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Abstract: miRNAs represent ubiquitous regulators of gene expression and play an important and
pivotal regulatory role in viral disease pathogenesis and virus–host interactions. Although previous
studies have provided basic data for understanding the role of miRNAs in the molecular mechanisms
of viral infection in birds, the role of miRNAs in the regulation of host responses to chicken astrovirus
(CAstV) infection in chickens is not yet understood. In our study, we applied next-generation
sequencing to profile miRNA expression in CAstV-infected chickens and to decipher miRNA-
targeted specific signaling pathways engaged in potentially vital virus-infection biological processes.
Among the 1354 detected miRNAs, we identified 58 mature miRNAs that were significantly differ-
entially expressed in infected birds. Target prediction resulted in 4741 target genes. GO and KEGG
pathway enrichment analyses showed that the target genes were mainly involved in the regulation of
cellular processes and immune responses.

Keywords: chicken astrovirus; white chicks syndrome; microRNA; RNA-seq; spleen;
molecular pathogenesis

1. Introduction

Chicken astroviruses (CAstV) are omnipresent single-stranded RNA viruses. Their in-
cidence, reported in multiple countries such as Germany, China, Finland and Poland, is
of clinical and economic importance since they are responsible for many diseases [1,2].
The virus shows tropism to intestinal epithelial cells, leading to its increased permeabil-
ity, resulting in diarrhea. In chickens, multiple CAstV-associated enteritis and clinical
symptoms were reported. Extra-intestinal involvement has also been observed, such as
runting–stunting syndrome, death caused by nephropathy and visceral gout, or mid-to-late
dead-in-shell embryos leading to decreased hatching. Relatively recently, CAstV has also
been implicated as the causal factor of “white chick syndrome” (WCS), affecting broiler
chicks associated with the white plumage of hatched chicks [3–5]. Over the years, of great
concern is the increasing severity of observed symptoms, probably due to recombination
events and the accumulation of point mutations which may contribute to the genetic
variation [6].

Astrovirus, similar to any other virus, elicits an immune response upon entering the
host cell, leading to its replication and dissemination [7]. Innate and adaptive signaling
pathways are induced to prevent or limit viral invasion. Innate immune responses mediated
by Toll-like receptors (TLRs), mainly TLR3 and TLR7-9 and NOD-like receptors (NLRs),
contribute to the activation of pro-inflammatory cytokines and interferons (IFNs) which is
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a triggering event leading to the recruitment of inflammatory cells and adaptive immune
response activation [8].

The inflammatory response of the host is always accompanied by dramatic molecu-
lar/epigenetic background alteration to modulate the degree of this process and/or prevent
viral escape from the control of the immune system. Among a plethora of molecules navi-
gating the immunological response are miRNA [9].

The miRNA, together with other types of non-coding RNA, such as small interfering
RNAs, PIWI-interacting RNAs, small nuclear RNAs, small nucleolar RNAs, and long
non-coding RNAs, are the most abundant molecules comprising most of the genome [10].
They are relatively primary and sequence conservative, being transcribed both in viruses
and humans using the same canonical pathway [9]. They are recognized as key gene
expression regulators responsible for the modulation of intercellular signaling and multiple
biological processes, both physiological and pathological [10].

Pairing the complementary 3′ Untranslated Region (3′-UTR) in targeted mRNAs, miR-
NAs trigger their degradation and prevent subsequent protein translation in a tissue- and
cell-specific manner [11]. This is only one facet of the overarching regulatory role of miRNA.
Viral infection, which is exclusively dependent on the host organism, is also regulated by
miRNA. Both viral and host miRNAs are engaged in infectious processes such as virus
entry, its replication or the organism’s attempt to confine or modulate the reaction [12].
Jopling et al. performed studies in HCV-infected patients and revealed that host miRNAs
showed the potential to interact with the viral genome. miR-122 was confirmed to enable
the replication of hepatitis C virus [13]. More recent studies carried out on Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) showed miRNA antiviral defense. Vi-
ral protein spike (S), essential for SARS-CoV-2 replication, was successfully downregulated
by several human miRNAs such as miR-15a, miR-153, miR-298, miR-508, miR-1909 and
miR-3130 [14].

Not only have specific miRNAs involved in the modulation of viral gene expression
during infection been characterized, but also a plethora of particular miRNA molecules
engaged in human immune response has been described [9]. In mammals, miRNAs were
confirmed to be crucial in the development and differentiation of B and T cells, proliferation
of monocytes and neutrophils, antibody switching and the release of inflammatory media-
tors [15]. Data concerning miRNAs’ role in immune response modulation in the veterinary
field are still scarce. There are some reports regarding the miRNA profile in Influenza
A virus (IAV)- or Gallid herpesvirus 2 (GaHV-2)-infected poultry [16,17]. Leghorn chick-
ens disease ridden with H5N3 virus overexpressed miR-146, which has been previously
described as an inhibitor of signaling proteins engaged in the innate immune responses
by NF-kappaB [17]. Still, there is a dearth of knowledge regarding astrovirus-induced
miRNA-mediated immunological response in infected chickens. In our study, we applied
next-generation sequencing (NGS) to profile miRNA expression in CAstV-infected chickens
and to decipher miRNA-targeted specific signaling pathways engaged in potentially vital
virus-infection biological processes.

2. Results
2.1. Clinical Features of CAstV-Infected Chickens

No symptoms were observed in virus-infected chickens up to 4 dpi. The spleens
showed no apparent differences between the control and infected groups. However, viral
RNA in cloacal swabs at 4 dpi has been detected, demonstrating that CAstV replicated in
infected chickens.

2.2. Analysis of miRNA Expression

Small RNA sequencing yielded 117,275,902 and 119,274,037 reads for the control and
infected birds, respectively. The GC content of control was 53.28% and the ratio of bases with a
Phred quality score ≥ 30 (Q30) was 95.27%. The GC content of infected chickens was 53.15%



Int. J. Mol. Sci. 2023, 24, 15128 3 of 18

and the Q30 was 95.19%. For both the control and infected samples, reads were aligned to the
chicken reference genome and miRBase v21 database to classify the known miRNAs.

The differential expression of miRNAs was determined using DESeq2. These results
were clearly visualized by clustering the samples by the different treatment (virus infected
and non-infected) (Figures 1 and 2) and by constructing an MA plot of the DE miRNAs
(Figure 3). miRNA with adjusted p-value < 0.05 was selected as significantly differentially
expressed. Among the 1354 detected miRNAs, 58 mature miRNAs that were significantly
differentially expressed were identified, 39 of which were upregulated and 19 were down-
regulated in infected birds compared with the controls. The fold changes of the 10 most up-
and downregulated differentially expressed miRNAs are presented in Table 1. Among these
DE miRNAs, gga-miR-2954 and gga-miR-3533 showed the highest upregulated Log2fold
change of 3.22 and 2.83, respectively, while gga-miR-7b and gga-miR-1664-3p showed the
highest downregulated Log2 fold change of −9.92 and −1.33, respectively.

Int. J. Mol. Sci. 2023, 24, 15128 3 of 19 
 

 

with a Phred quality score  ≥  30 (Q30) was 95.27%. The GC content of infected chickens 
was 53.15% and the Q30 was 95.19%. For both the control and infected samples, reads 
were aligned to the chicken reference genome and miRBase v21 database to classify the 
known miRNAs. 

The differential expression of miRNAs was determined using DESeq2. These results 
were clearly visualized by clustering the samples by the different treatment (virus infected 
and non-infected) (Figures 1 and 2) and by constructing an MA plot of the DE miRNAs 
(Figure 3). miRNA with adjusted p-value < 0.05 was selected as significantly differentially 
expressed. Among the 1354 detected miRNAs, 58 mature miRNAs that were significantly 
differentially expressed were identified, 39 of which were upregulated and 19 were down-
regulated in infected birds compared with the controls. The fold changes of the 10 most 
up- and downregulated differentially expressed miRNAs are presented in Table 1. Among 
these DE miRNAs, gga-miR-2954 and gga-miR-3533 showed the highest upregulated 
Log2fold change of 3.22 and 2.83, respectively, while gga-miR-7b and gga-miR-1664-3p 
showed the highest downregulated Log2 fold change of −9.92 and −1.33, respectively. 

 
Figure 1. Principal-component analysis (PCA) of the RNA-seq samples. CAstV-infected (VIR) and 
control (CTR) groups are represented by different colors as indicated by the legend provided within 
the graph. Each dot represents a biological replicate of an RNA-seq sample. 

Figure 1. Principal-component analysis (PCA) of the RNA-seq samples. CAstV-infected (VIR) and
control (CTR) groups are represented by different colors as indicated by the legend provided within
the graph. Each dot represents a biological replicate of an RNA-seq sample.

Int. J. Mol. Sci. 2023, 24, 15128 4 of 19 
 

 

 
Figure 2. Volcano plot analysis of differentially expressed miRNA between the control and CAstV-
infected groups, upregulated (right side) or downregulated (left side). miRNAs that changed their 
expression significantly (p < 0.05) are shown in blue, or in red if that also passed the 2 fold-change 
threshold (2Log FC > 2; p < 0.05). Non-significantly expressed genes are shown in black. 

Table 1. Ten most down- and upregulated DE miRNAs in CAstV-infected chickens. 

 Base Mean log 2 Fold 
Change 

p-Value p adj reg 

miR-7b 164.4544 −9.9228  4.88002383607237 × 10−27 8.05203932951941 × 10−25 down 
miR-1664-3p 147.0916 −1.3340  2.37707360550244 × 10−13 8.71593655350895 × 10−12 down 
miR-122-5p 127.9187 −0.9030  9.76991651583061 × 10−5  0.00140177063053222 down 

miR-128-1-5p 243.0959 −0.8677  3.35882982217558 × 10−10 9.23678201098283 × 10−9 down 
miR-148a-5p 1892.0338 −0.5535  4.95174600295029 × 10−9 1.256981677672E × 10−7 down 
miR-1388a-5p 322,547.0625  −0.4547  1.22866160658981 × 10−6 2.38504900102727 × 10−5 down 

let-7b 11,727.14297  −0.3930  0.00587255446460657  0.0307609995765106 down 
miR-212-3p 1008.2254 −0.3917  0.000191195025360761  0.00252377433476205 down 
miR-181a  361,275.1404  −0.3852  0.000837453238149873  0.00674341931614952 down 

miR-212-5p 919.3084 −0.3038 0.00123092502988673 0.00902678355250267 down 
miR-7  728.0242 1.1319  4.08074456514255 × 10−16 4.48881902165681E up 

miR-3536  435.0424 1.4528  0.0072657815031363  0.0368878137851535  up 
miR-1563  404.4242 1.7188  0.000539888145993531  0.00470226549287548  up 

miR-215-5p  883.0175 1.7482  0.00106070451263859  0.00814029044583105  up 
miR-3528  168.3393 1.9790  0.00275325105712132  0.0185423030377558  up 
miR-194  46.1090 2.0418  0.00376268623521676  0.023878585723491  up 
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miR-2954  13,896.9314 3.2233  5.95623585116667 × 10−102 1.965557830885 × 10−99 up 

Figure 2. Volcano plot analysis of differentially expressed miRNA between the control and CAstV-
infected groups, upregulated (right side) or downregulated (left side). miRNAs that changed their
expression significantly (p < 0.05) are shown in blue, or in red if that also passed the 2 fold-change
threshold (2Log FC > 2; p < 0.05). Non-significantly expressed genes are shown in black.
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Figure 3. Heat map analysis used to classify miRNA expression (p < 0.05, |log2FC | > 1) patterns
under different experimental condition {virus-infected (vr) vs. non-infected (ct)}. miRNAs with
similar expression patterns were clustered into groups in the heat map. Intensity of color indicates
miRNA expression levels. Red/orange represents miRNAs with high levels of expression and blue
represents miRNAs with low levels of expression.
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Table 1. Ten most down- and upregulated DE miRNAs in CAstV-infected chickens.

Base Mean log 2 Fold Change p-Value p adj reg

miR-7b 164.4544 −9.9228 4.88002383607237 × 10−27 8.05203932951941 × 10−25 down

miR-1664-3p 147.0916 −1.3340 2.37707360550244 × 10−13 8.71593655350895 × 10−12 down

miR-122-5p 127.9187 −0.9030 9.76991651583061 × 10−5 0.00140177063053222 down

miR-128-1-5p 243.0959 −0.8677 3.35882982217558 × 10−10 9.23678201098283 × 10−9 down

miR-148a-5p 1892.0338 −0.5535 4.95174600295029 × 10−9 1.256981677672 × 10−7 down

miR-1388a-5p 322,547.0625 −0.4547 1.22866160658981 × 10−6 2.38504900102727 × 10−5 down

let-7b 11,727.14297 −0.3930 0.00587255446460657 0.0307609995765106 down

miR-212-3p 1008.2254 −0.3917 0.000191195025360761 0.00252377433476205 down

miR-181a 361,275.1404 −0.3852 0.000837453238149873 0.00674341931614952 down

miR-212-5p 919.3084 −0.3038 0.00123092502988673 0.00902678355250267 down

miR-7 728.0242 1.1319 4.08074456514255 × 10−16 4.48881902165681 up

miR-3536 435.0424 1.4528 0.0072657815031363 0.0368878137851535 up

miR-1563 404.4242 1.7188 0.000539888145993531 0.00470226549287548 up

miR-215-5p 883.0175 1.7482 0.00106070451263859 0.00814029044583105 up

miR-3528 168.3393 1.9790 0.00275325105712132 0.0185423030377558 up

miR-194 46.1090 2.0418 0.00376268623521676 0.023878585723491 up

miR-3535 199.8722 2.2906 0.00033749035146587 0.0032756416465805 up

miR-1434 31.2215 2.4343 2.61622382369712 × 10−7 5.39596163637531 × 10−6 up

miR-3533 14.7673 2.8310 6.44514082042924 × 10−8 1.51921176481546 × 10−6 up

miR-2954 13,896.9314 3.2233 5.95623585116667 × 10−102 1.965557830885 × 10−99 up

2.3. Gene Ontology and KEGG Pathway Enrichment Analyses of Target Genes

The target genes of DE miRNAs were predicted using the miRDB. Target prediction
resulted in 4741 target genes for 58 mature miRNAs. For the complete lists of target genes
and their corresponding miRNAs, see Supplementary File S1. Predicted target genes were
used for GO and KEGG pathway enrichment analyses. The Gene Ontology annotations
were enriched with target genes and were divided into three groups: biological process
(BP), molecular function (MF) and cellular component (CC). Based on the biological process
(BP), the target genes were classified into 73 categories, of which top ten enrichment
were “regulation from RNA polymerase II promoter”, “intracellular signal transduction”,
“regulation of GTPase activity”, “protein phosphorylation”, “axon guidance”, “protein
polyubiquitination”, “peptidyl-serine phosphorylation”, “nervous system development”,
“positive regulation of synapse assembly” and “semaphorin-plexin signaling pathway”.

In case of molecular function, the terms were classified into 37 categories, with the 10
most enriched involved in “protein/metal ion/chromatin binding”, “transcription factor
activity” and “GTPase regulator activity”. Enrichment analysis demonstrated that the cellu-
lar component (CC) group of 30 items, the most important of which are nucleus, cytoplasm,
synapses, Golgi apparatus, phosphatidylinositol 3-kinase and membrane were correlated
with target genes. Tables 2–4 show the top 10 significantly enriched GO biological process,
molecular function, and cellular component categories. In KEGG pathway enrichment
analysis, target genes were found to be enriched in 20 KEGG pathways (p-value < 0.05),
with the mitogen-activated protein kinase (MAPK) signaling pathway being particularly
enriched with the target genes of DE miRNAs, but also the phosphatidylinositol signaling
system, endocytosis, autophagy, the adherens junction, the Wnt, FoxO, ErB, insulin and
mTor signaling pathways, inositol phosphate metabolism, focal adhesion and others (Table 5).
Full lists of enriched GO and KEGG annotations can be found in Supplementary Files S2–S5.
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Table 2. Top 10 GO terms for biological process ranked by p-value following analysis of DE miRNA
target genes.

Description p-Value Fold Enrichment FDR

GO:0006357~regulation of transcription from
RNA polymerase II promoter 8.28583322838162 × 10−8 1.3399 3.7253106194803763 × 10−4

GO:0035556~intracellular signal transduction 3.545900675891955 × 10−7 1.6623 7.971184719405115 × 10−4

GO:0043087~regulation of GTPase activity 1.8096098121506414 × 10−5 2.2200 0.020594082232785374

GO:0006468~protein phosphorylation 1.8322137217780583 × 10−5 1.5982 0.020594082232785374

GO:0007411~axon guidance 3.0001284374567666 × 10−5 1.8560 0.026977154909611247

GO:0000209~protein polyubiquitination 1.2557755955090277 × 10−4 1.9001 0.0864692158518967

GO:0018105~peptidyl-serine
phosphorylation 1.3462733784770392 × 10−4 1.7754 0.0864692158518967

GO:0007399~nervous system development 2.4972724679447954 × 10−4 1.6531 0.1403467126984975

GO:0051965~positive regulation of synapse
assembly 4.989835284296587 × 10−4 2.4461 0.2492699937577495

GO:0071526~semaphorin-plexin signaling
pathway 9.198871146956833 × 10−4 2.8591 0.4135812467671792

Table 3. Top 10 GO terms for molecular function ranked by p-value following analysis of DE miRNA
target genes.

Description p-Value Fold Enrichment FDR

GO:0004674~protein serine/threonine kinase
activity 3.0866587938833846 × 10−7 1.6959 4.2256358888263535 × 10−4

GO:0000978~RNA polymerase II core
promoter proximal region sequence-specific

DNA binding
1.1901488065126979 × 10−6 1.3545 8.146568580579417 × 10−4

GO:0046872~metal ion binding 1.0696663302522198 × 10−4 1.2135 0.03864123656365064

GO:0003700~transcription factor activity,
sequence-specific DNA binding 1.1290353999605739 × 10−4 1.4974 0.03864123656365064

GO:0042802~identical protein binding 2.2739749560208233 × 10−4 1.2919 0.06226143429585014

GO:0001227~transcriptional repressor
activity, RNA polymerase II transcription

regulatory region sequence-specific binding
4.552443546848259 × 10−4 1.5698 0.10387158692725443

GO:0005085~guanyl-nucleotide exchange
factor activity 6.272465550624852 × 10−4 1.6860 0.12170592865052825

GO:0004712~protein
serine/threonine/tyrosine kinase activity 7.112106860512972 × 10−4 1.4384 0.12170592865052825

GO:0005096~GTPase activator activity 9.016902518531111 × 10−4 1.6080 0.1325395104834417

GO:0003682~chromatin binding 0.001034656718005266 1.4259 0.1325395104834417

Table 4. Top 10 GO terms for cellular component ranked by p-value following analysis of DE miRNA
target genes.

Description p-Value Fold Enrichment FDR

GO:0005634~nucleus 3.8040482560238504 × 10−6 1.1461 0.0029591683447036292

GO:0098978~glutamatergic synapsę 7.6071165673615145 × 10−6 1.7482 0.0029591683447036292

GO:0005829~cytosol 2.433178408974373 × 10−5 1.1812 0.006310042673940207

GO:0005794~Golgi apparatus 4.615516814134699 × 10−5 1.3954 0.007716152286538233

GO:0005886~plasma membranę 4.958966765127399 × 10−5 1.1752 0.007716152286538233

GO:0005654~nucleoplasm 4.6747909613586004 × 10−4 1.1800 0.060616456132283184

GO:0005942~phosphatidylinositol 3-kinase complex 8.362418083447217 × 10−4 2.6013 0.09294230384174193

GO:0043197~dendritic spine 0.0010418476883945682 1.9510 0.10131968769637176

GO:0016020~membrane 0.0025990445446487298 1.2330 0.22467296174852353

GO:0005737~cytoplasm 0.004274525839628792 1.0893 0.3115246085292393
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Table 5. KEGG pathways enrichment for DE miRNA target genes in chickens infected with CAstV at 4 dpi.

Description p-Value Fold Enrichment FDR

gga04010:MAPK signaling pathway 6.9619020229201035 × 10−9 1.5804 1.1278281277130568 × 10−6

gga04070:Phosphatidylinositol signaling system 1.4035027273706892 × 10−6 1.8709 1.1368372091702583 × 10−4

gga04144:Endocytosis 3.5017161152942025 × 10−6 1.4888 1.8909267022588694 × 10−4

gga04520:Adherens junction 1.0685138134129477 × 10−5 1.7929 4.327480944322438 × 10−4

gga04140:Autophagy-animal 4.6602982670722855 × 10−5 1.5888 0.0015099366385314204

gga04310:Wnt signaling pathway 2.5808668477564584 × 10−4 1.4834 0.006968340488942438

gga04068:FoxO signaling pathway 0.001287555905712632 1.4785 0.026319355164882662

gga04012:ErbB signaling pathway 0.0012997212427102549 1.6218 0.026319355164882662

gga00562:Inositol phosphate metabolism 0.0018404595627396826 1.6353 0.03312827212931429

gga04510:Focal adhesion 0.004997193963046481 1.3189 0.07461497775631122

gga04910:Insulin signaling pathway 0.005066449106910021 1.4165 0.07461497775631122

gga04150:mTOR signaling pathway 0.008692914782026601 1.3490 0.11735434955735911

gga04810:Regulation of actin cytoskeleton 0.011161569231401824 1.2753 0.12952353934521796

gga04912:GnRH signaling pathway 0.01119339228909291 1.4628 0.12952353934521796

gga04114:Oocyte meiosis 0.01204386517678131 1.4082 0.13007374390923815

gga03250:Viral life cycle—HIV-1 0.01976756804864089 1.5644 0.20014662649248902

gga04261:Adrenergic signaling in cardiomyocytes 0.02273549527770102 1.3176 0.21665589617573913

gga04625:C-type lectin receptor signaling pathway 0.0242064397986349 1.3955 0.2178579581877141

gga04216:Ferroptosis 0.030580226017975658 1.6819 0.26073666394273987

gga00564:Glycerophospholipid metabolism 0.03379259593242035 1.3510 0.27372002705260484

2.4. Verification of DE miRNAs by qRT-PCRmiRNA

Real-time expression analysis of infected and non-infected chicken was performed
to validate the NGS date. The miRNAs of the highest significance, based on NGS data,
selected for further analysis included miRNA2954, miRNA3533, miRNA7 and miRNA1664.
The validation set was composed of five astrovirus-infected and five non-infected chick-
ens. The real-time miRNA expression confirmed NGS data (Figure 4). Despite the small
group, miR-1664 and miR-2954 showed significantly decreased and increased expression,
respectively, in astrovirus-infected chickens compared with the healthy ones (p = 0.028 and
p = 0.016) (Table 6). Analysis of two other miRNAs, miR-3533 and miR-7b, revealed a very
strong tendency to be overexpressed in the astrovirus-infected cohort (both p = 0.057).

Table 6. miR-1664, miR-2954, miR-3533 and miR-7 expression in CAstV-infected and non-infected
chickens, as verified by RT-PCR.

miRNA

Astrovirus-Infected
Chickens

RQ Median (Mean,
SD)

Non-Infected
Chickens

RQ Median (Mean,
SD)

p-Value

miR-2954 15.1 (15.0; +/−3.8) 1.04 (1.17; +/−0.58) p = 0.028

miR-3533 3.75 (3.33; +/−0.3) 1.0 (1.0; +/−38) p = 0.57

miR-7 1.99 (2.21; =/−0.57) 1.0 (1.14; +/−0.5) p = 0.57

miR-1664 0.5 (0.41; +/−0.29) 1.1 (1.24; +/−1.86) p = 0.016
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3. Discussion

In the present study, a next-generation sequencing approach was applied to de-
tect differentially expressed miRNAs in chicken spleens in response to CAstV infection.
The spleen is the largest lymphoid organ in birds that contains a large number of im-
munocompetent cells and can effectively induce innate and adaptive immune responses.
Hence, the global profile of miRNA expression in the spleen provided a good overview of
the host response to CAstV infection [18,19]. The transcriptional regulation of host miRNAs
after CAstV infection in chickens, especially in the spleen, can be used as a tool to study
pathogen–host interactions and can therefore provide insights into the pathogenic and
immune mechanisms of CAstV.

In our study, a total of 58 known differentially expressed miRNAs were identified in
CAstV-infected chickens, including several that may be associated with intracellular or
innate immune responses, which are the first line of host defense against virus infection.

miR-2954 expression was described to be significantly altered in the cecum of broil-
ers in response to Salmonella infection and probiotic administration. This suggests that
miR-2954 may be involved in the immune regulation of the cecum in chickens [20].
The expression of miR-2954 was also significantly upregulated in reticuloendotheliosis
virus (REV)-infected chicken embryo fibroblasts [21]. Similarly, through NGS sequenc-
ing of small RNA libraries, it has been detected that the expression of miR-2954 in the
kidneys of Infectious Bronchitis Virus (IBV)-infected chickens was significantly altered.
Based on the results of this study, we also speculate that miR-2954 plays an important role
in CAstV–chicken interaction.

Khanduri et al., in their study of the miRNAome and proteome of peripheral blood
mononuclear cells of goats infected with the virulent Peste des petits ruminants virus
(PPRV), among others, singled out miR-3533 as regulating genes involved in 10 major
immune response processes [22].

Expression of gga-miR-1434 was significantly lower in H5N1 avian influenza virus-
infected chickens compared to control chickens [21]. These results contrasted with studies
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by Yang et al. [23] and Guo et al. [24]. In the above, miR-1434 expression was signifi-
cantly higher in dendritic cells of chickens infected with H9N2 avian influenza virus and
fibroblast cells of chicken embryos infected with Newcastle disease virus, respectively.
This upregulation of miR-1434 expression was in line with the results of our work.

miR-3535 is involved in the regulation of numerous cellular processes, such as DNA
replication, cell cycle progression and DNA damage response. Treatment of Marek’s disease
virus (MDV)-transformed T cells with sodium butyrate, an inducer of virus reactivation,
significantly increased miR-3535 expression [25].

Decreased expression of miRNA-194 has been demonstrated in Epstein–Barr Virus-
infected B cells from patients with post-transplant lymphoproliferative disorder, in turn,
overexpression of this miRNA attenuates IL-10 production and increases apoptosis of EBV+
B cell lymphoma lines [26].

Wang et al. demonstrated reduced miRNA-194 expression in A549 alveolar epithelial
cells after Influenza A virus IAV/Beijing/501/2009 infection. miR-194 overexpression
increased IAV replication by negatively regulating type I interferon (IFN) production.
In contrast, miR-194 inhibition attenuated IAV-induced lung injury by promoting type I
IFN antiviral activity in vivo. These findings suggest that miR-194 plays an important role
in IAV-induced lung injury, and miR-194 antagonism may be a potential therapeutic target
during IAV infection [27].

Among miRNAs with an acknowledged role in the veterinary field, the function of a
few has not yet been described. In our study, we report for the first time miR-3528, which
showed significant upregulation, suggesting its possible important engagement in the
host–virus dynamic during infection. To date, there are no data available explaining the
exact role of miR-3528 in any biological process.

Peng et al. identified that gga mir-215-5p exhibited significantly varied expression
levels of miR-215 between H9N2-infected and non-infected chicken embryo fibroblasts [28].
In addition, miR-215 overexpression increased HCV replication in Con1b cells, while miR-
215 silencing inhibited HCV replication in Huh7.5.1 cells [29]. Several literature publications
have described differential expression of miR-215-5p in chicken lungs, immune organs and
embryonic fibroblasts during H5N3, H5N1 and H9N2 AIV infections and also in chicken
kidneys after IBV infection [28,30–32].

It was shown that miR-1563 expression was significantly higher in chicken tracheal cells after
infection with H4N6 avian influenza virus and chicken kidneys after IBV infection [32,33].

In turn, miR-3536 expression was significantly lower in chicken tracheal cells after
infection with H4N6 avian influenza virus [33]. In contrast, miR-3536 expression was
significantly higher in Marek’s disease virus-transformed T cell lines compared to control
lines [34]. Expression of miR-3536 was strongly upregulated in bursae of Fabricius of
chickens infected with very virulent infectious bursal disease virus [35].

Finally, the last of our 10 most upregulated miRNAs, miR-7, is a highly conserved
miRNA among different species. MiR-7 has been studied extensively in human organ/tissue
development (including brain, pancreas, and thymus) [36], tumor biology (growth, migra-
tion, and immune escape) [37], and pathogenesis of diabetes [38]. However, the mechanism
of action of miR-7 in antiviral defense has not been well studied. It was shown that a
specific siRNA was able not only to effectively inhibit poliovirus (PV) replication, but
also to increase miR-7 expression in host cells, which in turn led to increased inhibition
of PV infection [39]. In addition, miR-7 targeted and inhibited the expression of the im-
mune factor Myd88 in crabs and was able to affect white spot syndrome virus (WSSV)
replication [40]. Zhou et al. found that miR-7 expression significantly increases in hu-
man rotavirus infection, and its overexpression of miR-7 inhibits rotavirus replication
in vitro [41]. In addition, miR-7 has been shown to increase its expression during influenza
virus infection of human respiratory cells, leading to downregulation of antiviral proteins
such as Interleukin-1 receptor-associated kinase 1 binding protein (IRAK1) and MAPK3
mitogen-activated protein kinase 3 (MAPK3).
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The most downregulated miRNA in our study was found to be miR-7b. It inhibits the
translation of Fos protein, which plays an important role in regulating biological processes
such as cell proliferation, differentiation, and apoptosis [42]. Increasing miR-7b expression
inhibited Pim-1 proto-oncogene (PIM1) expression and initiated apoptosis, in which the
host immune system was involved [32]. The fact that miR-7b was the most downregulated
miRNA may confirm our previous results suggesting an immunosuppressive effect of
CAstV [43].

miR-1664 was found to be the second of the most downregulated miRNAs in this study.
Shuo Gao et al., based on the analysis of functional enrichment and clinical manifestations
of Reticuloendotheliosis (RE) immunosuppression, selected immune-related target genes
that were regulated by gga-miR-1664, among others [44]. This is in line with our previous
work and may confirm the immunosuppressive nature of CAstV infection [43]. gga-miR-
1664 was also one of the top ten upregulated miRNAs in the study concerning miRNA
expression profiling of highly pathogenic avian influenza virus H5N1-infected chicken
lungs [45].

As discussed, the 12 differentially expressed (10 up- and 2 downregulated) miRNAs above
are likely involved in the regulation of the immune response in CAstV-infected chickens.

The GO analysis showed that the target genes were mainly involved in the regulation
of cellular processes and immune responses. One of the most interesting GO terms observed
in this study was the regulation of transcription from the RNA polymerase II promoter,
indicating that the virus had taken control of the host. The GO analysis revealed a total of
140 terms. It would be difficult to discuss such a multitude of distinct biological processes,
molecular functions, and cellular components. Therefore, in this study, we have focused
on the analysis of signaling pathways enriched in KEGG analysis, because each of them
combines multiple Gene Ontology terms.

Additionally, 20 pathways were found to be enriched in functional KEGG analysis.
The most relevant pathways included the MAPK signaling pathway, the phosphatidyli-
nositol signaling system, endocytosis, the adherens junction, autophagy—animal, the Wnt
signaling pathway, the FoxO signaling pathway, the ErbB signaling pathway, focal adhe-
sion, the insulin signaling pathway, the mTOR signaling pathway and regulation of the
actin cytoskeleton.

Mitogen-activated protein kinase signaling was found to be enriched in the challenger
group in KEGG pathway analysis. MAPK cascade is a highly conserved module that is
involved in various cellular functions, including cell proliferation, differentiation, and mi-
gration, enables the conversion of extracellular signals into cellular responses. In addition,
MAPK plays important functions in the immune system [21,46]. It has been proven to be
activated in various viral infections in birds, including H5N1 AIV [47–49]. It also plays
a key role in virus replication in macrophages of chickens infected with H9N2 AIV [50].
Chu et al. showed that NDV V protein, by inducing phosphorylation of ERK protein in the
MAPK pathway in host cells, increases viral replication [51]. Moreover, inhibition of ERK
activation significantly reduced human astrovirus (HAstV) production in the CAco-2 cell
line [52]. This study also indicates that miRNAs that have altered expression likely affect
this pathway.

The MAPK signaling pathway was followed by the phosphatidylinositol signaling
system. Our results confirm that many viruses activate the phosphatidylinositol 3-kinase
(PI3K/Akt) signaling pathway at early stages of infection, leading to increased viral repli-
cation. The activated Akt protein inhibits apoptosis while inducing cell survival [53].
Ultimately, it allows the virus to replicate and spread by keeping cells alive. Influenza A
virus was proven to increase expression of phosphorylated Akt protein in A549 cells at
6-12 hpi, while its inhibition led to reduced virus entry and replication [54,55]. PI3K/Akt
activation was also described for avian leukemia virus and resulted in an increase in virus
replication [56]. In addition, Newcastle disease virus further inhibited cell apoptosis and
increased autophagy [57,58]. This study also indicates an important role for PI3K in the life
cycle of HAstV1 at an early stage of infection, probably during virus entry process [59].
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To enter the host cell, most viruses use the mechanism of endocytosis. To date, the
entering of the host by enveloped viruses has been widely described in scientific literature,
while there is little information on unenveloped viruses, including astroviruses. Entry of
unenveloped viruses into the host cell is made difficult by the fact that the hydrophilic
virus particle must penetrate the lipid membrane. Endocytic pathways used by various
viruses include clathrin-mediated endocytosis, caveolin-mediated uptake, macropinocyto-
sis and novel nonclathrin, non-caveolin pathways that are still poorly characterized [60].
Mendez et al. found that human astroviruses enter Caco-2 cells via a clathrin-dependent
endocytic pathway, where they presumably must travel to late endosomes to reach the
cytoplasm and initiate the replication cycle [61]. The results of this study also suggest that
CAstV uses endocytosis to enter host cells.

Another pathway enriched in this study was the adherens junction. While suggesting
a new functional role for IRF7 in AIV infection in chickens, Kim and Zhoe also showed
that it regulates genes involved in cell structural integrity or cell assembly. One of these is
adherens junctions, which have important functions in the host response to viral infection.
Altered expression of proteins involved in adherens junctions can result in increased
apoptosis and viral replication [62]. In addition, it was shown that HastV-infected Caco-2
cells had disrupted junctional proteins as early as 6 hpi. [63]. Astrovirus increased barrier
permeability in Caco-2 cell culture after apical infection, which correlated with disruption
of the tight-junction occludin protein and a reduction in the number of actin stress fibers in
the absence of cell death [64].

Autophagy is an evolutionarily conserved process of lysosome self-destruction of
harmful components, abnormal cytosolic components, and intracellular pathogens. Au-
tophagy has also been shown to play an important role in antiviral defense. Autophagy
recognizes viral particles during infection and limits viral replication [65]. Viruses, in
turn, have evolved a variety of mechanisms to avoid or use autophagy for their own sur-
vival [66,67]. Literature data indicate that ALV-J negatively regulates autophagy through
the GADD45β/MEKK4/P38MAPK signaling pathway, and subsequently mediates apopto-
sis and promotes viral replication [68,69]. This result suggests that miRNA may be involved
in the regulation of CAstV infection through the autophagy pathway. However, the rela-
tionships between the target genes and miRNAs, and the specific mechanisms by which
miRNAs regulate CAstV replication through autophagy, require investigation. Moreover, a
growing number of studies confirm that interferon-stimulated gene (ISG) products have
an antiviral function in innate immunity by regulating and manipulating autophagy [70].
This is consistent with the results of our earlier work [43], where enrichment analyses
showed that CAstV infection caused increased expression of mostly just ISGs involved in
various signaling pathways, mainly the RIG-I-like signaling pathway. This is in line with
the results of our KEGG functional analysis, as well as the results of our previous work in
which we demonstrated that CAstV infection caused the increased expression of mainly
ISGs involved in various signaling pathways, primarily the RIG-I-like signaling pathway.

In this study, another enriched pathway in KEGG functional analysis was the Wnt
signaling pathway. Interaction of the Wnt/β-catenin signaling pathway has so far been
described for some human and animal viruses, including human immunodeficiency virus
(HIV), herpes simplex virus 1 (HSV1), hepatitis B virus (HBV), influenza virus (IAV),
bovine parainfluenza virus type 3 (BPIV3), porcine reproductive and respiratory syndrome
virus (PRRSV), hepatitis C virus (HCV), influenza virus (IAV), porcine circovirus type P1,
and bovine herpesvirus type 1 (BoHV1). The action of these viruses is twofold—some
of them activate the Wnt/β-catenin signaling pathway, while others inhibit it through
different mechanisms. Its role in avian virus infection remains very poorly understood
with publications stating that the Wnt/β-catenin pathway was activated in ALV-J infection
of chickens [71]. The Wnt pathway was also regulated after HAstV-1 infection of Caco-2
cells 8hpi [67].

FoxO proteins are key regulators of gene expression in apoptosis, cell cycle progression
and resistance to oxidative stress. These cellular functions may play a role in virus–host
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interactions in innate immunity. It has been proven that in Sendai virus infection, FoxO1
acts as a negative regulator of RIG-I-triggered signaling, promotes viral replication and
decreases type I IFN production. Japanese encephalitis virus causes a decrease in FoxO
protein expression, which induces apoptosis. In addition, FoxO protein is involved in the
regulation of innate immunity and antiviral mechanism in Coxsackievirus B3 infection [72].

The expression of ErbB receptors on epithelial cells plays an important role in pathogen
contact, as they are the main point of contact with pathogens. ErbB receptors undergo
endocytosis during their normal life cycle, but their ligation with the pathogen, as well as
their signaling cascades, can somehow help microorganisms enter the cells. Such “takeover”
of ErbB signaling pathways by pathogens leads to prolonged host cell survival and affects
the immune response. It has been proven that viruses, including hepatitis C virus (HCV),
Epstein–Barr virus (EBV) and human papillomavirus (HPV), use ErbB receptors for self-
propagation [73].

Viral infection disrupts the normal functioning of the cell to optimize viral replication
and virion production. One such change is the reconfiguration and reorganization of
cellular actin, which is essential at every stage of the virus life cycle, from the moment
it enters the host cell [74]. Viruses, as they move through cells, also force changes in the
actin cytoskeleton. Such changes can be identified by specialized cells. A tyrosine kinase
called focal adhesion kinase (FAK) is involved in relaying such signals. Its important role
has been described in herpes simplex virus entry and in rabies virus infection. It also
has important functions in the endosomal transport of influenza A viruses, as well as
promoting their replication [75]. This study enriched miRNA targets in focal adhesion
during CAstV infection. This result suggests that FAK may play an important role in CAstV
entry. However, additional studies are needed to investigate the mechanisms underlying
these observations.

Since viruses require the host’s transcription and translation mechanisms to recon-
struct their genome and its associated proteins, viruses modulate normal cellular pathways
to facilitate this process. mTOR is an evolutionarily conserved serine/threonine kinase
that regulates the mTORC1 and mTORC2 protein complexes associated with cell growth.
mTOR signaling has been proven to be essential for viral translation. Both DNA viruses,
e.g., adenoviruses, cytomegalovirus, and herpes viruses, as well as RNA viruses, e.g.,
Middle East respiratory syndrome coronavirus [MERS-CoV], influenza, HIV, West Nile
virus [WNV] and Zika virus [ZIKV]), modulate the mTOR pathway by activating phos-
phoinositide 3-kinase (PI3K), Akt, or mTOR alone. mTOR inhibition not only inhibits viral
protein synthesis, but also disrupts viral-mediated transcription [76].

Research on the role of miRNAs in viral infections is needed to provide insight into the
function of miRNAs in intracellular communication and induction of antiviral responses.
Learning about the mechanisms that may be regulated by miRNAs during infection will
expand current knowledge of host–pathogen interactions. Such regulation is multifaceted,
and although host miRNAs can positively regulate antiviral responses, viruses have also
been shown to influence miRNA expression to favor viral infection [33,77].

4. Materials and Methods
4.1. Virus and Animals

The CAstV strain PL/G059/2014 (GenBank accession No. JF414802), associated with
“white chicks syndrome”, was propagated on embryonated specific pathogen-free (SPF)
chicken eggs, as described previously [18]. Internal organs of PL/G059/2014-infected
chicken embryo homogenate were stored at −70 ◦C until further use.

SPF chicken embryos were obtained from VALO BioMedia (Osterholz-Scharmbeck,
Germany) and hatched and housed in isolators until use.

4.2. Animal Experiments

The infection experiment was performed as described previously [43]. Briefly, five 3-
week-old SPF chickens were infected with CAstV, while five not infected SPF chickens were
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used as a negative control (10 chickens in total). Cloacal swabs were collected from infected
chicks on the second and fourth days post-inoculation (dpi) to check for the presence of
virus, as described in [78]. Birds were necropsied at 4 dpi and the spleen samples were
collected and stored in −70 ◦C for further procedures.

All chickens used in this study were housed in a BSL-3 experimental facility during
the trial. Feed and water were supplied ad libitum. The chickens were observed daily for
the duration of the experiment.

All animal experiments were approved and carried out in accordance with the guide-
lines set forth by the Local Ethics Commission.

4.3. Tissue Homogenization and Total RNA Isolation

Spleen samples were homogenized in RLT buffer containing β-mercaptoethanol, by
use of an MP FastPrep-24 Tissue and Cell Homogenizer. Total RNA was extracted from
200 µL of tissue homogenate using the mirVANA miRNA Isolation Kit (Life Technologies,
Thermo Fisher Scientific, Carlsbad, CA, USA).

4.4. RNA Quantification and Quality Control

RNA concentrations were measured using a Qubit RNA Assay Kit and a Qubit Fluo-
rometer (Invitrogen, Carlsbad, CA, USA). The quality of the RNA was evaluated by the
Bioanalyzer 2100 instrument (Agilent Technologies, Santa Clara, CA, USA) using a small
RNA chip (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer’s
protocol for further cDNA synthesis and sequencing. The RNA integrity number (RIN) of
each sample exceeded the threshold of 7.

4.5. Small RNA Sequencing

RNA samples were used to construct cDNA libraries using Illumina TruSeq Small
RNA Library Preparation Kit following the manufacturer’s instructions in an external
commercial service (Macrogen Inc., Seoul, Republic of Korea). The libraries were sequenced
on an Illumina HiSeq 2500 Rapid Run Mode sequencer using SBS (Sequencing by Synthesis)
reagents. Base calling was conducted through an integrated primary analysis software
called Real Time Analysis (RTA) and the output of RTA was converted to FastQ format
data with Illumina bcl2fastq (Illumina, San Diego, CA, USA).

4.6. Raw Data Analysis

The quality control of raw sequence reads was performed using FastQC v0.11.7
sofware [79]. Adapter sequences were trimmed off the raw sequence reads using Cu-
tadapt 1.16 [80]. The trimmed reads were used as processed reads to analyze long targets
(≥50 bp). Unique clustered reads were sequentially aligned to the reference genome using
miRBase v21, and the non-coding RNA database, RNAcentral 10.0, to classify known
miRNAs. Novel miRNA prediction was performed by miRDeep2 [81–83]. The read counts
for each miRNA were extracted from mapped miRNAs to report the abundance of each
miRNA. Differentially expressed miRNAs were determined by comparing each miRNA
across conditions (virus infected vs. non-infected) using statistical methods with DESeq2
in Bioconductor/R [84,85]. Only miRNAs that have changed their expression of adjusted
p-value < 0.05 were classified as differentially expressed miRNAs. For target genes predic-
tion of the differentially expressed miRNAs, the miRDB—an online database for prediction
of functional microRNA targets was used [86]. In this study, we were only interested in
CAstV-induced differential expression of chicken miRNA, and therefore the target genes
were searched against chicken genome. We chose targets with prediction scores above
80. The target genes were dedicated to perform functional enrichment analysis on the
target. The targets were subjected to enrichment analyses of Gene Ontology (GO) and the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways using DAVID 8.6 [87–89].
Fisher’s exact test was used for the enrichment analyses. GO terms and pathways with a
p-value ≤ 0.05 were considered as significantly enriched.
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4.7. Accession Number

The raw sequencing data obtained in this study were submitted to the Sequence
Read Archive (SRA) database under accession number SUB13822657. The sequences were
released on 8 September 2023.

4.8. Real-Time PCR Validation of RNA Reads

cDNA was synthesized using TaqMan miRNA Reverse Transcription Kit according
to manufactures instructions and using Inventoried probes purchased in Life Technology
(gga-miR-2954 Assay ID—243071, gga-miR-3533—Assay ID—242980_mat, gga-miR-7—
Assay ID—000386, gga-miR-1664-5p Assay ID—007313_mat). Briefly the procedure in-
volved poly(A) tail 3′ end generation followed by adaptor ligation at miRNA’s 5′ end.
Then, the universal primers were used to perform reverse transcriptase reaction for all
of the miRNAs. Real-time PCR was carried out using TaqMan® Universal Master Mix
II, and miRNA expression was evaluated in the 7500 fast system Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). The LSM6 gene (Life Technology, Assay ID—
Gg03321755_m1) was used as an endogenous control to normalize miRNA expression. The
samples were run in duplicate. The 2−∆∆Ct method was used to calculate the expression
level of four selected miRNAs, which were then expressed as the fold change in gene
expression.

4.9. Statistical Analysis of qRT-PCR

Statistical analysis was performed in Statistica 13.3 software (TIBCO Software Inc.
Palo Alto, CA, USA. The Kruskal–Wallis or the Mann–Whitney test was used to evaluate
the differences between continuous variables.

5. Conclusions

Our studies identified miRNAs that were differentially expressed during CAstV
infection in chickens. The applied bioinformatics analysis made it possible to select the
molecular pathways activated after the virus enters the host cells. The target genes for
these specific miRNAs were predicted to include genes mainly involved in the regulation
of cellular processes and immune responses. These data will be helpful in elucidating
the mechanism underlying CAstV infection as well as the host-viral response in relation
to miRNA expression. However, further studies should be undertaken to determine
miRNA expression in larger study groups and at different time intervals after virus entry.
This would provide an in-depth understanding of the molecular pathogenesis in chickens
during CAstV infection.
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chicks” condition—Field observation, virus detection and preliminary characterization. Avian Pathol. 2016, 45, 2–12. [CrossRef]
3. Kang, K.I.; El-Gazzar, M.; Sellers, H.S.; Dorea, F.; Williams, S.M.; Kim, T.; Collett, S.; Mundt, E. Investigation into the aetiology of

runting and stunting syndrome in chickens. Avian Pathol. 2012, 41, 41–50. [CrossRef]
4. Raji, A.A.; Omar, A.R. Pathogenesis of Chicken Astrovirus Related Illnesses. Front. Vet. Sci. 2022, 9, 899901. [CrossRef]
5. Baxendale, W.; Mebatsion, T. The isolation and characterisation of astroviruses from chickens. Avian Pathol. 2004, 33, 364–370.

[CrossRef] [PubMed]
6. Palomino-Tapia, V.; Mitevski, D.; Inglis, T.; van der Meer, F.; Martin, E.; Brash, M.; Provost, C.; Gagnon, C.A.; Abdul-Careem, M.F.

Chicken Astrovirus (CAstV) Molecular Studies Reveal Evidence of Multiple Past Recombination Events in Sequences Originated
from Clinical Samples of White Chick Syndrome (WCS) in Western Canada. Viruses 2020, 12, 1096. [CrossRef] [PubMed]

7. Herbert, J.A.; Panagiotou, S. Immune Response to Viruses. Encycl. Infect. Immun. 2022, 2022, 429–444.
8. Iwasaki, A.; Medzhitov, R. Toll-like receptor control of the adaptive immune responses. Nat. Immunol. 2004, 5, 987–995. [CrossRef]
9. Mishra, R.; Kumar, A.; Ingle, H.; Kumar, H. The Interplay Between Viral-Derived miRNAs and Host Immunity During Infection.

Front. Immunol. 2020, 10, 3079. [CrossRef]
10. O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions, and Circulation. Front.

Endocrinol. 2018, 9, 402. [CrossRef] [PubMed]
11. Cullen, B.R. Viral and cellular messenger RNA targets of viral microRNAs. Nature 2009, 457, 421–425. [CrossRef]
12. Umbach, J.L.; Cullen, B.R. The role of RNAi and microRNAs in animal virus replication and antiviral immunity. Genes Dev. 2009,

23, 1151–1164. [CrossRef] [PubMed]
13. Jopling, C.L.; Yi, M.; Lancaster, A.M.; Lemon, S.M.; Sarnow, P. Modulation of hepatitis C virus RNA abundance by a liver-specific

MicroRNA. Science 2005, 309, 1577–1581. [CrossRef]
14. Vaddadi, K.; Gandikota, C.; Huang, C.; Liang, Y.; Liu, L. Cellular microRNAs target SARS-CoV-2 spike protein and restrict viral

replication. Am. J. Physiol. Cell Physiol. 2023, 325, C420–C428. [CrossRef]
15. Lindsay, M.A. microRNAs and the immune response. Trends Immunol. 2008, 29, 343–351. [CrossRef]
16. Taganov, K.D.; Boldin, M.P.; Chang, K.-J.; Baltimore, D. NF-kappaB-dependent induction of microRNA miR-146, an inhibitor

targeted to signaling proteins of innate immune responses. Proc. Natl. Acad. Sci. USA 2006, 103, 12481–12486. [CrossRef]
17. Stik, G.; Dambrine, G.; Pfeffer, S.; Rasschaert, D. The oncogenic microRNA OncomiR-21 overexpressed during Marek’s disease

lymphomagenesis is transactivated by the viral oncoprotein. Meq. J. Virol. 2013, 87, 80–93. [CrossRef] [PubMed]
18. Sandford, E.E.; Orr, M.; Balfanz, E.; Bowerman, N.; Li, X.; Zhou, H.; Johnson, T.J.; Kariyawasam, S.; Liu, P.; Nolan, L.K.; et al.

Spleen transcriptome response to infection with avian pathogenic Escherichia coli in broiler chickens. BMC Genom. 2011, 12, 469.
[CrossRef] [PubMed]

19. Olah, I.; Vervelde, L. Structure of the avian lymphoid system. In Avian Immunol; Schat, K.A., Kaspers, B., Kaiser, P., Eds.; Elsevier
Academic Press Inc.: Amsterdam, The Netherlands, 2014; pp. 11–44.

20. Chen, Q.; Tong, C.; Ma, S.; Zhou, L.; Zhao, L.; Zhao, X. Involvement of MicroRNAs in Probiotics-Induced Reduction of the Cecal
Inflammation by Salmonella Typhimurium. Front. Immunol. 2017, 8, 704. [CrossRef]

21. Hong, Y.; Truong, A.D.; Lee, J.; Vu, T.H.; Lee, S.; Song, K.D.; Lillehoj, H.S.; Hong, Y.H. Exosomal miRNA profiling from H5N1
avian influenza virus-infected chickens. Vet. Res. 2021, 52, 36. [CrossRef]

22. Khanduri, A.; Sahu, A.R.; Wani, S.A.; Khan, R.I.N.; Pandey, A.; Saxena, S.; Malla, W.A.; Mondal, P.; Rajak, K.K.; Muthuchelvan, D.;
et al. Dysregulated miRNAome and Proteome of PPRV Infected Goat PBMCs Reveal a Coordinated Immune Response. Front.
Immunol. 2018, 9, 2631. [CrossRef]

23. Yang, J.; Huang, X.; Liu, Y.; Zhao, D.; Han, K.; Zhang, L.; Li, Y.; Liu, Q. Analysis of the microRNA expression profiles of chicken
dendritic cells in response to H9N2 avian influenza virus infection. Vet. Res. 2020, 51, 132. [CrossRef] [PubMed]

24. Guo, L.; Mu, Z.; Nie, F.; Chang, X.; Duan, H.; Li, H.; Zhang, J.; Zhou, J.; Ji, Y.; Li, M. Thymic transcriptome analysis after
Newcastle disease virus inoculation in chickens and the influence of host small RNAs on NDV replication. Sci. Rep. 2021, 11,
10270. [CrossRef]

25. Hicks, J.A.; Liu, H.-C. Impact of HVT Vaccination on Splenic miRNA Expression in Marek’s Disease Virus Infections. Genes 2019,
10, 115. [CrossRef] [PubMed]

26. Harris-Arnold, A.; Arnold, C.P.; Schaffert, S.; Hatton, O.; Krams, S.M.; Esquivel, C.O.; Martinez, O.M. Epstein-Barr virus
modulates host cell microRNA-194 to promote IL-10 production and B lymphoma cell survival. Am. J. Transplant. 2015, 15,
2814–2824. [CrossRef] [PubMed]

27. Wang, K.; Lai, C.; Gu, H.; Zhao, L.; Xia, M.; Yang, P.; Wang, X. miR-194 Inhibits Innate Antiviral Immunity by Targeting FGF2 in
Influenza H1N1 Virus Infection. Front. Microbiol. 2017, 8, 2187. [CrossRef]

28. Peng, X.; Gao, Q.S.; Zhou, L.; Chen, Z.H.; Lu, S.; Huang, H.J.; Zhan, C.Y.; Xiang, M. MicroRNAs in avian influenza virus
H9N2-infected and non-infected chicken embryo fibroblasts. Genet. Mol. Res. 2015, 14, 9081–9091. [CrossRef]

29. Tian, H.; He, Z. miR-215 Enhances HCV Replication by Targeting TRIM22 and Inactivating NF-κB Signaling. Yonsei Med. J. 2018,
59, 511–518. [CrossRef]

https://doi.org/10.1007/s00705-016-2940-6
https://doi.org/10.1080/03079457.2015.1114173
https://doi.org/10.1080/03079457.2011.632402
https://doi.org/10.3389/fvets.2022.899901
https://doi.org/10.1080/0307945042000220426
https://www.ncbi.nlm.nih.gov/pubmed/15223568
https://doi.org/10.3390/v12101096
https://www.ncbi.nlm.nih.gov/pubmed/32998356
https://doi.org/10.1038/ni1112
https://doi.org/10.3389/fimmu.2019.03079
https://doi.org/10.3389/fendo.2018.00402
https://www.ncbi.nlm.nih.gov/pubmed/30123182
https://doi.org/10.1038/nature07757
https://doi.org/10.1101/gad.1793309
https://www.ncbi.nlm.nih.gov/pubmed/19451215
https://doi.org/10.1126/science.1113329
https://doi.org/10.1152/ajpcell.00516.2022
https://doi.org/10.1016/j.it.2008.04.004
https://doi.org/10.1073/pnas.0605298103
https://doi.org/10.1128/JVI.02449-12
https://www.ncbi.nlm.nih.gov/pubmed/23055556
https://doi.org/10.1186/1471-2164-12-469
https://www.ncbi.nlm.nih.gov/pubmed/21951686
https://doi.org/10.3389/fimmu.2017.00704
https://doi.org/10.1186/s13567-021-00892-3
https://doi.org/10.3389/fimmu.2018.02631
https://doi.org/10.1186/s13567-020-00856-z
https://www.ncbi.nlm.nih.gov/pubmed/33069243
https://doi.org/10.1038/s41598-021-89464-1
https://doi.org/10.3390/genes10020115
https://www.ncbi.nlm.nih.gov/pubmed/30764490
https://doi.org/10.1111/ajt.13503
https://www.ncbi.nlm.nih.gov/pubmed/26147452
https://doi.org/10.3389/fmicb.2017.02187
https://doi.org/10.4238/2015.August.7.17
https://doi.org/10.3349/ymj.2018.59.4.511


Int. J. Mol. Sci. 2023, 24, 15128 16 of 18

30. Wang, Y.; Brahmakshatriya, V.; Lupiani, B.; Reddy, S.M.; Soibam, B.; Benham, A.L.; Gunaratne, P.; Liu, H.C.; Trakooljul, N.;
Ing, N.; et al. Integrated analysis of microRNA expression and mRNA transcriptome in lungs of avian influenza virus infected
broilers. BMC Genom. 2012, 13, 278. [CrossRef]

31. Li, Z.; Zhang, J.; Su, J.; Liu, Y.; Guo, J.; Zhang, Y.; Lu, C.; Xing, S.; Guan, Y.; Li, Y.; et al. MicroRNAs in the immune organs of
chickens and ducks indicate divergence of immunity against H5N1 avian influenza. FEBS Lett. 2015, 589, 419–425. [CrossRef]

32. Yang, X.; Gao, W.; Liu, H.; Li, J.; Chen, D.; Yuan, F.; Zhang, Z.; Wang, H. MicroRNA transcriptome analysis in chicken kidneys in
response to differing virulent infectious bronchitis virus infections. Arch. Virol. 2017, 162, 3397–3405. [CrossRef] [PubMed]

33. O’Dowd, K.; Emam, M.; El Khili, M.R.; Emad, A.; Ibeagha-Awemu, E.M.; Gagnon, C.A.; Barjesteh, N. Distinct miRNA Profile of
Cellular and Extracellular Vesicles Released from Chicken Tracheal Cells Following Avian Influenza Virus Infection. Vaccines
2020, 8, 438. [CrossRef]

34. Hicks, J.A.; Trakooljul, N.; Liu, H.C. Alterations in cellular and viral microRNA and cellular gene expression in Marek’s disease
virus-transformed T-cell lines treated with sodium butyrate. Poult. Sci. 2019, 98, 642–652. [CrossRef]

35. Huang, X.; Li, Y.; Wang, X.; Zhang, J.; Wang, L.; Zhou, H.; Jiang, Y.; Cui, W.; Qiao, X.; Li, Y.; et al. Genome-wide identification of chicken
bursae of Fabricius miRNAs in response to very virulent infectious bursal disease virus. Arch. Virol. 2022, 167, 1855–1864. [CrossRef]

36. Correa-Medina, M.; Bravo-Egana, V.; Rosero, S.; Ricordi, C.; Edlund, H.; Diez, J.; Pastori, R.L. MicroRNA miR-7 is preferentially
expressed in endocrine cells of the developing and adult human pancreas. Gene Expr. Patterns GEP. 2009, 9, 193–199. [CrossRef]

37. Lopez-Beas, J.; Capilla-Gonzalez, V.; Aguilera, Y.; Mellado, N.; Lachaud, C.C.; Martin, F.; Smani, T.; Soria, B.; Hmadcha, A. miR-7
Modulates hESC Differentiation into Insulin-Producing Beta-like Cells and Contributes to Cell Maturation. Mol. Ther. Nucleic
Acids. 2018, 12, 463–477. [CrossRef] [PubMed]

38. Wan, S.; Wang, J.; Wang, J.; Wu, J.; Song, J.; Zhang, C.Y.; Zhang, C.; Wang, C.; Wang, J.J. Increased serum miR-7 is a promising biomarker
for type 2 diabetes mellitus and its microvascular complications. Diabetes Res. Clin. Pract. 2017, 130, 171–179. [CrossRef] [PubMed]

39. Zhang, X.; Liu, D.; Zhang, S.; Wei, X.; Song, J.; Zhang, Y.; Jin, M.; Shen, Z.; Wang, X.; Feng, Z.; et al. Host-virus interaction: The antiviral
defense function of small interfering RNAs can be enhanced by host microRNA-7 in vitro. Sci. Rep. 2015, 5, 9722. [CrossRef]

40. Huang, Y.; Wang, W.; Xu, Z.; Pan, J.; Zhao, Z.; Ren, Q. Eriocheir sinensis microRNA-7 targets crab Myd88 to enhance white spot
syndrome virus replication. Fish. Shellfish Immunol. 2018, 79, 274–283. [CrossRef]

41. Zhou, Y.; Chen, L.; Du, J.; Hu, X.; Xie, Y.; Wu, J.; Lin, X.; Yin, N.; Sun, M.; Li, H. MicroRNA-7 Inhibits Rotavirus Replication by
Targeting Viral NSP5 In Vivo and In Vitro. Viruses 2020, 12, 209. [CrossRef]

42. Lee, H.J.; Palkovits, M.; Young, W.S., 3rd. miR-7b, a microRNA up-regulated in the hypothalamus after chronic hyperosmolar
stimulation, inhibits Fos translation. Proc. Natl. Acad. Sci. USA 2006, 103, 15669–15674. [CrossRef] [PubMed]
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