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ARTICLE INFO ABSTRACT

Keywords: Evidence is emerging on the roles of long noncoding RNAs (IncRNAs) as regulatory factors in a variety of viral
Coxsackievirus 3 infection processes, but the mechanisms underlying their functions in coxsackievirus group B type3 (CVB3)-
ln,CRNA induced acute viral myocarditis have not been explicitly delineated. We previously demonstrated that CVB3
EISIEIIJIQPK infection decreases miRNA-21 expression; however, IncRNAs that regulate the miRNA-21-dependent CVB3

disease process have yet to be identified. To evaluate IncRNAs upstream of miRNA-21, differentially expressed
IncRNAs in CVB3-infected mouse hearts were identified by microarray analysis and IncRNA/miRNA-21 in-
teractions were predicted bioinformatically. MEG3 was identified as a candidate miRNA-21-interacting IncRNA
upregulated in CVB3-infected mouse hearts. MEG3 expression was verified to be upregulated in HeLa cells 48 h
post CVB3 infection and to act as a competitive endogenous RNA of miRNA-21. MEG3 knockdown resulted in the
upregulation of miRNA-21, which inhibited CVB3 replication by attenuating P38-MAPK signaling in vitro and in
vivo. Knockdown of MEG3 expression before CVB3 infection inhibited viral replication in mouse hearts and
alleviated cardiac injury, which improved survival. Furthermore, the knockdown of CREB5, which was predicted
bioinformatically to function upstream of MEG3, was demonstrated to decrease MEG3 expression and CVB3 viral
replication. This study identifies the function of the IncRNA MEG3/miRNA-21/P38 MAPK axis in the process of
CVB3 replication, for which CREB5 could serve as an upstream modulator.

Viral replication

1. Introduction long noncoding RNAs (IncRNAs), Piwi-interacting RNAs (piRNAs), and

circular RNAs (circRNAs), which have been reported to facilitate viral

Coxsackievirus group B type3 (CVB3) is a positive-stranded RNA
virus belonging to the picornaviridae family that has been well-
established as the leading causative agent of acute and chronic
myocarditis and has also been associated with pancreatitis and menin-
gitis, especially in infants and teenagers (Kaplan et al., 1983; Kim et al.,
2001; Ozsvar et al., 1992; Rorabaugh et al., 1993; Tracy et al., 2000).
Viral infection is associated with transcriptional alterations of the host,
including changes in the expression of genes that participate in impor-
tant biological or pathological processes, such as antiviral responses,
apoptosis, autophagy, inflammation, and necrosis (Rassmann et al.,
2013). Viral infection is also known to alter the expression of noncoding
RNAs, including microRNAs (miRNAs), small nuclear RNAs (snRNAs),
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replication or participate in apoptosis, proliferation, metabolism or
antiviral immunity (Ballinger et al., 2022; Lai et al., 2021; Wang et al.,
2022; Zhang et al., 2018).

Generally, LncRNAs are defined as RNA transcripts of more than
200 nt in length that lack protein-coding potential (Aryankalayil et al.,
2021; Johnsson et al., 2022). They are often tissue-specific and correlate
with pathologic processes, thus making them prime therapeutic targets.
Furthermore, IncRNAs may directly interact with RNAs, DNAs, and
proteins, thus exerting biological functions by acting as transcriptional
regulators, miRNA sponges, molecular bait, or protein complex scaffolds
(Huarte, 2015; Schmitt and Chang, 2016). LncRNAs may regulate gene
expression via chromatin remodeling, epigenomic regulation, gene
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splicing, and transcriptional or posttranscriptional modulation (Carde-
nas-Diaz et al., 2019; Liang et al., 2022; Lin et al., 2021). Moreover, by
functioning as miRNA sponges or competing endogenous RNAs (ceR-
NAs), IncRNAs have the potential to regulate vast networks of target
genes (Xue et al., 2022). Several reports have demonstrated the func-
tions of IncRNAs in viral response. For example, Ma et al. (2021) re-
ported that IncRNAs play a critical role in replication and induce
immune activation during the early HIV-1 infection process. Further-
more, Zhang et al. (2016) demonstrated that hepatocellular carcinomas
with different viral etiologies have diverse IncRNA expression profiles,
which has implications for disease-specific therapeutic interventions.
Wang et al. (2020) also demonstrated that IncRNA-GM is altered during
viral infection, participates in host metabolism and innate immunity,
and impacts the viral evasion. Thus, there is a precedent for IncRNA
involvement as a key mediator of viral response.

Our previous findings suggest that miRNA-21 is downregulated
during CVB3 infection and mediates viral replication, leading to
myocarditis (He et al.,, 2019). Therefore, IncRNAs upstream of
miRNA-21 may function as ceRNAs and thus represent new molecular
targets for the intervention of CVB3-associated myocarditis. Here, we
demonstrate that CVB3 induces IncRNA-MEG3 expression and that
MEG3 interacts with miRNA-21 to modulate CVB3 infection by targeting
the P38 MAPK signaling pathway. Our results elucidate how CVB3
promotes its replication with functional outcomes and therapeutic
potential.

2. Materials and methods
2.1. Virus and animals

The CVB3M strain was a gift from Yang at the University of British
Columbia, Canada, and was pasaged in HeLa cells (Liu et al., 1999). The
CVB3 sequence corresponds to accession number M33854.1 in the NCBI
database. BALB/c male mice (6-8 weeks old) were purchased from the
Institute of Laboratory Animal Sciences of China (Beijing, China).

2.2. Microarray analysis

For global profiling of human IncRNAs and protein-coding tran-
scripts, we analyzed the hearts of three CVB3-infected and three control
mice using ArrayStar mice Microarray V3.0. Sample processing and
hybridization were performed according to the Agilent One-Color
Microarray-Based Gene Expression Analysis protocol (Agilent Technol-
ogy). Briefly, the rRNA was removed from 1 mg of total RNA (NEB
NextrRNA Depletion Kit, USA). Then, each sample was amplified and
transcribed into cRNA along the entire length of the transcripts without
3' bias utilizing random primers. The Agilent Quick Amp Labeling kit
was employed to normalize the values, and then LncRNAs and mRNAs
for which at least one out of two groups had present or marginal flags
were chosen for further data analysis. LncRNAs with P < 0.05 and
foldchange >1.5 between samples were selected for hierarchical clus-
tering. DIANA was used to predict miRNA-21-related LncRNAs, with the
miTG-score set at 0.6, and the results were combined with the altered
LncRNAs detected by microarray. Fold change was set at >1.5 and a
significant difference at P < 0.05.

2.3. RNA extraction and quantitative real-time PCR

Total RNA from mouse tissues and cell lines was extracted using
TRIzol reagent according to the manufacturer’s protocol. The cyto-
plasmic fractions were extracted utilizing Cytoplasmic Extraction Re-
agents (Thermo Scientific, USA). For mRNA and miRNA, total RNA was
processed using gDNA remover (TaKaRa, Japan), and cDNA was syn-
thesized using a Reverse Transcription Kit (TaKaRa, Japan). MiRNA and
LncRNA were quantified using SYBR Green Real-time PCR Master Mix
(Life Technologies). GAPDH or U6 was utilized as an internal standard
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control. The relative RNA expression levels were calculated using the
272A€T method. The specific primers used are listed in Additional File 1:
Table 1.

2.4. Viral plaque assays and histological analysis of heart tissues

To detect the viral titers in HeLa cells, supernatants were collected at
6, 12, and 24 h post-infection, and the cell debris was discarded by
centrifugation for 5 min at 2000 rpm. Lysates of infected cells were
collected as previously described (He et al., 2019). To detect the viral
loads of tissues, hearts from mice were weighed, homogenized in 0.5 ml
MEM, and centrifuged at 1000 rpm for 10 min. The viral titers in the
supernatants, cell lysates, and infected tissues were analyzed by viral
plaque assay as previously described (He et al., 2015) and are expressed
as PFU/ml and PFU/gram. To assess the severity of myocarditis,
paraffin-embedded sections of heart tissues were stained with
hematoxylin-eosin and examined histopathologically for evidence of
inflammation and necrosis.

2.5. Adeno-associated virus generation and in vivo infection

For LncRNA-MEG3 knockdown, adeno-associated vectors (AAV9)
were used to construct short hairpin RNAs (shRNAs) targeting MEG3
(AAV-MEG3) or a non-specific control (AAV-CON). Oligonucleotides
targeting MEG3 (5-GCGUCUUCCUGUGCCAUUU-3") were synthesized
based on the sequence of mouse MEG3 (NR_003633). The viruses were
generated using the AAV Helper-Free System, with pAAV-RC plasmid
and pHelper plasmid (GeneChem Co. Ltd. Shanghai, China). Viral titers
were evaluated as described previously (Yu et al., 2008).

For infection, 2 x 10! transduction units of AAV-MEG3 or AAV-
CON were intravenously injected into each mouse via the caudal vein.
The mice were then inoculated intraperitoneally with 1 x 10° plaque-
forming units (PFU, LD50) of CVB3 virus per mouse for 10 d. A subset of
the mice (n = 15 per group) was monitored daily for survival, and
another subset (n = 10 per group) was euthanized on d 3, 5, or 7 after
infection with CVB3 for experimental evaluation. Survival was moni-
tored over a 22-d time course. Experiments were carried out 3 times, and
representative results are shown.

2.6. Luciferase reporter assays
MEG3-WT/Mut reporters were constructed by subcloning wild-type

(WT) or mutant (Mut) sequences of MEG3 complementary to miRNA-
21 into the pmirGLO dual-luciferase vector. Then, these reporters

Table 1
Primers used in this study.

Primer Sequence

Reverse 5
transcription CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTCAACA
primer for 3
miRNA-21

Sense primer for 5'-ACACTCCAGCTGGCTAGCTTATCAGACTGATG-3'
miRNA-21

Anti-sense primer  5-CTCAACTGGTGTCGTGGA-3'
for miRNA-21

Sense primer for 5'-ATCATCCGTCCACCTCCTTGTCTTC-3'
MEG3

Anti-sense primer 5-GTATGAGCATAGCAAAGGTCAGGGC-3'
for MEG3

Sense primer for 5'-CCCTGCCCAACCCTACAATG-3'
CREB5

Anti-sense primer  5-GGACCTTGCATCCCCATGAT-3'
for CREB5

Sense primer for 5'-AATGCCTCCTGCACCACCAAC-3'
GAPDH

Anti-sense primer 5'-AAGGCCATGCCAGTGAGCTTC-3'
for GAPDH
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were co-transfected with miRNA-21 mimics or NC mimics into 293T
cells. After 2 d, the Dual-Luciferase Report Assay System (Promega) was
used to measure luciferase activity. Relative luciferase activity was
defined as the ratio of the relative light unit of firefly luciferase to that of
Renilla luciferase.

2.7. MS2-RIP

We used the MS2-RIP method to detect the interaction of LncRNA-
MEG3 and miRNA-21 (Yoon et al., 2012). Briefly, pcDNA3.1-MS2,
pcDNA3.1-MS2-MEG3, and pcDNA3.1-MS2-MEG3-MUT were con-
structed and co-transfected along with pGST-MS2 into HeLa cells using
Lipofectamine3000 reagent (Invitrogen, USA). After 48 h, the cells were
collected and lysed to perform RNA immunoprecipitation (RIP) experi-
ments using GST-Sepharose beads (Thermo Scientific, USA). Finally,
purified RNAs were isolated and identified by real-time PCR to confirm
the presence of binding targets. The primers used for detecting
miRNA-21 are shown in Table 1.

2.8. Protein detection

HelLa cells or homogenated mouse heart tissues were collected at the
indicated time points and were lysed in RIPA buffer (Kangwei, Beijing,
China). Antibodies for detecting MAP2K3, P38 MAPK, P-P38 MAPK,
HSP 27, P-HSP 27, and GAPDH were purchased from Cell Signaling
Technology (Cell Signaling Technology, Inc, China). Western blotting
was conducted as described previously (He et al., 2019).
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2.9. Cell viability assays

According to the manufacturer’s instructions, cell viability was
measured using an MTS assay kit (Promega, Madison). HeLa cells were
transduced with siRNA-MEG3 and infected with CVB3 at MOI=1. After
24 h, the cells were incubated with MTS solution for 2 h, and the
absorbance was measured at 492 nm using a microplate reader. The
viability of the control cells was defined as 100 %, and the viability of
infected cells was expressed as a ratio of the absorbance of the infected
cells to that of the control cells.

2.10. Statistical analysis

All statistical analyses were performed using the SPSS 16.0 computer
software program (SPSS, Inc., Chicago, IL). Survival was analyzed using
the log-rank (Mantel-Cox) method. The significance of variability among
the experimental groups was determined by the Mann-Whitney U test.
All differences were considered statistically significant at P < 0.05.

3. Results
3.1. LncRNA-MEG3 expression is elevated post CVB3 infection

To obtain a IncRNA expression profile of the CVB3 infection process,
we performed a IncRNA microarray utilizing a mouse model on d 5 after

CVB3 infection at PFU 1*10E5(LD50), which correlates with the acute
infection stage. Results from 3 control mice (N-1, N-2, and N-3) and 3
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Fig. 1. LncRNA MEGS3 is upregulated post CVB3 infection. (A) Heat map and hierarchical clustering of IncRNA expression in the heart of uninfected mice (N-1, N-2,
N-3) and CVB3-infected mice (CVB-1, CVB-2, CVB-3) at 5 d post-infection (fold-change >1.5, P < 0.05, n = 3 per group). (B) Heatmap and hierarchical clustering of
altered IncRNAs from panel A that are predicted bioinformatically to interact with miRNA-21 (fold change>1.5, P < 0.05). (C) LncRNA-MEG3 expression was
detected by real-time PCR of mouse hearts before infection and at 5 and 7 d post CVB3 infection. (D) LncRNA-MEG3 expression was detected by real-time PCR of
HelLa cells at different time points and multiplicities of infection (MOI) of CVB3 infection. * represents P < 0.05.
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infected mice (CVB-1, CVB-2, and CVB-3) showed that 268 IncRNAs
were differently expressed, with 183 increased and 85 decreased in the
CVB3 infected group [absolute fold-change >1.5, P < 0.05] (Fig. 1A).
Because one of the main functions of IncRNAs involves acting as
competing endogenous RNAs (ceRNAs) for miRNAs, and we previously
demonstrated that miRNA-21 is altered post CVB3 infection (He et al.,
2019), we used DIANA and miRanda tools to predict potential IncRNAs
that may directly interact with miRNA-21. We then intersected the two
data sets and identified 11 candidate IncRNAs that were predicted to be
miRNA-21-associated and were also upregulated by CVB3 infection
(Fig. 1B) (fold change >1.5, P < 0.05). Among the 11 IncRNAs, we
selected MEGS3 for subsequent analysis because it has been demonstrated
to be dysregulated in response to other viruses and to be associated with
cardiac hypertrophy, cardiac fibrosis, and ischemic injury (Li et al.,
2022; Piccoli et al., 2017; Sethuraman et al., 2017; Tao et al., 2018;
Xiang et al., 2020; Zhang et al., 2019). Real-time PCR analysis verified
that IncRNA-MEG3 expression was upregulated at 5 and 7 d post CVB3
infection in mouse hearts (n = 6, Fig. 1C). Because ceRNAs function in
the cytoplasm, we infected HeLa cells with different MOIs and evaluated
MEG3 expression in the cytoplasm. The results verify that MEG3 was
highly expressed in the HeLa cytoplasm and that expression increased
over 48 h post-infection, with the expression elevated with increasing
CVB3 MOI (Fig. 1D). Thus, these results suggest that MEG3 is a
CVB3-induced IncRNA that may interact with miRNA-21.

3.2. LncRNA-MEG3 functions as a sponge for miRNA-21

To verify the potential role of MEG3 in modifying miRNA-21
expression, we subcloned the full-length IncRNA-MEG3 (MEG3 WT)
and a mutant within the "seed sequence" that is predicted to ablate
miRNA-21 binding (MEG3 MUT) into a pmirGLO dual luciferase re-
porter vector (Fig. 2A). These constructed reporters were co-transfected
with miRNA-21 or control (NC) mimics into 293T cells. Dual luciferase
assays showed that miRNA-21 mimics, but not NC mimics, suppress the
luciferase activity of MEG3 WT but not MEG MUT (Fig. 2B), indicating

A
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that a sequence-specific interaction may exist between IncRNA-MEG3
and miRNA-21.

To directly determine whether MEG3 binds to endogenous miRNA-
21, we performed MS2-RIP pulldown assays. The miRNA-21 levels in
the MS2-GST complex were higher in the MEG3 WT group than the
MEG3 MUT group, suggesting that MEG3 was significantly associated
with miRNA-21 (Fig. 2C). Thus, these results further support an
endogenous interaction between IncRNA MEG3 and miRNA-21.

3.3. Inhibition of IncRNA-MEG3 alleviates CVB3 replication by
modulating the miRNA-21-mediated P38-MAPK signaling pathway

We previously demonstrated that exogenous expression of miRNA-
21 inhibits CVB3 replication (He et al., 2019). We, therefore, evalu-
ated the function of IncRNA-MEGS3 in the CVB3 replication process. To
this end, we synthesized a siRNA specifically targeting MEG3. Our re-
sults demonstrated that MEG3 knockdown led to increased expression of
miRNA-21, thus further supporting a function for MEG3 as a miRNA-21
sponge (Fig. 3A and B). Next, we infected HeLa cells with CVB3 at
MOI =1 and evaluated the number of viral plaques 12 h later. There
were significantly fewer plaques in siRNA-MEG3 cells than in
siRNA-Control cells (Fig. 3C), supporting a role for MEG3 in promoting
CVB3 replication by sponging miRNA-21. As our previous study also
demonstrated that miRNA-21 inhibits CVB3 replication by inhibiting
MAP2K3 and the P38 MAPK signaling pathway (He et al., 2019), we
detected MAP2K3, P-P38 MAPK, and P-HSP27 levels in CVB3-infected
MEG3 knockdown cells and found that they were all reduced, while
total P38 MAPK and HSP27 were not altered by siRNA-MEG3. These
results suggest that MEG3 regulates the P-P38 MAPK pathway activation
to modulate the CVB3 replication process (Fig. 3D). To evaluate whether
these signaling changes may mediate effects on cell viability, we per-
formed proliferation assays. Significantly enhanced proliferation rates
were observed in MEG3 siRNA-transfected cells (Fig. 3E), which is
consistent with a role for MEG3 in mediating CVB3-associated
cytotoxicity.

5'...GGGGGCATTGGGCATTI'»?Alc;ifCC...?;' MEG3 WT
3. AGUUGUAGUCAGACUAUl{CGAU...S’ miR-21
5...GGGGGCATTGGGCATGUAAUCC...3" MEG3 MUT

B C

Relative luciferase activity

Relative expression of miRNA-21

Fig. 2. LncRNA-MEGS3 functions as a sponge for miRNA-21. (A) Sequence alignment of miRNA-21 with a putative binding site within the wild-type LncRNA-MEG3
(MEG3 WT) and a mutated sequence (MEG3 MUT) that was generated as a control. (B) Dual luciferase assays were conducted to verify the role of MEG3 in modifying
miRNA-21. MEG3 WT and MEG3 MUT dual-luciferase reporters were co-transfected with miRNA-21 or a control miRNA (NC) into 293T cells, and the luciferase
activity was detected. (C) MS2-RIP assays were conducted to detect the interaction of miRNA-21 with co-expressed MEG3-WT versus MEG3-MUT directly. The MS2
sample (miRNA-21 expression without co-expressed MEG3) was included as an additional control. * represents P < 0.05.
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Fig. 3. LncRNA-MEG3 knockdown inhibits CVB3 replication in HeLa cells by increasing miRNA-21 and reducing P38 MAPK activation. HeLa cells were transfected
with siRNA-MEG3 or control siRNA plasmids and then were infected 24 h later with CVB3 at MOI=1. (A) RT-PCR of MEG3 expression at 24 h post-transfection of
siRNA-MEG3 and siRNA-control plasmids to verify knockdown efficacy. (B) miRNA-21 expression in HeLa cells was detected at 24 h post-transfection. (C) Viral
replication in HeLa cell supernatants was detected by plaque formation assay after transfection of siRNA-MEG3 and siRNA control plasmids, followed by CVB3
infection for 12 h. (D) Western blotting was conducted to detect MAP2K3 and total and phosphorylated (activated) P38 and downstream HSP27 levels in HeLa cells
transfected with siRNA-MEG3 and siRNA control plasmids followed by CVB3 infection for 12 h. GAPDH was evaluated as a control. (E) HeLa cell viability was
detected by MTS assay 24 h post-CVB3 infection. Representative results from 3 independent experiments are shown. * represents P < 0.05.

To determine whether MEG3 knockdown may also reduce CVB3
pathogenesis in a mouse model of viral myocarditis, we constructed an
adeno-associated virus (AAV) vector containing MEG3-shRNA and
injected 2 x 10! transduction units of AAV-shMEG3 or AAV-Control
via the caudal vein before CVB3 infection. MEG3 expression was
confirmed to be dramatically inhibited at 3-7 d in the hearts of mice that
were infected with AAV-shMEG3+ CVB3 (Fig. 4A), and in turn, miRNA-
21 expression was increased (Fig. 4B). Next, we inoculated 1 x 10° pfu
(LD50) of CVB3 intraperitoneally into mice after infection with shMEG
or Control AAV. The CVB3 titers were significantly suppressed at 3-7
d post-infection in the AAV-MEG3 group as compared to the control
group at each of the time points tested (Fig. 4C), which is consistent with
the inhibition by MEG3 of viral replication both in vitro and in vivo. We
further analyzed MAP2K3, P-P38/total P38, and P-HSP27/total HSP27
protein levels at 3 d post-infection, which suggested that MAPK pathway
activation was reduced in the hearts of mice with MEG3 knockdown
(Fig. 4D). These results suggest that inhibition of MEG3 may alleviate
the CVB3 replication process by targeting the P38 MAPK pathway,
which may be mediated through upregulated miRNA-21 expression. To
determine the physiological outcome of MEG3 inhibition in CVB3-
infected mice, we examined the histopathology of infected mouse
hearts. Mice in the control group showed significant necrosis and signs
of mononuclear cell infiltration on d 7 post-infection, while the mice
with reduced MEG3 showed only minor dropsy and hemorrhage
(Fig. 4E). Furthermore, the survival rate was improved in MEG3-
knockdown mice after CVB3 infection (Fig. 4F), thus indicating a pro-
tective function of IncRNA MEG3 knockdown.

3.4. LncRNA-MEG3 is modulated by CREBS5 in the CVB3 infection
process

To evaluate regulatory processes upstream of MEG3, we used JAS-
PAR (https://jaspar.genereg.net) to screen the promoter sequence 3000
bp 3’ of the LncRNA MEGS3 coding site and predict transcription factors
that may bind and modulate its expression. Putative MEG3 promoter-
binding transcription factors were evaluated by microarray analysis
for upregulation post CVB3 infection in the mouse heart, and 12
candidate regulators of MEG3 expression in CVB3-infected cells were
identified (Table 2). The upregulation of ten of these 12 transcription
factors post-infection was validated by real-time PCR (Fig. 5A). Previous
studies have reported that cAMP response element-binding protein
(CREB) binds to the MEG3 promoter and modulates its expression
(Zhang et al., 2017) and that the CREB/p38 MAPK signaling axis regu-
lates a variety of important physiological processes (Koga et al., 2019;
Lonze et al., 2002; Zhang et al., 2017; Zhu et al., 2019); thus, we eval-
uated the effect of CREB5 knockdown on MEG3 expression in HeLa cells.
The results verify that MEG3 levels were decreased in the siRNA-CREB5
treatment group (Fig. 5B). We next infected CVB3 at MOI =1 and
detected the effect of siRNA-CREB5 on viral plaque formation. The viral
levels in the cell supernatant were significantly reduced at 48 h
post-infection in CREB5 knockdown cells (Fig. 5C). Thus, inhibition of
CREBS5 reduces CVB3 replication by inhibiting MEG3, indicating that
CREBS could potentially serve as a mediator of the MEG3-miRNA21-P38
MAPK axis in CVB3-infected mouse hearts (Fig. 6).
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Fig. 4. MEG3 knockdown alleviates CVB3 pathogenesis in mice. 2 x 10'! transduction units of adeno-associated virus (AAV) containing MEG3-shRNA or a control
(AAV-CON) were intravenously injected into mice via the caudal vein. The mice were then inoculated intraperitoneally with 1 x 10° plaque-forming units (PFU,
LD50) of CVB3 virus. (A) MEG3 expression in the heart was evaluated over time to verify the efficacy of knockdown in AAV-MEG-shRNA and CVB3-infected mice. (B)
The relative miRNA-21 expression in mouse hearts was determined at the same time points as in panel A (n = 5). (C) CVB3 viral titers were detected by viral plaque
assay of heart tissue homogenates from mice at the indicated time after infection with AAV-MEG3-shRNA or AAV-CON followed by CVB3 (n = 5). (D) Western
blotting of MAP2K3, P-P38 MAPK, and P-HSP 27 expression in the hearts of mice 3 d after infection with AAV-CON or AAV-MEG3-shRNA followed by CVB3. GAPDH
was evaluated as a control. Representative results from 3 independent experiments are shown. (E) Histological analysis of heart tissues at d 7 post-infection for mice
infected with AAV-MEG3-shRNA or AAV-CON followed by CVB3. Examples of necrosis and calcification are shown (black arrow). Original magnification, x 200. (F)
Survival curves showing the antiviral effects of AAV-MEG3-shRNA on mouse survival. Mice were pretreated with AAV-MEG3-shRNA or AAV-CON followed by
infection of LD50 CVB3, and survival was evaluated over 22 d (n = 15). Results are representative of 3 independent experiments.

4. Discussion viral myocarditis mouse model and used bioinformatics analysis to
identify candidate IncRNAs that may function upstream of miRNA-21.
Our results suggest that IncRNA-MEG3 is upregulated in the cytoplasm
of HeLa cells post CVB3 infection and can sponge miRNA-21. The human

LncRNAs in the cytoplasm serve as "miRNA sponges" that reverse the
negative effects of miRNAs on their target genes (Cheng et al., 2020;

Saltarella et al., 2022). Our previous results indicate that CVB3, an
important pathogenic agent of viral myocarditis, pancreatitis, and cer-
ebritis, alters miRNA-21 expression and that exogenous expression of
miRNA-21 inhibits CVB3 release by targeting the P38 MAPK signaling
pathway (He et al., 2019), though IncRNAs that function within a
CVB3-regulated IncRNA/miRNA-21 axis were uncharacterized. In this
study, we evaluated the IncRNA expression profile in a CVB3-induced

IncRNA-MEG3 has 16 transcript variants (3 in mice), and transcript 1
has been widely studied for its ability to interact with miRNAs (Du et al.,
2020; Su et al., 2015; Zhang et al., 2017). In this study, we designed
amplifying primers according to IncRNA-MEG3 transcript variant 1,
which is predicted to interact with miRNA-21. To validate the interac-
tion between IncRNA-MEG3 and miRNA-21, we performed dual lucif-
erase and RIP assays, and these results provide additional support for
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Table 2

Upregulated transcription factors post CVB3 infection that were predicted to
bind and regulate IncRNA-MEG3 expression. Bioinformatic prediction was
conducted with JASPAR, and the results were compared with the altered tran-
scription factors post-CVB3 infection identified by microarray. 12 possible
transcription factors were found.

Gene Regulation ([CVB3] vs. [N]) UniGene
Esrrb Up Mm.235550
Myc Up Mm.2444
Sox17 Up Mm.279103
Hoxd9 Up Mm.26544
Sox5 Up Mm.1752
Creb5 Up Mm.321138
Lhx4 Up Mm.103624
Arid5a Up Mm.34316
Npas2 Up Mm.2380
Arnt Up Mm.250265
Arntl Up Mm.440371
Atf3 Up Mm.2706

their functional association within a CVB3-regulated axis. As additional
evidence, IncRNA-MEG3 knockdown directly modulated miRNA-21
expression post-infection, reduced viral plaque levels, and increased
cellular proliferation levels, thus providing a pathway in which
IncRNA-MEG3 will likely play a key role. These results are significant in
providing mechanistic insight into the signaling processes that underlie
a devastating childhood infection and in identifying a potential thera-
peutic target that could be deployable as new noncoding RNA thera-
peutic technologies options emerge (Winkle et al., 2021).

This study further extends our previous results by demonstrating that
miRNA-21 modulates p38 MAPK activation and that overexpression of
miRNA-21 inhibits CVB3 replication by targeting the p38 MAPK family
(He et al., 2019). Using specific siRNA-MEG3 24 h before CVB3 infec-
tion, we found that P-P38 MAPK and P-HSP27 in the P38 MAPK
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signaling pathway were reduced, correlated with the inhibition of CVB3
replication and increased cell proliferation. These results are consistent
with an inhibitory role for p38 MAPK downstream of LncRNA-MEG3
promoted by CVB3 infection. Furthermore, our in vitro findings were
verified in a mouse model, demonstrating that siRNA-MEG3 reduces
p-P38 levels, improves heart tissue morphology, and extends survival
rates after CVB3 infection in mice. Notably, the activation of the p38
MAPK pathway has been shown to underlie the apoptosis and necrosis of
cardiomyocytes (Jensen et al., 2013), inflammation, and the release of
inflammatory cytokines (Wu et al., 2015; Zheng et al., 2019), and
increased collagen production that leads to CVB3-induced myocardial
fibrosis (Jiang et al., 2016).

To further explore the upstream mechanisms by which CVB3 acti-
vates MEG3, we screened for transcription factors that may bind to and
function within the sequence 3000 bp upstream of the MEG3 coding site.
By combining bioinformatic prediction and microarray data, we iden-
tified 12 putative transcription factors and finally selected CREB5 as a
candidate CVB-induced MEG3 transcription factor based on its estab-
lished role in a variety of effectual biological processes (Koga et al.,
2019). The CREB (cAMP response element-binding) proteins selectively
activate numerous downstream genes through interactions with
different partners and play a key role in promoting gluconeogenic (Zhu
et al., 2019), fibrotic and cirrhotic livers (Zhang et al., 2017), as well as
neuronal survival (Lonze et al., 2002). Recently, accumulating evidence
has implied that CREB directly binds to the MEG3 proximal promoter
region, which is critical for the promoter activity of MEG3 (Zhang et al.,
2017). Consistently, our data demonstrate that the knockdown of CREB5
inhibits endogenous IncRNA-MEG3 expression and CVB3 viral plaque
levels. Therefore, our results support a potential role of CREB5 in the
IncRNA MEG3/miRNA-21/P38MAPK axis, which underlies the CVB3
replication process. Based on our findings, CREB5 may represent an
additional potential target for inhibiting MEG3 to alleviate the effects of
viral infection, suggesting a new theoretical approach for therapeutic
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Fig. 5. LncRNA-MEG3 is regulated by CREB5 in the CVB3 infection response. (A) Real-time PCR was performed for 12 transcription factors that were predicted to
bind the LncRNA-MEG3 promoter and were determined to be upregulated by CVB3 in microarray analysis of infected versus uninfected mouse hearts. Relative
expression values are shown for microarray and real-time PCR. (B) HeLa cells were treated with a control or siRNA-CREB5 and infected with CVB3 at MOI=1 48 h
later. LncRNA-MEG3 expression levels were detected by real-time PCR 24 h post-infection. (C) Viral replication was detected in supernatants 24 h post-infection by
plaque assay. Results represent the average of triplicates and were repeated three times.
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Fig. 6. Schematic depicting the molecular pathway involved in CVB3 replica-
tion and the mechanism underlying the inhibition of viral release by siRNA-
CREBS5. CVB3 infection reduces miRNA-21 levels through CREB5 and IncRNA
MEGS3, leading to activation of the p38-MAPK pathway, apoptosis of the host
cell, and viral release. Inhibiting CREB5 with siRNA increases the levels of
miRNA-21, which inhibits the p38-MAPK pathway and ultimately leads to
reduced viral release. The up and down arrows beside the molecules and pro-
cesses indicate promotion and inhibition following siRNA treatment.

intervention.

As a limitation of this work, MEG3 was one of 11 candidate IncRNAs,
and CREB5 was one of 12 candidate transcriptional activators associated
with CVB3-induced mi-RNA21 expression. Furthermore, evidence has
shown that the p38 MAPK and CREB pathways can cross-regulate each
other (Koga et al., 2019), indicating that the MEG3-miRNA21-p38
MAPK axis described in this study may function within a complex
network of inter-related regulatory pathways. Future studies to verify
the contribution of CREB5 in the mouse heart and to extend the
MEG3/miRNA-21/P38MAPK axis to include additional contributing
regulators would help to provide a more comprehensive understanding
of mechanisms and potential therapeutic targets to alleviate the
outcome of CVB3 infections.
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