref41
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref41
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref42
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref42
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref42
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref42
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref42
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref43
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref43
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref43
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref44
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref44
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref44
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref44
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref45
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref45
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref45
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref45
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref46
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref46
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref46
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref46
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref47
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref47
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref47
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref48
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref48
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref48
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref49
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref49
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref49
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref49
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref50
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref50

PRRSV induces IL-13 through inhibition of FTO

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Chen, X,, Bai, ], Liu, X., Song, Z., Zhang, Q., Wang, X., et al. (2018)
Nspla of porcine reproductive and respiratory syndrome virus strain
BB0907 impairs the function of monocyte-derived dendritic cells via the
release of soluble CD83. J. Virol. 92, e00366-18

Chen, X, Zhang, Q., Bai, ], Zhao, Y., Wang, X., Wang, H., et al. (2017) The
nucleocapsid protein and nonstructural protein 10 of highly pathogenic
porcine reproductive and respiratory syndrome virus enhance CD83 pro-
duction via NF-kappaB and Sp1 signaling pathways. J. Virol. 91, e00986-17
Loving, C. L., Osorio, F. A., Murtaugh, M. P., and Zuckermann, F. A.
(2015) Innate and adaptive immunity against porcine reproductive and
respiratory syndrome virus. Vet. Immunol. Immunopathol. 167, 1-14
Chen, Y., Wang, Y., Zeng, K, Lei, Y., Chen, X, Ying, S., et al. (2018)
Knockdown expression of IL-10Ra gene inhibits PRRSV replication and
elevates immune responses in PBMCs of Tibetan pig in vitro. Vet. Res.
Commun. 42, 11-18

Wang, H., Dy, L., Liu, F., Wei, Z., Gao, L., Feng, W., et al. (2019) Highly
pathogenic porcine reproductive and respiratory syndrome virus induces
interleukin-17 production via activation of the IRAK1-PI3K-p38MAPK-
C/EBPB/CREB pathways. /. Virol. 93, €01100-19

Fan, B, Liu, X, Bai, ], Li, Y., Zhang, Q., and Jiang, P. (2015) The 15N and
46R residues of highly pathogenic porcine reproductive and respiratory
syndrome virus nucleocapsid protein enhance regulatory T lymphocytes
proliferation. PLoS One 10, e0138772

Qi, P, Liu, K., Wei, ., Li, Y., Li, B, Shao, D., et al. (2017) Nonstructural
protein 4 of porcine reproductive and respiratory syndrome virus mod-
ulates cell surface swine leukocyte antigen class I expression by down-
regulating p2-microglobulin transcription. J. Virol. 91

Zhang, L., Pan, Y., Xu, Y., Zhang, W., Ma, W., Ibrahim, Y. M., et al.
(2022) Paraoxonase-1 facilitates PRRSV replication by interacting with
viral nonstructural protein-9 and inhibiting type I interferon pathway.
Viruses 14, 1203

Kim, G., and Siddiqui, A. (2021) Hepatitis B virus X protein recruits
methyltransferases to affect cotranscriptional N6-methyladenosine
modification of viral/host RNAs. Proc. Natl. Acad. Sci. U. S. A. 118,
€2019455118

Starostina, E. V., Sharabrin, S. V., Antropov, D. N., Stepanov, G. A,
Shevelev, G. Y., Lemza, A. E., et al. (2021) Construction and immuno-
genicity of modified mRNA-vaccine variants encoding influenza virus
antigens. Vaccines 9, 452

Selberg, S., Zusinaite, E., Herodes, K., Seli, N., Kankuri, E., Merits, A.,
et al. (2021) HIV replication is increased by RNA methylation METTL3/
METTL14/WTAP complex activators. ACS Omega 6, 15957-15963
Kim, G. Imam, H., Khan, M, and Siddiqui, A. (2020) N6-
Methyladenosine modification of hepatitis B and C viral RNAs attenu-
ates host innate immunity via RIG-I signaling. J. Biol Chem. 295,
13123-13133

Wang, Y., Li, R, Qiao, S., Wang, J., Liu, H,, Li, Z,, et al. (2020) Structural
characterization of non-structural protein 9 complexed with specific nano-
body pinpoints two important residues involved in porcine reproductive and
respiratory syndrome virus replication. Front. Microbiol. 11, 581856

. Zhao, Y., Song, Z., Bai, ], Liu, X., Nauwynck, H., and Jiang, P. (2019) ZAP,

a CCCH-type zinc finger protein, inhibits porcine reproductive and
respiratory syndrome virus replication and interacts with viral Nsp9. J.
Virol. 93, e00001-19

22 ) Biol. Chem. (2024) 300(4) 107199

65.

66.

67.

68.

69.

71.

72.

73.

74.

75.

76.

77.

78.

Liu, L., Tian, J., Nan, H., Tian, M., Li, Y., Xu, X,, et al. (2016) Porcine
reproductive and respiratory syndrome virus nucleocapsid protein in-
teracts with Nsp9 and cellular DHX9 to regulate viral RNA synthesis. /.
Virol. 90, 5384—5398

Jing, H., Song, T., Cao, S., Sun, Y., Wang, J., Dong, W., et al. (2019)
Nucleotide-binding oligomerization domain-like receptor X1 restricts
porcine reproductive and respiratory syndrome virus-2 replication by
interacting with viral Nsp9. Virus Res. 268, 18-26

Zhao, S., Ge, X., Wang, X., Liu, A., Guo, X., Zhou, L., et al. (2015) The
DEAD-box RNA helicase 5 positively regulates the replication of porcine
reproductive and respiratory syndrome virus by interacting with viral
Nsp9 in vitro. Virus Res. 195, 217-224

Dong, J., Zhang, N., Ge, X., Zhou, L., Guo, X., and Yang, H. (2014) The
interaction of nonstructural protein 9 with retinoblastoma protein ben-
efits the replication of genotype 2 porcine reproductive and respiratory
syndrome virus in vitro. Virology 464-465, 432—440

Li, Y., Yang, F.,, Gao, M., Gong, R,, Jin, M., Liu, T., et al. (2019) miR-
149-3p regulates the switch between adipogenic and osteogenic dif-
ferentiation of BMSCs by targeting FTO. Mol. Ther. Nucl. Acids 17,
590-600

. Qin, B, Dong, M., Wang, Z., Wan, ], Xie, Y., Jiao, Y., et al. (2021) Long

non-coding RNA CASC15 facilitates esophageal squamous cell carci-
noma tumorigenesis via decreasing SIM2 stability via FTO-mediated
demethylation. Oncol. Rep. 45, 1059-1071

Xu, L., Zhou, L., Sun, W., Zhang, P., Ge, X., Guo, X., et al. (2018)
Nonstructural protein 9 residues 586 and 592 are critical sites in deter-
mining the replication efficiency and fatal virulence of the Chinese highly
pathogenic porcine reproductive and respiratory syndrome virus.
Virology 517, 135—147

Zhang, L., Wang, L., Cao, S., Lv, H., Huang, J., Zhang, G., et al. (2021)
Nanobody Nbé6 fused with porcine IgG Fc as the delivering tag to inhibit
porcine reproductive and respiratory syndrome virus replication in
porcine alveolar macrophages. Vet. Res. 52, 25

Zhao, K., Gao, J., Xiong, J., Guo, J., Yang, Y., Jiang, C., et al. (2018) Two
residues in NSP9 contribute to the enhanced replication and pathoge-
nicity of highly pathogenic porcine reproductive and respiratory syn-
drome virus. J. Virol. 92, e02209-17

Komiya, K., Ohta, S., Arima, K., Ogawa, M., Suzuki, S., Mitamura, Y.,
et al. (2017) Clarithromycin attenuates IL-13-induced periostin produc-
tion in human lung fibroblasts. Respir. Res. 18, 37

Li, L., Wu, C., Hou, G., Xue, B, Xie, S., Zhao, Q., et al. (2017) Generation
of murine macrophage-derived cell lines expressing porcine CD163 that
support porcine reproductive and respiratory syndrome virus infection.
BMC Biotechnol. 17, 77

Bai, J., Zhang, Y., Zheng, X., Huang, M., Cheng, W, Shan, H., et al. (2020)
LncRNA MM2P-induced, exosome-mediated transfer of Sox9 from
monocyte-derived cells modulates primary chondrocytes. Cell Death Dis.
11, 763

Chia, N., Kumar, R. K,, Foster, P. S., and Herbert, C. (2018) Enhanced
pro-inflammatory response of macrophages to interleukin-33 in an
allergic environment. Int. Arch. Allergy Immunol. 176, 74—82

Gao, S., Zhou, J., Liu, N, Wang, L., Gao, Q., Wu, Y, et al. (2015) Cur-
cumin induces M2 macrophage polarization by secretion IL-4 and/or IL-
13. J. Mol. Cell. Cardiol. 85, 131-139

SASBMB


http://refhub.elsevier.com/S0021-9258(24)01694-6/sref51
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref51
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref51
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref51
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref52
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref52
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref52
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref52
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref53
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref53
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref53
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref54
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref54
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref54
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref54
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref55
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref55
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref55
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref55
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref56
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref56
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref56
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref56
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref57
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref57
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref57
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref57
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref58
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref58
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref58
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref58
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref59
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref59
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref59
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref59
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref60
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref60
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref60
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref60
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref61
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref61
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref61
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref62
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref62
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref62
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref62
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref63
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref63
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref63
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref63
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref64
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref64
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref64
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref64
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref65
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref65
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref65
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref65
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref66
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref66
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref66
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref66
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref67
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref67
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref67
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref67
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref68
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref68
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref68
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref68
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref69
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref69
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref69
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref69
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref70
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref70
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref70
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref70
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref71
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref71
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref71
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref71
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref71
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref72
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref72
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref72
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref72
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref73
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref73
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref73
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref73
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref74
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref74
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref74
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref75
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref75
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref75
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref75
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref76
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref76
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref76
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref76
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref77
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref77
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref77
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref78
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref78
http://refhub.elsevier.com/S0021-9258(24)01694-6/sref78

	Highly pathogenic PRRSV upregulates IL-13 production through nonstructural protein 9–mediated inhibition of N6-methyladenos ...
	Results
	PRRSV infection strongly induces IL-13 secretion with high lung inflammation
	PRRSV infection upregulates cellular RNA m6A levels
	AlkBH5 does not influence the expression level of IL-13
	FTO directly affects IL-13 production during the progression of PRRSV infection
	PRRSV viral proteins affect m6A levels
	PRRSV nsp9 upregulates IL-13 expression by accelerating degradation of m6A demethylase FTO mRNA
	Truncated mutations in nsp9 attenuate the increase in IL-13 production
	Mutations in nsp9 reduce its ability to induce IL-13 production
	The nsp9 mutant PRRSV plays a crucial role in m6A demethylase FTO-mediated IL-13 expression

	Discussion
	Experimental procedures
	Cells and virus
	Animal experiment
	H&E stain
	Plasmid construction
	siRNA transfection
	Enzyme-linked immunosorbent assay
	Western blot analysis
	Real-time PCR
	Construction of infectious cDNA clones of PRRSV
	One-step viral growth curves
	Methylated RNA immunoprecipitation assay
	RNA immunoprecipitation assay
	The m6A dot blot assay
	mRNA stability analysis
	Statistical analysis

	Data availability
	Ethics statement
	Supporting information
	Author contributions
	References


