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MicroRNA-22-3p displaces critical host factors from the 5′ UTR 
and inhibits the translation of Coxsackievirus B3 RNA
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ABSTRACT Coxsackievirus B3 (CVB3) is known to cause acute myocarditis and 
pancreatitis in humans. We investigated the microRNAs (miRNAs) that can potentially 
govern the viral life cycle by binding to the untranslated regions (UTRs) of CVB3 RNA. 
MicroRNA-22-3p was short-listed, as its potential binding site overlapped with the 
region crucial for recruiting internal ribosome entry site trans-acting factors (ITAFs) and 
ribosomes. We demonstrate that miR-22-3p binds CVB3 5′ UTR, hinders recruitment of 
key ITAFs on viral mRNA, disrupts the spatial structure required for ribosome recruit
ment, and ultimately blocks translation. Likewise, cells lacking miR-22-3p exhibited 
heightened CVB3 infection compared to wild type, confirming its role in controlling 
infection. Interestingly, miR-22-3p level was found to be increased at 4 hours post-infec
tion, potentially due to the accumulation of viral 2A protease in the early phase of 
infection. 2Apro enhances the miR-22-3p level to dislodge the ITAFs from the SD-like 
sequence, rendering the viral RNA accessible for binding of replication factors to switch 
to replication. Furthermore, one of the cellular targets of miR-22-3p, protocadherin-1 
(PCDH1), was significantly downregulated during CVB3 infection. Partial silencing of 
PCDH1 reduced viral replication, demonstrating its proviral role. Interestingly, upon CVB3 
infection in mice, miR-22-3p level was found to be downregulated only in the small 
intestine, the primary target organ, indicating its possible role in influencing tissue 
tropism. It appears miR-22-3p plays a dual role during infection by binding viral RNA 
to aid its life cycle as a viral strategy and by targeting a proviral protein to restrict viral 
replication as a host response.

IMPORTANCE CVB3 infection is associated with the development of end-stage heart 
diseases. Lack of effective anti-viral treatments and vaccines for CVB3 necessitates 
comprehensive understanding of the molecular players during CVB3 infection. miRNAs 
have emerged as promising targets for anti-viral strategies. Here, we demonstrate that 
miR-22-3p binds to 5′ UTR and inhibits viral RNA translation at the later stage of infection 
to promote viral RNA replication. Conversely, as host response, it targets PCDH1, a 
proviral factor, to discourage viral propagation. miR-22-3p also influences CVB3 tissue 
tropism. Deciphering the multifaced role of miR-22-3p during CVB3 infection unravels 
the necessary molecular insights, which can be exploited for novel intervening strategies 
to curb infection and restrict viral pathogenesis.

KEYWORDS Coxsackievirus B3, microRNAs, IRES-mediated translation

C oxsackievirus B3 (CVB3) is a positive-strand RNA virus from the Picornaviridae family 
that spreads through the fecal-oral route. It is a human pathogen infecting the 

heart, pancreas, and brain causing myocarditis, acute pancreatitis, and aseptic meningi
tis, respectively. The inflammation caused by viral infection leads to long-term fatal 
diseases such as dilated cardiomyopathy and type I diabetes. To establish infection, CVB3 
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is completely dependent on the host machinery, and the host factors such as proteins 
and non-coding RNAs play a major role in it (1–4).

Among the non-coding RNAs, microRNAs (miRNAs) have been implicated in 
influencing CVB3 life cycle in many ways. miRNAs can exert both direct and indirect 
effects during viral infections (5). The indirect mechanism involves their control over 
viral replication by targeting specific genes within the host genome. In CVB3 infection, 
miRNAs play critical roles in regulating viral replication and host responses. Upregulated 
miRNAs like miR-203 enhance viral replication and cell survival by targeting ZFP-148 
(6). Additionally, miR-590-5p in vesicles from infected cells prolongs viral replication by 
targeting SPRY1 (7). miR-126 upregulation modulates the ERK1/ERK2 and Wnt/b-catenin 
pathways, promoting virus replication and release (8). Conversely, miR-221/miR-222 
suppress target genes to limit viral replication and inflammation, protecting the heart 
during CVB3 infection (9). Moreover, during CVB3 infection, the virus carefully manip
ulates cell apoptosis to facilitate its replication and spread. Specific miRNAs, such as 
miR-34a, miR-222, miR-98, and miR-21, play crucial roles in regulating this process. 
miR-34a acts as a proapoptotic factor, while miR-222, miR-98, and miR-21 act as 
anti-apoptotic factors in viral myocarditis (VMC) (10–14).

There are a few reports suggesting the direct involvement of miRNAs during CVB3 
infection. Bioinformatic analysis has revealed that miR-342-5p potentially targets the 
2C-coding region of the CVB3 viral genome, effectively inhibiting viral replication 
by directly acting on this region. Interestingly, not all miRNAs function as negative 
regulators (15). Another miRNA, miR-10a∗, plays a unique role in promoting viral 
biosynthesis by targeting the 3D-coding region (nt6818–nt6941) of CVB3. Furthermore, 
miR-10a∗ is found to be abundant in the heart of BALB/c mice, suggesting its potential 
influence on VMC by enhancing CVB3 replication (16). However, there are reports of 
miRNAs exhibiting anti-viral effects by targeting viral RNA and inducing gene silencing. 
Highly conserved miRNA-binding sites in RNA viruses may be utilized by viruses to 
evade immunity, prolong incubation periods, or increase virulence. Examples include 
Eastern equine encephalitis virus, where miR-142-3p-binding sites enhance neuroviru
lence, and human immunodeficiency virus type 1, where miRNAs inhibit viral production 
by targeting RNA and host proteins (17, 18). In the case of chikungunya virus (CHIKV), 
Aedes aegypti miR-2944b-5p binds to CHIKV 3′ untranslated region (UTR), reducing CHIKV 
replication and regulating cellular targets, contributing to virus survival and transmission 
(19). Another example includes miR-122 interacting with the 5′ UTR of hepatitis C virus 
(HCV) RNA, forming a trimolecular RNA structure crucial for efficient virus proliferation. 
miR-122 protects uncapped HCV RNA from degradation and stabilizes viral RNA, altering 
its secondary structure and influencing HCV proliferation (20–22). Similarly, endogenous 
miR-548g-3p suppresses dengue virus (DENV) replication by binding to the conserved 
stem-loop promoter (SLA) in the 5′ UTR, potentially disrupting the natural SL structure 
and affecting DENV promoter efficiency (23). These findings indicate the potential utility 
of miRNAs as a valuable treatment approach to directly impede viral replication by 
specifically targeting crucial regions of the viral genome.

The direct influence of miRNAs on the CVB3 life cycle piqued our interest, considering 
the high likelihood of viral RNA being targeted by host miRNAs. Consequently, our focus 
shifted toward identifying miRNAs that may exhibit binding affinity toward the UTRs of 
the viral RNA, as UTRs play an essential role in viral RNA translation and replication. We 
were interested to explore if miRNAs with possible binding to the UTRs may have an 
impact on CVB3 life cycle.

RESULTS

miR-22-3p levels are induced upon CVB3 infection and it binds to the 5′ UTR 
of CVB3 RNA

Using the VITA database (24), we successfully obtained a list of miRNAs with a strong 
binding probability to both the 5′ and 3′ UTRs of CVB3. Notably, one of the miRNAs, 
miR-22-3p, had a predicted binding site within the 5′ UTR, precisely between stem loop 
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V and VI (Fig. 1A). The prediction was further confirmed by another software, STarMir 
(Fig. 1B) (25–27). The region between stem loop V and VI is a crucial region in the CVB3 
5′ UTR, as it is known to facilitate interactions with several host RNA-binding proteins, 
subsequently promoting CVB3 RNA translation (28, 29). Additionally, this region contains 
a Shine-Dalgarno-like sequence, which serves as the recruitment site for the ribosomal 
small subunit to start scanning, leading to translation initiation at the initiator AUG 
codon (30).

miR-22-3p is a well-studied miRNA with diverse roles in various disease conditions. 
In the context of cancer, it acts as a tumor suppressor (31–34), while in arthritis, 
it exhibits anti-inflammatory properties (35). Downregulation of miR-22-3p levels has 
been observed in Alzheimer’s disease, contributing to protein aggregate formation and 
disease progression (36, 37). Of particular interest, miR-22-3p has also been implicated 
in several cardiac pathologies. It is abundantly expressed in the heart, and studies 
have revealed that when miR-22-3p is knocked out in mice hearts and cardiac stress 
is given to the mice, it results in the development of cardiac dilation and fibrosis, a 
phenotype similar to the pathogenesis induced by CVB3 infection. Moreover, miR-22-3p 
levels are increased during cardiac hypertrophy, highlighting its crucial role in the cardiac 
remodeling process (38, 39). Given the intriguing properties of miR-22-3p, we further 
explored its potential role during CVB3 infection.

Our primary interest was to investigate the expression level of miR-22-3p during CVB3 
infection, speculating that a miRNA that is upregulated had a higher chance of binding 
to CVB3 RNA and influencing its functions. We employed two distinct model systems to 
investigate miR-22-3p expression post-CVB3 infection: HeLa cells, a well-established cell 
culture model to study CVB3 life cycle and male BALB/c mice (3–4 weeks old) as an in vivo 
model system. We performed quantitative PCR (qPCR) to analyze miR-22-3p expression 
using total RNA extracted from CVB3-infected HeLa cells and the heart tissues of mice. 
Our findings revealed an upregulation of miR-22-3p in HeLa cells 8 hours post-infection 
(h.p.i.), and a similar induction was observed in the heart tissues of CVB-infected mice 
7 days post-infection (d.p.i.). Additionally, we included miR-21–5p, a known upregulated 
miRNA upon CVB3 infection, as a positive control in our study (Fig. 1C).

Given that miR-22-3p exhibited upregulation during CVB3 infection and was 
predicted to have a binding site in the CVB3 5′ UTR, our initial goal was to validate 
this binding between miR-22-3p and CVB3 RNA. To accomplish this, we introduced a 
miR-22-3p binding mutation into the CVB3 5′ UTR as depicted in Fig. 1D. Next, the 
mutant and wild-type (WT) 5′ UTR were tagged to MS2 RNA. Subsequently, a tagged 
RNA affinity pull-down (TRAP) assay was conducted to assess the presence of miR-22-3p 
through pull-down. The results, as clearly observed in Fig. 1E, demonstrated that the 
pull-down fraction of the WT CVB3 5′ UTR exhibited enrichment of miR-22-3p, while the 
mutant CVB3 5′ UTR with impaired miR-22-3p binding did not show this enrichment. 
We further corroborated this binding by conducting pull-down experiments using the 
Ago-2 antibody following miR-22-3p overexpression, leading to the detection of a higher 
amount of CVB3 RNA in the pull-down fraction (Fig. 1F). These observations provide 
compelling evidence that miR-22-3p indeed binds to the predicted site in the 5′ UTR of 
CVB3 RNA.

miR-22-3p negatively regulates CVB3 life cycle

Our subsequent focus was on investigating the regulatory role of miR-22-3p binding in 
the CVB3 life cycle. To delve into this aspect, we employed a CVB3 replicon construct (Fig. 
2A) where the CVB3 structural genes were replaced with the Firefly luciferase gene. This 
replicon serves as a non-infective, replicating CVB3 genome. In our experimental setup, 
we either overexpressed miR-22-3p or carried out partial silencing of miR-22-3p in HeLa 
cells, which were then transfected with the CVB3 replicon RNA. Cells were harvested 8 
hours post-transfection, and luciferase activity was measured. We observed an almost 
50% reduction in luciferase activity when miR-22-3p was overexpressed. Conversely, 
when miR-22-3p was partially knocked down, the luciferase activity increased by 1.5-fold, 
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as illustrated in Fig. 2B. To further substantiate these findings, we conducted experiments 
using a CVB3 replicon with a mutation that impairs its binding to miR-22-3p (same 
mutation as was used for TRAP assay). We observed that while miR-22-3p overexpres
sion decreased the luciferase activity of the WT CVB3 replicon, the mutant replicon 
showed no such effect, as shown in Fig. 2C. These collective results strongly suggest that 
miR-22-3p exerts a negative regulatory influence on the CVB3 life cycle.

Our curiosity led us to probe the specific stage in the CVB3 life cycle where miR-22-3p 
exerts its influence. To address this, we investigated the impact of miR-22-3p on CVB3 
RNA translation by utilizing guanidine hydrochloride (GuHCl), a replication-inhibiting 
drug. In the experiment, HeLa cells were transfected with CVB3 replicon RNA, in the 
context of either overexpression of miR-22-3p or partial silencing. These transfections 
were conducted in the presence or absence of 2-mM GuHCl. Surprisingly, we found 
that miR-22-3p still exhibited its inhibitory effect on the luciferase activity of the CVB3 
replicon, even when GuHCl was present (Fig. 2D). To further validate the specificity of 

FIG 1 miR-22-3p levels are induced upon CVB3 infection, and it binds to the 5′ UTR of CVB3 RNA. (A) Schematic representation of predicted miR-22-3p binding 

site in the CVB3 5′ UTR. (B) The schematic represents the complementarity between miR-22-3p and CVB3 sequences. The sequence in gray is the seed sequence 

of miR-22-3p. The schematic is generated through STarMir. (C) HeLa cells were seeded at a confluency of 90% and infected with CVB3 (multiplicity of infection 

10). Cells were harvested at 8 hours post-infection, and total RNA was isolated from the lysate. miR-22-3p and miR-21-5p levels were checked using quantitative 

PCR (qPCR). Error bars represent standard deviation in three independent experiments (left panel). Three- to four-week-old male BALB/c mice were injected 

with 104 PFU of CVB3 intraperitoneally. Seven days post-infection, the animals were sacrificed, and the mice hearts were harvested. Total RNA was isolated from 

the tissues, and miR-22-3p and miR-21-5p levels were checked using qPCR. Error bars represent standard deviations in five biological replicates (right panel). 

(D) Schematic representation of miR-22-3p binding mutation in the CVB3 5′ UTR (generated by STarMir). The sequence in gray is the seed sequence of miR-22-3p. 

(E) CVB3 5′ UTR [wild type (WT) or miR-22-3p binding defective] overexpression construct and pMS2-GST constructs were co-transfected in HeLa cells. The bar 

graph on the left shows the level of overexpression of the CVB3 5′ UTR constructs. The bar graph on the right shows the miR-22-3p enrichment in the pull-down 

fractions using qPCR. (F) HeLa cells were transfected with either pSUPER (vector control) or miR-22-3p overexpression construct, and pull-down was done using 

Ago-2 antibody from the cellular extract harvested 8 hours post-transfection. The bar graph represents the qPCR analysis of CVB3 RNA present in the miR-22-3p 

overexpression cells as compared to the vector control. The RNA was normalized with the input CVB3 RNA present in the extract. Error bars represent standard 

deviations in three independent experiments. *P < 0.05, **P < 0.01. ns, not significant.
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FIG 2 miR-22-3p negatively regulated CVB3 life cycle. (A) Schematic representation of the luciferase constructs used in the 

experiments. (B) HeLa cells were transfected with pSUPER (vector control), miR-22-3p, or miR-21-5p overexpression plasmids 

for overexpression experiment and non-specific anti-miRNA, anti-miR-22-3p, or anti-miR-21-5p for partial knockdown 

experiment. After 24 hours, CVB3 replicon RNA was transfected, and the cells were harvested after 8 hours followed by 

checking of the luciferase activity. The bar graph on the left represents the fold change in luciferase activity of CVB3 replicon 

upon miR-22-3p or miR-21–5p overexpression. The bar graph on the right represents the fold change in luciferase activity 

of CVB3 replicon upon partial knockdown of miR-22-3p or miR-21-5p. (C) HeLa cells with miR-22-3p overexpressed were 

transfected with either WT or miR-22-3p binding defective CVB3 replicon RNA and harvested after 8 hours. Fold change

(Continued on next page)
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the observed effect, we performed an additional assay using three different luciferase 
constructs: CVB3 5′ UTR-FLuc-CVB3 3′ UTR, CVB3 5′ UTR-FLuc, and FLuc-CVB3 3′ UTR (Fig. 
2A). Results showed that miR-22-3p only affected the luciferase activity of the constructs 
containing the CVB3 5′ UTR, as shown in Fig. 2E. Taken together, these results indicate 
that miR-22-3p binding to the CVB3 5′ UTR exerts a negative impact on CVB3 RNA 
translation.

We aimed to extend our findings beyond the CVB3 replicon and luciferase construct 
experiments to confirm if the observed effects are reproducible in the context of CVB3 
infection. To accomplish this, we overexpressed miR-22-3p in HeLa cells and infected 
them with CVB3 at a multiplicity of infection (MOI) of 10, followed by harvesting the 
cells 8 h.p.i. We isolated total RNA from the cell lysate and collected the supernatant for 
plaque assays. Our results indicated that both the positive and negative strand CVB3 RNA 
levels were notably reduced in the cells overexpressing miR-22-3p, as depicted in Fig. 2F. 
Additionally, the viral titer of CVB3 produced by these cells was diminished by 40% (Fig. 
2G). We performed 3-(4,5-dimethylthiazol-2-yl)−2,5-diphenyltetrazolium bromide (MTT) 
assays to ensure that the alteration of miR-22-3p expression itself did not adversely 
impact the cells, as shown in Fig. 2H. Thus, it appears that miR-22-3p acts as a negative 
regulator of the CVB3 infection cycle.

CVB3 proliferation is increased in miR-22-3p knockout cells

To reconfirm our findings, we established a miR-22-3p knockout (KO) cell line. The KO 
was verified through sequencing (data not shown) and quantitative PCR analysis, as 
illustrated in Fig. 3A. CVB3 infection (MOI 10) was carried out in both the WT and 
miR-22-3p KO HeLa cells, which were seeded at 90% confluency. After 8 h.p.i., we 
examined the results. Interestingly, in the miR-22-3p KO cells, we observed significant 
upregulation of both the CVB3 positive and negative RNA strands compared to the WT 
HeLa cells (Fig. 3B), confirming the trends seen in our earlier experiments. Furthermore, 
the virus titer produced from the miR-22-3p KO cells was found to be approximately 
threefold higher, providing additional evidence for the role of miR-22-3p as an anti-viral 
factor during CVB3 infection (Fig. 3C).

FIG 2 (Continued)

in luciferase activity is represented as the bar graph. (D) HeLa cells overexpressing vector control, miR-22-3p, or miR-21-5p 

were transfected with CVB3 replicon RNA either in the absence or in the presence of 2-mM GuHCl in media. Cells were 

harvested 8 hours post-transfection, and luciferase activity was measured (upper panel). HeLa cells transfected with Nsp 

anti-miR, anti-miR-22-3p, or anti-miR-21-5p were further transfected with CVB3 replicon RNA either in the absence or in the 

presence of 2-mM GuHCl in media. Cells were harvested 8 hours post-transfection, and luciferase activity was measured 

(bottom panel). (E) HeLa cells overexpressing vector control, miR-22-3p, or miR-21-5p were transfected with each of the 

described luciferase construct RNAs. Cells were harvested 8 hours post-transfection, and luciferase activity was measured. 

The bar graph represents the fold change in luciferase activity (upper panel). HeLa cells transfected with Nsp anti-miR, 

anti-miR-22-3p, or anti-miR-21-5p were further transfected with each of the described luciferase construct RNAs. Cells were 

harvested 8 hours post-transfection, and luciferase activity was measured. The bar graph represents the fold change in 

luciferase activity (bottom panel). (F) HeLa cells overexpressing vector control, miR-22-3p, or miR-21-5p were infected with 

CVB3 at an multiplicity of infection (MOI) of 10. Cells were harvested at 8 h.p.i., and total RNA was isolated from the cell. CVB3 

RNA was quantified by qPCR. The bar graph represents the fold change in the positive and negative strands of CVB3 RNA. 

(G) HeLa cells overexpressing vector control, miR-22-3p, or miR-21-5p were infected with CVB3 at an MOI of 10. Supernatant 

was collected at 8 h.p.i.and was used to perform plaque assay. The bar graph represents the fold change in the virus titer. 

(H) HeLa cells were transfected with either vector control, miR-22-3p, or miR-21-5p overexpression plasmids, or with Nsp 

anti-miR, anti-miR-22-3p, or anti-miR-21-5p; 24 hours post-transfection, 3-(4,5-dimethylthiazol-2-yl)−2,5-diphenyltetrazolium 

bromide reagent was added to the wells, and after 3–4 hours, Dulbecco's Modified Eagle Medium (DMEM) was removed, and 

Dimethyl sulfoxide (DMSO) was added and mixed well. Reading was taken at 550 nm in a spectrophotometer. One well from 

each condition was kept for checking the level of overexpression of the miRNAs. The bar graphs on the left show the level 

of overexpression or knockdown, and bar graphs on the right show viability in percentage. Error bars represent standard 

deviations in three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Full-Length Text Journal of Virology

February 2024  Volume 98  Issue 2 10.1128/jvi.01504-23 6

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
18

 M
ar

ch
 2

02
4 

by
 1

4.
13

9.
12

8.
34

.

https://doi.org/10.1128/jvi.01504-23


MicroRNA-22 binding reduces the binding of translation-promoting ITAFs

Having established the role of miR-22-3p in CVB3 infection, we aimed to decipher the 
mechanisms underlying its effects. As previously mentioned, the site where miR-22-3p 
binds also serves as a binding site for several internal ribosome entry site trans-acting 
factors (ITAFs) known to enhance CVB3 translation, specifically, La, PSF, and PTB (Fig. 4A). 
We were particularly interested in understanding how miR-22-3p binding influenced the 
interaction between these ITAFs and the CVB3 5′ UTR. To investigate this, we conduc
ted immunoprecipitation experiments after infecting HeLa cells transfected with vector 
control or miR-22-3p overexpression plasmid, with CVB3. miR-22-3p overexpression in 
the cell lysate (input fraction) was confirmed by qPCR (data not shown). Antibodies 
specific to each of the ITAFs were used, and we assessed the association between CVB3 
RNA and these ITAFs under both conditions. As a negative control for our experiment, 
we utilized the HuR protein, another RNA-binding protein that harbors a binding site in a 
different stem loop of the CVB3 5′ UTR (40). Interestingly, our findings revealed a reduced 
association of CVB3 RNA with La, PSF, and PTB upon miR-22-3p overexpression (Fig. 4B 
through D). However, there was no discernible effect on the association of CVB3 RNA 
with the HuR protein (Fig. 4E). These results suggest that miR-22-3p displaces the binding 
of some ITAFs to the CVB3 5′ UTR, specifically between stem loops V and VI.

MicroRNA-22 binding inhibits translation by inhibiting ribosome recruitment

One of the ITAFs that was displaced due to miR-22-3p binding to the CVB3 5′ UTR was 
the La protein. Earlier, we have demonstrated the crucial role of La binding in facilitating 
ribosome recruitment to the CVB3 5′ UTR (30). Therefore, we were curious to examine 
whether miR-22-3p binding was also influencing ribosome recruitment. To address this 
question, we employed the polysome profiling technique. We evaluated the level of 
CVB3 RNA associated with the 40S ribosomal subunit, complete monosomes, and 
polysomes in cells with and without miR-22-3p. Initially, we assessed whether there were 
any differences in the polysome profiles between WT and miR-22-3p KO HeLa cells. As 
illustrated in Fig. 5A, the profiles were nearly identical. Subsequently, we infected the 
cells with CVB3 and performed polysome profiling on the lysates from the infected cells. 
Upon infection, a drastic decrease in the polysomes was observed, because CVB3 
infection shuts off global translation (Fig. 5B). We separately isolated RNA from the 40S 
fraction, the monosomes, and the polysomes. As anticipated, we found that CVB3 RNA 
was more abundant in all fractions (40S, monosomes, and polysomes) in the case of 

FIG 3 CVB3 proliferation is enhanced in miR-22-3p KO cells. (A) Total RNA was isolated from WT HeLa and miR-22-3p KO HeLa cells, and miR-22-3p levels were 

detected by qPCR. The bar graph represents the fold change in miR-22-3p levels. (B) WT and miR-22-3p KO cells seeded at 90% confluency were infected with 

CVB3 (MOI 10) and harvested at 1 hour and 8 h.p.i.. Total RNA was isolated and CVB3 positive and negative RNA strands were quantified by qPCR. The line graphs 

represent the fold change in the level of CVB3 RNA in miR-22-3p KO cells with respect to WT cells. (C) WT and miR-22-3p KO cells seeded at 90% confluency were 

infected with CVB3 (MOI 10), and the supernatant was collected at 8 h.p.i. to perform plaque assay. The bar graph represents the fold change in the virus titer. 

Error bars represent standard deviations in three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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FIG 4 miR-22-3p binding to CVB3 5′ UTR displaces the ITAFs. (A) A pictorial representation of the binding site of miR-22-3p 

(black), La, PSF, PTB, and HuR in the CVB3 5′ UTR. (B–E) HeLa cells overexpressing miR-22-3p were infected with CVB3 (MOI 10). 

Cells were harvested after 8 h.p.i., and the lysate was used for immunoprecipitation using antibodies against La, PSF, PTB, and 

HuR. Total RNA was isolated from the total lysate, and the pull-down fractions and CVB3 RNA were quantified by qPCR. The 

bar graphs represent the CVB3 RNA associated with each of the proteins, normalized to the CVB3 RNA present in the total cell 

lysate. Western blots confirm immunoprecipitation of the respective protein. Error bars represent standard deviations in three 

independent experiments. *P < 0.05.
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CVB3-infected miR-22-3p KO cells (Fig. 5C). These results strongly suggest that miR-22-3p 
hinders CVB3 RNA translation by disrupting ribosome recruitment to the internal 
ribosome entry site (IRES) region.

MicroRNA-22 levels increase 4 hours post-infection triggered by 2a protease

The translation of the genomic RNA strand stands out as one of the most pivotal steps in 
the CVB3 life cycle. Due to the absence of any viral proteins packaged within the CVB3 
virion particle, the genome promptly undergoes translation upon entering the host cell’s 
cytoplasm, enabling the synthesis of viral proteins. Notably, in HeLa cells, the initial 2 
hours following CVB3 infection primarily involve CVB3 RNA translation within the cells, 
with robust RNA replication initiating only after 4 hours (Fig. 6A). The viral proteins play 
a critical role in facilitating the virus’s genome replication. However, if miR-22-3p levels 
increase and impede CVB3 RNA translation, it could disrupt the successful progression 
of the infection cycle. To address this hypothesis, we examined the level of miR-22-3p at 
various time points post-CVB3 infection in HeLa cells. Specifically, we infected HeLa cells 
with CVB3 (MOI 10) and harvested the cells at 2, 4, 6, and 8 h.p.i. We confirmed CVB3 
infection by quantifying CVB3 genomic RNA at different time points (Fig. 6B). Interest
ingly, we observed that miR-22-3p levels increased only 4 h.p.i., allowing sufficient time 
for viral protein synthesis to occur (Fig. 6C).

Around 4 h.p.i., the accumulation of viral proteins becomes noticeable in the cell 
cytoplasm (41–43) (Fig. 6D). One of these proteins is CVB3 2A protease, recognized for its 
involvement in the regulation of numerous host proteins, achieved through cleavage or 
modulation of their levels. In a recent study, we demonstrated that 2A protease, during 
CVB3 infection, downregulates the level of a specific miRNA, miR-125b-5p (40). This 
observation led us to investigate whether the increased level of miR-22-3p during CVB3 
infection could be attributed to the accumulation of 2A protease. To explore this 
possibility, we expressed 2A protease in HeLa cells and monitored the level of miR-22-3p. 
In parallel, we utilized the NS3 protease from HCV as a control. The results revealed that 
the expression of 2A protease in HeLa cells led to an elevation in miR-22-3p levels (Fig. 6E 
and F). These findings strongly suggest that the levels of miR-22-3p during CVB3 
infection are influenced by the presence of 2A protease.

FIG 5 miR-22-3p binding to CVB3 5′ UTR inhibits ribosome recruitment. (A) Uninfected WT and miR-22-3p KO HeLa cells were used for polysome profile analysis 

to check the global translation profile. The profiles for WT HeLa (black) and miR-22-3p KO cells (gray) are shown. The 40S, monosome, and polysome peaks are 

indicated. (B) CVB3-infected WT and miR-22-3p KO HeLa cells were used for polysome profile analysis to check the global translation profile during infection. 

The profiles for CVB3-infected WT HeLa (black) and miR-22-3p KO cells (gray) are shown. (C) Total RNA was isolated from the 40S, monosome, and polysome 

fractions of the CVB3-infected WT and miR-22-3p KO cells and CVB3 RNA was quantified by qPCR. The bar graph represents the fold change in CVB3 positive 

strand present in the individual fractions in miR-22-3p KO cells with respect to WT HeLa cells. Error bars represent standard deviations in three independent 

experiments. *P < 0.05.
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Protocadherin-1 is regulated by miR-22-3p during CVB3 infection

Given that the increased levels of miR-22-3p during CVB3 infection are likely to impact 
host mRNAs targeted by miR-22-3p, we embarked on investigating its possible indirect 
effect on CVB3 infection. We initiated this analysis by obtaining a comprehensive list of 
825 miR-22-3p targets from the miRBase database (mirbase.org). To gain insights into the 
functional impact of these miR-22-3p targets, we opted for pathway analysis using the 
Panther software (44). From the results of this pathway analysis, we identified the top 
three pathways and focused on the 12 genes that were shared among these pathways.

Our initial focus was on assessing the mRNA levels of the shortlisted miR-22-3p 
targets in response to CVB3 infection (Fig. 7A). Given that miR-22-3p is upregulated 
during CVB3 infection, we concentrated on the genes among the 12 targets that 
displayed a downregulation in response to infection for further investigation. Among 
these targets, we identified four genes that exhibited an inverse correlation, namely, 
protocadherin-1 (PCDH1), guanine nucleotide-binding protein subunit beta-4 (GNB4), 
TGF-beta receptor type-1, and protein Wnt-5a. The levels of these genes were checked in 
miR-22-3p KO cell line, for reciprocal correlation (if any). We observed that the levels of 
PCDH1 and GNB4 were indeed upregulated in the miR-22-3p KO cell line. Furthermore, 
when we subjected miR-22-3p KO cells to CVB3 infection, we found that GNB4 displayed 
a similar trend during infection in both the WT and miR-22-3p KO cells. However, PCDH1 
exhibited an opposite trend (Fig. 7B). To gain further insights, we also assessed the level 
of PCDH1 in the hearts of CVB3-infected mice and found that, akin to our observations in 
HeLa cells, PCDH1 levels were downregulated (Fig. 7C). Collectively, these results suggest 
that PCDH1 might be under the regulation of miR-22-3p during CVB3 infection.

FIG 6 miR-22-3p levels increase after 4 hours of CVB3 infection as a result of 2Apro accumulation. (A) Schematic representation of the time course of CVB3 

infection in HeLa cells. For the first two hours, there is majorly CVB3 RNA translation and after that replication and translation both pickup robust speed. (B) HeLa 

cells seeded at a confluency of 90% were infected with CVB3 (MOI 10), and the cells were harvested 2, 4, 6, and 8 h.p.i. Total RNA was isolated and CVB3 

positive-strand RNA was quantified using qPCR. (C) The levels of miR-22-3p and miR-21-5p (positive control) were detected at the different time points post-CVB3 

infection. (D) Western blot represents the CVB3 VP1 protein at 2, 4, 6, and 8 h.p.i. in HeLa cells. (E) HeLa cells seeded at a confluency of 60%–70% were transfected 

with either pcDNA3 (vector control), CVB3 2Apro, or HCV NS3pro expression plasmids, and 24 hours post-transfection, cells were harvested and total RNA was 

isolated. The RNA levels of CVB3 2Apro or HCV NS3pro were quantified using qPCR. (F) The bar graph represents the RNA level of miR-22-3p quantified using qPCR. 

Error bars represent standard deviations in three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 .

Full-Length Text Journal of Virology

February 2024  Volume 98  Issue 2 10.1128/jvi.01504-2310

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
18

 M
ar

ch
 2

02
4 

by
 1

4.
13

9.
12

8.
34

.

https://doi.org/10.1128/jvi.01504-23


Protocadherin-1 promotes CVB3 infection

The function of PCDH1 protein is reasonably underexplored. It is a single-pass transmem
brane protein present in cell-cell junctions. Notably, there are two reports on PCDH1 
function. The first report unveils its ability to activate nuclear factor kappa B (NF-κB) 
signaling in the context of pancreatic cancer (45). The second report highlights its 
significance in facilitating the entry of New World hantaviruses into host cells (46). 
Building on this background information, we formulated a hypothesis that during CVB3 
infection, PCDH1 present in the vicinity of the receptors might be activated, subse
quently triggering certain signaling events. Alternatively, it could serve as a co-receptor, 
assisting CVB3 in its entry into the host cell.

To our surprise, our investigations revealed that CVB3 entry was more efficient in 
miR-22-3p KO cells as compared to WT HeLa cells (Fig. 7D). Motivated by this observa
tion, we opted to partially silence PCDH1 in miR-22-3p KO cells to evaluate its impact on 
CVB3 infection. PCDH1 mRNA levels were checked to confirm partial silencing (data not 
shown). Interestingly, we found that while PCDH1 knockdown did not manifest an effect 
on CVB3 infection during the early stages of infection, it significantly downregulated 
CVB3 infection during the later phases of infection (see Fig. 7E). These results provide 
compelling evidence indicating that PCDH1 indeed plays a role in promoting CVB3 
infection.

MicroRNA-22 levels post-infection determine the virus replication in various 
organs

Having established the direct and indirect roles of miR-22-3p in CVB3 infection, we were 
keen to explore whether this microRNA played a part in determining tissue or organ 
tropism during CVB3 infection. miR-22-3p exhibits differential expression across various 

FIG 7 Protocadherin-1 is regulated by miR-22-3p during CVB3 infection and acts as a proviral factor. (A) HeLa cells seeded at a confluency of 90% were infected 

with CVB3 (MOI 10), and the cells were harvested at 8 h.p.i. Total RNA was isolated, and the mRNA levels of different miR-22-3p target genes were quantified 

by qPCR. The bar graph represents the level of mRNA targets in CVB3-infected cells versus uninfected cells. (B) WT and miR-22-3p KO HeLa cells were seeded 

at a confluency of 90% and were either mock-infected or CVB3-infected (MOI 10). Cells were harvested after 8 h.p.i. and total RNA was isolated. The bar graph 

represents the mRNA levels of PCDH1, GNB4, TGF-beta receptor type-1 (TGFBR1), and WNT5 quantified by qPCR. (C) PCDH1 mRNA levels were quantified in 

CVB3-infected mice heart with respect to mock-infected mice heart after 7 days of infection. (D) WT and miR-22-3p KO cells seeded at 90% confluency were 

infected with CVB3 (MOI 10) and harvested after 1 hour of adsorption. Total RNA was isolated, and CVB3 positive-strand RNA levels were quantified by qPCR. 

The bar graph represents the fold change in CVB3 that entered in miR-22-3p KO cells with respect to WT cells. (E) WT and miR-22-3p KO cells seeded at 50% 

confluency were transfected by either sh Nsp or sh PCDH1 plasmids and, after 24 hours, infected with CVB3 (MOI 10). Cells were harvested at 1 and 8 h.p.i., and 

total RNA was isolated. CVB3 RNA was quantified in the cells by qPCR. Error bars represent standard deviations in three independent experiments. *P < 0.05, **P < 

0.01, ***P < 0.001, ****P < 0.0001.

Full-Length Text Journal of Virology

February 2024  Volume 98  Issue 2 10.1128/jvi.01504-2311

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
18

 M
ar

ch
 2

02
4 

by
 1

4.
13

9.
12

8.
34

.

https://doi.org/10.1128/jvi.01504-23


organs in the body, with particularly high expression levels in the heart. Additionally, 
different cell types possess distinct cellular environments, which contribute to their 
unique responses to viral infections. Hence, it is conceivable that upon infection, 
different organs may exhibit varied regulations of miR-22-3p, ultimately influencing the 
proliferation of CVB3 in these organs.

To delve into this question, we conducted an experiment involving 3- to 4-week 
old male BALB/c mice. We infected them with 105 PFU of CVB3 or subjected them to 
a mock treatment with phosphate-buffered saline (PBS), serving as a control. After 3 
d.p.i., we sacrificed the mice and harvested various organs (Fig. 8A). We assessed the 
levels of miR-22-3p and CVB3 RNA in different organs. As anticipated, we observed 
elevated levels of miR-22-3p in the heart tissue of CVB3-infected mice. Intriguingly, we 
found that miR-22-3p was downregulated in the small intestine and pancreas post-infec
tion, coinciding with high levels of CVB3 RNA. In contrast, miR-22-3p levels remained 
unchanged in the remaining organs (Fig. 8B and C).

DISCUSSION

The infection caused by CVB3 presents a paradigm where miRNAs play pivotal roles 
in distinct phases. miRNAs can directly target viral mRNA or host genes, thereby 
impacting the course of infection. While considerable evidence underscores the indirect 
contribution of miRNAs to CVB3 infection, limited information is available on the host 
miRNAs that bind directly to CVB3 RNA. In this study, we elucidated the involvement of 
miR-22-3p in the intricate network governing CVB3 infection, adding a novel facet to the 
regulatory landscape.

miR-22-3p expression undergoes modulation in response to various viral infections, 
including hepatitis B virus (HBV), HIV, HCV, influenza A virus, porcine reproductive 
and respiratory syndrome virus (PRRSV), H1N1, Japanese encephalitis virus (JEV), 
and transmissible gastroenteritis coronavirus (47–54). Across multiple viral infections, 
miR-22-3p exhibits a proviral role. For instance, in PRRSV infection, miR-22-3p promotes 
viral replication by targeting heme oxygenase-1, an anti-viral factor (50). In the case 
of JEV infection, miR-22-3p targets MAVS, resulting in diminished interferon (IFN)1 
production and facilitating viral replication (52). During lymphocytic choriomeningitis 
virus (LCMV) infection, miR-22-3p enhances the IFN response, thereby contributing to 
enhanced disease severity. Interestingly, KO mice lacking miR-22-3p survived a lethal 
viral dose due to reduced IFN-alpha production (55). Reports also suggest a potential 
association between miR-22-3p and HBV-related hepatocellular carcinoma, regarding its 
impact on HepB e antigen and hepatitis B surface antigen (47). However, none of the 
reports proposed a direct interaction between miR-22-3p and viral RNA.

FIG 8 miR-22-3p levels determine the level of CVB3 infection in different organs. (A) A schematic representation of the workflow for the consecutive experiment. 

Three- to four-week-old male BALB/c were either mock-infected or CVB3-infected (105 PFU). The animals were sacrificed at 3 d.p.i. and different organs were 

harvested. Total RNA was isolated from the different tissues and miR-22-3p, and CVB3 RNA levels were quantified using qPCR. (B) The bar graph represents the 

level of miR-22-3p in different organs of mock and CVB3-infected mice with respect to mock-infected mice heart. (C) The bar graph represents the level of CVB3 

positive-strand RNA detected in different organs 3 d.p.i. Error bars represent standard deviations in five biological replicates. **P < 0.01, ***P < 0.001.
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Our investigation primarily focuses on the role of miR-22-3p during CVB3 infection, 
where it binds to the CVB3 5′ UTR and substantively influences both CVB3 RNA 
translation and host mRNA, specifically PCDH1. The process of miR-22-3p binding to the 
CVB3 5′ UTR entails inhibiting CVB3 infection. Along with miR-22-3p, we used miR-21-5p 
overexpression and knockdown as a control. miR-21-5p is known to have no impact on 
CVB3 RNA translation and replication. However, it shows significant negative regulation 
of CVB3 virus particle release (13). Unlike miR-21-5p, miR-22-3p showed a deleterious 
effect on all virus processes. The binding of miR-22-3p to CVB3 5′ UTR spatially hampers 
the binding of critical ITAFs, namely, PSF, PTB, and La protein, which share binding 
motifs within the CVB3 RNA 5′ UTR with miR-22-3p. These proteins are acknowledged 
for promoting CVB3 RNA translation, including ribosomal recruitment to the IRES. The 
coordinated binding of these proteins contributes to efficient viral protein synthesis. 
After analyzing the results, we concluded that the effect of miR-22-3p was majorly on 
CVB3 RNA translation, and the effect observed on other processes such as replication 
and virus production is an indirect consequence. It is noteworthy that the sequence from 
stem loops V to VI demonstrates a high degree of conservation across all Coxsackievirus 
B serotypes and not just CVB3 strains. Furthermore, the binding site of miR-22-3p in 
the UTR lacks overlap with any other microRNA, underscoring the specificity of this 
interaction. Importantly, around 4 hours post-infection, miR-22-3p expression increases, 
coinciding with the accumulation of viral proteins, 2A protease being one of them. While 
the exact mechanism by which 2A protease enhances miR-22-3p levels is unknown, it 
can be speculated that it might directly or indirectly increase the promoter activity. A 
detailed investigation is required to decipher this mechanism. This temporal increase 
in miR-22-3p potentially enhances its prospect for binding to CVB3 RNA. The ensuing 
miR-22-3p binding to the 5′ UTR causes displacement of ITAFs, effectively attenuating 
the translational process (Fig. 9). Since the binding of miR-22-3p seed sequence and 
CVB3 RNA is not completely complementary, we do not suspect that miR-22-3p is also 
involved with degrading CVB3 RNA.

Moreover, the increased miR-22-3p level subsequently impacts host target genes, 
exemplified by the reduced expression of PCDH1. PCDH1 in an underexplored protein. It 
is a transmembrane protein, which is majorly located in cell-cell junctions. A report 
suggests the involvement of PCDH1 in activating NF-κB signaling in pancreatic ductal 
adenocarcinoma (45). During CVB3 infection, NF-κB signaling is known to be activated in 
HeLa cells (56). However, in contrast, a recent study in peritoneal macrophages shows 
that NF-κB signaling is suppressed upon CVB3 infection (57). Another study showed that 
PCDH1 is involved in New World hantaviruses’ entry into host cells (46). CVB3 utilizes 
decay accelerating factor (DAF) or CD55 as an attachment receptor and Coxsackievirus 
and adenovirus receptor (CAR) as an uncoating receptor. However, CVB3 has been known 
to modulate the receptor requirements based on availability. Moreover, while the use of 
DAF and CAR in CVB3 entry has been characterized, the possible involvement of other 
proteins as co-receptors cannot be ruled out (58). Our results suggested a proviral role of 
PCDH1 during CVB3 infection. A detailed study on PCDH1 during CVB3 infection will 
enlighten on how it helps the virus during infection: by regulating cellular signaling or 
acting as a co-receptor for viral entry (Fig. 9).

This phenomenon invites inquiry into the rationale behind suicidal induction of an 
anti-viral miRNA by the virus. Two plausible hypotheses may elucidate this phenomenon. 
Firstly, it is speculated that the CVB3 2A protease does not directly cause the increase in 
miR-22-3p levels. Instead, this protease is recognized by another protein as a potential 
threat to the host, thereby initiating a cascade of events culminating in the induction of 
miR-22-3p. Subsequently, miR-22-3p assumes the role of an anti-viral molecule by 
inhibiting viral translation and facilitating the degradation of the proviral host factor, 
PCDH1. However, a comprehensive investigation is required to ascertain the existence, if 
any, of intermediate proteins involved in this process. Alternatively, CVB3 augments 
miR-22-3p levels for its strategic benefit. The RNA strand utilized for translation is 
concurrently utilized for replication. The continuous occupation of CVB3 RNA by 
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translation-promoting factors hampers the seamless transition from translation to 
replication. Elevating miR-22-3p levels potentially facilitates this transition, promoting 
replication. However, miR-22-3p subtly exploits this scenario to wield an anti-viral effect 
by repressing proviral PCDH1. This dual nature of miR-22-3p’s function intricately weaves 
into CVB3’s regulatory strategy, representing a dichotomous relationship where the virus 
benefits from miR-22-3p elevation for replication while simultaneously grappling with its 
anti-viral repercussions.

An additional layer of complexity emerges through the tissue-specific expression 
patterns of miR-22-3p, provoking in-depth investigation into its potential role in 
determining CVB3’s tissue/organ tropism. The levels of miR-22-3p in small intestine 
and pancreas are moderate. However, to our surprise, upon CVB3 infection in mice, 
miR-22-3p levels were downregulated in both small intestine and pancreas. The small 
intestine is the primary target organ of CVB3 (59). Apart from miR-22-3p, the level of 
PCDH1 protein is also highest in the different organs of the gastrointestinal tract (Human 
Protein Atlas, proteinatlas.org) (60). Pancreas, a secondary target organ of CVB3, harbors 

FIG 9 Model. Dual role of miR-22-3p during CVB3 infection. (1) Upon CVB3 infection, the genomic RNA is released into the host cell cytoplasm, (2) which is 

then bound by different ITAFs such as La, PSF, and PTB. (3) This leads to ribosome recruitment and viral RNA translation (4) to synthesize CVB3 proteins. (5) 

The accumulation of viral 2A protease in the cytoplasm acts as a trigger for enhancing the levels of miR-22-3p. The exact mechanism by which 2Apro induces 

miR-22-3p levels is unclear. (6) miR-22-3p now displaces the ITAFs bound to the CVB3 5′ UTR, inhibiting its translation. (7) The indirect effect of miR-22-3p during 

CVB3 infection is by targeting PCDH1. During CVB3 infection, PCDH1 acts as a proviral host factor. However, the increased level of miR-22-3p upon CVB3 infection 

downregulates PCDH1 and inhibits its function (created with BioRender.com).
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high La protein, which helps in viral RNA translation, hence aiding in viral proliferation 
(28). The combined effect of low level of anti-viral molecule and high level of proviral 
molecule makes the small intestine and pancreas appropriate organs to be targeted. This 
intriguing observation indicates miR-22-3p’s and its target’s potential influence in the 
virus’s selection of the small intestine as a preferred site for primary infection. Further
more, CVB3 attacks pancreas next, which provides another favorable environment for 
it to replicate robustly. This hypothesis gains additional support from the observation 
that the site to which miR-22-3p binds exhibits a high degree of conservation among 
Coxsackieviruses. Conversely, the host responds to viral attack by signaling the heart, 
another secondary target organ, to increase the levels of anti-viral molecules, such as 
miR-22-3p, as a protective measure against severe viral infection. Since cardiomyocytes 
are terminally differentiated, it is essential to protect them from any possible cell death, 
which in this case, might be the viral infection. This underscores the ongoing evolution
ary arms race between the host and the virus, illustrating their adaptive strategies to 
overcome challenges and maintain relevance.

Overall, this investigation has unraveled the multifaceted role of miR-22-3p in 
regulating CVB3 infection, which can be harnessed for designing miRNA-based 
therapies. miR-22-3p-based therapy would offer a multidimensional therapeutic 
approach through direct binding to the CVB3 5′ UTR, culminating in the inhibition of 
viral RNA translation, while its capacity to suppress proviral PCDH1 attests to its anti-viral 
potency. miR-22-3p mimics (pre-miRNAs) can be supplemented into the host using 
nucleic acid delivery systems, thereby increasing miRNA load attenuating CVB3 infection 
and its related diseases.

The dynamic regulation of miR-22-3p during infection underscores its intricate 
involvement in CVB3 pathogenesis. One pivotal aspect of our research is the delineation 
of time-dependent regulation of various host factors contributing to CVB3’s establish
ment of a successful infection cycle. In this intricate puzzle, miR-22-3p plays a modest yet 
essential part.

MATERIALS AND METHODS

Cell lines and transfections

HeLa cells were maintained in DMEM (Sigma) supplemented with 10% fetal bovine 
serum (FBS) (GIBCO, Invitrogen) and antibiotics. For transfection, 50% or 90% conflu-
ent monolayer of cells (depending on the experiment) was transfected with various 
plasmid constructs or RNAs using Lipofectamine 2000 (Invitrogen) or turbofectamine 
in Opti-MEM (Invitrogen). Following a 5-hour incubation period, the culture medium 
was replaced with DMEM containing antibiotics and 10% FBS. Subsequently, at the 
designated time points, the cells were harvested and processed according to the specific 
requirements of the experiments.

Plasmids and RNAs

pRib-CB3/T7-LUC construct was used for the preparation of CVB3 subgenomic replicon 
RNA. The construct linearized with SalI enzyme was used for in vitro transcription 
reactions using T7 polymerase as per manufacturer’s protocol.

pRib-CB3/T7 construct was used for the preparation of CVB3 infectious virus (Nancy 
strain). The construct linearized with MluI enzyme was used for in vitro transcription 
reactions using T7 polymerase as per manufacturer’s protocol.

pSUPER-miR-22-3p and pSUPER-miR-21-5p constructs were used to overexpress 
miR-22-3p and miR-21-5p, where the miRNA sequence was cloned between BglII and 
XhoI sites in pSUPER vector.

AntimiR-22-3p (mirVana miRNA inhibitor for hsa-miR-22-3p, assay ID MH10203) or 
anti-miR-21-5p (mirVana miRNA inhibitor for hsa-miR-21-5p, assay ID MH10206) RNAs 
were used for partial silencing of miR-22-3p and miR-21-5p, respectively.
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CVB3 2A protease and HCV NS3 protease overexpression constructs were cloned in 
pcDNA3.1 vector.

For preparation of CVB3 5′ UTR-FLuc, CVB3 5′ UTR-FLuc-3′ UTR, and FLuc-CVB3 3′ UTR 
RNA, respective sites were cloned in pcDNA3.1 vector. The clones were already available 
in the laboratory.

Preparation of CVB3 infectious virus

The pRiB-T7-CB3 plasmid (a generous gift from Prof. Nora Chapman) containing CVB3 
cDNA was used for infectious viral RNA preparation. This RNA was transfected into HeLa 
cells for CVB3 virus production. After 2–3 days of incubation, cells were lysed by three 
cycles of freeze-thawing, and the cell suspension was collected in a 15-mL tube. Dead 
cells and cellular debris were removed by centrifugation at 5,000 rpm for 10 minutes 
at 4°C. The supernatant containing the CVB3 virus was collected and aliquoted before 
being stored at −80°C to maintain its infectivity. Freshly prepared virus was used to 
estimate plaque-forming units per milliliter using plaque assay in Vero cells.

Site-directed mutagenesis

CVB3 5′ UTR primers (Table 1) were designed incorporating mutations at the nucleotide 
position 587 (G–C) and 588 (C–G), followed by PCR amplification using the WT CVB3 5′ 
UTR as template. The PCR product was then treated with Dpn1 to digest the methylated 
template DNA. Bacterial transformation using DH5α strain was done using the digested 
PCR product, and the resultant colonies were screened by sequencing.

Virus infection in cell line

Cells were seeded at 90% confluency and before infection, washed with DMEM media 
without FBS. The required amount of virus was diluted in DMEM (without serum) and 
added to the cells. The dish was them swirled gently at regular intervals of 10 minutes for 
45 minutes to 1 hour. This is the adsorption step. Next, remaining virus is removed, and 
fresh growth media is added to the cells.

Virus infection in mice

Three- to four-week old male BALB/c mice were either injected with PBS for mock 
infection or CVB3 intraperitoneally. The mice were sacrificed 3 or 7 days post-infection, 
and the organs were harvested.

TRAP assay

The method is based on adding MS2 RNA hairpin loops to a target RNA of interest, 
followed by co-expression of the MS2-tagged RNA together with the protein MS2 (which 
recognizes the MS2 RNA elements) fused to an affinity tag (61). After purification of the 
MS2 RNP complex, the miRNAs present in the complex are identified. In this study, we 
have tagged the CVB3 5′ UTR (WT or mutant) with MS2 hairpins and have co-expressed 
it in HeLa cells along with the chimeric protein MS2-GST (glutathione S-transferase). 
After affinity purification using glutathione SH beads, the microRNAs present in the RNP 
complex were detected by qPCR.

miR-22-3p knockout cell line generation

pspCas9(BB)-2A-GFP(PX458) vector was used to clone miR-22-3p-specific gRNAs. The 
clones were transfected in HeLa cell lines, and 48 hours post-transfection, GFP-express
ing cells were sorted in a 96-well plate by single cell sorting using fluorescence-activated 
cell sorting (FACS). The sorted cells were propagated and further miR-22-3p knockout 
clones were screened and validated by sequencing and qPCR.
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MTT assay

HeLa cells were transfected with pSUPER only, pSUPER-mir22, pSUPER-mir21 overexpres
sion constructs or with Nsp anti-miR, anti-miR-22-3p, or anti-miR-21-5p, and MTT was 
added to the media 24 hours post-transfection. After 3 hours of incubation, media were 
removed and cells were dissolved in DMSO, followed by measurement of absorbance at 
550 nm.

In vitro transcriptions

RNA synthesis was performed in vitro using linearized constructs containing the T7 
promoter. Two plasmids, pRib-CB3/T7-LUC and pRIB-CB3/T7, were used, and they were 
linearized with SalI and MluI enzymes, respectively. The linearized DNA was then 
ethanol-precipitated and used as a template for RNA synthesis using T7 RNA polymerase 
(Fermentas). The transcription reactions were carried out under standard conditions 
(Fermentas protocol) using 1 µg of linearized template DNA at 37°C for 4 hours. After 
ethanol precipitation, RNAs were resuspended in nuclease-free water.

TABLE 1 Primers used in the study

CVB3_UTR_460 F GAATGCGGCTAATCCTAACTGC
CVB3_UTR_655 R GCTCTATTAGTCACCGGATGGC
Human GAPDH F CAGCCTCAAGATCATCAGCAAT
Human GAPDF R GGTCATGAGTCCTTCCACGA
Mouse GAPDH F TGCAGTGGCAAAGTGGAGATT
Mouse GAPDH R TTGAATTTGCCGTGAGTGGA
CVB3 miR22 SDM F TTCCTATACTGGCTCGTTATGGTGACAATTG
CVB3 miR22 SDM R CAATTGTCACCATAACGAGCCAGTATAGGAA
miR-22 CRISPR g1 F GAACTGTTGCCCTCTGCCCCGTTTT
miR-22 CRISPR g1 R GGGGCAGAGGGCAACAGTTCCGGTG
miR-22 CRISPR g2 F GAGCCGCAGTAGTTCTTCAGGTTTT
miR-22 CRISPR g2 R CTGAAGAACTACTGCGGCTCCGGTG
PCDH1 qPCR F TGAGGCCCAGGAGCTATTTG
PCDH1 qPCR R TTCACCTGGATGACCGAGTG
ACVR1B qPCR F TCTCCAAAGACAAGACGCTCC
ACVR1B qPCR R GGATGTTTTCATGGCGCAGC
ARRB1 qPCR F GGAAAGCGGGACTTTGTGGA
ARRB1 qPCR R TCGCCCAGCTTCTTGATGAG
WNT5A qPCR F TTTCTCCTTCGCCCAGGTTG
WNT5A qPCR R GTGGTCCTGATACAAGTGGCA
EP300 qPCR F AGGGGACATGTATGAATCTGCAA
EP300 qPCR R GCACACTGCCACGGATCATA
TGFBR1 qPCR F AACCGCACTGTCATTCACCA
TGFBR1 qPCR R CAACTTCTTCTCCCCGCCA
FSTL1 qPCR F TGGCTGGTTCTCTAAAGGCAG
FSTL1 qPCR R GATGGGTTGAGGCACTTGAG
SRCAP qPCR F ACAGGCGTGGTGAAGATTGT
SRCAP qPCR R GGACTGTGGACCAGCTTGAG
CSNK1A1 qPCR F AGCAGCGGCTCCAAGG
CSNK1A1 qPCR R TGCTCTCGTACAGCAACTGG
GNB4 qPCR F GGACAGGCCTCATTTTTGGC
GNB4 qPCR R AGGCCCTTTTGCTGTTGAGA
SMAD4 qPCR F TCCTGTGGCTTCCACAAGTC
SMAD4 qPCR R CAGTCCAGGTGGTAGTGCTG
BCL9 qPCR F AGTCCTGGGATCCCTCCAAA
BCL9 qPCR R GAGCTGGCCACAGTCTTGAT
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Luciferase assays

Transfected cells were harvested and lysed using 1× passive lysis buffer (Promega). Cell 
lysates were centrifuged at 10,000 rpm for 10 minutes at 4°C. Supernatant was collected 
and used for taking the luciferase reading using Dual Luciferase kit (Promega) as per 
manufacturer’s protocol. Readings were normalized to total protein.

Western blot analysis

The protein concentration from cell lysates was quantified using the Bradford method. 
Equal amounts of protein were separated on 12% denaturing PAGE gels and transfer
red to a nitrocellulose membrane (Pall Biosciences). The analysis of these proteins was 
conducted using specific antibodies.

RNA isolation

Total RNA was extracted from cells at various time points using TRI Reagent (Sigma) 
following the standard protocol. After trypsin digestion, the cells were collected using 
PBS, and 250 µL of TRI reagent was added to the cell pellet for proper lysis. Subsequently, 
50 µL of chloroform was introduced to the tubes containing the lysed cells in TRI reagent. 
After vigorous vertexing for 30 seconds, the tubes were centrifuged at 12,000 rpm for 
20 minutes. The resulting supernatant was collected, and RNA precipitation was carried 
out by adding an equal volume of isopropanol. The RNA pellet was then washed with 
70% ethanol (or 80% ethanol for miRNA quantification). Following this, DNaseI digestion 
was performed at 37°C for 30–45 minutes. Next, an equal volume of phenol:chloroform 
(1:1 ratio) was added to the solution, vortexed, and centrifuged at 10,000 rpm for 10 
minutes. To the resulting supernatant, absolute ethanol (2.5 volumes), sodium acetate 
pH 5.2 (one-tenth of the volume), and glycogen were added, and the mixture was kept 
at −80°C overnight for precipitation. After the overnight precipitation, the pellet was 
washed with 70% ethanol (or 80% ethanol for miRNA experiments), briefly air-dried, and 
then resuspended in DEPC-treated water.

cDNA synthesis and qPCR

For CVB3 RNA and host mRNAs, cDNA was synthesized using Moloney Murine Leuke
mia Virus Reverse Transcriptase (MMLV RT) (RevertAid First Strand cDNA Synthesis Kit, 
Thermo Scientific), according to standard protocol. Total RNA of 600 ng was incubated 
with the specific reverse primer in RT buffer at 75°C for 5 minutes, followed by snap 
chilling on ice. Appropriate amount of RT buffer, 10-mM dNTP mix and reverse transcrip
tase enzyme was added to the mixture, and reverse transcription was performed at 42°C 
for 1 hour, followed by 75°C for 10 minutes for enzyme inactivation. This was used as 
a template for the quantitative PCR using specific forward and reverse primers for the 
respective genes.

For miRNAs, TaqMan microRNA Assay System was used for miR-22-3p (assay ID 
000398) and miR-21-5p (assay ID 000397) quantification. Reverse transcription was 
performed using the kit reagents using 10 ng of total RNA per reaction. Reaction 
conditions used were 16°C for 30 minutes, 42°C for 30 minutes, and 85°C for 5 minutes. 
qPCR was performed in 10-µL reaction volume as per the protocol in TaqMan MicroRNA 
Assay Kit for 40 cycles. RNU6B (assay ID 001093) was used as an internal control.

RNA immunoprecipitation

For RNA immunoprecipitation (RNA-IP), cells were transfected with CVB3 replicon 
RNA and were lysed 8 hours post-transfection with buffer containing 100-mM KCl, 
5-mM MgCl2, 10-mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (pH 
7.0), 0.5% NP-40, 1-mM DTT (dithiothreitol), and 100-U/mL RNase inhibitor. An equal 
amount of lysate was then incubated for 4 hours with protein G beads that had been 
pre-saturated with specific antibodies to form RNP complexes. Subsequently, the RNP 
complexes were washed thrice with the IP buffer, and the beads were resuspended in 
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the same buffer. A 10% aliquot of this resuspended mixture was used for the analysis 
of proteins through Western blotting, while the remaining portion was treated with 
30 µg of proteinase K in the presence of 0.1% SDS at 50°C for 30 minutes. Following this 
treatment, Trizol was added to these reactions for RNA isolation. The isolated RNA was 
then utilized for qPCR.

Polysome profiling

The wild type or miR22 knockout HeLa cells were cultured in 100-mm dishes and 
infected with CVB3 virus. After 8 hours of incubation, the cells were treated with 
cycloheximide (100 µg/mL) for 10 minutes at 37°C. Following this, the cells were washed 
with ice-cold PBS containing cycloheximide and then with hypotonic buffer [5-mM 
Tris-HCl (pH 7.5), 1.5-mM KCl, 5-mM MgCl2, and 100-µg/mL cycloheximide]. The cells 
were then scraped in ice-cold lysis buffer [5-mM Tris-HCl (pH 7.5), 1.5-mM KCl, 5-mM 
MgCl2, 100-µg/mL cycloheximide, 1-mM DTT, 200-U/mL RNasin, 200-µg/mL tRNA, 0.5% 
Triton X-100, 0.5% sodium deoxycholate, and 1× protease inhibitor cocktail] and kept on 
ice for 15 minutes. After 15 minutes, the lysate’s KCl concentration was adjusted to a final 
concentration of 150 mM. The cell lysate was then centrifuged at 3,000 × g for 8 minutes 
at 4°C, and the resulting supernatant was collected and either processed immediately or 
flash frozen and stored at −80°C for later use. Subsequently, 1.0–1.5 μg of total protein 
was loaded onto a 10%–50% sucrose gradient and centrifuged at 36,000 rpm for 2 
hours at 4°C using an SW41 rotor (Beckman). Polysome profiles were visualized, and the 
fractions were collected using a polysome profiler (BioComp). Individual fractions were 
then used for RNA isolation and qPCR.

Statistical analysis

All the experiments are performed in three independent biological replicates. Statistical 
significance was determined using two-tailed Student’s t-test.
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