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RNA-binding protein RBM47 stabilizes IFNAR1
MRNA to potentiate host antiviral activity
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Abstract

The type | interferon (IFN-I, IFN-o/p)-mediated immune response is
the first line of host defense against invading viruses. IFN-a/p binds
to IFN-a/p receptors (IFNARs) and triggers the expression of IFN-
stimulated genes (ISGs). Thus, stabilization of IFNARs is important
for prolonging antiviral activity. Here, we report the induction of
an RNA-binding motif-containing protein, RBM47, upon viral infec-
tion or interferon stimulation. Using multiple virus infection
models, we demonstrate that RBM47 has broad-spectrum antiviral
activity in vitro and in vivo. RBM47 has no noticeable impact on
IFN production, but significantly activates the IFN-stimulated
response element (ISRE) and enhances the expression of
interferon-stimulated genes (1SGs). Mechanistically, RBM47 binds
to the 3’'UTR of IFNAR1 mRNA, increases mRNA stability, and
retards the degradation of IFNARL. In summary, this study
suggests that RBM47 is an interferon-inducible RNA-binding
protein that plays an essential role in enhancing host IFN down-
stream signaling.
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Introduction

The type I interferon (IFN-I, IFN-o/f)-mediated innate immune
response, considered as the first line of host defense, plays a key
role in the clearance of pathogens, especially viruses (Medzhitov &
Janeway, 2000). Upon viral infection, IFN-a,/f is secreted from cells
and binds to IFN receptors 1 and 2 (IFNAR1/2) on the cell surface,
triggering the Janus kinase signal transducer and activator of tran-
scription (JAK-STAT) pathway through phosphorylation and activa-
tion of Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2). These
kinases subsequently catalyze the recruitment and phosphorylation

of STAT1 and STAT2, leading to translocation of the STAT1-STAT2-
IRF9 complex, known as interferon-stimulated gene factor 3
(ISGF3), into the nucleus. This complex then binds to the IFN-
stimulated response element (ISRE) within the promoters of IFN-
stimulated genes (ISGs) to induce the expression of hundreds of
ISGs, which display diverse antiviral effector functions (Sadler &
Williams, 2008). Both virus infection and IFN stimulation lead to
IFNARI1 phosphorylation, promoting its ubiquitination and acceler-
ating type I IFN signal attenuation (Liu et al, 2009; Qian et al, 2011;
Zheng et al, 2011). Defects in IFNARI1 leads to lowered antiviral
activity in the host. Hence, stabilization of IFNARI is an essential
factor in determining and prolonging the antiviral activity in hosts.

Among approximately 20,000 mammalian protein-coding genes,
more than 1,500 have been defined as RNA-binding proteins (RBPs).
Nearly half of these RBPs are putative mRNA-binding proteins (Ger-
stberger et al, 2014). Some RBPs combine with large ribonucleopro-
teins (RNPs) to regulate multiple aspects of RNA biogenesis
(Chateigner-Boutin & Small, 2011), such as mRNA export, transcript
stability, transcript localization, ribosome assembly, RNA splicing,
translation, and RNA decay (Kong & Lasko, 2012; Medioni et al,
2012; Schoenberg & Maquat, 2012; Bock et al, 2015). Individual
RBPs may interact with single or multiple RNAs by binding to speci-
fic sequences or structures and regulate gene expression at various
levels (Turner & Diaz-Munoz, 2018). These functions either occur in
the nucleus (He et al, 2016), the cytoplasm (Dolezal et al, 2017), or
within cellular organelles, such as mitochondria (Antonicka & Shou-
bridge, 2015). By controlling RNA decay and translation, RBPs
control gene expression independently of the established transcrip-
tional networks. Recently, RBPs have been found to be essential for
the development and function of the immune system. RBPs main-
tain a poised transcriptome, such as the cytokine mRNAs that are
rapidly translated in response to T-cell receptor (TCR) signaling in
memory T cells (Hombrink et al, 2016; Salerno et al, 2017). The
roles of RBPs in immunomodulation have led to their emergence as
targets for the development of new therapeutic modalities.

Using RNA-seq analysis, we previously identified that an RNA-
binding motif protein (RBM), RBM47, is upregulated during
dengue virus (DENV) infection (Wang et al, 2018). The RBM
proteins have been highly conserved in evolution and are capable
of binding to RNA with two RNA recognition motif (RRM)
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domains. However, the functions of most RBM proteins remain
unclear. Like other RBPs, RBM family proteins participate in a vari-
ety of RNA processes, including alternative splicing, translation,
RNA silencing, and RNA editing, thereby influencing multiple
physiological processes(Sutherland et al, 2005). For example,
RBM3, 5, 6, and 10 are involved in the regulation of apoptosis
(Sutherland et al, 2005). RBM24 modulates hepatitis B virus repli-
cation by targeting the viral RNA (Yao et al, 2018). RBM10 exerts
a pro-inflammatory function by interacting with the RIG-I receptor
activated by the cytoplasmic dengue RNA (Pozzi et al, 2020).
RBM47 is ubiquitously expressed and plays important roles in
post-transcriptional gene regulation by binding to specific mRNAs,
mainly in introns and 3'UTRs (Vanharanta et al, 2014). RBM47 is
a tumor suppressor that inhibits the progression of breast (Van-
haranta et al, 2014), lung (Sakurai et al, 2016), and colon cancers
(Rokavec et al, 2017) by stabilizing distinct tumor suppressor
mRNAs. RBM47 also acts as an alternative splicing factor (Van-
haranta et al, 2014; Cieply et al, 2016; Kim et al, 2019), an essen-
tial cofactor of APOBECI1-mediated C-to-U RNA editing (Rayon-
Estrada et al, 2017; Blanc et al, 2019), and as a regulator of cell
fate decisions (Radine et al, 2020). Recently, RBM47 has been
shown to elevate IL-10 production by directly binding to the
3'UTR, delaying the degradation of IL-10 mRNA (Wei et al, 2019).
In this study, we explored the role of RBM47 in viral infections,
which was as yet uncharacterized.

Results
RBM47 is a novel interferon-stimulated gene

In our previous study using RNA-seq analysis, we found RBM47 in
the list of upregulated genes in DENV-infected 293T cells (Wang
et al, 2018). To confirm this result, we determined the expression of
RBM47 in DENV-infected 293T, HFF, HUVEC, and THP-1 cells. As
shown in Fig 1A, both the mRNA and protein levels of RBM47 were
higher in DENV-infected cells than in non-infected controls. More-
over, Gene Expression Omnibus (GEO) datasets also demonstrated
that RBM47 mRNA was upregulated during H5N1 (Lin et al, 2015)
(Fig EV1A), HIN1 (Gerlach et al, 2013) (Fig EV1B), and HCV
(Blackham et al, 2010; Zhao et al, 2013) (Fig EV1C and D) infec-
tions. Similarly, RBM47 mRNA and protein levels were elevated in
SeV-infected 293T, HFF, HUVEC, and THP-1 cells (Fig 1B), suggest-
ing that RBM47 is a virus-induced gene.

Next, we investigated whether RBM47 is an ISG. The expression
of RBM47 in IFN-a-stimulated 293T, HFF, HUVEC, and THP-1 cells
was determined using qRT-PCR and Western blot. As shown in
Fig 1C, the mRNA and protein levels of RBM47 were significantly
upregulated upon IFN-a stimulation. Furthermore, by searching the
transcription factor binding elements database JASPAR (http://jaspa
r.genereg.net/), we found that there were three putative STAT1
binding motifs in the RBM47 gene promoter region (Fig 1D), which
is critical for IFN induction (Ma et al, 2015). The luciferase reporter
assay suggested that the promoter of RBM47 (from —2,000 to +100,
containing all STAT1 binding motifs) could be activated by SeV
infection or IFN-o stimulation (Fig 1E). These results suggest that
RBM47 is an ISG that can be induced by viral infection or IFN stimu-
lation.
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RBM47 has broad-spectrum antiviral activity in vitro

Since RBM47 is induced by viruses or interferons, we investigated
its function in viral infection. We first found that RBMA47
restricted the DENV replication because viral RNA and protein
levels were significantly lower in RBM47-overexpressing 293T
cells than in control cells (Fig 2A). Additionally, a luciferase-
based DENV replicon (DGL2) assay (Kato et al, 2014; Wang
et al, 2018) confirmed the antiviral effect of RBM47 on DENV
(Fig 2A). To further evaluate the antiviral effect of RBM47, we
constructed three shRNA plasmids (sh47-1, sh47-2, and sh47-3)
targeting RBM47 mRNA. All the three shRNAs effectively knocked
down RBM47 (Fig 2B), and DENV replication was significantly
upregulated in RBM47 knockdown cells compared with that in
control cells (Fig 2B). Furthermore, RBM47 ectopic expression
inhibited replication of Zika virus (ZIKV) (Fig EV2A and B), and
knockdown of RBM47 enhanced ZIKV infection (Fig EV2C and
D). All these results suggest that RBM47 suppresses these positive
single-stranded RNA viruses.

To test whether RBM47 also restricts infection by other viruses,
we used two model viruses, VSV and HSV-1, representing negative
single-strand RNA and double-stranded DNA viruses, respectively.
As shown in Fig 2C, the viral RNA, protein, and progeny levels of
VSV were significantly lower in cells ectopically expressing RBM47
than those in control cells. Notably, overexpression of RBM47 also
inhibited HSV-1 replication in 293T cells (Fig 2D).

To further confirm these phenotypes, we transfected 293T cells
with sh47-3 or control vector (shNC) and then infected the cells
with VSV or HSV-1. As shown in Fig 2E and F, cells in which
RBM47 was knocked down were more susceptible to VSV and
HSV-1 infection, since the viral RNA and proteins significantly
increased in RBM47-silenced cells. In addition, the viral titers from
the supernatant of RBM47-deficient cells increased significantly
(Fig 2E and F) compared to that in the controls. These results
demonstrate that RBM47 has broad-spectrum antiviral activity
in vitro.

RBM47 enhances the expression of ISGs

Innate immunity is the host’s first line of defense against viral
invasion. To test whether RBM47 is involved in the regulation of
innate antiviral immune responses, such as interferon signaling,
and influences IFN production, an IFN-B-Luc reporter assay was
first performed in 293T cells with or without RBM47 ectopic
expression. After stimulation with SeV, we found that the IFN-B
promoter activity was not significantly influenced by RBMA47
(Fig 3A). We then tested whether RBM47 influenced IFN down-
stream signaling. IFN-responsive ISRE promoter assays were
performed, and the results suggested that RBMA47 significantly
increased ISRE promoter activity after SeV stimulation (Fig 3A). To
further confirm the effect of RBM47 on ISRE promoter activation,
we used Poly (I: C) or IFN-o to stimulate the cells. As shown in
Fig 3B and C, upon Poly (I: C) or IFN-o stimulation, ISRE promoter
activity increased in RBM47-overexpressing cells and decreased in
RBM47-silenced cells.

We then tested whether RBM47 alters SeV-induced ISG expres-
sion and found that the mRNA levels of all the tested ISGs, such as
IFIT1, ISG15, and Cig5, increased in RBM47-overexpressing cells

© 2021 The Authors
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Figure 1. RBMA47 is an interferon-stimulated gene.
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A Expression of RBM47 was induced by DENV infection in 293T, HFF, HUVEC, and THP-1 cells. Cells were infected with DENV-2 at an MOI of 1 for 12 or 24 h. The
expression of RBM47 mRNA (12- and 24-h post-infection, hpi.) and protein (24 hpi.) were compared between virus-infected and non-infected cells (PBS). The PCR
results are represented as the means + SD of n = 3 biological replicates.

B, C

Both mRNA and protein levels of RBM47 were elevated in SeV-infected (B) or IFN-a-stimulated (C) 293T, HFF, HUVEC, and THP-1 cells. Cells were infected with SeV

(MOI = 1) or stimulated with IFN-o for 6 or 12 h, and the expression of RBM47 mRNA (at 6- and 12-h post-treatment) and protein (at 6- and 12-h post-treatment)
was tested. The PCR results are represented as the means & SD of n = 3 biological replicates.
D Three putative STAT1 binding motifs in the RBM47 gene promoter region as predicted by using JASPAR (http://jaspar.genereg.net/).
E The pGL3-RBM47 promoter plasmid (pGL3-47) or the empty vector was transfected into 293T cells, and RBM47 promoter activities were tested upon SeV infection
or IFN-o stimulation. Data are represented as the means + SD of n = 3 biological replicates.

Data information: Data in A-C and E are representative of n = 3 independent experiments. NS, non-significant; *P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s t-test).

Source data are available online for this figure.
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Figure 2.
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Figure 2. RBMA47 displays antiviral activity.
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A The mRNA and protein levels of DENV (left and middle panel) and DENV replicon DGL2 replication (right panel) were tested in 293T cells transfected with RBM47-
Flag or empty vector at the indicated time points. The PCR and the luciferase data are represented as the means + SD of n = 3 biological replicates.

B Knockdown efficiency of three shRNAs against RBM47 was measured using RT—-PCR (left panel) and Western blot (middle panel). DENV replicon DGL2 replication
was tested in 293T cells transfected with scramble shRNA (shNC) or RBM47 shRNAs (right panel). The PCR and the luciferase data are represented as the

means £ SD of n = 3 biological replicates.
C,D

Levels of viral genome, protein, and progeny of VSV (C) or HSV-1 (D) were quantified in virus-infected 293T cells with or without RBM47 ectopic expression at the

indicated time points. The viral protein levels were tested 12-h post-VSV infection and 24-h post-HSV-1 infection. The PCR and viral titer data are represented as

the means £ SD of n = 3 biological replicates.

E, F Levels of viral genome, protein, and progeny of VSV (E) or HSV-1 (F) from virus-infected 293T cells transfected with RBM47 shRNA or shNC at the indicated time

points. The PCR and viral titer data are represented as the means + SD of n = 3 biological replicates.

Data information: The data shown are representative of n = 3 independent experiments.**P < 0.01, and ***P < 0.001 (Student’s t-test).

Source data are available online for this figure.

compared with that in controls (Fig 3D). In line with this, the
mRNA levels of IFIT1, ISG15, and Cig5 decreased significantly in
cells in which RBM47 was knocked down (Fig 3E).

Consistent with the above results, IFN-a-induced expression
of ISGs was upregulated in 293T cells ectopically expressing
RBM47 (Fig 3F) and downregulated in RBM47-silenced mouse
peritoneal macrophages (PMs) compared with that in the
controls (Fig 3G). These results demonstrate that RBM47 does
not influence the production of type one IFN, but enhances the
expression of ISGs.
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Figure 3. RBM47 enhances the expression of ISGs.

E

RBM47 modulates IFNAR1 mRNA stability

Since RBM47 amplifies the expression of ISGs in virus-infected or
IFN-stimulated cells, we investigated the mode of action of RBM47
in JAK-STAT signaling pathway. We first identified the RNAs that
bind to RBM47 using an RNA immunoprecipitation (RIP) assay
(Fig EV3A). Among the RBM47-bound RNAs, we found that the
mRNAs of IFNAR1 and IFNAR2 provided two potential targets of
RBM47 (Fig EV3B). We further confirmed the results of RIP assays
using qRT-PCR. This showed that only IFNAR1 mRNA was
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A Promoter activity of IFN-f or ISRE in SeV-infected 293T cells with or without RBM47 ectopic expression. Cells were infected with SeV for 12 and 24 h, and the
promoter activities were determined using the DLR assay. Data are represented as the means + SD of n = 3 biological replicates.

B, C Promoter activities of ISRE stimulated by Poly (I: C) (B) or IFN-a (C) in RBM47-overexpressing or knockdown 293T cells. Cells were stimulated with Poly (I: C)
(1 pg/ml) or IFN-a (200 U/ml) for the indicated time, and the ISRE promoter activities were determined using the DLR assay. Data are represented as the

means + SD of n = 3 biological replicates.

D, E mRNA expression of IFIT1, ISG15, and Cig5 in SeV-infected 293T cells overexpressing RBM47 (D) or RBM47 knocked down cells (E). Cells were infected with SeV for

24 h, and gene expression was determined using gqRT-PCR. The PCR results are represented as the means & SD of n = 3 biological replicates.
F The expression of IFIT1, ISG15, and Cig5 in RBM47-overexpressing or control 293T cells stimulated by IFN-o for 12 h. The PCR results are represented as the

means + SD of n = 3 biological replicates.

G The expression of IFITL, ISG15, and Cig5 in WT and RBM47"/~ peritoneal macrophages stimulated by IFN-o for 12 h. The PCR results are represented as the

means + SD of n = 3 biological replicates.

Data information: The data shown are representative of n = 3 independent experiments. NS, non-significant; *P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s t-test).
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significantly ~ enriched by RBM47-Flag immunoprecipitation
(Fig 4A), which was consistent with the data from a genome-wide
HITS-CLIP (POSTAR2, http://lulab.life.tsinghua.edu.cn/postar/inde
x.php). Therefore, we speculated that the identification of IFNAR2
mRNA in RIP-Seq assays might be due to indirect interactions
between RNA-binding proteins and RNAs.
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To test the effect of RBM47 on IFNAR1 mRNA stabilization,
we transfected 293T cells with RBM47-Flag or empty vector for
24 h and then treated the cells with 5, 6-dichloro-1-B-D-
ribofuranosylbenzirnidazole (DRB), an inhibitor of RNA synthesis.
Cells were harvested at 0, 15, 30, 45, and 60 min after DRB
treatment, and the total RNA was subjected to qRT-PCR analysis.
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Figure 4.
A

IFNAR1 mRNA is stabilized by RBM47.

Relative mRNA levels of JAK-STAT signaling adaptors were determined using RIP-PCR analysis. The enrichment folds of each gene relative to the 1gG isotype group

(which was set to “1”) are shown. The PCR results are represented as the means & SD of n = 3 biological replicates.

IFNARL mRNA stability after DRB treatment. 293T cells were transfected with RBM47-Flag or empty vectors and treated with DRB (50 pg/ml). Total RNA was

harvested at 0, 15, 30, 45, and 60 min, and IFNARL mRNA levels were measured using qRT-PCR and normalized to B-actin. The PCR results are represented as the

means + SD of n = 3 biological replicates.

The protein levels of IFNARL and TYK2 in RBM47-overexpressing or control 293T cells treated with or without DRB. The relative band density was quantified using the

Image] software and normalized to GAPDH. The relative density of the control group was set to “1.”

IFNARL mRNA expression in WT and RBM47 knockout 293T cells treated with or without RNA synthesis inhibitor Act D. The knockout efficiency of RBM47 is shown in

the upper-right panel. The PCR results are represented as the means + SD of n = 3 biological replicates.

Locations and sequences of three RBM47-targeted RNA sequences at the 3'UTR of IFNARL mRNA. Data were obtained from a genome-wide HITS-CLIP database

(POSTAR?2, http://lulab.life.tsinghua.edu.cn/postar/index.php). The predicted RBM47-binding sequences were labeled in red.
F RNA pull-down assays using biotin-labeled RNA probes. The cell lysates with RBM47-flag were immunoprecipitated with biotin-conjugated RNA probes, and the

elution was blotted with an anti-Flag antibody.

2m, and 3m) or negative control (NC) probes.

Interaction between RBM47 and the three RNA fragments of IFNARL mRNA confirmed using EMSA assay. RBM47 binds to IFNARL RNA probes but not to mutant (Im,

The interaction between RBM47 and the three targeted RNA fragments from the 3'UTR of IFNAR1 mRNA was tested using the luciferase reporter assay. The U to A

mutants of these three sequences (as shown in Table EV1) were also used as negative controls. Data are represented as the means £ SD of n = 3 biological

replicates.

Data information: Data in A-D and F-H are representative of n = 3 independent experiments. NS, non-significant; **P < 0.01, and ***P < 0.001 (Student’s t-test).

Source data are available online for this figure.
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The results revealed that overexpression of RBM47 delayed the
degradation of IFNAR1 mRNA (Fig 4B). Subsequently, we also
found increased IFNAR1 protein levels in the presence of RBM47
overexpression, with or without DRB treatment (Fig 4C). To
further confirm this result, we generated an RBM47 knockout cell
line and treated the cells with actinomycin D (Act D), another
RNA synthesis blocker. As shown in Fig 4D, before Act D treat-
ment, the amount of IFNAR1 mRNA was significantly lower in
RBM47 knockout cells than in controls. After Act D treatment,
IFNAR]1 mRNA degraded faster in RBM47 knockout cells than in
control cells.

Using sequences from genome-wide HITS-CLIP, three biotin-
labeled RNA probes from the 3'UTR of IFNAR1 mRNA were

EMBO reports

synthesized for RNA pull-down assays using RBM47 (Fig 4E). As
shown in Fig 4F, RBM47 was pulled out by all three biotin-labeled
RNA probes, but not by the negative control RNA probe. The elec-
trophoretic mobility shift assay (EMSA) also confirmed the interac-
tion between RBM47 and the three RNA fragments of IFNARI1
mRNA (Fig 4G). Simultaneously, these three RNA fragments and
their matching mutants were individually inserted into a pGL3
promoter vector at the end of luciferase open reading frame (ORF).
The luciferase reporter assays showed that all three IFNAR1-realted
RNA fragments, rather than their mutants, enhanced luciferase
expression (Fig 4H). In line with our prediction, luciferase expres-
sion significantly reduced in the shRBM47 group compared to that
in the shNC group (Fig 4H).
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Figure 5. RBM47 enhances the JAK-STAT pathway.

Kezhen Wang et al

A mRNA of IFNARL, but not IFNAR2 or STAT1, was stabilized by RBM47 ectopic expression in 293T cells with or without IFN-o stimulation. Cells were treated with IFN-o or
PBS for 6 h, and the relative gene expression levels were determined using qRT-PCR. The PCR results are represented as the means + SD of n = 3 biological replicates.

B, C mRNA (B) and protein (C) levels of IFNAR1 were analyzed in WT and RBM47 knockout 293T cells with or without IFN-o stimulation. The relative density of IFNARL
protein in the control group was set to “1”. The PCR results are represented as the means + SD of n = 3 biological replicates.

D IFNARL mRNA expression in PMs from WT and RBM47"/~ mice treated with or without IFN-a. The PCR results are represented as the means + SD of n = 3

biological replicates.

E Flow cytometry analysis of IFNARL in the cytoplasmic membrane of BMDMs from WT and RBM47

are represented as the means + SD of n = 3 biological replicates.

/-

mice. The cells were treated with PBS or IFN-o for 6 h. Data

F, G Protein levels of IFNARL and phosphorylation levels of TYK2, STAT1, and STAT2 in RBM47-overexpressing (F) or knockdown (G) 293T cells. Cells were treated with
PBS or IFN-a for 6 h, and the relative band densities were analyzed using ImageJ software and normalized to GAPDH.
H ISRE luciferase was tested to investigate the effects of RBM47 or its variants on ISG activation stimulated by IFN-o. Data are represented as the means + SD of

n = 3 biological replicates.

I,]  Effect of overexpression of WT or RBM47 mutants on VSV replication. 293T cells were transfected with RBM47-Flag or two mutants for 24 h and then infected with
GFP-expressing VSV (MOI = 0.1) for another 12 h. The replication of VSVG was observed using fluorescence microscopy via GFP signal (1) (Scale bar, 50 um), and
protein levels were determined using Western blot (J). The relative band densities were analyzed using Image] software and normalized to GAPDH. The relative

density of VSVG protein in the control group was set to “1”.

Data information: The data shown are representative of n = 3 independent experiments. NS, non-significant; **P < 0.01, and ***P < 0.001 (Student’s t-test). The data

shown are representative of three independent experiments.
Source data are available online for this figure.

RBM47 amplifies the JAK-STAT pathway

We further tested the effect of RBM47 on IFNAR1 expression follow-
ing IFN-o stimulation. As shown in Fig 5A, mRNA of IFNARI,
rather than IFNAR2, was stabilized by RBM47 in IFN-a-stimulated
293T cells. RBM47 did not stabilize STAT1, which was used as a
control. To further confirm the effect of RBM47 on IFNAR1 mRNA,
the RBM47 knockout cell line was stimulated with IFN-o. RT-PCR
assays showed that the content of IFNAR1 mRNA in RBM47 knock-
out cells was less than that in wild-type cells, regardless of IFN-a
stimulation (Fig 5B). Western blot analysis also demonstrated that
IFNARI protein levels were lower in RBM47 knockout cells than in
wild-type cells (Fig 5C).

To further confirm the action of RBM47 on the expression of
ISGs, we determined the expression of IFNAR1 in macrophages
isolated from wild-type and RBM47 heterozygous mice. As
shown in Fig 5D, the IFNARI mRNA was severely depleted in
PMs from RBMA47 heterozygous mice compared with that in PMs
from WT mice. Furthermore, endogenous IFNARI levels on the

Figure 6. RBM47 displays antiviral activity in vivo.

cytoplasmic membrane of mouse bone marrow-derived macro-
phages (BMDMs) were evidently reduced in RBM47 heterozygous
mice (Fig 5E).

Since RBM47 stabilized the IFNAR1 mRNA, the effect of
RBM47 on the JAK-STAT pathway was investigated. 293T cells
were first transfected with RBM47-Flag or empty vector and then
treated with IFN-a. The results showed that the protein level of
IFNAR1 was enhanced by RBM47 overexpression in cells regard-
less of IFN-o stimulation (Fig SF). Meanwhile, the phosphoryla-
tion levels of TYK2, STAT1, and STAT2 also increased
significantly with ectopic expression of RBM47 (Fig 5F). Simi-
larly, IFNAR1 expression and the phosphorylation levels of
TYK2, STAT1, and STAT2 were reduced significantly in RBM47
knocked down cells (Fig 5G).

In accordance with a previous study (Fossat et al, 2014), we
generated two RBM47 mutant isoforms: the 3RRM variant form
that had the three RNA recognition motifs (RRM) and the ARRM
variant that lacked the RRMs. The reporter assay suggested that
both full-length RBM47 and the 3RRM variant, rather than the

A Immunoblot analysis of RBM47 and IFNARL in the lungs, livers, and spleens of RBM477* (WT) and RBM47"/~ mice. Each band represents tissue samples from one

MOuse.

B Analysis of viral mRNA from blood, lung, brain, and spleen samples of RBM47*/* and RBM47"/~ mice (n = 6 per group) infected with VSV (1 x 10® pfu), and the
results were normalized to those of mouse B-actin. Each dot represents data from one mouse. The PCR results are represented as the means & SD of n = 6 biological

replicates.

C Viral titers in serum, lung, brain, and spleen samples of RBM47"" and RBM47"~ mice at day 1 post-VSV infection. The viral titer data are represented as the

means + SD of n = 6 biological replicates.

D Micrographs of hematoxylin-and-eosin-stained lung sections from mice treated with PBS or VSV (day-1 post-infection). Scale bar, 50 um.
E IFN- protein levels in the serum of RBM47"* and RBM47"/~ mice determined using IFN- ELISA kit. Data are represented as the means & SD of n = 6 biological

replicates.

F gPCR analysis of IFNARL, IFIT1, and Cig5 mRNA in the blood samples of infected mice. The relative expression levels of genes in WT mice were set to “1”. The PCR

results are represented as the means + SD of n = 6 biological replicates.

G RBM47'"" and RBM47"/~ mice were infected with HSV-1 (1 x 107 pfu) via caudal vein injection. Viral genome DNA and progeny titers were tested using blood
samples from infected mice. Data are represented as the means + SD of n = 6 biological replicates.
H gRT-PCR analysis of IFNAR1 and Cig5 mRNA in blood samples from HSV-1-infected mice. The PCR results are represented as the means + SD of n = 6 biological

replicates.

Data information: The data shown are representative of n = 3 independent experiments. NS, non-significant; *P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s t-test).

Source data are available online for this figure.
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Figure 6.

ARRM mutant, enhanced the promoter activity of ISRE induced
by IFN-a (Fig 5H). Fluorescence microscopy results showed that
the replication of VSV-GFP, as represented by the green fluores-
cent protein (GFP) signal, substantially decreased in both RBM47-
and 3RRM-variant overexpressing 293T cells, but not in ARRM
mutant ectopically expressed cells (Fig 5I). Western blot results
also confirmed this finding (Fig 5J). These data indicate that the
RNA recognition domain of RBM47 is essential for its antiviral
function.

© 2021 The Authors

RBM47""

RBM4T"

RBM47"*  RBM4a7™"

RBM47 has antiviral activity in vivo

To further confirm the antiviral activity of RBM47 in vivo, we gener-
ated RBM47 knockout mice. However, we did not obtain RBM47 "/~
homozygous mice, which is consistent with the results of a previous
report (Fossat et al, 2014). Even so, the protein levels of RBM47, as
well as IFNARI, were significantly lower in multiple tissues of
RBM47 heterozygous mice than in those of WT mice (Fig 6A). We
then challenged RBM47"/~ and WT mice with viruses. As shown in
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Fig 6B, we found that the viral mRNA levels in the blood, lung,
spleen, and brain were significantly higher in the blood samples from
VSV-infected RBM47"/~ mice than in those of WT control mice. The
viral titers in these samples from VSV-infected RBM47"/~
also higher than in those from WT controls (Fig 6C). Histological
analysis further indicated that there was more severe tissue injury in
the lungs of VSV- infected RBM47"/~ mice than in those of WT mice
(Fig 6D). Furthermore, we found that the expression of IFN-f was
not influenced (Fig 6E), but the mRNA levels of IFNARI, IFIT1, and
Cig5 were significantly lower in the blood cells of RBM47"~ mice
(Fig 6F). However, the expression of IFN-B (Fig EV4A), IL-6
(Fig EV4B), and TNF-a (Fig EV4C) in the brain and spleen from VSV-
infected RBM47"/~ and WT mice did not differ greatly.

We also infected WT and RBM47"/~ mice with HSV-1. The copy
number of viral genomic DNA and viral titers were significantly
higher in the blood samples from RBM47"/~ mice than in those from
WT controls (Fig 6G). Moreover, the mRNA levels of IFNAR1 and
Cig5 were also decreased in the blood cells of RBM47"/~ mice
compared with that in those of the controls (Fig 6H). These results
demonstrate that RBM47 also modulates IFNAR1 mRNA stability
and displays antiviral activity in vivo.

mice were

The antiviral effect of RBM47 is IFNAR1 dependent

To investigate whether the antiviral effect of RBM47 relies on its
binding to IFNAR1 mRNA, we isolated mouse embryonic fibroblast
(MEF) cells from WT and IFNAR1™/~ mice to test the antiviral
capacity of RBM47. First, we observed that the expression of RBM47
was induced in IFNAR1"* cells upon SeV or IFN stimulation, but
this induction was disappeared in IFNAR1~/~ cells (Fig 7A). This
result further suggested that RBM47 is an ISG and its induction
depends on IFNARI1 signaling.

We then successfully silenced RBM47 in both IFNAR1™" and
IFNAR1™/~ MEFs by shRNA lentivirus against mouse RBM47
(Fig 7B). In wild-type MEFs, after infection with VSV or HSV-1, viral
replication increased in the RBM47 knockdown group compared
with that in the shNC controls (Fig 7C). However, the replication of
both viruses was not significantly influenced in IFNARI1-deficient
cells when RBM47 was knocked down (Fig 7C).

To further confirm this phenotype, we treated IFNAR1-deficient
(IFNAR1/7) mice with shmRBM47 or negative control lentiviruses
via caudal vein injection. Seven-day post-lentivirus infection, mice
were challenged with VSV by intranasal drip. The mRNA level of
RBM47 decreased in shmRBM47-treated mice, suggesting that
RBM47 was successfully knocked down in these mice (Fig 7D).
However, the replication of VSV was not influenced in RBM47
knockdown IFNAR1 ™/~ mice compared to that in the normal group
(Fig 7D). These results demonstrate that the antiviral activity of
RBM47 depends on its capacity to stabilize IFNAR1 mRNA.

From these data, we speculated that RBM47 is induced upon
virus infection and enhances host antiviral responses by stabilizing
IFNARI mRNA (Fig 8).

Discussion

By interacting with RNA and other regulatory molecules, RBPs are
functionally integrated into signal transduction, metabolic, and
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Figure 7. The antiviral activity of RBM47 is IFNAR1 dependent.

A IFNARL™" and IFNARL ™~ MEF cells were stimulated with IFN-B or infected
with SeV, and the expression of IFNARL and RBM47 was determined using
Western blot. The gray values of the blots were analyzed using Image)
software and normalized to GAPDH. The relative density of the control
group was set to “1”.

B IFNAR1™" and IFNARL ™~ MEFs were infected with sShmRBM47 or control
lentivirus, and the knockdown efficiency of RBM47 was determined using
western blot. The relative band densities were analyzed using Image)
software and normalized to GAPDH.

C RBM47-deficient or control IFNARL™* and IFNARL ™/~ MEFs were infected
with VSV or HSV-1. The cells were harvested at 12 hpi. (VSV) or 24 hpi.
(HSV-1), and viral RNA levels were analyzed using qRT—PCR. The PCR
results are represented as the means + SD of n = 3 biological replicates.

D The mRNA levels of VSV and RBM47 in blood samples of IFNAR1-deficient
(IFNARL~/7) mice (n = 6 per group) infected with VSV. Mice were infected
with shmRBM47 or control lentivirus for 7 days and then challenged with
VSV for another 24 h. Each dot represents one mouse. The PCR results are
represented as the means + SD of n = 6 biological replicates.

Data information: The data shown are representative of n = 3 independent
experiments. NS, non-significant; **P < 0.01, and ***P < 0.001 (Student’s
t-test).

Source data are available online for this figure.

transcriptional networks. Although increasing evidence suggests
that RBPs may regulate immune responses, the functions of RBPs in
antiviral immune regulation remain unclear. In this study, we found
that RBM47 is a novel IFN-dependent ISG, which is upregulated in
virus-infected or IFN-stimulated cells and has a broad-spectrum
antiviral activity in vitro and in vivo. Recently, another RBM protein,
RBM10, was reported to have anti-DENV activity (Pozzi et al, 2020).
Our unpublished data suggest that other RBM family members, such
as RBMS3, RBM11, and RBM15 are upregulated during DENV or
ZIKV infection. These results suggest that an increasing number of
RBM proteins may be involved in virus-host interactions.

© 2021 The Authors
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IFNAR1 mRNA

RBM47 is an ISG and induced by viral infection. RBM47 binds to the 3UTR of IFNAR1 mRNA, stabilizes it, and amplifies IFNAR1 signaling.

Since RBM proteins have multiple roles in RNA processing, the
antiviral mechanisms of RBM47 may be complicated. Pozzi et al
(2020) reported that RBM10 may restrict DENV replication by inter-
acting with RIG-I or splicing the mRNA of the antiviral protein
spermidine/spermine-N1-acetyltransferase (SAT1). In this study, we
found that RBM47 binds to IFNAR1 mRNA, which helps stabilize
IFNAR1 mRNA and amplify IFNAR1 signaling. Our experiments
using IFNAR1™/~ cells further confirmed that the antiviral activity
of RBM47 relies on IFNAR1 expression. These results suggest that
different RBM proteins may target their own protein partners or
distinct RNA substrates to perform their functions.

RBM47 may participate in developmental processes (Guan et al,
2013); therefore, most homozygous RBM47 knockout mice die
within 10-11 days of gestation, and the few surviving RBM47~/~
mice were significantly smaller than their wild-type counterparts
(Fossat et al, 2016). Thus, we could not derive RBM47~/~ mice from
the breeding pairs of RBM47"/~ mice. We found that the expression
of RBM47 was significantly downregulated in RBM heterozygous
mice. Upon viral infection, the expression of ISGs in RBM47"/~ mice
was significantly lower, and the viral loads increased dramatically.
These results suggest that sufficient expression of RBM47 is required
for the control of viral infection in vivo.

© 2021 The Authors

Notably, a recent study reported that zebrafish RBM47 could bind
to MAVS and suppress IFN production (Lu et al, 2020). However, in
our mammalian models, we found that human or mouse RBM47 did
not influence IFN production but amplified IFN downstream signal-
ing by binding to IFNAR1 mRNA. Our findings are consistent with
the findings of Vanharanta et al (2014) who reported that in
MDA231 human breast cancer cells, overexpressing RBM47 resulted
in obvious upregulation of various ISGs such as ISG15, OAS1, and
IRF7. Several studies have defined RBM47 as a tumor suppressor in
multiple human cancers (Vanharanta et al, 2014; Radine et al, 2020).
We speculate that promoting IFNAR1 signaling may contribute to
the anti-tumor activity of RBM47.

Lipopolysaccharides (LPS) and TNF induce systemic inflamma-
tory response syndrome (SIRS), which involves a strong induction
of ISGs (Van Looveren et al, 2020) and the degradation of the
IFNARI1 protein serves to protect tissues from excessive damage
(Bhattacharya et al, 2014). Since RBM47 presumably stabilizes
IFNAR1, whether RBM47 can act as a potential target for treating
inflammatory diseases needs to be further investigated. On the other
hand, RBM47 also stabilizes the mRNA of IL-10 (Wei et al, 2019),
an immunosuppressive cytokine, in specific cells. The detailed role
of RBM47 in different cells in inflammation models should be
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addressed carefully. Altogether, our study demonstrated that
RBM47 binds to IFNAR1 mRNA and amplifies host antiviral activity.
This finding provides new evidence that distinct RBPs play critical
roles in antiviral immunity.

Materials and Methods

Cells, virus, and mice

293T, Vero, HUVEC, HFF, THP-1, and HeLa cells were obtained
from ATCC (Manassas, USA) and cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% FBS and antibi-
otics/antimycotics.

The DENV type 2 New Guinea C (NGC) strain and ZIKV MR766
strain were propagated in mosquito C6/36 cells (ATCC). The VSV-
green fluorescent protein (GFP) virus, which expresses GFP as a
non-structural protein, was provided by Dr. Chunsheng Dong (Soo-
chow University). Both VSV-GFP virus and human herpesvirus 1
(HSV-1) were propagated in Vero cells. Cells were infected with
viruses at a multiplicity of infection (MOI) of 1, unless otherwise
stated.

C57BL/6] mice were obtained from the Shanghai Laboratory
Animal Center (Shanghai, China). IFNAR1 /"~ mice (C57BL/6J back-
ground) were obtained from the Institute of Medical Laboratory
Animal Research, Chinese Academy of Medical Sciences (Beijing,
China). RBM47 heterozygous mice were obtained from the CAM-SU
Genomic Resource Center of Soochow University. All animals were
maintained in biosafety level 2 animal facilities, and experiments
were conducted according to the Guide for the Care and Use of
Medical Laboratory Animals (Ministry of Health, People’s Republic
of China) and approved by the Animal Care and Use Committee of
Soochow University.

Antibodies and reagents

The following antibodies were used in this study: mouse anti-
GAPDH (Proteintech, Cat # 60004-1-Ig), mouse anti-Flag (ABclonal,
Cat # AE005), anti-rabbit IgG HRP-linked antibody (CST, Cat #
7074), rabbit anti-Myc (Proteintech, Cat # 16286-1-AP), rabbit anti-
STAT2 (CST, Cat # 72604S), mouse anti-VSV-G (Abgent, Cat #
AP1016a), rabbit anti-p-STAT2 (CST, Cat # 88410S), rabbit anti-
RBM47 (Abcam, Cat # ab167164), rabbit anti-STAT1 (ABclonal, Cat
# A12075), rabbit anti-p-STAT1 (CST, Cat # 9167S), rabbit anti-JAK1
(SAB, Cat # 21119), rabbit anti-IRF9 (Affinity, Cat # DF8179), rabbit
anti-Biotin (Abcam, Cat # ab53494), rabbit anti-TYK2 (Absin, Cat #
abs131318a), rabbit anti-IFNAR1 (Affinity, Cat # DF6571), anti-Flag
M2 Affinity Gel (Sigma-Aldrich, Cat # A2220), and HRP goat anti-
mouse IgG (BioLegend, Cat # 405306).

Transfection reagent, LongTrans, was purchased from UcallM
(Wuxi, China). Puromycin was purchased from MCE (Monmouth
Junction, USA). Actinomycin D (Act D) and protease inhibitor (PI)
were purchased from Sigma-Aldrich. Recombinant human IFN-o and
IFN-$ were obtained from PeproTech (Rocky Hill, USA). DRB was
purchased from Abcam. Recombinant mouse IFN-a and IFN- were
purchased from PBL Assay Science (New Jersey, USA). LEGEND
MAX™ Mouse IFN-B ELISA Kit (Biolegend, San Diego, USA) was
used to measure the concentrations of mouse IFN-f} in the serum.
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Plasmids

Human RBM47 ORF was amplified from the RNA of 293T cells and
then individually subcloned into a eukaryotic expression vector with
a FLAG tag or Myc tag. Mouse lenti-shRBM47-GFP-puro plasmid was
obtained from iCarTAB (Suzhou, China). Two endonuclease sites
(Xbal and Fsel) of the pGL3 promoter plasmid (TransVector,
Chengdu, China) were used to insert the negative control (NC) and
the three RBM47-binding RNA fragments and their mutants. To
construct shRBM47, target sequences were inserted into the RNAi-
Ready pSIREN-RetroQ-ZsGreen vector. To prepare CRISPR/Cas9
constructs of RBM47, two gRNA sequences individually cloned into
LentiCRISPRv2. RBM47 promoter region (—2,000 to +100) were
subcloned into the pGL3-basic-Luc vector to analyze RBM47 promoter
activity. A DNA-based DENV replicon, DGL2, was generously
provided by Dr. Takayuki Hishiki (Kyoto University, Kyoto, Japan)
(Kato et al, 2014). The primer sequences are shown in Table EV1.

Isolation of MEFs, PMs, and BMDMs

Primary MEFs were prepared from IFNARI™" and IFNAR1 7/~
embryos of day 15 and were cultured in DMEM supplemented with
10% FBS. MEFs were prepared from mouse embryos using standard
protocols (Lunde et al, 2007). PMs and BMDMs were prepared as
described previously (Bisgaard et al, 2016). Briefly, PMs were
isolated from the peritoneal cavity of WT or RBM47"~ mice by
flushing the peritoneal cavity with 5 ml of ice-cold PBS. Cells were
resuspended in RPMI-1640 (Gibco, 12633) media plus 10% FBS and
incubated at 37°C. BMDMs were isolated from female mice by
flushing the femur and tibia with PBS. The bone marrow cells were
resuspended in RPMI-1640 + 10% FBS + 10% L929-cell conditioned
medium and incubated for 7 days at 37°C and 5% CO, with the
medium changed every 3—4 days.

Lentivirus preparation

293T cells were co-transfected with mouse Lenti-shRBM47-GFP-
puro (shmRBM47) or control vector (Lenti-U6-shRNA-GFP-puro)
and three helper vectors (pGAG, pVSVG, and pREV). After 48 h, the
culture supernatant containing lentiviruses was collected. The
aliquoted lentiviruses were stored at —80°C for subsequent experi-
ments. MEF cells were infected with packaged shmRBM47 lenti-
viruses in the presence of polybrene (Yeasen, Shanghai, China).

Construction of RBM47 '~ stable cell lines

293T cells were transfected with two CRISPR/Cas9 constructs of
RBM47 (LentiCRISPRv2-RBM47-1 & —2) and selected with puro-
mycin (2 pg/ml) for at least 3 weeks. RBM47/~ cell lines were
obtained by puromycin selection and single-cell clone culture and
then verified by western blot analysis.

Immunoblotting and immunoprecipitation
Cells were harvested in cell lysis buffer containing protease for west-
ern blotting and IP. The samples were then centrifuged for 10 min

to remove the cellular debris. The lysates were incubated with speci-
fic antibodies on a rotor at 4°C. Protein A/G PLUS-agarose (Santa
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Cruz, Dallas, USA) was added to the samples and incubated for an
additional 3 h on a rotor at 4°C. After five washes with lysis buffer,
the immunoprecipitates were eluted by boiling with loading buffer
containing B-mercaptoethanol for 10 min and analyzed using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), followed by transfer to polyvinylidene difluoride (PVDF)
membranes. The membranes were then blocked with 5% non-fat
milk for 30 min at room temperature and probed with the primary
antibodies, followed by HRP-conjugated goat anti-mouse or anti-
rabbit secondary antibodies. Immunoreactive bands were visualized
using High-SigECL Substrate kits (Tanon, Beijing, China).

Real-time polymerase chain reaction (PCR)

Total RNA was extracted using the Total RNA Kit I (Omega,
Norcross, USA), reverse transcribed using the PrimeScript Master
Mix kit (TaKaRa, Kusatsu, Japan), and subjected to real-time PCR
analysis to measure mRNA expression levels of the tested genes.
The resulting cDNA was mixed with RT-PCR primers and SYBR
Premix Ex Taqll and amplified for 40 cycles (95°C for 10 s, 60°C for
10 s, and 72°C for 30 s). The primer sequences used are listed in
Table EV1. All qRT-PCR results are represented as relative fold
changes after normalization to B-actin controls.

Dual-luciferase reporter (DLR) assays

50 ng expression plasmid, 50 ng IFN-B-Luc/ISRE-Luc, and 5 ng
PRL-TK (internal control) were co-transfected into 293T cells plated
in 96-well plates. The cells were then infected with virus or stimu-
lated using IFN-a (200 U/ml). Cells were harvested after 24 h, and
DLR assays were performed using a luciferase assay kit (Promega,
Madison, USA). All reporter assays were performed at least in tripli-
cate, and the results are shown as average value + standard devia-
tion (SD) for each representative experiment.

Electrophoretic mobility-shift assay

Electrophoretic mobility shift assay (EMSA) was performed accord-
ing to the standard protocols (Xie et al, 2019). The RNA fragments
were incubated with purified Flag-tagged RBM47 protein at 37°C for
10 min. Samples were then loaded onto a 6% polyacrylamide mini
gel (without SDS) to separate the RNA-protein complexes and free
RNAs using electrophoresis (100 V for 1 h) in 0.5x TBE buffer on
ice. After electrophoresis, RNA fragments were transferred from the
polyacrylamide gel to a positively charged nylon membrane (Bey-
otime, Shanghai, China) in 0.5x TBE buffer (380 mA for 1 h) on ice.
The nylon membrane was irradiated with 200 mJ/cm? of ultraviolet
(UV) light at 254 nm in a UV-100 UV crosslinker (Tanon, Beijing,
China) with default settings. The nylon membrane was blocked and
probed with an anti-biotin antibody for 3 h at room temperature.
After washing four times with washing buffer, the blots were incu-
bated with HRP-conjugated secondary antibody and visualized
using an ECL Kkit.

RNA immunoprecipitation (RIP) assay

293T cells were transfected with RBM47-Flag plasmid. After 2 days,
the cells were harvested and subjected to RNA-binding protein
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immunoprecipitation (RIP) with an RIP kit using Flag antibody or
IgG isotype, according to the manufacturer’s instructions (Medical &
Biological Laboratories, Nagoya, Japan). The precipitated RNA was
reverse transcribed into cDNA and subjected to qRT-PCR analysis.
The data are presented as fold enrichment of anti-Flag Ab relative to
the IgG group.

RNA pull-down assay

An RNA pull-down assay was conducted to determine the interac-
tion between RBM47 and IFNAR1 mRNA in 293T cells. Briefly, three
RNA segments on the IFNAR1 3’UTR were synthesized and biotiny-
lated by Synbio Technologies (Monmouth Junction, USA). 293T
cells transfected with RBM47-Flag were harvested and lysed. The
lysates were incubated with 2 pg of biotin-labeled RNA for 2 h on a
rotor at 4°C. A mixture of Protein A/G PLUS-Agarose and anti-biotin
antibodies was added to the samples and incubated on a rotor for
an additional 3 h at 4°C. After washing five times, the proteins
bound to the beads were subjected to western blotting with a Flag
antibody.

Virus titration

The titers of VSV and HSV-1 in cell-free supernatants were deter-
mined with a median tissue culture infective dose (TCID50) assay
according to standard protocols using Vero cells (Wu et al, 2013).
Briefly, cells were transfected with different plasmids and then
infected with VSV or HSV-1 for 24 h. Culture supernatants contain-
ing VSV or HSV-1 viruses were serially diluted with DMEM and then
placed on a monolayer of Vero cells in 96-well plates. The virus titer
(TCIDS0/ml) was calculated using the Reed-Muench method. One
TCID50/ml was equivalent to 0.69 pfu/ml (Li et al, 2011; Wu et al,
2013).

Viral infection in vivo

For in vivo viral infection studies, 8-week-old control and mutant
mice were infected with VSV (1 x 10® pfu), administered intrana-
sally, or HSV-1 (1 x 107 pfu), injected into the caudal vein. After
24 h, blood was collected from the orbital sinus for the analysis of
RNA and viral titers.

Histological analysis

Lung tissues from control or VSV-infected mice were fixed in 4%
formaldehyde solution and embedded in paraffin. Paraffin sections
were stained with a hematoxylin—eosin solution, and histological
changes were observed using a light microscope (Nikon, Tokyo,
Japan).

Flow cytometry

BMDMs stimulated with IFN-o were analyzed using flow cytometry.
Cells (1 x 10° cells/tube) were collected with cold 1x PBS and incu-
bated for 30 min at 4°C with FITC-conjugated anti-IFNARI1 (Sino
Biological, Beijing, China). After further washing, the cells were
analyzed using BD FACS Canto II (Becton, New Jersey, US). FACS
data were analyzed using FlowJo software.
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Statistical analysis

Prism 8 software (GraphPad Software, San Diego, USA) was used
for the charts and statistical analyses. The data collected were
expressed as mean + SD, and the significance of differences
between two groups was analyzed using an unpaired two-tailed
Student’s t-test with a cutoff P value of 0.05. For multiple compar-
ison expression analysis, all data were normalized to the wild-type
controls. For qRT-PCR analysis, the relative expression level of each
gene in the control group was set to “1”. Significant differences are
indicated as follows in all figures: *P < 0.05, **P < 0.01, and
*EED < 0.001.

Data availability

This study did not include data deposited in external repositories.
All relevant data are available in the manuscript and Supporting
Information files.

Expanded View for this article is available online.
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