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ABSTRACT Type | interferons (IFN-Is) play a key role in host defense against virus
infection, but porcine reproductive and respiratory syndrome virus (PRRSV) infection
does not effectively activate IFN-I response, and the underlying molecular mecha-
nisms are poorly characterized. In this study, a novel transcription factor of the
heme oxygenase-1 (HO-1) gene, homeobox A3 (HOXA3), was screened and identi-
fied. Here, we found that HOXA3 was significantly increased during PRRSV infection.
We demonstrated that HOXA3 promotes PRRSV replication by negatively regulating
the HO-1 gene transcription, which is achieved by regulating IFN-I production. A
detailed analysis showed that PRRSV exploits HOXA3 to suppress beta interferon
(IFN-B) and IFN-stimulated gene (ISG) expression in host cells. We also provide direct
evidence that the activation of IFN-I by HO-1 depends on its interaction with IRF3.
Then we further proved that a deficiency of HOXA3 promoted the HO-1-IRF3 interac-
tion and subsequently enhanced IRF3 phosphorylation and nuclear translocation in
PRRSV-infected cells. These data suggest that PRRSV uses HOXA3 to negatively regu-
late the transcription of the HO-1 gene to suppress the IFN-I response for immune
evasion.

IMPORTANCE Porcine reproductive and respiratory syndrome (PRRS), caused by
PRRSV, causes significant worldwide economic losses in the pork industry. HOXA3 is
generally considered to be an important molecule in the process of body develop-
ment and cell differentiation. Here, we found that a novel transcription factor of the
HO-1 gene, HOXA3, can negatively regulate the transcription of the HO-1 gene and
play an important role in the suppression of IFN-I response by PRRSV. PRRSV induces
the upregulation of HOXA3, which can negatively regulate HO-1 gene transcription,
thereby weakening the interaction between HO-1 and IRF3 for inhibiting the type |
IFN response. This study extends the function of HOXA3 and provides new insights
into the PRRSV immune evasion mechanism.

KEYWORDS PRRSV, HOXA3, HO-1, IRF3, IFN-I, regulatory transcription, immune evasion

orcine reproductive and respiratory syndrome virus (PRRSV) is one of the most eco-

nomically important viruses affecting the swine industry worldwide, resulting in
significant economic losses each year (1-3). Porcine reproductive and respiratory syn-
drome (PRRS) is caused by PRRSV, which is an enveloped, single-stranded RNA virus
belonging to the genus Arterivirus, family Arteriviridae, and order Nidovirales (4).
Current vaccination strategies cannot effectively control PRRSV infection because of its
high antigenic heterogeneity (5, 6), its replication in and destruction of lung alveolar
macrophages (7, 8), and its observed antibody-dependent enhancement (9, 10).
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Therefore, a better understanding of host-PRRSV interactions will provide more effec-
tive strategies and references for preventing and controlling PRRSV (11).

Our previous studies have already shown that HO-1 can effectively inhibit the infec-
tion of PRRSV by carbon monoxide (CO) and biliverdin (BV) (12, 13). HO-1 is a key cyto-
protective, antioxidant, and anti-inflammatory molecule (14). Most of the physiological
functions of HO-1 are related to the enzyme activity in heme catabolism, which plays a
cellular protective role through the downstream metabolites, including CO, BV, and
iron (Fe2*) (15, 16). Enhancing HO-1 expression inhibits the replication of many viruses.
For instance, HO-1 can inhibit infection of human immunodeficiency virus (HIV) (17),
hepatitis B virus (HBV) (18), hepatitis C virus (HCV) (19), Ebola virus (EBOV) (20), human
respiratory syncytial virus (HRSV) (21), and dengue virus (DENV) (22). Multiple pathways
can activate HO-1 expression, but it is regulated mainly at the transcriptional level.
Nuclear factor-erythroid 2 (Nrf2), heat shock factor (HSF), nuclear factor-«B (NF-«B),
and activator protein-1 (AP-1) have been reported to regulate the transcription of the
HO-1 gene, and there are still many potential HO-1 gene transcription factors that
have not been discovered (23), especially those that play an important role in the pro-
cess of viral infection.

HOXA3 is a member of the HOX gene family, which encode master regulator tran-
scription factors that specify segmental identity along the anterior-posterior axis (23,
24). The combination of tissue-specific HOX proteins and other transcription factors
lead to the specific activation of downstream genes, including other transcription fac-
tors and signaling pathway components (25). According to reports, HOXA3 has been
implicated in patterning, cell migration, proliferation, apoptosis, and differentiation
(26). Except for the typical functions in embryonic development (27, 28), HOXA3 is a
necessary transcription factor for thymic development. Hoxa;*/~Pax1~/~ compound
mutants have dysplastic thymus and fewer CD4+/8*T thymocytes (29). HOXA3 treat-
ment significantly reduced the number of inflammatory cells recruited into the wound,
promoted stem cell mobilization and recruitment, and inhibited the gene expression
of the proinflammatory NF-«B signaling pathway to weaken the excessive inflamma-
tory response in diabetic mice (30). Further studies showed that HOXA3 could promote
the transformation of macrophages from M1-like to M2-like phenotypes (31).
Meanwhile, HOXA3 is also involved in the development and progression of cancer
cells; chicken gga-miR-130a targets HOXA3 and MDFIC and inhibits the proliferation
and migration of Marek’s lymphoma cells (32). HOXA3 promotes tumor growth in
human colon cancer by activating the EGFR/Ras/Raf/MEK/ERK signaling pathway (33).
But the role of HOXA3 in virus replication has not been reported.

In this study, we demonstrated that HOXA3 could negatively regulate transcription
of the HO-1 gene, and PRRSV induced HOXA3 to attenuate transcription of the HO-1
gene. The reduction of HO-1 expression attenuates phosphorylation and nuclear trans-
location of IRF3 and inhibits type | interferon (IFN-I) activation. Collectively, these find-
ings define a previously unknown function of HOXA3 and establish a mechanism by
which PRRSV uses HOXA3 to negatively regulate the transcription of the HO-1 gene to
suppress the IFN-I response for immune evasion.

RESULTS

HOXAS3 is a novel transcription factor of the HO-1 gene. The expression of many
genes in eukaryotic cells is regulated generally by transcription factors (34). Although
some transcription factors of the HO-1 gene have been verified, there are potential
HO-1 transcription factors that have not been reported. A series of truncation plasmids
containing a variety of fragments of the HO-1 gene promoter region was constructed
to find new transcription factors of the HO-1 gene, and potential transcriptional regula-
tory regions were determined by the dual-luciferase reporter gene assay (Fig. 1A to Q).
The region causing a significant change in enzyme activity was first identified between
486 and 1,881 bp before the transcription start site (TSS) of the HO-1 gene (Fig. 1A).
We then narrowed the range down to 486 to 681 bp before the TSS of the HO-1 gene
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FIG 1 HOXA3 is a new transcription factor of the HO-1 gene. (A to C) A series of truncation plasmids of pGL4 luciferase reporter assays containing a variety
of fragments of the HO-1 gene promoter region was constructed. HEK293T cells were transfected with plasmids for 24 h, and cells were lysed to detect
different truncated promoter regions of HO-1 gene luciferase activity. (D) Schematic illustration of HOXA3 binding site in the promoter region of the HO-1
gene. (E) HEK293T cells were cotransfected with pGL4-p4.14 and pCAGEN-HOXA3-myc for 36 h; the empty vector of pCAGEN-myc was used as the control.
The luciferase activity was measured with a dual-luciferase assay. (F) HEK293T cells were cotransfected with pGL4-p4.14-mut-HOXA3 and pCAGEN-myc-
HOXA3 for 36 h; the plasmid of pGL4-p4.14 was used as the control. The luciferase activity was measured with a dual-luciferase assay. (G) EMSA. Lane 1,
biotin-labeled WT probe. Lane 2, biotin-labeled WT probe +HOXA3 E. coli lysates. Lane 3, biotin-labeled WT probe + HOXA3 E. coli lysates + 100-fold
molar excess of biotin-unlabeled specific competitor probe. Lane 4, biotin-labeled WT probe + HOXA3 E. coli lysates + 100-fold molar excess of biotin-
unlabeled mutant competitor probe. The details were described in the Materials and Methods. Results are expressed as means *= SD of three independent
replicates. Statistically significant values were denoted as follows: ***, P < 0.001.
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(Fig. 1B) and finally positioned the 486- to 529-bp region in the same way (Fig. 1C). In
this 44-bp section, we used website Gene-regulation Match to predict transcription fac-
tors that might bind at this location, and we found that HOXA3 might be a potential
transcription factor of the HO-1 gene (Fig. 1D).

For further validation, overexpression of HOXA3 in HEK293T cells significantly
repressed the luciferase reporter activity of pGL4-p4.14 firefly luciferase reporter plas-
mids (Fig. 1E), which suggests that HOXA3 may negatively regulate the transcription of
the HO-1 gene. When the potential binding site of HOXA3 was mutated, this inhibitory
effect of HOXA3 on the luciferase reporter activity of the pGL4-p4.14 plasmid was
reversed (Fig. 1F). As expected, an electrophoretic mobility shift assay (EMSA) con-
firmed that HOXA3 could bind the HO-1 gene promoter region in vitro (Fig. 1G). These
data suggest that HOXA3 is a new transcription factor of HO-1 and negatively regulates
HO-1 gene transcription.

HOXA3 negatively regulates HO-1 transcription and promotes PRRSV replication.
The function of HOXA3 had not been investigated in the field of the virus. To delve
into the potential function of HOXA3 in PRRSV infection, we infected the main target
cells in pigs, namely, porcine alveolar macrophages (PAMs), and then analyzed HOXA3
expression. As shown in Fig. 2A, HOXA3 mRNA was significantly elevated in PRRSV-
infected PAMs, especially at middle and late stages of PRRSV infection. To further inves-
tigate whether HOXA3 influenced the replication of PRRSV, we designed two small
interfering RNAs (siRNAs) targeting HOXA3. Both siRNAs potently downregulated the
protein levels of HOXA3 and suppressed the replication of PRRSV (Fig. 2B). The no. 1
siRNA was used for the experiments described below. Knocking down HOXA3 signifi-
cantly enhanced HO-1 expression (Fig. 2C, D, and G) and resulted in a marked decrease
in PRRSV ORF7 mRNA and N protein (Fig. 2E and G) at more PRRSV infection time
points, and the viral titers of PRRSV were also decreased (Fig. 2F). Meanwhile, immuno-
fluorescence staining showed similar results (Fig. 2H).

The above results indicate that HOXA3 may be able to promote PRRSV replication. To
test this hypothesis, we constructed a MARC-145 cell line stably expressing HOXA3 by
using lentiviral vectors (Fig. 3A and D). Then, these cell lines were infected with PRRSV at
a multiplicity of infection (MOI) of 0.1. The results showed that the overexpression of
HOXA3 reduced the expression of HO-1 (Fig. 3C and D) and promoted PRRSV replication
at 24 and 36 hours postinfection (hpi) (Fig. 3C to E). Immunofluorescence staining dem-
onstrated more intuitively the promotion of PRRSV replication by overexpression of
HOXA3 (Fig. 3F). Overall, these data suggest that PRRSV induced HOXA3 to decrease HO-
1 expression for promoting its replication.

HOXA3 negatively regulates IFN-I expression upon PRRSV infection. IFN-I can
significantly reduce PRRSV replication, but PRRSV inhibits IFN-I induction (35). Because
PRRSV uses HOXA3 to promote replication, we wanted to know whether this process is
achieved by inhibiting IFN-I responses. The results showed that IFN-8 mRNA levels
were remarkably increased in HOXA3-knockdown MARC-145 cells with PRRSV infection
(Fig. 4A). The deficiency of HOXA3 also significantly increased the PRRSV-induced
expression of IFN-stimulated gene 15 (ISG15) mRNA (Fig. 4B).

To evaluate the role of HOXA3 more accurately in negative regulation of IFN-I
induction in PRRSV infection, the HOXA3 knockout (KO) cell line was constructed by
CRISPR-Cas9. Western blot results showed that HOXA3 was knocked out completely in
MARC-145 cells (Fig. 4C). Relative to wild-type (WT) cells, the IFN-B8 mRNA level was
increased in HOXA3 KO cells infected by PRRSV (Fig. 4D). The expression levels of some
ISGs were also measured with reverse transcriptase quantitative PCR (RT-qPCR); the
knockout of HOXA3 increases the expression of ISG15 and ISG56 mRNA (Fig. 4E and F).
We also evaluated the effect of KO-HOXA3 on the poly(l-C)-triggered transcriptional
induction of the IFN-B and ISG gene and showed consistent results (Fig. 4G and H).
These results suggest that HOXA3 may promote PRRSV infection through inhibition of
IFN-I signaling. To prove this hypothesis, we knocked down IFNAR1, a key molecule in
the IFN-I signaling in MARC-145 cell lines stably expressing HOXA3; the difference
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FIG 2 Knocking down HOXA3 upregulated HO-1 expression and inhibited PRRSV replication. (A) PAMs were infected with PRRSV at an MOI of 0.1. Samples
were collected at 9, 15, 24, and 36 hpi; RT-qPCR determined HOXA3 mRNA levels. (B) RT-qPCR analysis of HOXA3, HO-1, and PRRSV ORF7 mRNA in MARC-
145 cells transfected with negative control siRNA (siNC) or HOXA3 siRNA (siHOXA3) no. 1 and 2 for 24 h followed by infection with PRRSV for 36 h. (C to E)
MARC-145 cells were transfected with siHOXA3 no 1 or siNC of 60 nM for 24 h before infection with PRRSV at an MOI of 0.1. Samples were collected at 36,
48, and 60 hpi. HOXA3 (C), HO-1 (D), and ORF7 (E) mRNA levels were determined by RT-qPCR. (F) Cell culture supernatants were collected at the indicated
times. The TCID,, assay was performed to determine the levels of supernatant virus production. (G) Protein levels of HOXA3, HO-1, PRRSV N, and tubulin at
the indicated time points were measured by Western blotting. (H) The expression of the N protein was determined by IFA at 36 hpi, with MARC-145 cells
transfected with siNC included as a control. Results are expressed as means * SD of three independent replicates. Statistically significant values were
denoted as follows: ***, P < 0.001.

caused by HOXA3 in PRRSV infectivity was eliminated (Fig. 4l). In summary, PRRSV
induces HOXA3 to negatively regulate the IFN-I response during infection.

The inhibition of IFN-I by HOXA3 depends on the interaction of HO-1 and IRF3
in PRRSV infection. IRF3 plays a key role in inducing IFN-l and the antiviral response
(36). HO-1 is reported to be necessary to activate IRF3 to modulate IFN-I in virus-
infected macrophages (37). Activation of IRF3 depends on virus-induced C-terminal
phosphorylation events on Ser396 (36, 38, 39). To explore the influence of HOXA3
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FIG 3 Overexpressing HOXA3 downregulated HO-1 expression and promoted PRRSV replication. The lentivirus-mediated overexpression method was used
to enhance the expression of HOXA3 in MARC-145 cells. (A to C) MARC-145-HOXA3 cells were infected with PRRSV at an MOI of 0.1. Samples were
collected at 24 and 36 hpi. HOXA3 (A), HO-1 (B), and ORF7 (C) mRNA levels were determined by RT-qPCR. (D) The expression of HOXA3-HA, HO-1, PRRSV N,
and GAPDH were detected by Western blotting. (E) Cell culture supernatants were collected at the indicated times. TCID,, assay was performed to
determine the levels of supernatant virus production. (F) The expression of the N protein was determined by IFA at 36 hpi, with WT MARC-145 cells
infected with PRRSV included as a control. Results are expressed as means *= SD of three independent replicates. Statistically significant values were
denoted as follows: *, P < 0.05; ***, P < 0.001.

negative regulation of HO-1 gene transcription on the activation of IRF3 in PRRSV
infection, we examined the phosphorylation of IRF3 (Ser396) induced by PRRSV infec-
tion in MARC-145 cells after knockdown of HOXA3. Phosphorylation of IRF3 was signifi-
cantly reduced or even disappeared at the middle and late stages of PRRSV infection
even with poly(l-C) stimulation (Fig. 5A). However, when HOXA3 was knocked down,
the phosphorylation of IRF3 was significantly enhanced at the same time as HO-1 was
increased, but there was no change in the total IRF3 protein (Fig. 5A).

Since the increase of HO-1 expression enhances the phosphorylation of IRF3, we
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FIG 4 Deficiency of HOXA3 increased IFN-I expression in PRRSV infection. (A and B) MARC-145 cells were transfected with siHOXA3 no. 1 or siNC of 60 nM
for 24 h before infection with PRRSV at an MOI of 0.1. Samples were collected at 48 and 60 hpi. IFN-B (A) and ISG15 (B) mRNA levels were determined by
RT-gqPCR. (C) CRISPR-Cas9 technology was used to construct HOXA3™/~-MARC-145 cells, and the expressions of HOXA3 and GAPDH were detected by
Western blotting in the WT and HOXA3~/~-MARC-145 cell lines. (D to F) HOXA3™/~-MARC-145 cells were infected with PRRSV at an MOI of 0.1. Cells were
collected at 48 and 60 hpi. IFN-B (D), ISG15 (E), and ISG56 (F) mRNA levels were determined by RT-gPCR. (G and H) RT-qPCR analysis of IFN-B and I1SG15
mRNA in HOXA3~/~-MARC-145 cells transfected with poly(I-C) (500 ng/ml) for 12 h followed by infection with PRRSV for 36 h. (I) MARC-145-HOXA3 and WT
MARC-145 cells were transfected with silFNAR1 or siNC of 60 nM followed by infection with PRRSV for 36 h at an MOI of 0.1. The expression of HOXA3-HA,
PRRSV N, and tubulin was detected by Western blotting. Results are expressed as means * SD of three independent replicates. Statistically significant
values were denoted as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001.

hypothesize that the interaction of HO-1 and IRF3 causes the activation of IRF3. We
overexpressed the enhanced green fluorescent protein (EGFP)-tagged IRF3 along with
Myc-tagged HO-1 in HEK293T cells. The coimmunoprecipitation (co-IP) assay was per-
formed with an anti-EGFP antibody. As shown in Fig. 5B, there was a direct interaction
between HO-1 and IRF3. The reverse co-IP assay also proved the same result (Fig. 5C).
MARC-145 cells were treated with hemin to induce endogenous HO-1 expression and
poly(l-C) to activate the IRF3. An interaction between endogenous HO-1 and endoge-
nous IRF3 was demonstrated by co-IP and reverse co-IP assay (Fig. 5D and E). To test
whether HO-1 and IRF3 share similar subcellular locations, we conducted an indirect
immunofluorescence assay (IFA). As shown in Fig. 5F, both EGFP-tagged HO-1 and
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FIG 5 Negative regulation of IFN-I responses by HOXA3 is achieved through reducing the interaction between HO-1 and IRF3. (A) MARC-145
cells were transfected with siNC and siHOXA3 no. 1 for 24 h and infected with PRRSV at an MOI of 0.1. Cells were collected at 36, 48, and 60
hpi after transfection with poly(l-C) (500 ng/ml) for 12 h. The expression of HOXA3, p-IRF3, IRF3, HO-1, PRRSV N, and GAPDH were detected
by Western blotting. (B) HEK293T cells transfected with pCAGEN-HO-1-Myc and pEGFP-C1-IRF3 for 36 h were immunoprecipitated (IP) with an
anti-EGFP antibody. (C) HEK293T cells transfected with pCAGEN-IRF3-Myc and pEGFP-C1-HO-1 for 36 h were immunoprecipitated with or anti-
EGFP antibody. (D and E) MARC-145 cells treated with hemin (100 wM) for 24 h and transfected with poly(I-C) (500 ng/ml) for 12 h were
immunoprecipitated with anti-IRF3 antibody (D) or anti-HO-1 antibody (E). (F) Confocal microscopy of HEK293T cells cotransfected with
plasmids encoding EGFP-tagged HO-1 and Myc-tagged IRF3 stained with Alexa Fluor 555-conjugated anti-Myc antibody (red). The 4’,6-
diamidino-2-phenylindole (DAPI) serves as a marker for nuclei (blue).

Myc-tagged IRF3 were expressed in HEK293T cells, and the two proteins colocalized in
the cytoplasm. MARC-145 cells were infected with PRRSV for 48 h to verify the endoge-
nous interaction between IRF3 and HO-1. Cell lysates were obtained, and some HO-1-inter-
acting proteins were identified using immunoprecipitation-liquid chromatography-tandem
mass spectrometry (IP/LC-MS/MS) analysis (Table 1). Among these proteins, IRF3 is a
known HO-1-interacting protein. These results confirmed that HOXA3 inhibits HO-1

TABLE 1 Summary of the HO-1-interacting proteins identified by mass spectrometry

Protein Organism  Gene Protein Sequence No. of

identified Description Species indentifier name  existence version peptides Score

ACTB Actin, cytoplasmic 1 Chlorocebus aethiops 9534 ACTB 2 1 12 323.31

IRF3 IRF tryptophan pentad repeat domain- Chlorocebus sabaeus 60711 IRF3 4 1 12 86.422
containing protein

XRCC5 X-ray repair cross-complementing protein 5 Chlorocebus sabaeus 60711 XRCC5 3 1 7 62.511

MYO9B Myosin IXB Chlorocebus sabaeus 60711 MYO9B 3 1 4 56.2

TPI1 Triosephosphate isomerase Chlorocebus sabaeus 60711 TP 3 1 3 100.03
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FIG 6 Deficiency of HOXA3 promoted nuclear translocation of IRF3. (A and B) HOXA3~/~-MARC-145
cells were infected with PRRSV at an MOI of 0.1. Cells were collected at 36 and 48 hpi after
transfection of poly(l-C) for 12 h. Cytoplasmic and nuclear extracts were prepared and subjected to
Western blotting. The expressions of p-IRF3, IRF3, HO-1, GAPDH, and histone H3 were detected. (C)
MARC-145 cells transfected with siNC and siHOXA3 no. 1 for 24 h were infected with PRRSV at an
MOI of 0.1 for 48 h. The subcellular localization of IRF3 was determined by IRF3 intracellular staining,
and confocal fluorescence images were captured.

expression and indirectly reduces the interaction between HO-1 and IRF3 to inhibit the
activation of IRF3.

The deficiency of HOXA3 promotes IRF3 nuclear translocation. It is generally
accepted that virus infection causes IRF3 activation in three main steps, namely, phos-
phorylation, dimerization, and translocation, from the cytoplasm into the nucleus (40).
IRF3, a transcription factor involved in type | IFN production and ISG expression, needs
to be transported into the nucleus to play a role in transcriptional regulation. Nuclear
and cytoplasmic proteins were extracted from WT and HOXA3 KO cells with poly(l-C)
treatment and PRRSV infection, and knocking out HOXA3 significantly increased the
HO-1 level in the cytoplasm and the nucleus (Fig. 6A and B). The increase in HO-1
expression also promoted the nuclear translocation of IRF3 (Fig. 6A and B). We used
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IFA to analyze the nuclear translocation of IRF3 more intuitively and accurately.
According to the results of IFA, PRRSV infection does not cause extensive IRF3 translo-
cation from the cytoplasm into the nucleus (Fig. 6C). However, knocking down HOXA3
significantly increased the proportion of IRF3 moving into the nucleus (Fig. 6C). These
results suggested that the deficiency of HOXA3 promotes IRF3 nuclear translocation.

DISCUSSION

HO-1 induction is an effective way used by cells to neutralize a variety of stress condi-
tions (41), such as hypoxia; oxidative stress; and the presence of cytokines, lipopolysac-
charides (LPS), and heavy metals, in biological systems (42). Many signaling molecules
and transcription factors can regulate HO-1 expression in cells, such as AP-1, NF-«B, and
Nrf2. Their upstream kinases, including mitogen-activated protein kinases (MAPKs), play
an important regulatory role in HO-1 gene induction (43). A large amount of data now
support the role of MAPK cascades in signal-mediated HO-1 gene activation. Other sig-
naling molecules, such as phosphatidylinositol 3-kinase (PI3K); tyrosine kinases; and pro-
tein kinases A, B, C, and G, play a role in HO-1 induction (44). However, HO-1 expression
is regulated mainly at the transcriptional level and governed by response elements (REs)
localized in the promoter 5’ flanking region of the HO-1 gene (44). Our study found a
new transcription factor of the HO-1 gene that negatively regulates HO-1 transcription
(Fig. 1 and 3). Previous studies have shown that Nrf2 is crucial for HO-1 transcriptional
regulation, and HO-1 is not inducible in Nrf2 null mice (45). Upon cellular stress, such as
proinflammatory stimuli or the presence of heme analogs, the Nrf2 protein dissociates
from Keap1 and then phosphorylates and enters the nucleus; the binding of the com-
plex Nrf2/MAF to an antioxidant responsive element (ARE) in the Hmox1 gene promoter
site activates the transcription of HO-1 (46). Conversely, we identified that the binding
motif of HOXA3 in the HO-1 gene promoter region was not an ARE. In other words, the
transcriptional regulation of HOXA3 on HO-1 may not be affected by oxidative stress.
HOXA3 was significantly upregulated in PRRSV infection (Fig. 2A), but it did not cause a
change in NRF2 (the result is not shown). These results suggest that cells infected with
PRRSV cannot actively activate HO-1 transcription to resist viral infection. Instead, the vi-
rus induces HOXA3 to inhibit HO-1 transcription and promote its replication.

HO-1 is a stress-induced and cytoprotective enzyme expressed in most cell types in
the organism. The end products of the HO-1 enzymatic reaction are iron (Fe?*), BV, bili-
verdin (BR), and CO. Each of them plays an antiviral role in replicating different endow-
ments. Fe2" inhibits viral replication by binding to Mg2* binding sites on the HCV RNA
polymerase (47). BV is a potent HCV NS3/4A protease inhibitor, which inhibits HCV rep-
lication (48). Our previous study also found the inhibitory effect of BV on PRRSV (13).
BR can inhibit the viral replication of HIV, herpes simplex virus type-1, and enterovirus
(49, 50). CO is an important immune regulatory factor. We found in our previous
research that CO decreases the replication ability of PRRSV by suppressing the activa-
tion of the cyclic GMP/protein kinase G and NF-«B signaling pathway (12). More and
more research have been reported on the regulation of HO-1 on innate immunity.
Mouse macrophages that knock out HO-1 weaken the innate immune response (37).
CoPP, as a specific activator of HO-1, decreased HRSV and influenza A virus (IAV) repli-
cation through increasing the production of IFN-a/B (21, 51). Also, a variety of HO-1
activators show antiviral activity through the activation/restoration of IFNs (52-54), but
the specific mechanism was not elaborated. In the manuscript, we enhanced HO-1
transcription by knockdown or knockout of HOXA3 and significantly enhanced the
expression of IFN-B and ISGs with PRRSV infection (Fig. 4). We further explored the reg-
ulation mechanism of HO-1 on IFN-I and found that the interaction between HO-1 and
IRF3 is critical (Fig. 5). Based on our research, we have clarified the regulatory effect of
HO-1 on PRRSV, whether from the downstream products of HO-1 or the regulation of
HO-1 on IFN-I (Fig. 7).

Viral infection activates various signaling cascades that enable IFN-I expression
against the virus. PRRSV has developed multiple mechanisms to escape the host
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FIG 7 The model of the roles of HOXA3 in inhibition of type | IFN signaling upon PRRSV infection. To replicate
better, PRRSV induces the upregulation of HOXA3 to reduce HO-1 expression, thereby inhibiting type | IFN
responses by impairing the interaction between HO-1 and IRF3.

immune system by modulating innate immunity during coevolution with hosts. PRRSV
nsp4 cleaves NF-«B essential modulator (NEMO) at multiple sites which impairs IFN-3
production (55). PRRSV nsp11 antagonizes IFN-I by targeting IRF9 via a NendoU activ-
ity-independent mechanism (56), and PRRSV nsp11 can also induce STAT2 degradation
to inhibit IFN-activated signaling (57). We found that IFN-8 and ISGs were significantly
upregulated after a deficiency of HOXA3 (Fig. 4). There is no doubt that IRF3 plays a
central role in inducing IFN-I and the antiviral response (36). Research has shown that
NF-«xB and AP-1 were activated by PRRSV infection, whereas the activity of transcrip-
tion factor IRF3 was significantly inhibited (58); PRRSV can also inhibit IRF3 phosphoryl-
ation (59, 60). These studies indicated that inhibition of IFN-8 by PRRSV occurs through
a mechanism involving IRF3 activity, which was consistent with the results in our
experiment (Fig. 5A). The enhancement of IRF3 phosphorylation by HOXA3 knockdown
is caused by enhancing the interaction between HO-1 and IRF3 (Fig. 5). To find the spe-
cific area of interaction between HO-1 and IRF3, we truncated the HO-1 protein for two
parts, and one of them includes its enzyme activity region, but each of them lost its
interaction with IRF3 (data are not shown). It has also been reported that the use of
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the HO-1 enzyme activity inhibitor in the process of influenza virus infection does not
affect the activation of IRF3 by HO-1 (51), suggesting that HO-1 enzyme activity may
not affect IRF3 phosphorylation and that the HO-1 protein in complete conformation is
crucial in this process.

Altogether, we found a novel molecular mechanism by which PRRSV induces a new
transcription factor, HOXA3, to negatively regulate HO-1 transcription to inhibit IFN-I
production by affecting the interaction between HO-1 and IRF3 (a proposed model
illustrated in Fig. 7). Combined with our previous research, the underlying mechanism
by which PRRSV and host cells interact with each other through HO-1 was revealed
(Fig. 7). These findings provide new insights for understanding molecular mechanisms
by which PRRSV regulates host innate immune responses, which is helpful for develop-
ing new antiviral strategies against PRRSV infection.

MATERIALS AND METHODS

Reagents and antibodies. Hemin and poly(l-C) were obtained from Sigma-Aldrich. The stock solu-
tions of hemin were prepared in 0.2 M NaOH, neutralized to pH 7.4, and stored at —80°C until used.
Anti-HO-1(5853) and anti-Myc-Tag (4947) antibodies were purchased from Cell Signaling Technology.
Anti-phospho-IRF3 (Ser396) was purchased from Beyotime. Anti-HO-1(11312-1-AP) was purchased from
Proteintech. Anti-HOXA3(117919) was purchased from LifeSpan BioSciences. Anti-GAPDH (ab 0037) and
anti-GFP-Tag (ab 0005) were purchased from Abways Technology. Horseradish peroxidase (HRP)-conju-
gated goat anti-mouse (PA1-86717) and rabbit 1gG (SA1-9510) were purchased from Thermo Fisher
Scientific. HRP-conjugated mouse anti-rabbit IgG light-chain-specfic (LCS) antibody (A25022) was pur-
chased from Abbkine Scientific, and anti-PRRSV N was from our laboratory (Northwest A&F University,
Shaanxi, China).

Cells and viruses. PAMs were obtained by postmortem lung lavage of 6-week-old pigs using a lung
lavage technique as described previously (12) and were maintained in RPMI 1640 (Gibco) supplemented
with 10% fetal bovine serum (FBS) and penicillin-streptomycin. MARC-145 cells (an African green monkey
kidney cell line) and HEK293T cells (a human embryonic kidney cell line) were purchased from China
Center for Type Culture Collection (CCTCC) and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Life Technologies) supplemented with 10% FBS and penicillin-streptomycin (Life Technologies).
All cells were cultured and maintained at 37°C with 5% CO,. All animal work was done in strict accordance
with the guidelines of the NWAFU Research Ethics Committee.

A highly pathogenic PRRSV (HP-PRRSV) strain, GD-HD (GenBank identifier [ID] KP793736.1), was used
in this study.

Genes and plasmids. A 6,553-bp sequence region (+1552 to —4989 from transcription start site)
from a swine HO-1 gene was truncated and amplified to clone into a pGL4.10 vector (Fig. 1A to C). The
binding site of HOXA3 was predicted using Gene-regulation Match (http://gene-regulation.com/pub/
programs.html) in 44-bp region (—485 to —529 from transcription start site) (Fig. 1D). The mutant lucif-
erase construct changed the sequence of the HOXA3 binding site. The sequence after mutation was as
follows: 5'-ACTGCTAGGGTGCTCAAGTAAAAAGAAGAAAAAGAAACCCTGGCC-3'.

Swine HOXA3 was cloned into the Lenti-hemagglutinin (HA) vector and pCAGEN-myc vector. Swine
HO-1 was cloned into the pEGFP-C1 vector. Swine IRF3 was cloned into the pCAGEN-myc vector. The
empty vector is our laboratory stock. The prokaryotic expression vector pCOLD-SUMO (HaiGene) was
used to express the soluble HOXA3 protein.

Lentiviral production and infection. For constructs expressing HOXA3-HA and HOXA3 single guide
RNA (sgRNA), to produce the lentivirus, the recombinant packaging plasmids were cotransfected with
Lenti-HA-HOXA3 or LentiCRISPR v2-sgHOXA3 plasmids into HEK-293T cells, and culture supernatants
containing the virus were collected 48 and 72 h after transfection. For infection with lentivirus, MARC-
145 cells were cultured with lentivirus solution for 24 h in the presence of 15 wg/ml puromycin (Sigma).

Real-time quantitative PCR. The experiments were performed as described previously (12, 13), with
siRNA specific to HOXA3 and control siRNA synthesized by RiboBio. Total RNA containing PRRSV RNA
was extracted from cells using the RNAiso Plus reagent (TaKaRa); cDNA was generated from total RNA
using HiScript Il Q RT SuperMix (Vazyme) following the manufacturer’s instructions. Quantitative PCR
(gPCR) was performed using the ChamQ SYBR gPCR master mix (Vazyme). The primer sequences used
for RT-qPCR were as follows: MARC-145 HOXA3 forward, 5'-CAGAATGCCAGCAGCAACC-3'; MARC-145
HOXA3 reverse, 5'-CGCAGCTCTCGCCTGA-3’; porcine HOXA3 forward, 5'-AGTACAAGAAGGATCAGAAGG-
3’; porcine HOXA3 reverse, 5'-CGCTGTTCACCAGAGAAT-3'; PRRSV ORF7 forward, 5'-AGATCATCGCCCA
ACAAAAC-3'; PRRSV ORF7 reverse, 5'-GACACAATTGCCGCTCACTA-3’; porcine HPRT1 forward, 5'-TGG
AAAGAATGTCTTGATTGTTGAAG-3'; porcine HPRT1 reverse, 5'-ATCTTTGGATTATGCTGCTTGACC-3'; MARC-
145 B-actin forward, 5'-GAGAAGCTGTGCTACGTCGC-3'; MARC-145 B-actin reverse, 5'-CCAGACAGCACTG
TGTTGGC-3'; MARC-145 IFN-B forward, 5'-TGCTCTCCTGTTGTGCTTCTC-3’; MARC-145 IFN-B reverse,
5'-CTGCGGCTGCTTAATTTCCTC-3'; MARC-145 ISG15 forward, 5'-CACCGTGTTCATGAATCTGC-3'; and MARC-
145 1SG15 reverse, 5'-CTTTATTTCCGGCCCTTGAT-3'.

Virus titration. Viral replication was determined by titration as described previously (13). MARC-145
cells were seeded in a 96-well plate 16 h before virus infection. Viral supernatants were prepared by se-
rial dilutions, and a 100-ul solution was added to each well in replicates of eight once cell confluence
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reached 80%. Six days after infection, the 50% tissue culture infective dose (TCID,,) was calculated using
the Reed-Muench method.

Electrophoretic mobility shift assays. Lysates of transformed Escherichia coli that measured the
protein concentration by bicinchoninic acid (BCA) protein assay kit were used for the DNA-protein con-
jugation reaction. We synthesized a biotin-labeled probe for the electrophoretic mobility shift assay
(EMSA) (Sangon Biotec). The WT probe sequence was 5'-CATAGTAGGTGCTCAAGTAAAAAGAAGAAA
AAGAAACCCTAAAA-3'. The mutant competitor probe sequence was 5'-CAGCTGCTGTGCTCAAGTAAAA
AGAAGAAAAAGAAACCCTGGCC-3'.

Then, we executed the DNA-protein binding reactions using the EMSA gel-shift kit (Beyotime;
GS009) following the manufacturer’s instructions at 25°C. Finally, the reaction mixture was separated
through 4% nondenaturing PAGE gels and developed.

LC-MS/MS analysis. To identify potential HO-1-binding proteins, MARC-145 cells were infected with
HP-PRRSV for 36 h. Cells were collected, and HO-1 was immunoprecipitated using an anti-HO-1 antibody
and protein A agarose at 4°C. The IP products were analyzed by liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) using the Q Exactive HF mass spectrometer (Thermo Fisher Scientific) and Dionex
Ultimate 3000 (Thermo Fisher Scientific, USA) instruments. MS data were analyzed using MaxQuant software
(https://www.maxquant.org/). MS assays were conducted by Nanning MHelixProTech Co., Ltd. (China).

Coimmunoprecipitation and immunoblot analysis. The cells grown in the 10-cm dishes were
transfected with the various plasmids for 36 h or treated with reagents. Cells were harvested and lysed
in NP-40 lysis buffer (Beyotime) containing protease inhibitor. For immunoprecipitation assays, the
lysates were immunoprecipitated with 1gG or the appropriate antibodies, protein A/G agarose beads
(TransGen Biotech) were added to the samples for 2 h at 4°C, and the precipitants were washed three
times with lysis buffer. The cell lysates (10-iwg protein per sample) were then separated by SDS-PAGE
and electrotransferred onto a polyvinylidene difluoride (PVDF) membrane. Membranes were blocked
with Tris-buffered saline containing 0.05% Tween 20 and 5% nonfat dried milk and then followed by
incubation at 4°C overnight with primary antibodies. The membranes were washed in Tris-buffered sa-
line with Tween 20 (TBST). HRP-conjugated goat anti-mouse, goat anti-rabbit IgG, or anti-rabbit IgG LCS
was used as the secondary antibody. The reactions were visualized using an ECL reagent.

IFA and confocal microscopy. An immunofluorescence assay (IFA) was performed as described pre-
viously (13) with the following modifications. Cells were fixed for 10 min with 4% paraformaldehyde and
then were permeabilized for 15 min with 0.25% Triton X-100 in phosphate-buffered saline (PBS). After
blockade of nonspecific binding by incubation of cells for 1 h with 1% BSA in PBS, coverslips were incu-
bated with the appropriate primary antibodies (identified above) and then sequentially with corre-
sponding secondary antibodies, and then were visualized with a Nikon A1 confocal microscope.

Luciferase reporter assay. Luciferase reporter assays were processed as previously described (61)
with some modifications. In brief, HEK293T cells were seeded in a 24-well plate 24 h before transfection,
and the monolayer cells were transfected with 0.2 ug of a pCAGEN-HOXA3-Myc vector, 0.2 ug of a HO-1
promoter-driven luciferase reporter plasmid, and 0.01 ng of an internal control pRL-TK reporter plasmid.
The empty vector plasmids were used in the whole transfection process to ensure the cells received the
same amounts of total plasmids. At 36 h posttransfection, the firefly and Renilla luciferase activities of
transfected cells were determined with a dual-luciferase reporter assay (Promega) following the manu-
facturer’s instructions.

Statistical analysis. All experiments were performed with at least three independent replicates. The
experimental data obtained in this study were analyzed and plotted using the software GraphPad Prism,
and significant differences were analyzed using either the Student’s t test or one-way analysis of var-
iance (ANOVA). The following values were considered statistically significant: *, P < 0.05; **, P < 0.01;
and ***, P < 0.001; error bars indicate means * standard deviations (SD).
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