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ABSTRACT Porcine epidemic diarrhea virus (PEDV) belongs to the genus Alphacoronavirus
of the Coronaviridae family and can cause fatal watery diarrhea in piglets, causing sig-
nificant economic losses. Heterogeneous nuclear protein U (HNRNPU) is a novel RNA
sensor involved in sensing viral RNA in the nucleus and mediating antiviral immunity.
However, it remains elusive whether and how cytoplasmic PEDV can be sensed by the
RNA sensor HNRNPU. In this study we determined that HNRNPU was the binding part-
ner of Nsp13 by immunoprecipitation-liquid chromatography-tandem mass spectrometry
(IP/LC-MS/MS) analysis. The interaction between Nsp13 and HNRNPU was demonstrated
by using coimmunoprecipitation and confocal immunofluorescence. Next, we identified
that HNRNPU expression is significantly increased during PEDV infection, whereas the
transcription factor hepatocyte nuclear factor 1« (HNF1A) could negatively regulate
HNRNPU expression. HNRNPU was retained in the cytoplasm by interaction with PEDV
Nsp13. We found that HNRNPU overexpression effectively facilitated PEDV replication,
while knockdown of HNRNPU impaired viral replication, suggesting a promoting func-
tion of HNRNPU to PEDV infection. Additionally, HNRNPU was found to promote PEDV
replication by affecting TRAF3 degradation at the transcriptional level to inhibit PEDV-
induced beta interferon (IFN-B) production. Mechanistically, HNRNPU downregulates
TRAF3 mRNA levels via the METTL3-METTL14/YTHDF2 axis and regulates immune
responses through YTHDF2-dependent mRNA decay. Together, our findings reveal that
HNRNPU serves as a negative regulator of innate immunity by degrading TRAF3 mRNA
in a YTHDF2-dependent manner and consequently facilitating PEDV propagation. Our
findings provide new insights into the immune escape of PEDV.

IMPORTANCE PEDV, a highly infectious enteric coronavirus, has spread rapidly world-
wide and caused severe economic losses. During virus infection, the host regulates
innate immunity to inhibit virus infection. However, PEDV has evolved a variety of dif-
ferent strategies to suppress host IFN-mediated antiviral responses. Here, we identified
that HNRNPU interacted with viral protein Nsp13. HNRNPU protein expression was up-
regulated, and the transcription factor HNF1A could negatively regulate HNRNPU
expression during PEDV infection. HNRNPU also downregulated TRAF3 mRNA through Editor Tom Gallagher, Loyola University
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caused by the porcine epidemic diarrhea virus (PEDV), which is characterized by Published 8 February 2023
vomiting, watery diarrhea, anorexia, and high mortality of suckling pigs (1). PEDV is a
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member of the genus Alphacoronavirus in the family Coronaviridae. Its genome is a sin-
gle-stranded positive-strand RNA with a length of about 28 kb. The PEDV genome con-
tains seven open reading frames (ORFs), encoding 16 nonstructural proteins (NSPs), an
accessory protein (ORF3), and 4 structural proteins (SPs; containing an envelope, E; nu-
cleocapsid, N; membrane, M; and spike, S). Nonstructural proteins are mainly hydro-
lyzed from the polyproteins ppla and pp1b (2, 3). In vitro, a number of SPs and NSPs
will suppress type I/lll interferon (IFN) responses (4). IFN exerts a predominant function
in the innate immunity of the host, which accounts for the first-line defense to resist
pathogenic microorganisms (5). Among the nonstructural proteins, Nsp13 protein
inhibits type | interferon production by selectively degrading TBK1 via p62-dependent
autophagy (6). Thus, Nsp13 plays an important role in the process of virus proliferation.
However, the mechanism of interaction between PEDV Nsp13 and host proteins is not
yet fully understood.

In mammals, multiple members of the heterogeneous nuclear protein (HNRNP) family
perform different functions, such as RNA splicing, RNA transport, genomic stability, innate
immune response, and SUMOylation (7-9). Most members of the HNRNP family are
located primarily in the nucleus and can be translocated to the mitochondria, endoplas-
mic reticulum, or Golgi apparatus in the cytoplasm (10). In addition, the HNRNP family
proteins also play an active role in affecting viruses. Among them, HNRNPA1 protein can
bind to the RNA of the influenza virus and prevent nucleic acid from exiting the nucleus
to inhibit the influenza virus (11); HNRNPL interacts with foot-and-mouth disease virus
(FMDV) internal ribosome entry sites (IRES) to suppress FMDV replication by downregulat-
ing viral RNA synthesis (12). HNRNPU, also known as nuclear matrix protein-nuclear scaf-
fold attachment factor (SAFA), has recently been identified as a novel nuclear RNA sensor.
Upon recognition of viral double-stranded RNA (dsRNA), HNRNPU oligomerizes in the nu-
cleus and acts as a superenhancer, promoting the activation of antiviral responses by
interacting with chromatin remodeling complexes (13). However, the mechanism by
which HNRNPU regulates PEDV replication is unclear.

Ne-methyladenosine (m°®A) in mRNA is the most abundant internal modification of
mMRNA, so it is an important regulatory mechanism that controls gene expression in
various physiological processes (14). The methylation modification of m°A is reversible,
including methyltransferases (writers), demethylases (erasers), and methylated reading
proteins (readers). Among them, methyltransferases include METTL3/14, WTAP, and
KIAA1429, which mainly catalyze the m°A modification of adenylate on mRNA (15). The
demethylases include FTO and ALKHB5, which are responsible for the demethylation
of bases that have undergone m°A modification (16). The main function of reading
proteins (the YTHDF family) is to recognize bases modified by m°A, thereby activating
downstream regulatory pathways such as RNA degradation and microRNA (miRNA)
processing (17, 18). In recent years, RNA m°A modification has been found to play a
role in the replication of many viruses and the immune response to viral infection. This
modification can affect viral replication and can be hijacked to evade host cellular im-
munity (19). However, the mechanism of m°A modification in PEDV evasion of innate
immunity is not completely understood.

In this study, we aimed to better understand the mechanism of host-PEDV infection
interaction through immunoprecipitation-liquid chromatography-tandem mass spectrome-
try (IP/LC-MS/MS) screening. We found that PEDV Nsp13 was able to interact with HNRNPU.
During PEDV infection, HNRNPU can transfer from nucleus to cytoplasm, and the transcrip-
tion factor HNF1A could affect the expression of HNRNPU. We demonstrated that overex-
pression of HNRNPU inhibits type | interferon production and promotes the replication of
PEDV, whereas knockdown of HNRNPU promotes type | interferon production and inhibits
the replication of PEDV. In addition, HNRNPU interacts with TRAF3 to degrade TRAF3 mRNA
in a YTHDF2-dependent manner and inhibit IFN-I signaling to promote PEDV replication. In
conclusion, our study suggests that PEDV infection can promote HNRNPU transfer from nu-
cleus to cytoplasm to interact with Nsp13 and reveals the mechanism by which HNRNPU
regulates innate immunity and PEDV replication.
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FIG 1 Interaction of HNRNPU with PEDV Nsp13 protein. (A) Summary of the PEDV Nsp13-interacting
proteins identified by mass spectrometry. (B) Exogenous co-IP analysis of the binding of Nsp13 and
HNRNPU. HEK293 cells were cotransfected with Flag-Nsp13 and EGFP-HNRNPU plasmids for 36 h. A
quarter of the cell extract was subjected to the input assay to assess B-actin, Flag-fusion, and GFP-fusion
protein levels. The rest of the extract was subjected to IP assay. Western blot analysis detected proteins
with a mouse anti-GFP MAb and a mouse anti-Flag MAb. (C) An entire day of transfection of Marc-145
cells was accomplished using the Flag-Nsp13-encoding plasmids prior to the co-IP procedure, where the
anti-Flag binding beads were utilized. Subsequently, Western blotting proceeded for investigating the
protein precipitates. (D) The interaction of HNRNPU with PEDV Nsp13 protein after RNase treatment. (E)
Following transfection of Marc-145 cells using HNRNPU-EGFP- and Nsp13-Flag-encoding plasmids, the
specific primary and secondary antibodies were utilized to accomplish cellular labeling. DAPI labeling
was used for the cellular nuclei. At the same time, confocal immunofluorescence microscopy was used
to observe the fluorescent signals.
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RESULTS

Identification of cellular proteins that interact with PEDV Nsp13 protein. To
identify host cellular proteins that interact with PEDV Nsp13 protein, we employed immuno-
precipitation-liquid chromatography-tandem mass spectrometry (IP/LC-MS/MS) analysis.
Among these proteins, HNRNPU is a novel Nsp13-interacting protein. Because it scored high-
est among the identified candidate proteins, it was chosen for subsequent studies (Fig. 1A).
Then, we sought to validate the interaction between HNRNPU and Nsp13 by immunopreci-
pitation (IP) assay in vitro. HEK293T cells were transfected with Flag-tagged-Nsp13 and
enhanced green fluorescent protein (EGFP)-tagged-HNRNPU, individually or in combination.
Cell lysates were immunoprecipitated with an anti-Flag monoclonal antibody (MAb), fol-
lowed by Western blotting with mouse MAb against Flag or the EGFP tag. EGFP-tagged
HNRNPU was coimmunoprecipitated with Flag-tagged Nsp13 when they were coexpressed
but not in the absence of Nsp13, indicating that HNRNPU interacts with Nsp13 (Fig. 1B).
Additionally, the PEDV Nsp13 protein contributed to the efficient coimmunoprecipitation
with the endogenous HNRNPU protein (Fig. 1C), and the interaction was not affected by cell
lysis with RNase (Fig. 1D), indicating that the PEDV Nsp13 protein interaction with HNRNPU
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does not depend on RNA. Next, we investigated the colocalization of HNRNPU and the
PEDV Nsp13 protein with confocal microscopy. Marc-145 cells were cotransfected with
EGFP-HNRNPU and Flag-Nsp13, and protein localization was examined after 24 h. A confocal
immunofluorescence assay showed that the HNRNPU and Nsp13 proteins colocalized in the
cytoplasm (Fig. 1E), which further fostered interaction between Nsp13 and HNRNPU. Thus, it
was shown that HNRNPU could interact with the Nsp13 protein of PEDV.

HNRNPU is involved in the infection of PEDV. We have already shown that PEDV
Nsp13 interacts with HNRNPU. However, whether PEDV infection or Nsp13 transfection
could affect the expression of HNRNPU remains unknown. To determine whether HNRNPU
is involved in PEDV infection, the transcriptional and expression levels of HNRNPU were
determined in a Marc-145 cell. We found that the protein and mRNA levels of HNRNPU
were significantly increased under PEDV infection in a time- (Fig. 2A and B) and dose-de-
pendent manner (Fig. 2C and D). The interaction between PEDV Nsp13 and host factor
HNRNPU prompts us to guess whether the PEDV Nsp13 protein could affect HNRNPU
expression. As expected, transfection of Flag-Nsp13 plasmid significantly increased mRNA
and protein expression of HNRNPU (Fig. 2E and F). It has recently been reported that
HNRNPU is an RNA sensor in the nucleus (13), whereas PEDV is a cytoplasmic RNA virus.
Therefore, we hypothesized that translocation of HNRNPU might be the critical step for
cytoplasmic RNA virus recognition. To determine the distribution of HNRNPU in Marc-145
cells under PEDV infection, HNRNPU proteins were separated from nucleus and cytoplasm
to examine the subcellular distribution of HNRNPU. As with previous reports, HNRNPU was
mainly localized in the nucleus in the resting state (Fig. 2G), whereas HNRNPU accumu-
lated in the cytoplasm under PEDV infection and almost disappeared in the nucleus 24 h
after exposure to PEDV (Fig. 2G). Additionally, overexpression of PEDV Nsp13 was able to
promote the accumulation of HNRNPU in the cytoplasm in Marc-145 cells (Fig. 2H). These
data suggest that nucleocytoplasmic translocation of HNRNPU may be essential for recog-
nition of PEDV infection.

HNF1A negatively regulates the expression of HNRNPU. To detect the transcrip-
tion factors of HNRNPU, we analyzed the promoter activation of HNRNPU in PEDV infec-
tion. Luciferase assays indicated that PEDV infection could enhance the activity of the
HNRNPU promoter (Fig. 3A). To find the essential cis-regulatory elements of the HNRNPU
promoter, the regions —0.36, —0.76, —1.16, —1.56, and —1.96 k (K represents 1000 bp
upstream of the promoter region) were segmented to construct the pGL4.10-basic vector,
and their ability to direct luciferase expression in HEK293T cells was tested. As shown in
Fig. 3B, the promoter activity peaked between —1.16 and —1.56 k, indicating the presence
of key active sites in this region. To confirm the boundaries of the minimal HNRNPU pro-
moter, we further truncated the gradient in the region and finally determined that nucleo-
tides from —1.36 to —1.46 k showed increased luciferase expression (Fig. 3B). Together,
these results indicate that the boundaries of the minimal HNRNPU core promoter are at
positions —1.36 to —1.46 k.

To analyze the transcriptional regulation of the HNRNPU gene, we used the bioinfor-
matic tools JASPAR and Gene Regulation to find transcription factors that bind to the
—1.36 to —1.46 k region. As a result, the HNF1A binding site in this region was identified
(Fig. 3C). To demonstrate whether HNF1A regulates the expression of HNRNPU, we deleted
the predicted binding site of HNF1A based on the reporter plasmid D2, and the results
showed that the promoter activity was significantly upregulated (Fig. 3D). In addition, we
constructed an HNF1A eukaryotic expression plasmid and cotransfected Marc-145 cells
with reporter plasmids D2 and D2-delete HNF1A site. The results showed that overexpres-
sion of HNF1A significantly downregulated the activity of the HNRNPU promoter (Fig. 3D).
We also observed an increase in the abundance of HNF1A mRNA during PEDV infection
(Fig. 3E). To confirm that HNF1A is involved in the regulation of HNRNPU expression, we
constructed a Flag-HNF1A expression plasmid, and Western blot analysis showed that the
HNF1A gene was successfully constructed (Fig. 3F). We found that after overexpression of
HNF1A, HNRNPU protein and mRNA levels were significantly downregulated during PEDV
infection (Fig. 3G and H). Overall, these results indicate that HNF1A negatively regulates
the activity of the HNRNPU promoter, thereby inhibiting its expression.
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FIG 2 HNRNPU is involved in the infection of PEDV. (A) Marc-145 cells were infected with PEDV (MOI, 0.5) for 12,
24, or 36 h. HNRNPU mRNA was analyzed by gPCR. (B) Marc-145 cells were infected with PEDV (MOI, 0.5) for 12,
24, or 36 h. HNRNPU protein levels were analyzed by Western blotting. Western blot data were semiquantified and
normalized against B-actin protein loading control. (C) Marc-145 cells were infected with PEDV (MO|, 0, 0.5, 1, 1.5)
for 48 h. HNRNPU mRNA levels were analyzed by qPCR. (D) Marc-145 cells were infected with PEDV (MOI, 0, 0.5, 1,
1.5) for 24 h. HNRNPU protein levels were analyzed by Western blotting. Western blot data were semiquantified
and normalized against B-actin protein loading control. (E) gPCR analysis of HNRNPU mRNA expression in Macr-
145 cells transfected with Flag-Nsp13 plasmid at 24 h or 48 h posttransfection. (F) Immunoblot analysis of HNRNPU
protein expression in Marc-145 cells transfected with Flag-Nsp13 plasmid at 24 h or 48 h posttransfection. (G)
Marc-145 cells were infected with PEDV (MOI, 0.5) for the indicated time. Nuclear and cytoplasmic proteins were
separated. HNRNPU, Lamin B1, and B-actin protein levels were analyzed by Western blotting. Lamin B1 and B-actin
were nuclear and cytoplasmic index proteins, respectively. Nuclear and cytoplasmic Western blot data were
semiquantified and normalized against lamin B1 and B-actin protein loading control, respectively. (H) Marc-145
cells were transfected with Flag-tagged PEDV Nsp13 for 24 h. The nuclear and cytoplasmic proteins were
separated. HNRNPU, lamin B1, and B-actin protein levels were analyzed by Western blotting. Data were obtained
from three independent experiments (n = 3). The differences were evaluated using Student’s t test; significant
differences are denoted as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001.

HNRNPU can promote PEDV replication. To investigate whether HNRNPU affects
PEDV replication, HNRNPU protein was overexpressed in Marc-145 cells for 24 h, and
then the cells were infected with PEDV at a multiplicity of infection (MOI) of 0.5. The
cells and supernatants were collected at various time points and PEDV N expression
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FIG 3 HNF1A is a new transcription factor of the HNRNPU gene. (A) Marc-145 cells were cotransfected with the promoter-reporter
plasmids of HNRNPU and phRL-TK for 24 h, followed by infection with PEDV at an MOI of 1; the cells were harvested for dual-luciferase
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and PEDV viral loads were measured. Quantitative PCR (qPCR) and Western blot analy-
sis indicated that overexpression of HNRNPU could significantly promote the replication of
PEDV (Fig. 4A and B). In addition, the median tissue culture infective dose (TCIDs,) was con-
sistent with mRNA and protein results (Fig. 4C). To further verify the role of HNRNPU in
PEDV replication, we designed small interfering RNA (siRNA) against HNRNPU and per-
formed Western blotting to evaluate the interference efficiency of HNRNPU (Fig. 4D). As
shown in Fig. 4E and F, PEDV N protein and mRNA levels in siHNRNPU cells were lower
than those in normal control (NC)-siRNA transfected cells. Compared with the NC-si group,
immunofluorescence assays exhibited fewer PEDV virions in siHNRNPU-transfected cells
(Fig. 4G). Similarly, the virus titer in cells transfected with siHNRNPU was also reduced (Fig.
4H). In summary, these data indicate that HNRNPU positively regulates PEDV proliferation.

HNRNPU is not involved in PEDV attachment, internalization, or release. Having
demonstrated that HNRNPU promotes PEDV infection, we next examined which stage of
the viral life cycle was affected. Marc-145 cells were transiently transfected with EGFP-
HNRNPU or siRNA targeting HNRNPU for 24 h and incubated with PEDV virions at an
MOI of 10 for 1.5 h at 4°C to allow adsorption (see Fig. S1A in the supplemental material).
For PEDV endocytosis, cells were subsequently switched from 4°C to 37°C for 1 h after re-
moval of unbound virus. The cells were harvested for detection of PEDV N levels. The
results showed that HNRNPU did not affect either adsorption or endocytosis of PEDV
(Fig. S1B). As for the effect of HNRNPU on virus release, cells transfected with EGFP-
HNRNPU and siHNRNPU were infected with PEDV at an MOI of 0.5 for 36 h, and virus
release was calculated based on intracellular and extracellular virus N levels. HNRNPU
does not affect PEDV release, as assessed by Western blot analysis (Fig. S1C). Based on
the above-described results, we hypothesized that HNRNPU may participate in the PEDV
genome replication stage by interacting with Nsp13.

HNRNPU negatively regulates type | IFN signaling. HNRNPU was reported to act
as an RNA sensor in the nucleus or cytoplasm to activate IFN signaling following RNA virus
infection (13). To examine the effect of HNRNPU on type | IFN signaling and antiviral immu-
nity, we performed a dual luciferase reporter assay and found that ectopic expression of
HNRNPU significantly suppressed the activation of IFN-3 promoter and NF-xB promoter af-
ter intracellular (IC) poly(l-C) treatment (Fig. 5A). When we used siRNA to knock down
HNRNPU, the activation of the IFN-B promoter and NF-«B promoter was significantly ele-
vated (Fig. 5B). In addition, HNRNPU inhibited the activation of the IFN-B promoter and NF-
«B promoter in a dose-dependent manner (Fig. 5C and D). Meanwhile, we performed qPCR
analysis and found that overexpression of HNRNPU resulted in fewer IFN-3, interferon-
stimulated gene 15 (ISG15), MX dynamin like GTPase 1 (Mx1), and interferon induced trans-
membrane protein 1 (IFITM1) mRNA during PEDV infection than in control cells (Fig. 5E). In
contrast, the mRNA of IFN-3, ISG15, Mx1, and IFITM1 in siHNRNPU cells was higher than
that in control cells (Fig. 5F). Together, these results suggest that HNRNPU negatively regu-
lates type | interferon signaling and antiviral immunity.

HNRNPU targets TRAF3 and promotes its mRNA degradation. Host cells recognize
incoming pathogen-associated molecular patterns (PAMPs) through multiple pattern recog-
nition receptors (PRRs), such as Toll-like receptors (TLRs) and RIG-I-like receptors (RLRs). To
clarify the molecular mechanism of HNRNPU-mediated antagonistic effects on the TLR or
RLR signaling pathway, we first transfected plasmids encoding RIG-I, mitochondrial antiviral
signaling protein (MAVS), TRAF3, or interferon regulatory factor (IRF3) together with the IFN-

FIG 3 Legend (Continued)

assays 24 h later. (B) Marc-145 cells were cotransfected with a different region of HNRNPU promoter-reporter plasmids and phRL-TK. The
cells were harvested for dual-luciferase assays 48 h later. (C) The HNRNPU promoter region contains one HNF1A binding site. (D) Marc-
145 cells were cotransfected with the indicated reporter plasmids and phRL-TK; the cells were harvested for dual-luciferase assays 48 h
later. (E) Marc-145 cells were infected or mock infected with PEDV at an MOI of 0.5 and harvested at the indicated times. The expression
of HNF1A was analyzed with real-time PCR. (F) Marc-145 cells were transfected with Flag empty plasmid and Flag-HNF1A plasmid for 48
h; the cells were harvested to detect the expression of HNF1A by Western blotting. (G and H) Marc-145 cells were transfected with Flag
empty plasmid and Flag-HNF1A plasmid for 36 h, and infected with PEDV for 12 and 24 h. The cells were harvested to detect the
expression of HNRNPU with Western blotting and qPCR. The differences were evaluated using Student's t test; significant differences are

denoted as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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*** P < 0.001.

B promoter in the presence or absence of HNRNPU. HNRNPU inhibited the activation of the
IFN-B promoter triggered by the expression of RIG-, MAVS, and TRAF3, but not IRF3 (Fig.
6A). Meanwhile, we found that overexpression of HNRNPU significantly reduced TRAF3 pro-
tein levels after PEDV infection (Fig. 6B) without affecting RIG-| and MAVS. Previously, we
found that TRIM56 inhibited PEDV replication by enhancing the TLR3-TRAF3-mediated IFN-
B antiviral response (20). Therefore, we overexpressed HNRNPU in Marc-145 cells and
infected PEDV for 12 h, 24 h, and 36 h. It was found that HNRNPU did not affect the protein
expression of TLR3 but could degrade the endogenous expression of TRAF3 (Fig. 6C). In
order to verify whether TRAF3 interacts with HNRNPU during PEDV infection, Marc-145 cells
were transfected with Flag-TRAF3- and EGFP-HNRNPU-expressing plasmids, and PEDV was
infected for 24 h. The results showed that Flag-TRAF3 pulled down EGFP-HNRNPU (Fig. 6D).
The confocal microscopic analysis further demonstrated that HNRNPU was colocalized with
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FIG 5 HNRNPU negatively regulates the type | IFN signaling pathway. (A and B) HNRNPU inhibits IFN-
related promoter activities. Luciferase reporter plasmids (IFN-B-Luc or NF-«B-Luc) and the pRL-TK
plasmid were cotransfected into HEK293 cells, along with EGFP-HNRNPU or Vec (A) or HNRNPU siRNA
or scrambled siRNA (NC) (B). At 24 h after transfection, the cells were left untreated or were treated
with poly(l-C) for 12 h before reporter assays were performed. (C and D) Luciferase reporter plasmids
(IFN-B-Luc or NF-«B-Luc) and the pRL-TK plasmid were cotransfected into HEK293 cells, along with
different concentrations of HNRNPU expression plasmid. At 24 h after transfection, cells were left
untreated or were treated with poly(I-C) for 12 h before reporter assays. (E and F) Marc-145 cells were
transfected with EGFP-HNRNPU or Vec (E) or HNRNPU siRNA or NC (F) and subsequently infected with
PEDV for 12, 24, or 36 h before gqPCR analysis. Data were obtained from three independent
experiments (n = 3). The differences were evaluated using Student’s t test; significant differences are
denoted as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001.

TRAF3 mainly in the cytoplasm (Fig. 6E). These data indicate that HNRNPU protein can target
TRAF3 for degradation and block interferon signal transduction.

It has been established that protein levels can be influenced by transcriptional or
posttranslational modifications. To clarify whether HNRNPU affects TRAF3 degradation
at the transcriptional or translational level, we detected the TRAF3 mRNA levels and
found that overexpression of HNRNPU after PEDV infection significantly decreased
TRAF3 mRNA (Fig. 6F). This indicated that the degradation of TRAF3 by HNRNPU
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FIG 6 HNRNPU specifically interacts with TRAF3 and promotes mRNA degradation. (A) HNRNPU
inhibits activation of the IFN-B promoter induced by RIG-l, MAVS, and TRAF3. HEK293T cells were
transfected with the indicated plasmids along with control vector or HNRNPU expression plasmids.
Reporter assays were performed 24 h after transfection. (B) Marc-145 cells were transfected with
EGFP-HNRNPU and Flag-TRAF3 alone or cotransfected for 48 h. Cell samples were harvested, and the
ectopically expressed TRAF3 was determined by Western blot analysis using antibodies against Flag
tags. (C) Marc-145 cells were transfected with EGFP-HNRNPU for 36 h and then inoculated with PEDV
for 12, 24, or 36 h. The expression of endogenous TRAF3 was determined by Western blot analysis.
(D) Co-IP analysis of HNRNPU and TRAF3. Marc-145 cells were transfected with EGFP-HNRNPU and
Flag-TRAF3 for 36 h, and PEDV was infected for 24 h. (E) The colocalization of HNRNPU and TRAF3
was observed by confocal immunofluorescence microscopy. (F) TRAF3 mRNA levels in PEDV infection
after HNRNPU overexpression were detected by qPCR. (G) Detection of m°A levels of TRAF3 in the
siHNRNPU cells by MeRIP-qPCR. (H) TRAF3 mRNA degradation in PEDV-infected siHNRNPU Marc-145
cells treated with actinomycin D at the indicated times (n = 3), with the HNRNPU wild-type (WT) cells
as the control. Residual RNAs were normalized to 0 h. Data were obtained from three independent
experiments (n = 3). The differences were evaluated using Student’s t test; significant differences are
denoted as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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occurred at the transcriptional level. Previous studies have shown that cytoplasmic
méA-methylated mRNA binds to cytoplasmic reader protein, affecting mRNA stability,
translation, or localization (16). Using SRAMP and RMBasev2.0, we inferred that there
were three m°A modification sites (23 bp, 1,621 bp, and 1,639 bp) in the coding region
of TRAF3 (Fig. S2A). MeRIP-qPCR further demonstrated that the m°A level of TRAF3 was
significantly decreased after siHNRNPU (Fig. 6G). In contrast, overexpression of
HNRNPU significantly increased TRAF3 mCA levels (Fig. S2B). The measurement of
TRAF3 mRNA decay after blocking new RNA synthesis with actinomycin D showed that
the stability of TRAF3 transcripts was significantly increased in silencing HNRNPU cells
(Fig. 6H). Overexpressing HNRNPU significantly reduced TRAF3 mRNA stability (Fig.
S2C). Taken together, these results confirm that HNRNPU inhibits innate immunity and
promotes viral replication by affecting the stability of TRAF3 mRNA and reducing its
protein expression during viral infection.

HNRNPU promotes RNA decay of TRAF3 in a YTHDF2-dependent manner. m°A
is mainly formed by METTL3-METTL14 heterodimers in mRNA transcripts, and the YTHDF2
protein is a crucial reader protein for RNA transcript m°A methylation and promotes cyto-
plasmic mRNA degradation (21). We constructed METTL3, METTL14, and YTHDF2 protein
expression plasmids. We found that overexpression of METTL3, METTL14, or YTHDF2 in
Marc-145 cells significantly downregulated the mRNA levels of TRAF3, IFN-8, ISG15, and
Mx1, which was consistent with the regulation mode of HNRNPU (Fig. 7A). We knocked
down METTL3, METTL14, or YTHDF2 by siRNA-mediated silencing to confirm our hypothe-
sis further. The results showed that silencing METTL3, METTL14, or YTHDF2 significantly
upregulated the mRNA levels of TRAF3, IFN-B3, ISG15, and Mx1 in Marc-145 cells (Fig. 7B).

To confirm the association between HNRNPU- and METTL3-METTL14/YTHDF2-mediated
regulation of the transcripts, we found that silencing METTL3, METTL14, or YTHDF2
blocked the downregulation of the mRNA levels of TRAF3 and IFN-3 by overexpressing
HNRNPU in Marc-145 cells, but the N gene showed opposite changes, which implied
that HNRNPU regulated the above-named transcripts via the METTL3-METTL14/YTHDF2
axis (Fig. 7C). We further found the same results at the protein level (Fig. 7D) and TCID;,
(Fig. 7E). We have shown that PEDV infection can cause HNRNPU nucleocytoplasmic
translocation, and YTHDF?2 is also a cytoplasmic protein. We speculated whether YTHDF2
also interacts with HNRNPU. The coimmunoprecipitation (co-IP) assay indicted that
HNRNPU can bind to YTHDF2, and YTHDF2 facilitated efficient coimmunoprecipitation
with HNRNPU (Fig. 7F and G). Moreover, the confocal immunofluorescence (IF) assay
indicated that HNRNPU can colocalize with the YTHDF2 protein in the cytoplasm (Fig.
7H). Next, we aimed to determine the stability of the transcripts of TRAF3 using an RNA
decay assay. We found that knockdown of YTHDF2 delayed the degradation of TRAF3
MRNA in overexpressing HNRNPU Marc-145 cells (Fig. 7). In summary, these results indi-
cate that HNRNPU promotes RNA decay of TRAF3 transcripts in a YTHDF2-dependent
manner, thereby promoting PEDV replication.

Effect of the METTL3-METTL14/YTHDF2 axis on PEDV replication. The m°A
mechanism plays an important role in virus replication. However, the role of the
METTL3-METTL14/YTHDF2 axis in porcine epidemic diarrhea virus replication remains
unclear. First, we detected the mRNA and protein expression of the METTL3-METTL14/
YTHDF2 axis in PEDV-infected Marc-145 cells. The results showed that mRNA and pro-
tein levels of METTL3, METTL14, and YTHDF2 increased when PEDV infected Marc-145
cells (Fig. 8A and B). To further elucidate the role of METTL3, METTL14, and YTHDF2 in
PEDV replication, we transfected Marc-145 cells with siRNA of METTL3, METTL14, or
YTHDF2 and then infected PEDV at 24 h. The interference efficiency is shown in Fig. 8C.
qPCR results showed that at the mRNA level, siMETTL3 and siYTHDF2 significantly
inhibited the PEDV N gene, while siMETTL14 had no significant effect on the PEDV N
gene (Fig. 8D). Western blotting showed that the PEDV N protein was inhibited to vari-
ous degrees after siMETTL3 and siYTHDF2. In contrast, the PEDV N protein level
showed a slight increase after siMETTL14 (Fig. 8E). In conclusion, the YTHDF2 protein
has a positive regulatory effect on PEDV replication, which is consistent with previous
experimental results.
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FIG 7 HNRNPU promotes RNA decay of TRAF3 in a YTHDF2-dependent manner. (A) Marc-145 cells were
transfected with METTL3, METTL14, and YTHDF2 expression plasmid or empty vector. At 36 h after transfection,
cells were stimulated with poly(l-C) for 24 h. (B) Marc-145 cells were transfected with siRNA targeting METTL3,
METTL14, or YTHDF2 or with scrambled siRNA for 36 h. Cells were stimulated with poly(-C) for 24 h and
harvested. (C to E) Marc-145 cells were transfected with siRNA targeting YTHDF2, METTL3, or METTL14 or with
scrambled siRNA for 24 h. Then, the cells were transfected with EGFP-HNRNPU expression plasmid or empty
vector. At 48 h after transfection, cells were infected with PEDV and harvested at the indicated time. qPCR,
immunoblotting, and TCID,, were used for analysis. (F) Marc-145 cells were transfected with the indicated
plasmids, and PEDV was inoculated for 24 h. Cell lysates were immunoprecipitated with Flag or EGFP antibodies,
followed by immunoblotting with EGFP and Flag antibodies. (G) Marc-145 cells were transfected with Flag-
YTHDF2 plasmid for a full day prior to PEDV infection, where the anti-Flag binding beads were utilized.
Subsequently, Western blotting proceeded for investigating the protein precipitates. (H) Marc-145 cells were
cotransfected with HNRNPU and YTHDF2 plasmids, and PEDV was infected for 24 h. The cells were then stained
with anti-HNRNPU (green), anti-YTHDF2 (red), and DAPI (blue) immunofluorescence and analyzed under
microscopes. (I) TRAF3 mRNA degradation in the indicated YTHDF2-silenced cells treated with actinomycin-D
(n = 3). Residual RNAs were normalized to 0 h. Cells were transfected with YTHDF2 siRNA (siNC) for 24 h,
transfected with HNRNPU (control vector) for 24 h, infected with PEDV, and then treated with actinomycin D at

(Continued on next page)
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DISCUSSION

Virus helicase plays an important role in virus infection, viral genome replication, and
transcription (22, 23). During replication of an RNA virus, the helicase must efficiently
unwind the viral dsRNA replication intermediates to release the newly synthesized prog-
eny viral RNA from the template RNA (24, 25). Therefore, the ATPase and helicase activities
of PEDV Nsp13 are necessary for progeny virus synthesis. However, there are relatively few
studies on the PEDV Nsp13 protein. It is very important to analyze the host protein inter-
acting with it to understand the pathogenesis of the virus. In this study, we identified the
host cell protein HNRNPU as an interacting partner of Nsp13 protein by IP/LC-MS/MS anal-
ysis. The interaction between Nsp13 and HNRNPU was demonstrated by using coimmuno-
precipitation and confocal immunofluorescence.

As a novel nuclear RNA sensor, HNRNPU oligomerizes and interacts with SMARCA5 and
TOP1, two key components of the nucleosome remodeling complex, to promote the activa-
tion of antiviral gene enhancers and superenhancers when viral RNA is detected in the nu-
cleus (13). In addition, HNRNPU plays an antiviral role in limiting the replication of several
viruses, including HSV-1 (26) and IBDV (27). However, the role of HNRNPU in PEDV remains
largely unknown. This study was the first to show that PEDV infection and Nsp13 transfec-
tion upregulated the intracellular expression of HNRNPU in a time-and dose-dependent
manner. Previous studies have shown that HNRNPU is a nuclear protein that does not shut-
tle between the nucleus and cytoplasm (28, 29). Here, we observed that PEDV promotes
HNRNPU translocation, and PEDV Nsp13 is important for mediating HNRNPU translocation.
These results suggest that nucleoplasmic translocation of HNRNPU may be critical for recog-
nizing PEDV infection. The control of HNRNPU expression at the transcriptional level could
indicate a deeply critical element for the pathogenesis of PEDV. To further identify the tran-
scription factors that regulate HNRNPU expression, the HNRNPU promoter sequence was
amplified. We found that the smallest HNRNPU core promoter is located between positions
—1360 and —1460. Through the analysis of HNRNPU regulatory elements, we found that
HNF1A can bind to the promoter of HNRNPU and then regulate HNRNPU expression.

The innate immune system is the host's first line of defense against virus invasion,
and the antiviral response is mainly controlled by IFN, leading to the production of
hundreds of interferon-stimulated genes (ISGs), thus forming the antiviral state (30).
As a cytoplasmic RNA virus, PEDV is recognized by a variety of cytoplasmic RNA PRRs,
such as TLR3 (31) or RIG-I and MDA5 (32). However, PEDV develops unique mecha-
nisms to avoid the IFN effect by preventing the sensor from recognizing and binding
to viral products and by degrading key proteins in the IFN signaling pathway. Studies
have shown that PEDV N protein circumvents host antiviral immunity by preventing
TBK1 from interacting with IRF3, which is necessary for the activation of IFN produc-
tion signaling (33). PEDV Nsp7 can inhibit interferon-induced JAK-STAT signaling by
sequestering the interaction between KPNA1 and STAT1 (34). Furthermore, viral heli-
cases may modulate the innate immune response of the host. For example, the inter-
action between porcine reproductive and respiratory syndrome virus (PRRSV) helicase
(Nsp10) and host DEAD box RNA helicase 18 can promote PRRSV replication (35).
West Nile virus (WNV) helicase Nsp3 plays a role in inhibiting type | interferon signal-
ing (36). The interaction of the infectious bronchitis virus (IBV) helicase Nsp13 with the
p125 subunit of DNA polymerase & facilitates viral replication (37). However, little is
known about the role of PEDV helicase Nsp13 in regulating type | interferon produc-
tion. In this study, we found that the upregulation of HNRNPU, an RNA sensor in the
cytoplasm, after PEDV infection and Nsp13 transfection could reduce the protein
expression of TRAF3, thereby reducing the phosphorylation of IRF3 and the expres-
sion of downstream interferon-stimulated genes.

FIG 7 Legend (Continued)

the indicated times (n = 3). Residual RNAs were normalized to 0 h. Data were obtained from three independent
experiments (n = 3). The differences were evaluated using Student’s t test; significant differences are denoted as

follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIG 8 Effect of the METTL3-METTL14/YTHDF2 axis on PEDV replication. (A and B) Marc-145 cells were
infected with PEDV at an MOI of 0.5. At 0 h, 12 h, 24 h, and 36 h after infection, the mRNA and
protein expression levels were detected. (C) Marc-145 cells were transfected with siRNA for 48 h, and
knockdown efficiency was assessed. (D and E) Marc-145 cells were transfected with siRNA for 36 h.
PEDV at an MOI of 1 was used to infect cells for 24 h. Then, cells and supernatant were harvested to
evaluate the mRNA and protein expression level of PEDV-N by real-time PCR (D) and Western blotting
(E). Data were obtained from three independent experiments (n = 3). The differences were evaluated
using Student’s t test; significant differences are denoted as follows: *, P < 0.05; **; P < 0.01; ***,
P < 0.001.

Mammalian mRNAs can be modified by a variety of chemical modifications such as N°-
methyladenosine (m°A), 5-methlcytidine, and inosine, in addition to N’-methylguanosine,
which is part of the 5’-terminal cap (38). Among various internal chemical modifications of
RNA, méA RNA methylation is the most common mRNA modification. A methyltransferase
complex consisting of METTL3, METTL14, and WTAP cotranscribes m°A on mRNA. This
modification is usually enriched near the 3’ untranslated region (UTR) and stop codons
of cellular mRNAs (39). The m®A-modified mRNA is especially recognized by YTH domain
family proteins (YTHDF1, YTHDF2, and YTHDF3) to regulate mRNA stability, translation,
and localization (17, 40). At present, there are relatively few studies on the regulation
and mechanism of m®A modification on viral replication. It has been found that YTHDF
protein can inhibit hepatitis C virus (HCV) virion production by competing with viral RNA
for nucleocapsid protein (41). DDX5 promotes viral infection by inhibiting antiviral innate
immunity by interacting with METTL3 and modulating m°A levels on DHX58 and NF-«B
transcripts (42). DDX46 inhibits innate immunity in the nucleus by trapping m°A, a
demethylated antiviral transcript (19). However, the relationship between PEDV and m°A
modification remains unclear. Currently, it is known that m6A demethylase ALKBH5
inhibits PEDV infection by regulating GAS6 expression in porcine alveolar macrophages
(43). In the study, we found that HNRNPU caused the degradation of TRAF3 mRNA
through the METTL3-METTL14/YTHDF2 axis, thereby reducing its protein expression to
inhibit innate immunity and promote PEDV replication.

In summary, we first identified the new interacting protein HNRNPU of PEDV Nsp13
through IP/LC-MS/MS analysis. Furthermore, we found that PEDV infection upregulated
the expression level of HNRNPU protein and was regulated by its transcription factor
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FIG 9 Working model for the mechanism through which HNRNPU inhibits antiviral innate immunity by promoting TRAF3 mRNA degradation.
Under PEDV infection, HNRNPU is retained in the cytoplasm through interaction with PEDV Nsp13. After modification by the m°A “writer”
complex METTL3/METTL14, TRAF3 is recognized by the m°A reader protein and degraded in a YTHDF2-dependent manner, ultimately leading
to inhibition of the antiviral pathway.

HNF1A. Mechanistically, our studies showed that HNRNPU can degrade TRAF3 tran-
scripts in a YTHDF2-dependent manner, inhibit innate immunity, and promote PEDV
replication (Fig. 9). Our study illustrates a new mechanism of HNRNPU regulation of
PEDV, which helps us understand how PEDV evaded innate immunity through m°A
modification and provides a new and effective strategy for the control of PEDV infec-
tion in the future.

MATERIALS AND METHODS

Cell culture and transfection. We cultivated African green monkey kidney epithelial cells (Marc-
145) and human embryonic kidney cells (HEK293T) cells in Dulbecco minimal essential medium (DMEM)
(HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Grand Island, NY,
USA). The above-described cell lines were inoculated under 5% CO, and 37°C conditions. According to
manufacturer’s instructions, we used Lipo8000 transfection reagent (Beyotime Biotechnology, China)
and transfected the plasmid into 6-well plates when the cell density reached 80% to 90%. In addition,
siRNA was transfected into cells after they reached 50% to 60% confluence.

Viral infection and titration. The PEDV strain CH/SXYL/2016 (GenBank identifier [ID] MF462814.1)
was isolated and stored in our laboratory (44). In the PEDV infection process, Marc-145 cells were
washed three times with phosphate-buffered saline (PBS) and then infected at a multiplicity of infection
(MOI) of 0.5 at 37°C. After 1 h, the unbound virus was removed, and the cells were cultured in 2% FBS at
different time intervals until harvest. Cell culture supernatant was harvested at different hours postinfec-
tion (hpi), and virus titers were determined by Karber’s method on Marc-145 cells.

Reagents and antibodies. The mouse polyclonal anti-PEDV N antibody was stocked in our laboratory
(45). Antibodies against B-actin (AC026), IkBa (A19714), p-IkBa (AP0707), TLR3 (A11778), and TRAF3
(7187) were purchased from ABclonal Biotechnology. Anti-METTL3 (15073-1-AP), METTL14 (26158-1-AP),
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TABLE 1 The sequences of the primers and siRNAs

Purpose Name Sequence (5'-3’)

Real-time PCR primers PEDV N forward AGATCGCCAGTTTAGCACCA
PEDV N reverse GGCAAACCCACATCATCGT
mHNRNPU forward ATACCCTCGTGCTCCTGT
mMHNRNPU reverse CGATTGTTTCCTCGTCCT
HNF1A forward GGATGATACGGACGACGATG
HNF1A reverse GGTCTCCACCACGGCTTT
ACTB forward CTTAGTTGCGTTACACCCTTTC
ACTB reverse TGTCACCTTCACCGTTCCA
TRAF3 forward TTTGTGGCCCAGACTGTTCT
TRAF3 reverse TCCGAAGTATCCACTATGAC
IFN- 3 forward GCAATTGAATGGAAGGCTTGA
IFN-B reverse CAGCGTCCTCCTTCTGGAACT

siRNA sequences si-HNRNPU CGUGGUAGUUACUCAAACATT
si-METTL3 GCAGTTCCTGAATTAGCTA
si-METTL14 CCTCCTCCCAAATCTAAAT
si-YTHDF2 GCCCAATAATGCGTATACT

YTHDF2 (24744-1-AP), MAVS (14341-1-AP), and RIG-I (20566-1-AP) were purchased from Proteintech. Anti-
IRF3 (ET1612-14), anti-p-IRF3 (ET1608-22), and Flag (0912-1) antibodies were bought from Huaan
Biological Technology (Hangzhou, China). HNRNPU (CY8112), GEP-tag (AB0005), and lamin B1 (AB0054)
were purchased from Abways Technology. Anti-Flag-tag antibody was bought from TransGen Biotech
(HT201-01). HRP-labeled anti-mouse (DY60203) and anti-rabbit (DY60202) I1gG antibodies were acquired
from Shanghai Diyi Biotechnology. The siRNA sequence was designed and synthesized by General Biol
(Anhui, China). In addition, actinomycin D (HY-17559) was bought from MedChemExpress.

qPCR. Total cellular RNA was isolated from cells using TRNzol universal reagent (Tiangen, China).
According to the manufacturer’s instructions, 2 g of total RNA was reverse-transcribed to cDNA using
the FastKing reverse transcription (RT) kit with gDNase (Tiangen). Later, gPCR was conducted with the
use of SYBR green select master mix (ABclonal). The 2-AA" method was used to assess the mRNA levels.
The gene-specific primers for qPCR are listed in Table 1.

Western blot analysis. Cells were harvested under different conditions. RIPA lysis and extraction
buffer (PL006, Zhonghui Hecai, Shaanxi), including protease inhibitor (PL026) as well as phosphatase inhib-
itor (PLO12-1) were used to lyse cell samples that were washed twice with PBS. Total protein concentration
was measured using BCA protein assay (Pierce, Rockford, IL, USA). Equal amounts of protein were resolved
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were then trans-
ferred onto polyvinylidene fluoride (PVDF) membranes (Millipore Corp, Atlanta, GA, USA). The membranes
were treated with 5% fat-free milk powder (1172GR500, BioFroxx) for 1 hour and incubated with primary
antibodies overnight at 4°C with a gentle shaking. Subsequently, the membrane was washed with 0.1%
PBS with Tween 20 (PBST) for 15 min and incubated with the HRP-conjugated secondary antibodies at
room temperature for 60 min. Finally, enhanced chemiluminescence (ECL; GE Healthcare) was used to
measure the proteins.

Coimmunoprecipitation (co-IP) assays. The cells were cultured in a 10-cm cell plate and transfected
with the indicated plasmids using Lipo8000 transfection reagent for 36 h. The cell lysate was added to the
sample and lysed at 4°C for 30 min. Subsequently, it was centrifuged at 12,000 x g for 30 min at 4°C to
obtain the lysate supernatant. The lysate supernatant was incubated with protein A/G-agarose (Santa
Cruz, California, USA) at 4°C for 1.5 h. After centrifugation at 12,000 x g for 10 min, the supernatant was
incubated with the primary antibody overnight at 4°C. Then, the protein A/G-agarose was added to the
above-described mixture and incubated at 4°C for 6 h and then centrifuged at 12,000 x g for 1 min to
obtain a precipitate. Finally, the protein was eluted by boiling it in a 5x loading buffer for 10 min and ana-
lyzed by Western blotting.

Dual-luciferase reporter assays. In this study, cells were seeded in 12-well plates, followed by trans-
fection using the indicated plasmids, luciferase reporters, and pRL-TK by Lipo8000 (Beyotime Biotechnology,
Shanghai, China). At 24 h posttransfection, cells were lysed and then analyzed using a dual-luciferase re-
porter assay kit (Promega, Beijing, China). Firefly luciferase and Renilla fluorescein protease activity were
measured according to the instructions. The luciferase value was normalized with Renilla luciferase activity as
an internal control. In addition, three independent experiments were carried out.

Methylated RNA immunoprecipitation coupled with qPCR (MeRIP-qPCR). After the cells were
collected, they were washed 3 times with precooled PBS. Total RNA from the cells was extracted with
TRIzol reagent according to manufacturer’s instructions. The integrity of the RNA was detected with
formaldehyde denatured agarose gel electrophoresis. The RNA was broken using a noncontact fully
automatic ultrasonic crusher (Covaris, Woburn, MA, USA). A small portion (10%) of the RNA fragment
was collected as an input sample (input). The fragment RNA was incubated and immunoprecipitated
with m®A antibody (Cell Signaling Technology, Danvers, MA, USA) at 4°C for 4 h. The m°A antibody RNA
mixture was incubated with protein A/G magnetic beads at 4°C for 2 h. RNA was extracted using TRIzol
reagent, and m°A enrichment was detected by qPCR.
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Fluorescence microscopy. Cells were subjected to cotransfection with the indicated plasmids for 36
h. PBS was used to wash the cells, which were fixed in 4% paraformaldehyde (PFA; SL1830, Coolaber) for
15 min. They were then permeabilized using 0.1% Triton X-100 (T8200, Solarbio, Beijing, China) for
10 min at the ambient temperature. After being rinsed with PBS, the cells were incubated with the pri-
mary antibody for an hour at 37°C. The cells were rinsed with PBS and nurtured with fluorescent-labeled
secondary antibodies for an hour at 37°C. In the end, we stained the cells with DAPI (4’,6-diamidino-2-
phenylindole; BL105A, Biosharp) for 5 min at ambient temperature. The cells were then examined with a
Leica TCS Sp8 microscope and a Nikon ECLIPSE Ti microscope.
Statistical analysis. All findings were for three independent experiments, and the data are presented
as means =* standard deviations (SD). This study employed the Prism 7 software (GraphPad Software, USA)
to carry out Student’s t test (two-sided) as well as to detect significant differences between groups. The im-
portance of the different groups was identified using a two-tailed Student's t test with the GraphPad Prism
7 software. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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