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Abstract: The identified non-coding RNAs (ncRNAs) include circular RNAs, long non-coding RNAs,
microRNAs, ribosomal RNAs, small interfering RNAs, small nuclear RNAs, piwi-interacting RNAs,
and transfer RNAs, etc. Among them, long non-coding RNAs, circular RNAs, and microRNAs
are regulatory RNAs that have different functional mechanisms and were extensively participated
in various biological processes. Numerous research studies have found that circular RNAs, long
non-coding RNAs, and microRNAs played their important roles in avian immune system during the
infection of parasites, virus, or bacterium. Here, we specifically review and expand this knowledge
with current advances of circular RNAs, long non-coding RNAs, and microRNAs in the regulation of
different avian diseases and discuss their functional mechanisms in response to avian diseases.
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1. Introduction

About 1% of the mammalian genome has the potential to encode proteins, which means a huge
amount of non-coding RNAs (ncRNAs) exist in mammalian transcripts [1]. The huge amount of
ncRNAs indicated that they are very important biological molecules in epigenetic regulation. Although
the current studies on ncRNAs are not elaborate, its important functions for various biological processes
have been discovered, especially its extensive roles in different kind of diseases. As a pillar of the
economy and people’s livelihood, poultry industry becomes important for our life, the meat and egg
of chicken is directly associated with the human health. But the threat of disease infection to poultry
farming has never been absent, which means it requested from us to develop the poultry host immunity
to prevent the infection of avian diseases. Many factors have an impact on the chicken innate and
acquired immunity, such as environment, nutrition, and genetics. As the most complicated factor,
genetics has its special power to improve the host defense. Genetic improvement is the most effective
strategy to deal with disease invasion, and is a complex biological process of multilevel regulation,
in which ncRNAs played their unique role. Numerous studies have been conducted on ncRNAs
analysis in avian diseases; therefore, summarizing the roles of ncRNAs in the regulation of avian
immunity is helpful for us to investigate the new potential function of ncRNAs in avian immunity.

The classical recognition of ncRNAs is that they are the products of genome DNA transcription but
they lack the ability to encode a functional protein [2]. However, with the continuous development of
the technology of high-throughput sequencing, the implementation of ribosome sequencing (Ribo-Seq)
has given the evidence that most of the ncRNAs can be bound to ribosome, especially the large
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intergenic noncoding RNA (lincRNA) [2]. Few percentages of those ribosome-associated ncRNAs
have small open reading frames (sORFs) [3,4] and have the ability to encode one or more protein that
is usually no more than 100 amino acids [3,5]. It means that ncRNAs are not absolutely unencoded.
Even through, some ncRNAs have the ability to encode small peptide, the majority of the ncRNAs do
not function through encoded protein [2]. They are still called non-coding RNAs. ncRNAs includes:
long non-coding RNAs (lncRNAs), circular RNAs (circRNAs), microRNAs (miRNAs), ribosomal RNAs
(rRNAs), small interfering RNAs (siRNAs), small nuclear RNAs (small nuclear RNAs), piwi-interacting
RNAs (piRNAs), and transfer RNAs (tRNAs), etc., [6–8]. The well-known ncRNAs, such as lncRNA,
circRNA, and miRNA, were selected here to summarize their functional mechanisms and their
important roles in avian immune system.

2. The Specific Roles of LncRNA, Circular RNA, and miRNA

LncRNAs are linear non-coding RNAs that are more than 200 bp in length [1]. It is
known that lncRNA can arise from various transcript products of genome, such as intronic
transcript, antisense transcript, intergenic transcript, enhancer, pseudogene, and retrotransposon [2,9].
So according to the relative position of the lncRNA and the encoded gene, there are antisense
lncRNAs, divergent lncRNAs, intron lncRNAs, intergenic lncRNAs, enhancer-associated lncRNAs [10],
promoter-associated lncRNAs [10], and transcription start site-associated lncRNAs in the cluster
of lncRNAs. Normally, lncRNAs act as cis-acting elements or trans-acting factors to regulate gene
expression at pre-transcriptional, transcriptional, and post transcriptional processing. LncRNA
can interact with different proteins (Figure 1a) to participate in X chromosome inactivation [11],
genomic imprinting [1,12–14], chromatin modifications [15–17], DNA methylation [18–20], mRNA
degradation [21,22]. Additionally, lncRNA can act as a competing endogenous RNA (ceRNA) of
miRNA and sponge miRNA (Figure 1b) to release the inhibition of miRNA to their target genes.
It also regulates mRNA splicing (Figure 1c) [23]. LncRNAs regulate gene splicing (Figure 1d) by
transcriptional interference [24]. Noncanonically, some lncRNAs have sORFs and exhibit their special
regulatory functions through coding one or more micro-peptide (Figure 1f) [4].
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Figure 1. The functional mechanism of lncRNAs, circRNAs, and miRNAs. (a) LncRNA interacts with proteins. (b) lncRNA acts as a miRNA sponge. (c) LncRNA 
regulates gene splicing. (d) LncRNA recruits transcription factor to regulate gene expression. (e) LncRNA transcriptional overlap, but not its lncRNA products, 
induces gene slicing. (f) LncRNA translation. (g) circRNA acts as miRNA sponge. (h) circRNA interacts with RNA binding proteins (RBPs). (i) circRNA translation. 
(j) miRNA targets the 3′UTR of the mRNA. (k) miRNA-Ago2 induces circRNA degradation. (l) Pri-miRNA encodes functional peptide. (m) pre-miRNA affects 
lncRNA splicing and expression.

Figure 1. The functional mechanism of lncRNAs, circRNAs, and miRNAs. (a) LncRNA interacts with proteins. (b) lncRNA acts as a miRNA sponge. (c) LncRNA
regulates gene splicing. (d) LncRNA recruits transcription factor to regulate gene expression. (e) LncRNA transcriptional overlap, but not its lncRNA products,
induces gene slicing. (f) LncRNA translation. (g) circRNA acts as miRNA sponge. (h) circRNA interacts with RNA binding proteins (RBPs). (i) circRNA translation.
(j) miRNA targets the 3′UTR of the mRNA. (k) miRNA-Ago2 induces circRNA degradation. (l) Pri-miRNA encodes functional peptide. (m) pre-miRNA affects
lncRNA splicing and expression.
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Circular RNAs are special endogenous ncRNA molecules that contain a closed loop structure.
Previously, we knew that the majority of identified circRNAs were from only exonic region or only
intronic region or both exonic and intronic region, and relatively fewer circRNAs produced by intergenic
regions, antisense transcripts of known transcripts, untranslated regions (UTRs), and other regions in
eukaryotes [25]. So circRNAs are mainly classified in exonic circular RNA (eciRNA), intronic circular
RNA (ciRNA), and exon-intron circular RNA (EIciRNA). But recently, circRNAs from mitochondria
DNA were newly investigated, this kind of circRNA was called mecciRNAs [26]. Because circRNAs
have no free 5′cap and 3′ poly A tail, it makes them not easily degraded by RNase. Sometimes,
they are more stable than other RNAs and even expressed more abundantly than parental gene in
eukaryotes [27]. As a kind of stably existing RNA, several circRNA functional mechanisms have
been investigated, such as acting as miRNA sponges [28] (Figure 1g), interacting with RNA binding
protein (RBP) [29,30] (Figure 1h) and translating to a functional peptide (Figure 1i) [31,32]. Among
them, circRNA as miRNA sponge is the most well studied. It is presented that circRNAs have a
certain amount of miRNA biding cites and could arrest miRNA and then release miRNA targets [33].
The interaction with RBP makes circRNAs possess various regulatory functions. For instance, circRNA
interacts with small nuclear ribonucleoprotein U1 subunit (U1 snRNP) in the nucleus to regulate the
transcript of RNA [34]; circRNA binds to eukaryotic initiation factor 4E (eIF4E) and eukaryotic initiation
factor 4G (eIF4G) to regulate the translation of mRNA [29]; quaking (QKI) protein interacts with the
pre-mRNA of gene and promotes the biogenesis of circRNA [35]; methylation-related protein-YTH
N6-methyladenosine RNA binding protein 2 (YTHDF2) interacts with circRNA and activates the
m(6)A-induced degradation of circRNA [30]. As the most novel functional mechanism, circRNA
translation was mainly discovered in circRNA which has internal ribosome entry site (IRES) or m6A
modification [36]. IRES allows direct recruitment of initiation factors and ribosomes on the RNA and
initiates the circRNA translation through cap-independent manner [37,38]. It is discovered that some
endogenous circRNAs that have m (6) A motifs have the ability to translate and the abundance of m (6)
A motifs could affect the translation efficiency of circRNA [36]. However, it requires the involvement
of eukaryotic translation initiation factor 4 gamma 2 (eIF4G2) and m (6) A reader YTH N6-methyladenosine
RNA binding protein 3 (YTHDF3) and will be affected by other m (6) A modification-related proteins.
It can be enhanced by methyltransferase like 3/14 (METTL3/14) and suppressed by demethylase FTO [36].

miRNAs are a class of small ncRNAs that were ~22 nucleotides in length. The classical role
of miRNA is binding to the 3′UTR (Figure 1j) of the mRNAs and then induce the degradation of
mRNA or inhibit the translation of mRNA [39]. Notably, at the RNA world, miRNA plays a key role
in the whole ncRNA regulatory network. It becomes the central of the ceRNA network and could
bind lncRNAs/circRNAs with mRNAs as both circRNAs and lncRNAs have the miRNA response
element (MRE site) and could act as a miRNA sponge [28]. LncRNA/circRNA-miRNA-mRNA axis is
a powerful regulatory mechanism and was extensively investigated in various biological process of
different species. With the deep study of molecular biology, miRNA was given several new functions.
First, it could regulate the expression of circRNA by recruiting Argonaute (AGO) protein to interact
with circRNA (Figure 1k). For instance, miR-671 regulates the production of a circCDR1 via cleaving
the CDR1 antisense transcript in an Ago2-mediated manner [40]. miRNA-1224 negatively regulates
circRNA-Filip1l expression through binding and splicing pre-circRNA-Filip1l, which also requires the
Ago2 protein [41]. Additionally, the m7G methylation of miRNA showed another functional mechanism
of miRNA. It is evidenced that the m7G methylation of let-7 miRNA induced by methyltransferase like
1 (METTL1) could regulate the process of lung cancer [42]. Moreover, it was investigated that some
pri-miRNAs in plants have the ability to encode a peptide (Figure 1l) that is termed as miRNA-encoded
peptide (miPEP). The translation of the pri-miRNAs leads to the accumulation of their corresponding
miRNAs, then causing the downregulation of miRNA targets. For instance, pri-miR-171b in Medicago
truncatula (M. truncatula) contains two ORFs, ORF1 and ORF2; ORF1 could encode functional peptide,
termed as miPEP171b. The overexpression of miPEP171b or the application of a synthetic miPEP171b
could increase the abundance of miR-171b [43]. Similar functional mechanism was found in other
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pri-miRNAs, such as miR-160b, miR-164a, miR-169d, miR-171e, miR-319a, and miR-165a in M.truncatula
or Arabidopsis thaliana (A. thaliana) [43,44]. Lastly, miRNA-derived sequences that are identical with
pre-miRNAs could regulate lncRNA splicing through overlapping the pre-transcript of lncRNA
(Figure 1m). Specifically, hsa-miR-99b regulates the splicing of the primary transcript of LINC01129
through complementary combination with its exon-intron junction [45]. In spite of the underlying
mechanisms of those newly identified miRNA functions warrant further analysis, these novel functions
provided us the new area to study the potential role of miRNAs.

The important roles of lncRNAs, circRNAs, and miRNAs in regulating the pathogenicity of
many diseases have been mainly discovered in humans. The critical roles of ncRNAs in avian
inflammation and autoimmune regulation were also investigated. This review sheds light on the
regulatory mechanism of lncRNAs, circRNAs, and miRNAs on chicken immunity and be helpful for
identifying potential ncRNA biomarkers for avian diseases

3. Invasive Diseases Causing Significant Economic Losses in Poultry Industry

Avian invasion diseases are mainly caused by parasites, viruses, or bacterial infections. They infect
chickens by specific manners and cause serious damage to chicken organs, thus influencing livability
and body health of chickens. The direct consequence of this damage is the decrease of egg and meat
production, which can bring huge financial losses to the poultry industry. According to the research
progress on ncRNAs, we selected the related diseases researches in avian to summarize here. Among
them, virus infection diseases include Avian leukosis virus (ALV), Marek’s disease virus (MDV),
infectious bursal disease virus (IBDV), Avian influenza virus (AIV), infectious bronchitis virus (IBV),
Newcastle disease virus (NDV), and reticuloendotheliosis virus (REV). The epidemic parasitic diseases,
coccidiosis and Cryptosporidium baileyi infections are selected to be focused here. The bacterial infection
disease reviewed here includes Campylobacter jejuni (C. jejuni), Salmonella enterica serovar Enteritidis
(SE), and Salmonella typhimurium (S. typhimurium).

4. The Role of ncRNAs in Virus-Induced Avian Disease

4.1. ncRNAs Involved in Avian Leukosis Virus

Avian leukosis virus (ALV) is a retrovirus belonging to a retroviridae family. ALV includes seven
subgroups of A, B, C, D, E, J, and K, among which, ALV-J is the most pathogenic subgroup with high
transmission and pathogenicity [46,47]. The clinical manifestation of ALV-J-infected chicken including
pathogenic tumors, immune tolerance, delayed growth and also higher susceptibility to a secondary
infection [46,48].

4.1.1. circRNAs Involved in ALV-Infection

Several studies have been focused on the expression profile and the molecular regulatory
mechanisms of circRNAs during the infection of ALV. Thousands of circRNAs were identified in various
types of ALV-infected organs, and the number of differentially expressed circRNAs (DEcircRNAs)
are calculated, ranges from dozens to thousands [49–52]. Gene ontology (GO) term and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis showed that the DEcircRNAs were
involved in immune-related GO items and KEGG pathways. Main GO terms include regulation of
B-cell activation [49], B-cell differentiation [49,50], alpha-beta T-cell activation [49], and main KEGG
pathways have signaling pathways of mTOR [49,50], TGF-beta [50], Toll-like receptor [50], RIG-I-like
receptor [50], Jak-STAT [50], Insulin [50] and ErbB [50], MAPK [52], Wnt [52], and B-cell receptor [52].
Many circRNA–miRNA–mRNA ceRNA networks were characterized [49–52]. Even through so many
circRNAs were identified, only few circRNAs were validated for their localization or functional
mechanism. One exon-intron DEcircRNA, circHRH4 localizes in cytoplasm and was abundantly
expressed in different chicken tissues and cells [50]. circ-Vav3 can interact with miR-375 and upregulate
the expression of yes-associated protein 1 (YAP1), a target gene of miR-375. circ-Vav3/miR-375/YAP1 axis
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participated in tumorigenesis through activating epithelial-mesenchymal transition (EMT) by altering
the expression of EMT markers, including Vimentin, zinc finger E-box binding homeobox 1 (ZEB1), matrix
metallopeptidase 2 (MMP2), N-cadherin, Fibronectin, and E-cadherin [51].

As we know from the current research process, the role of circRNAs related to the infection
of ALV largely remain on the early stage of the characterization, expression profile, and associated
pathways. Only a few researches have explored the single circRNA molecular function in response to
the ALV-infection, which inspired us to study the specific functional mechanism of single circRNA in
regulating ALV-infection.

4.1.2. LncRNAs Associated with ALV-Infection

Similar to circRNA, a few researches have been focused on the lncRNA expression during
ALV infections. RNA-seq had been performed on both chicken tissues and cells to screen the
ALV-associated lncRNAs. For instance, differentially expressed lncRNAs (DElncRNAs), differentially
expressed miRNAs (DEmiRNAs), and differentially expressed mRNAs (DEmRNAs) between infected
and non-infected tissues [53,54], chick embryo fibroblasts cells (CEF cells) [55] or chicken primary
monocyte-derived macrophages (MDMs) [56], were identified. Some important immune-related
pathways were enriched, including Toll-like receptor, NODlike receptor, RIG-I receptor, and JAK-STAT
signaling pathways [55]. The co-expression network analysis among those DEmRNAs, DEmiRNAs,
and DElncRNAs revealed that the DElncRNAs could interact with immune-related miRNAs and genes
to exhibit their role in diseases and cancers process [53–56]. Specially, some lncRNA-miRNA-mRNA
interaction networks participated in the regulation of cyclin D3 (CCND3) and suppressor of cytokine
signaling 5 (SOCS5) through JAK -STAT signaling pathway [56]. In addition, several lncRNAs
(XLOC_672329, ALDBGALG0000001429, XLOC_016500, and ALDBGALG0000000253) (Table 1) were
predicated to cis-regulate cholesterol 25-hydroxylase [CH25H)/cytokine inducible SH2 containing protein
(CISH)/interleukin 1 beta (IL-1β)/CD80 molecule (CD80) to participate in host antiviral responses [56].

Table 1. Selected lncRNAs and their potential function during the Avian leukosis virus (ALV) infection.

lncRNA Target Function Ref

XLOC_672329 CH25H participate in host antiviral responses [56]
ALDBGALG0000001429 CISH participate in host antiviral responses [56]

XLOC_016500 IL-1β participate in host antiviral responses [56]
ALDBGALG0000000253 CD80 participate in host antiviral responses [56]

The current findings of lncRNA involvement in the infection of ALV are just simply focused on
the lncRNA characterization, expression profile, and associated pathways, however, still more proper
investigations become necessary.

4.1.3. miRNAs Involved in ALV-Infection

Unlike circRNAs and lncRNAs, many studies have been conducted to explore not only the
expression profile but also the underlying functional mechanism of miRNAs involved in ALV
infection. miRNA microarray or small RNA sequencing revealed many miRNAs were aberrantly
expressed after ALV infection [57–60]. Among the DEmiRNAs, several of them were verified
by qRT-PCR analysis in one or more kinds of ALV-infected materials, including miR-221 [57–60],
miR-222 [57,59,60], miR-1456 [57], miR-1704 [57], miR-1777 [57], miR-1790 [57], miR-2127 [57],
let-7b [57,60,61], let-7i [57,60,61], miR-125b [57–60], miR-375 [57,60], miR-458 [57], miR-193a [58],
miR-193b [58,59], miR-148a [59], miR-27b [59], miR-34a [59], miR-130a [59], miR-23b [62] and
miR-34b-5p [63]. Obviously, the expression of miR-221/miR-222, let-7b/i, miR-375, miR-125b, and
miR-193b were changed in not only one type of materials after ALV-infection, indicating their important
roles in response to the ALV.
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The qRT-PCR-verified DEmiRNAs were involved in immune-related pathways by analyzing
the target genes of the DEmiRNAs. Of which, miR-221/222 may have effect on oncogenicity [57]
and exist in several common pathways (MAPK [58], oocyte meiosis [58], Wnt [58], and the chronic
myeloid leukemia pathway [61]). In addition, miR-221 was also involved in antigen presentation and
apoptosis pathways [59]. miR-1456, miR-1704, miR-1777, miR-1790, and miR-2127 may have effect
on oncogenicity [57]. miR-125b was related to the oocyte meiosis and MAPK signaling [58], and may
have effect on tumor suppression [57]. miR-193a was involved in Wnt signaling and oocyte meiosis
pathway, while miR-193b was included in Wnt signaling and oocyte meiosis pathway [58]. let-7b/i was
related to the chronic myeloid leukemia pathway [61]. let-7b/i, miR-375, and miR-458 may be involved
in tumor suppression [57].

The underlying mechanisms of some DEmiRNAs involved in ALV infection were revealed
(Table 2). For miR-221 and miR-222, they have multiple roles in the regulation of ALV infection.
On one hand, miR-221/miR-222 could facilitate DF1 (chicken fibroblast cell line) cell proliferation and
migration, and could inhibit the expression of apoptosis-related gene, BCL-2 modifying factor (BMF),
leading DF1 cells not easy to undergo apoptosis [64]. On the other hand, miR-221/222 could promote
cell proliferation to help ALV replication in DF1 cells. Because the depression of G1/S switch and
over proliferation induced by ALV-J for DF1 cells required high expression of miR-221 and miR-221,
miR-221 and miR-221 can downregulate the expression of CDKN1B (cyclin dependent kinase inhibitor
1B)], which have the ability to arrest the cell cycle and inhibit the cell proliferation process via the
CDKN1B-CDK2 (cyclin dependent kinase 2) /CDK6 (cyclin dependent kinase 6) pathway [65]. To sum up,
miR-221 and miR-222 could promote the ALV progression in DF1 cells through inhibiting apoptosis
and facilitating cell proliferation, migration, and growth. In addition, the expression of miR-23b is
up-regulated in spleen after ALV-J infection. Moreover, miR-23b could enhance ALV-J replication
by regulating interferon regulatory factor 1 (IRF1) [62]. Meanwhile, miR-34b-5p is another validated
DEmiRNA in spleen after ALV-infection and it could target melanoma differentiation-associated gene 5
(MDA5) to promote ALV-J replication by facilitating the cell migration and proliferation [63].

Table 2. Selected-verified miRNAs and their function during the ALV infection.

miRNA Target Gene Function Refs

miR-23b IRF1 enhance ALV-J replication [62]
miR-34b-5p MDA5 promote ALV-J replication [63]

miR-221/miR-222 BMF, CDKN1B inhibit apoptosis and facilitating cell proliferation/migration/growth [64,65]

4.2. ncRNAs Involved in Marek’s Disease

Marek’s disease virus (MDV) has three serotypes: serotype 1 (MDV-1), serotype 2 (MDV-2), and
turkey herpesvirus (HVT) [66]. Only MDV-1 has an oncogenic /pathogenic/tumorigenic effect [48].
Marek’s disease (MD) is caused by MDV. The chickens infected by MDV will cause immunologic
suppression, T-cell lymphoma, and neurologic diseases, resulting in tissue or cell damage in chickens.
If the MDV susceptible chickens are infected with MDV, the mortality can reach up to 100%, which
brings massive loss to the poultry industry [67].

4.2.1. circRNAs Involved in MD

To our knowledge, one circRNA sequencing research has been performed with three types of
spleens: First, spleens from MDV infection-induced tumors; second, spleens from the survivors (without
any lesion) after MDV infection; third, spleens from non-infected chickens. About 2169 circRNAs were
detected in this research, of which, 113 circRNAs were differentially expressed. circRNA-miRNA-mRNA
networks showed circZMYM3 could not only interact with 7 miRNAs but also target immune-related
genes, such as SWAP70 and CCL4, because SWAP70 and CCL4 shared the same target site with miR-214
and circZMYM3. miR-155 was predicted to interact with circGTDC1, circMYO1B, GATA binding
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protein 4 (GATA4), peripherin 2 (PRPH2), eomesodermin (EOMES), Rho related BTB domain containing 1
(RHOBTB1), and serine palmitoyltransferase, small subunit B (SPTSSB) [68].

4.2.2. lncRNAs Involved in MD

Chicken MD resistant line 63 and MD susceptible line 72 are model animals for the investigation
of responsible biomarkers or clinical diagnosis during the infection of MDV [69]. Expression analysis
and bioinformatical functional annotation through RNA sequence by using line 63 and line 72 showed
that lncRNAs were aberrantly expressed and were involved in immune-related pathways that indicate
that lncRNAs participate in regulating MDV infection [70]. Comparing the expression of the RNAs
between infected and noninfected chicken bursa, 425 DElincRNAs and 387 DE genes were found in
line 63, while 636 DElincRNAs and 2383 DE genes were identified in line 72. Co-location analysis
for the 30 DElincRNAs associated with immune response found that most of the neighboring genes
of these lincRNAs were also associated with immune response. Of them, one candidate lincRNA,
termed linc-satb1, was positively related to inflammatory/defense/external stimulus response and
lymphocyte activation. In addition, the expression of linc-satb1 was correlated with Special AT-rich
binding protein-1 (SATB1), which is known to have the ability to regulate chromatin structure and T-cell
development/activation [71]. It implies that lnc-satb1 may participate in immune response to MD by
regulating SATB1 [70].

LncRNA could participate in MDV through interacting with both host MDV susceptible/resistant
gene. For example, linc-GALMD1 was a DElincRNA of MDV non-infected and infected chickens [72].
IGLL1 (immunoglobulin lambda-like polypeptide 1) has distinct expression between line 63 and line 72.
It has lower expression in line 63 chickens but higher expression in line 72 chickens after infection of
MDV, which implies that IGLL1 could be a line-specific or susceptible gene in response to MD [72].
Meanwhile, linc-GALMD1 expression level had a positive correlation with IGLL1 which indicated
that linc-GALMD1 could potentially regulate MD by interacting with IGLL1 [72]. Some lncRNAs
were predicted to interact with MD-resistant candidate genes [73]. MSTRG.360.1 was correlated with
C-X-C motif chemokine ligand 12 (CXCL12), TNF receptor superfamily member 6b (TNFRSF6B), SWAP70,
cytotoxic T-lymphocyte associated protein 4 (CTLA4), and histone deacetylase 9 (HDAC9) [73]. MSTRG.6725.1
may interact with CTLA4 and joining chain of multimeric IgA and IgM (JCHAIN). MSTRG.6754.1 was
associated with JCHAIN and CTLA4 [73]. MSTRG.15539.1 was associated with SWAP70, HDAC9, CD72
molecule (CD72), and JCHAIN [73]. MSTRG.7747.5 were strongly correlated with CD8B molecule (CD8B),
HDAC9, CD72, and Insulin-like growth factor level (IGF-I) [73].

LncRNA directly regulates MDV gene expression is another approach for chicken host to response
to MD. It was evidenced by the upregulation of viral gene-Meq (an essential gene for MDV progression),
induced by downregulation of linc-GALMD1 [72].

LncRNAs act as an upstream regulator to modulate miRNA expression, thus exhibiting specific
function during MD viral infection was also an approach for lncRNA to regulate MDV infection.
linc-GALMD3, which has a higher expression level in CD4+ T cells after MDV infection, was found to
be located on the upstream of the gene transcribes miR-223 [74]. The loss of function of linc-GALMD3
will suppress miR-223 expression and MDV replication. Additionally, DEG analysis of RNA-Seq
between the linc-GALMD3 knockdown and control MSB1 (MDCC-MSB1) cells showed that about
27 DEGs were also miR-223 target genes, which implied the cis regulatory mechanism of linc-GALMD3
on miR-223 [74]. The linc-GALMD3-miR-223-target DEGs interaction network could be used for
further investigation during MDV infection.

The selected lncRNAs, their targets, and their functions during the MDV infections were shown
in Table 3.
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Table 3. Selected lncRNAs and their potential function during the Marek’s disease virus (MDV) infection.

LncRNA Target Function Ref

linc-GALMD1 IGLL1, Meq regulate MDV infection [72]
MSTRG.360.1 CXCL12, TNFRSF6B, SWAP70, CTLA4, HDAC9 related to MD-resistance [73]

MSTRG.6725.1 CTLA4, JCHAIN related to MD-resistance [73]
MSTRG.6754.1 CTLA4, JCHAIN related to MD-resistance [73]

MSTRG.15539.1 SWAP70, HDAC9, CD72 JCHAIN related to MD-resistance [73]
MSTRG.7747.5 CD8B, HDAC9, CD72, IGF-I related to MD-resistance [73]
linc-GALMD3 miR-223 involved in MDV replication [74]

4.2.3. miRNAs Involved in MD

Numerous researches have been focused on the exploration of miRNA expression profile and
their potential role during the infection of MDV. Hundreds of miRNAs were significantly differentially
expressed between MDV-infected and noninfected groups [75–80]. let7 [75], miR-199a-1 [75,77],
miR-26a [75,77], miR-181a [75,77] miR-16 [75] miR-223 [76], miR-150 [76], miR-155 [76,79], miR-221 [77],
miR-199 [77], miR-15b [78], miR-456 [78], let7i [78], miR-762 [79], miR-29b [79], miR-140-3p [81],
miR-199-3p [81], and miR-221-5p [81], were verified by qRT-PCR/Northern blot analysis.

The classical functional mechanism of miRNAs in regulating MDV infection is targeting the 3′UTR
of their target genes and inhibiting the transcription of the mRNA or interfering their translation [82].
miR-221/miR-222 were significantly upregulated after MDV infection. The cyclin-dependent kinase
(cdk) inhibitors 27 Kip1 has direct effect on cell cycle and cell proliferation [82]. Conserved binding site
between miR-221/miR-222 and 27 Kip1 was verified in several species and their target relationship
has been confirmed in several cancer cells [82]. In avian, miR-221/miR-222 would also target 27 Kip1

to regulate MSB1 cell proliferation [83]. Retinoid Acid Receptor-Related Orphan Receptor Alpha (RORA)
is a suppressor for tumor and could be involved in immunity, inflammation metabolism [84], and
tumor initiation [85]. In MBS1 cells, miR-155 could increase the proliferation, invasiveness, and reduce
apoptosis by targeting RORA [86]. Target interactions of miR-181a with MYB proto-oncogene like 1
(MYBL1)/ insulin like growth factor 2 mRNA binding protein 3 (IGF2BP3), and miR-26a with eukaryotic
translation initiation factor 3 subunit A (EIF3A), were confirmed by luciferase reporter assays [77].
Furthermore, miR-181a was verified to inhibit proliferation of MSB1 by targeting MYBL1 [87]. Never in
mitosis gene A (NIMA)-related kinase 6 (NEK6) is another verified target gene of miR-26a and showed
opposite expression pattern with miR-26a between MDV-infected spleens and noninfected controls.
miR-26a would exhibit suppression to MSB1 cell proliferation through inhibiting NEK6 [88]. miR-103-3p
decreases cell migration by targeting transcription factor Dp-2 (E2F dimerization partner 2) (TFDP2) and
cyclin E1 (CCNE1) [89]. For miR-130a, it could inhibit MSB1 cell proliferation and migration by targeting
homeobox A3 (HOXA3) and MyoD family inhibitor domain containing (MDFIC) [90]. miR-219b could
target B-cell chronic lymphocytic /lymphoma 11B (BCL11B) and suppresses the proliferation, migration,
and invasion of MSB1 cells [91].

As a homologous to MDV-encoded miRNA to participate in regulate the process of MDV infection
is another miRNA regulatory mechanism in avian. This was discovered for miR-155, miR-29b, and
miR-221. miR-155 shared seed sequence with the same target genes with MDV-induced miRNA,
MDV-1-miR-M4 [92]. The shared target genes including PU.1, HIVEP2 (HIVEP zinc finger 2), CEBPβ
(CCAAT enhancer binding protein beta), PDCD6 (programmed cell death 6), BCL2L13 (BCL2 like 13), RREB1
(ras responsive element binding protein 1), GPM6B (glycoprotein M6B), MAP3K7IP2 (TGF-beta activated
kinase 1/MAP3K7 binding protein 2), and c-Myb (MYB proto-oncogene, transcription factor) [93,94]. Many
of these genes are known to have a specific role in regulating tumor cell proliferation/apoptosis and
tumor formation. Additionally, MDV-1-miR-M4 is essential for MDV infection due to the deletion of
MDV-1-miR-M4 or a 2 nucleotides mutation on its seed region will lead to an inhibition for the induction
of lymphomas. This inhibition could be rescued by gga-miR-155, thus in turn implied miR-155 is a
crucial regulator for lymphomas. Toll-like receptor 3 (TLR3) is crucial for innate and adaptive immunity.
It was abundantly expressed in MDV-infected CEF cells, resulting in replication inhibition of the
RB1B strain of MDV. However, such inhibition would alter both MDV1-miR-M4-5p and miR-155 [95].
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miR-29b shared a seed sequence with MDV2-miR-M21, and expression of MDV2-miR-M21 may
ensure viral proliferation in host cells. miR-221 shared a seed sequence with both hvt-miR-H14-3p and
mdv1-miR-M32 [92,96,97]. As the homologous miRNAs of virus-encoded miRNAs, some host miRNAs
share the same biding site and even same target genes with virus-encoded miRNAs to influence the
biological function of virus-encoded miRNAs may be a new strategy to resist virus invasion.

The interaction of host miRNAs with virus-encoded gene is also a regulatory mechanism for
miRNAs during the virus infection. For instance, the viral oncoprotein Meq could regulate the
expression of miR-21 by binding to the promoter region of miR-21. Meanwhile, miR-21 could target
chicken programmed death cell 4 (PDCD4) to suppress growth and apoptosis escape of tumor cells [98].
It provided a viral gene-host miRNA-host gene regulation mechanism involved in the MDV infection.
Meanwhile, miR-155 was found to target viral env transcripts and could significantly lower the env
transcripts abundance in MSB1 and CEF cells [99].

The selected-verified miRNAs and their target genes and their functions during the MDV infections
are presented in Table 4.

Table 4. Selected-verified miRNAs and their function during the MDV infection.

miRNA Target Gene Function Refs

miR-221/miR-222 27 Kip1 regulate MSB1 cell proliferation [83]
miR-155 RORA increase proliferation, invasiveness and reduce apoptosis [86]

miR-181a MYBL1, IGF2BP3 inhibit MSB1 cell proliferation [77,87]
miR-26a EIF3A, NEK6 inhibit MSB1 cell proliferation [77,88]

miR-103-3p CCNE1, TFDP2 inhibit MSB1 cell migration [89]
miR-130a HOXA3, MDFIC inhibit MSB1 cell proliferation and migration [90]
miR-219b BCL11B suppresses proliferation, migration and invasion of MSB1 cell [91]

miR-21 PDCD4 suppress growth and apoptosis of tumor cells [99]

4.3. ncRNAs Involved in Infectious Bursal Disease

Infectious bursal disease (IBD) is a virus disease of young chickens which is caused by avian
infectious bursal disease virus (IBDV). IBDV has negative effective on T cells proliferation, causing
immunologic suppression in chicken [100,101]. Moreover, IBD has caused death and vaccination
failure to other disease in chicks [101].

4.3.1. LncRNAs Involved in IBD

Dendritic cells (DCs) have special role in both innate and acquired immune during virus
infection [102]. A microarray study on IBDV-stimulated DCs and non-stimulated DCs revealed
114 lncRNAs, 18 miRNAs, and 965 mRNAs were differentially expressed after stimulated with
IBDV [103]. Functional annotation of the DElncRNAs, DEmiRNAs, and DE genes showed that there
was an association with cellular response to starvation, protein localization, the RNA biosynthetic
process, etc. These were involved in JAK-STAT/MAPK/mTOR/neurotrophin/CCR5/Interleukin-17
(IL-17) signaling pathways, as predicted by a pathway analysis [103].

4.3.2. miRNAs Involved in IBD

miRNAs could regulate viral infection through regulating the IBDV genome sequence. IBDV as a
double stranded virus has two segments (segment A and B) and encodes five viral proteins, VP1-VP5,
which play different roles in the infection process of IBDV to the host. Of them, VP1 is required for
both IBDV replication and virulence [104]. As the target of tumor suppressors in human [105,106],
miR-21 could suppress IBDV replication via inhibiting the expression of VP1 in avian [107]. Similarly,
miR-454 targeting IBDV genomic segment B to inhibit IBDV replication [108]. miR-130b could inhibit
IBDV replication through targeting IBDV segment A [109].

Apart from targeting the viral genome sequence, miRNA could also regulate the IBDV infection
through targeting regulators of type I interferon (IFN), as IFN is a crucial cellular molecule to combat
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viral infection and interferon regulatory factor-dependent pathways play important roles during the
infection of various disease. SOCSs (Suppressors of Cytokine Signaling) gene family was known as one
kind of negative regulators of IFN. Specially, the inhibition of SOCS6 can increase the expression of IFN-β.
miR-454 could suppress the IBDV replication through suppression of SOCS6 [108]. Similarly, miR-130b
could facilitate IFN-β expression through binding to the host SOCS5 to inhibit IBDV replication [109].
For miR-155, it was found to suppress IBDV replication through targeting not only SOCS1 but also
another type I IFN negative regulator, TANK (TNF receptor-associated factor family member-associated
NF-κB activator) [110]. On the contrary, miR-9 could inhibit IFN expression by inhibiting IRF2 and then
promoting the replication of IBDV [111]. miR-142-5p was founded to decrease the activity of the IFN-β
by directly by targeting the MDA5 and then promoting IBDV replication through IRF7 (interferon
regulatory factor 7) signaling pathway [112]. Additionally, miR-2127 has been found to promote IBDV
replication by suppressing p53 translation and attenuating p53-mediated innate immune response
against IBDV infection [113].

More novelty, IBDV alters the expression of responsible miRNAs through inducing the
demethylation of the miRNA promoter is a new strategy for IBDV to protect themselves for survival
from the immune responses induced by related-miRNAs. For instance, IBDV infection could induce
the promoters of pre-miR-27 and pre-miR-16-2 demethylation, thus upregulating miR-27b-3p and
miR-16-5p expression [114,115]. Furthermore, miR-27b-3p could increase the expression of chicken
IFN-β, NF-κB, and IRF3 (interferon regulatory factor 3) by targeting SOCS3 and SOCS6, thus inhibiting
IBDV replication [114]. miR-16-5p increased the caspase-9/3 activity through targeting Bcl2, thus
promoting the IBDV-induced apoptosis [115].

4.4. ncRNAs Involved in Infectious Bronchitis Virus (IBV) Infection

Avian infectious bronchitis virus (IBV) belongs to coronavirus. It mainly replicates in chicken
epithelial cells and could infect both meat type and commercial type of small or old chickens [116,117].
The investigation of the host responsible mRNAs and lncRNAs in IBV-infected DCs revealed thousands
of mRNAs were differentiated expressed in IBV-infected avian DCs and noninfected cells [118].
With 1093 up-regulated and 845 down-regulated. miRNAs and lncRNAs interaction provided further
information for the candidate therapeutic biomarkers in response to IBV infection [118]. miRNA
transcriptome analysis in chicken kidneys showed 58 DE miRNAs were found and were shown
to be mostly associated with immune response, catalytic activities, metabolic processes, and gene
expression [119]. Among them, miR-1723, miR-7b, miR-222b-3p, miR-1782, miR-6516-3p, miR-202-5p,
miR-1559-3p, miR-449a, miR-1454, and miR-1563 were verified by qRT-PCR [119]. As a predicted
DEmiRNA by sequence analysis, miR-146a-5p was also found to promote IBV replication of by
targeting tumor necrosis factor receptor superfamily member 18 (TNFRSF18) and IL-1 receptor associated
kinase-2 (IRAK2) [120]. As another DEmiRNA, miR-30d was showed to inhibit IBV replication through
suppressing ubiquitin-specific protease 47 (USP47) in HD11 (avian macrophage-like cells) cells [121].

4.5. ncRNAs and Newcastle Disease (ND)

Newcastle disease is caused by a single-stranded RNA virus, Newcastle disease virus (NDV),
resulting in a high mortality rate in infected chicken worldwide [122].

Only few studies have been focused on ncRNA investigation associated with ND. One study
performed mRNA-seq and small RNA-seq to identify the interaction pairs of mRNA-miRNA involved
in ND. 1069 miRNA-mRNA pairs were found. Among them, the interaction of miR-203a and
transglutaminase 2 (TGM2) were confirmed by both qRT-PCR and dual-luciferase reporter assay [123].
Additionally, miR-19b-3p could promote the expression of inflammatory cytokines and suppress NDV
replication by targeting ring finger protein 11 (RNF11) and zinc-finger protein, MYND-type containing 11
(ZMYND11), which are two negative moderators of NF-κB signaling [124]. miR-455-5p could suppress
NDV replication by directly targeting SOCS3 [125]. miR-375 inhibited NDV growth through targeting
the M gene of NDV and host Drosophila-like RNA binding protein 4 (ELAVL4) [126].
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4.6. ncRNAs and Avian Influenza

Avian influenza (AIV) is caused by avian influenza type A viruses, a virus belongs to
Orthomyxoviridae family [127]. Other viruses in this family include influenza B and influenza C
virus, but only influenza A virus has been found in birds [127,128]. Although avian influenza causes
only mild illness, it still can be very dangerous because of its high transmission among birds, and even
among human beings [129,130].

Several RNA-seq researches had revealed the expression profile and associated pathways in
response to AIV infection in different tissues and cells in avian [131–134]. According to the bioinformatics
analysis of the expression and the associated pathways of the DEmiRNAs in those researches, miR-34a,
miR-122-2, miR-122-1, miR-206, miR-146a, miR-155, miR-1719, miR-1599, miR-1594, miR-451, miR-146,
miR-1576, miR-1636, miR-206, miR-142-5p, miR-17-5p, miR-19b miR-133c, miR-1710, miR-181a/b,
miR-30b/c/e, and miR-455 were considered to be strong candidate miRNAs related to the immune
response of AIV infection in chickens [131–134].

The genome of type A influenza includes eight segments and each segment-encoded protein is
crucial for viral replication and pathogenesis [133]. miRNAs interact with virus genes is also one
approach for miRNA to control or resist AIV. Many chicken host miRNAs have been analyzed to have
target relationship with avian influenza [135]. Specially, the non-structural protein 1 (NS1) is one
protein of segment 8 of H5N1 genome that is directly associated with the pathogenicity of the influenza
strain. miR-1658 could regulate the AIV infection by targeting the NS1 gene of H5N1 genome [135].
Moreover, PB1 (polymerase PB1), PB1-F2 (PB1-F2 protein), and N40 were three proteins encoded by
segment 2 of H5N1 virus. miR-1710, miR-133c, and miR-146c were predicted to target PB1-F2, PB1,
and N40 proteins, implying that they potentially regulate H5N1 infecting by interacting with virus
genes [133].

4.7. ncRNAs and Reticuloendotheliosis (RE)

Reticuloendotheliosis, a reticuloendotheliosis virus (REV)-induced disease, is highly prevalent
in avian and human [136]. It can cause chronic B cell and T-cell lymphomas [137], delayed growth,
immunodepression, and tumor in birds [138].

To the best of our knowledge, only few studies related to ncRNAs have been investigated during RE
infections. High-throughput sequencing has been conducted in REV-infected and non-infected tissues or
cells and the results identified many candidate DEmiRNAs involved in REV infection. These DEmiRNAs
could target immune-related genes and participate in immune-related pathways [138–140]. Among
them, miR-2945, miR-106-3p/5p, miR-29b/3p/, miR-7b, miR-16c-5p/, miR-122-5p, miR-155, miR-18a-5p,
miR-147, miR-184-3p, miR-222b-5p/3p, miR-145b-5p, miR-20b-5p, and miR-1b-3p expressions were
verified by qRT-PCR. GO term analysis showed that these miRNAs are related to apoptotic process,
intracellular signal transduction, cell death regulation. Also, many important KEGG pathways were
enriched, such as MAPK signaling, endocytosis, focal adhesion, apoptosis, cell cycle pathways, mTOR
signaling, cell growth and death, and immune system.

Specially, of so many DEmiRNAs, the underlying regulatory mechanisms of miR-155 and novel-72
were verified and indicated that they play distinct role in response REV infection. For miR-155,
it showed a high expression level during REV infection in CEF cells. It has been demonstrated that
miR-155 could inhibit apoptosis by targeting caspase-6 and accelerate cell cycle through inhibiting
FOXO3a and JARID2 (jumonji, AT rich interactive domain 2) expression during the REV infection [141,142].
For novel-72, it showed a significantly lower expression in REV-infected cells. Four predicated target
genes of novel-72, PDPK1 (phosphoinositide dependent protein kinase-1), mTOR (mammalian target of
rapamycin), S6K1 (S6 Kinase 1), and eIF4E (Eukaryotic Initiation Factor 4E) of mTOR signaling pathway
were related to cell proliferation and survival, indicating that novel-72 could be involved in mTOR
signaling pathway to mediate the cell fate during REV infection [139].

The selected-verified miRNAs and their target genes and their functions during the IBDV, IBD,
NDV, AIV, and REV infections were listed below (Table 5).
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Table 5. Selected-verified miRNAs and their function during the infectious bursal disease virus (IBDV),
IBV, Newcastle disease virus (NDV), AIV, and reticuloendotheliosis virus (REV) infections.

miRNA Target Gene Function Refs

miR-21 VP1 suppress IBDV replication [107]
miR-454 SOCS6, IBDV genomic segment B inhibit IBDV replication [108]

miR-130b SOCS5 inhibit IBDV replication [109]
miR-155 SOCS1, TANK suppress IBDV replication [110]
miR-9 IRF2 promote IBDV replication [111]

miR-142-5p MDA5 promote IBDV replication [112]
miR-2127 p53 promote IBDV replication [113]

miR-27b-3p SOCS3, SOCS6 inhibit IBDV replication [114]
miR-16-5p Bcl2 promote IBDV-induced apoptosis [115]

miR-146a-5p TNFRSF18, IRAK2 promote IBV replication [120]
miR-30d USP47 inhibit IBV replication [121]
miR-203a TGM2 unknow [123]

miR-19b-3p RNF11, ZMYND11 suppress NDV replication [124]
miR-455-5p SOCS3 suppress NDV replication [125]

miR-375 M gene of NDV, ELAVL4 inhibit NDV growth [126]
miR-1658 NS1 gene of H5N1 genome regulate AIV infection [135]
miR-155 FOXO3a, JARID2 inhibit apoptosis and accelerate cell cycle during the REV infection [141,142]

As avian virus disease has been well studied, the mechanisms that miRNAs participate in avian
virus diseases are clear now. There are four functional mechanisms have been reported: (1) Direct
interaction with the host gene (Figure 2a) [82]; (2) acts as homologous to virus-encoded miRNAs
and shares the same target gene with virus-encoded miRNAs (Figure 2b) [92–97,143]; (3) interacts
with virus genomic gene (Figure 2c) [98,99,107–109]; (4) alters the expression of responsible miRNAs
through inducing the demethylation of the miRNA promoter to protect virus themselves to survival
from the immune responses induced by related-miRNAs (Figure 2d) [114,115].Life 2020, 10, x 15 of 26 
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Figure 2. A model of host miRNA participated in regulating virus infection through four functional
mechanisms. (a) Host miRNA directly targets the host gene. (b) Host miRNA as homologous to
virus-encoded miRNA and shares same target gene with them. (c) Host miRNA interacts with
virus genes. (d) Virus induce the pre-miRNA demethylation to regulate the expression of virus
responsible miRNA.
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5. ncRNAs Related to Parasitic Infection

5.1. ncRNAs Associated with Coccidiosis and Cryptosporidium Baileyi Infection

Chicken coccidiosis is an epidemic parasitic disease can be caused by nine Eimeria spices, including
Eimeria tenella, necatrix, maxima, acervuline, brunetti, mivati, hagani, praecox, and mitis. They are infecting
chicken intestinal epithelial cells. Among them, Eimeria tenella, Eimeria maxima, and Eimeria necatrix
have the higher pathogenicity. One RNA sequence analysis of differentially expressed lncRNAs,
circRNAs, and mRNAs has been performed in chicken small intestines during Eimeria necatrix
infection. This RNA sequence analysis obtained 1543 DEmRNAs, 95 DElncRNAs, 13 DEcircRNAs [144].
Functional annotation for lncRNAs, miRNAs, and circRNAs were correlated with chicken host immune
defense and pathogenesis during E. necatrix infection [144]. In addition, miRNA expression was
compared between naturally or Eimeria maxima and Eimeria acervulina -infected Ross 308 broilers
using RNA sequencing. Among DEmiRNAs, miR-122-5p, miR-144-3p, and miR-205b were verified
by qRT-PCR [145], however, their potential roles during avian coccidiosis need further investigations.
The regulatory mechanisms of ncRNAs in response to coccidiosis remain largely unknow.

5.2. ncRNAs Associated with Cryptosporidium Baileyi Infection

Cryptosporidium baileyi (C. baileyi) belongs to Cryptosporidium species in birds [146]. It can infect
in the epithelial cells of bursa or respiratory tract, causing respiratory diseases [146,147]. In broiler
chickens, it can cause high mortality and morbidity [148]. One research focused on the identification of
lncRNAs, circRNAs, and mRNAs involved in C. baileyi infection in chickens’ tracheal tissues. It found
124 lncRNAs, 104 circRNAs, and 1317 mRNAs were differentially expressed. GO analysis found that
the targets and source genes of mRNAs and lncRNAs are all involved in immune response and immune
system process, while KEGG analysis showed that they are related to intestinal immune network for IgA
production, cell adhesion molecules (CAMs), cell cycle, and the cytokine-cytokine receptor interaction.
The circRNAs were significantly enriched in pathways associated with tight junction and glycerolipid
metabolism, nucleotide sugar metabolism, and amino sugar [149]. However, the underlying molecular
mechanism of ncRNAs in response to C. baileyi infection needs further investigation.

6. ncRNAs Related to Bacterial Infection

6.1. ncRNAs Involved in Campylobacter Jejuni (C. jejuni)

Campylobacter jejuni (C. jejuni) is a foodborne pathogen that causes human diarrhea on consuming
chicken products which are contaminated by C. jejuni [150]. Two studies on ncRNAs associated
with C. jejuni have been reported [138,151,152]. Solexa sequencing for cecal tissue from C. jejuni
inoculated and non-inoculated SPF chicken showed 4 miRNAs, miR-155, miR-1416-5p, miR-19b-3p,
and miR-19a-3p were significantly differentially expressed [151]. In addition, miR-30b, miR-30c,
miR-148a, and miR-1416–5p were able to interact with the SOCS3 in response to C. jejuni inoculation
which indicated they may mediate C. jejuni infection through regulating SOCS3 [152].

6.2. ncRNAs and Necrotic Enteritis (NE)

Necrotic enteritis is usually caused by Clostridium perfringens with symptoms of weight depression,
appetite loss, and even cause death to chickens [153]. Small RNA-seq showed many miRNAs
were differently expressed after challenged by NE [154–156]. miR-215, miR-194, miR-217, miR-200a,
miR-216a, miR-200b, miR-216b, miR-34b, miR-429, miR-1684, miR-9-5p, miR-196-5p, miR-20b-5p and
let-7d were confirmed by qRT-PCR [154,156]. Some miRNAs were correlated with immune-related
mRNA expression levels, such as miR-216 and TGFβR2 (transforming growth factor beta receptor 2),
miR-30b/miR-30c/miR-455–5p and SOCS3, miR-181a/b and CXCL14 (C-X-C motif chemokine ligand
14), miR-429 and TNFSF11β (TNF superfamily member 11 beta), miR-223 and HSP90β1 (heat shock
protein 90 beta family member 1), miR-1329 and NFKBIZ (NFKB inhibitor zeta), miR-1674 and ARHGEF
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(FERM, ARH/RhoGEF and pleckstrin domain protein 1), miR-30e/ miR-32 and SERPINF1 (serpin family
F member 1) [155]. Many immune-related pathways were identified for DEmiRNA targets, such
as MAPK, ErbB, Notch, TGF-β, JAK-STAT, Cytosolic etc. Specially, JAK-STAT as the key pathway,
20 genes of this pathway showed marked differential expression, strongly suggesting the crucial role
of JAK-STAT pathway in regulating NE [157]. The miR-200a-3p could regulate inflammatory factor
and MAPK signaling pathway-related gene in response to NE. For instance, it regulated the expression
of IL-1β, IFN-γ, IL-12p40 (interleukin 12B), IL-17A (interleukin 17A), LITAF (lipopolysaccharide induced
TNF factor), and ZAK (also known as MAP3K20- mitogen-activated protein kinase kinase kinase 20), MAP2K4
(mitogen-activated protein kinase kinase 4), and TGFβ2 (transforming growth factor beta 2) of MAPK signaling
pathway [158]. The miR-10a could inhibit the expression of MyD88-dependent pathway-related genes,
including TRAF6 (TNF receptor associated factor 6), TAK1 (TGF-beta activated kinase 1 (MAP3K7) binding
protein 1), NF-κB1 (nuclear factor kappa B subunit 1), and downstream genes of the MyD88-dependent
pathway related genes, including IL-1β, IFN-γ, IL-12p40, TNFSF15 (TNF superfamily member 15), and
LITAF. It strongly indicated that miR-10a regulates the NE through Toll-like receptor pathway [159].

6.3. ncRNAs and Salmonella enterica Serovar Enteritidis Infection

Salmonella enterica serovar enteritidis (SE) is the most common serotype of the Salmonella bacteria.
Chicken SE infection is mainly caused by ingesting water or consuming food contaminated with
Salmonella bacteria. CircRNAs have been identified through next-generation sequencing during SE
infection [160]. Total of 62 circRNAs were significantly differentially expressed (30 upregulated and 32
downregulated) between the control and treated groups. The immune-related pathway associated with
the DE circRNAs including, adrenergic signaling in cardiomyocytes, herpes simplex infection, and
signaling pathway of MAPK/ p53/VEGF/Notch. Three immune-related genes, TXNDC9 (thioredoxin
domain containing 9), JAG2 (jagged canonical Notch ligand 2), and NFATC2 (nuclear factor of activated T
cells 2), generated 11 DE circRNAs involved in the B cell receptor signaling pathway, B cell proliferation,
drug biological process, and cytokine production [160]. In addition, miR-1306-5p regulated the
immune response to SE by inhibiting the Toll-interacting protein (Tollip), which is an up-regulator
for inflammatory cytokines- NF-κB, IL-6 (interleukin 6), TNF-α, and IL-1β (interleukin 1-beta) [161].
miR-101-3p and miR-155 could alter the expression of their target genes, LRRC59 (leucine rich repeat
containing 59) and IRF4 (interferon regulatory factor 4), and decrease the expression of pro-inflammatory
cytokines during SE infection [162]. In addition, miR-1662, miR-1416-5p, and miR-34a-5p showed
opposite expression pattern with the immune-related target genes of BCL10 (B-cell CLL/lymphoma 10),
TLR21 (Toll-like receptor 21), NOTCH2 (notch 2), TLR1LA (toll-like receptor 1 family member A), and THBS1
(thrombospondin 1), indicating their important roles in SE infection [163].

6.4. ncRNAs and Salmonella typhimurium

Salmonella typhimurium (S. typhimurium) commonly occurred in avian and humans [164]. It is a
major food-borne pathogen and has an impact on the microbiological safety of eggs which is also a risk
factor to humans [165]. A previous study revealed 14 miRNAs that were significantly altered by the
infection of S. typhimurium [166]. Among them, miR-3525, miR-215-5p, miR-193a-5p, miR-122-5p, and
miR-375 were verified by qRT-PCR. The predicted DEmiRNAs target genes were enriched in immune
system development, stress-activated MAPK cascade, the regulation of cAMP-dependent protein
kinase activity, and the regulation of immune system process (such as, MAPK and Wnt signaling
pathways) [166].

The selected-verified miRNAs and their target genes and their functions during the bacterial
infections were listed below (Table 6).



Life 2020, 10, 148 16 of 24

Table 6. Selected miRNAs and their potential function during the bacterial infections.

miRNA Target Gee Function Ref

miR-30b, miR-30c, miR-148a, and miR-1416–5p SOCS3 in response to C. jejuni inoculation [152]
miR-216 TGFβR2 in response to NE [155]

miR-30b/miR-30c/miR-455–5p SOCS3 in response to NE [155]
miR-181a/b CXCL14 in response to NE [155]

miR-429 TNFSF11β in response to NE [155]
miR-223 HSP90β1 in response to NE [155]

miR-1329 NFKBIZ in response to NE [155]
miR-1674 ARHGEF in response to NE [155]

miR-30e/ miR-32 SERPINF1 in response to NE [155]
miR-1306-5p Tollip regulated the immune response to SE [161]

miR-101-3p, miR-155 LRRC59, IRF4
decrease the expression of

pro-inflammatory cytokines during
SE infection

[162]

7. Concluding Remarks

ncRNAs are recognized as powerful regulatory molecules and have been largely investigated in
various disease process of different species, including avians. The unique functional mechanisms of
miRNA, lncRNA, and circRNA were revealed.

Although the underlying functional mechanism of ncRNAs has been revealed in many species,
it is still beginning to emerge in response to avian disease, except for miRNAs. Researches on circRNAs
and lncRNAs are basically performed on the analysis of their expression profile and associated
pathways. ncRNAs have been found to play roles during the infection of various avian diseases
through different approaches. For lncRNAs and circRNAs, they mainly exhibit their function through
lncRNA/circRNA-miRNA-mRNA axis, however, in some cases they could also regulate the immune
process by directly interacting with RNA binding proteins or virus gene sequence.

miRNAs can regulate various aspects of immune response process. In avian, some specific miRNAs
were identified to be differentially expressed in many different types of chicken diseases from virus,
parasite, and bacteria, such as miR-155 [68,110,141,142], miR-221/222 [60,83,119,138], miR-130 [59,90,109],
miR-30 [121,152,155], miR-34 [59,63,132,154,163], let-7 [57,81,155], miR-181 [77,134,155], miR-16 [80,115],
miR-455 [125,134,155], etc. It indicated their extensive roles in regulating avian immunity. Especially,
miR-155 has been reported to play important roles in response to different kinds of avian diseases, such
as ALV [68], MD [76], IBD [110], Avian influenza [132], Reticuloendotheliosis [141,142], Campylobacter
jejuni [151], and also Salmonella enterica serovar Enteritidis [162].

The functional mechanisms of ncRNAs in regulating avian immune system can be categorized into
three mechanisms: First, ncRNAs interact with pathogenic gene of virus/parasite/bacterium; second,
ncRNAs act as a homologous to the product of pathogen; third, ncRNAs directly interact with host
resistant and susceptible genes.
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24. Latos, P.A.; Pauler, F.M.; Koerner, M.V.; Şenergin, H.B.; Hudson, Q.; Stocsits, R.R.; Allhoff, W.; Stricker, S.H.;
Klement, R.M.; Warczok, K.E.; et al. Airn Transcriptional Overlap, But Not Its lncRNA Products, Induces
Imprinted Igf2r Silencing. Science 2012, 338, 1469–1472. [CrossRef]

25. Memczak, S.; Jens, M.; Elefsinioti, A.; Torti, F.; Krueger, J.; Rybak, A.; Maier, L.; Mackowiak, S.D.;
Gregersen, L.H.; Munschauer, M.; et al. Circular RNAs are a large class of animal RNAs with regulatory
potency. Nature 2013, 495, 333–338. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/s41586-018-0794-7
http://dx.doi.org/10.3389/fphar.2018.01295
http://dx.doi.org/10.1016/j.cell.2009.01.035
http://dx.doi.org/10.1016/j.cell.2009.01.045
http://dx.doi.org/10.1093/nar/gkm244
http://dx.doi.org/10.1152/physrev.00041.2015
http://dx.doi.org/10.1186/1476-4598-10-141
http://dx.doi.org/10.1016/j.molcel.2011.08.018
http://www.ncbi.nlm.nih.gov/pubmed/21925379
http://dx.doi.org/10.1101/gad.380906
http://www.ncbi.nlm.nih.gov/pubmed/16912274
http://dx.doi.org/10.1128/MCB.00575-09
http://www.ncbi.nlm.nih.gov/pubmed/20038532
http://dx.doi.org/10.1016/0092-8674(92)90520-M
http://dx.doi.org/10.1016/j.cell.2012.06.049
http://www.ncbi.nlm.nih.gov/pubmed/22959267
http://dx.doi.org/10.1093/nar/gkq296
http://dx.doi.org/10.1038/nature02538
http://dx.doi.org/10.1038/cr.2014.165
http://dx.doi.org/10.1016/j.celrep.2015.03.043
http://dx.doi.org/10.1101/gad.1800909
http://dx.doi.org/10.1101/gad.212639.112
http://www.ncbi.nlm.nih.gov/pubmed/23558772
http://dx.doi.org/10.1101/gad.455708
http://www.ncbi.nlm.nih.gov/pubmed/18347095
http://dx.doi.org/10.1126/science.1228110
http://dx.doi.org/10.1038/nature11928
http://www.ncbi.nlm.nih.gov/pubmed/23446348


Life 2020, 10, 148 18 of 24

26. Liu, X.; Wang, X.; Li, J.; Hu, S.; Deng, Y.; Yin, H.; Bao, X.; Zhang, Q.C.; Wang, G.; Wang, B.; et al. Identification
of mecciRNAs and their roles in the mitochondrial entry of proteins. Sci. China Life Sci. 2020, 1–21. [CrossRef]
[PubMed]

27. Rybak-Wolf, A.; Stottmeister, C.; Glažar, P.; Jens, M.; Pino, N.; Giusti, S.; Hanan, M.; Behm, M.; Bartok, O.;
Ashwal-Fluss, R.; et al. Circular RNAs in the Mammalian Brain Are Highly Abundant, Conserved, and
Dynamically Expressed. Mol. Cell 2015, 58, 870–885. [CrossRef] [PubMed]

28. Coupeau, D.; Dambrine, G.; Rasschaert, D. Kinetic expression analysis of the cluster mdv1-mir-M9–M4,
genes meq and vIL-8 differs between the lytic and latent phases of Marek’s disease virus infection. J. Gen.
Virol. 2012, 93, 1519–1529. [CrossRef]

29. Wu, N.; Yuan, Z.; Du, K.Y.; Fang, L.; Lyu, J.; Zhang, C.; He, A.; Eshaghi, E.; Zeng, K.; Ma, J.; et al. Translation
of yes-associated protein (YAP) was antagonized by its circular RNA via suppressing the assembly of the
translation initiation machinery. Cell Death Differ. 2019, 26, 2758–2773. [CrossRef]

30. Park, O.H.; Ha, H.; Lee, Y.; Boo, S.H.; Kwon, D.H.; Song, H.K.; Kim, Y.K. Endoribonucleolytic Cleavage of
m6A-Containing RNAs by RNase P/MRP Complex. Mol. Cell 2019, 74, 494–507. [CrossRef]

31. Legnini, I.; Di Timoteo, G.; Rossi, F.; Morlando, M.; Briganti, F.; Sthandier, O.; Fatica, A.; Santini, T.;
Andronache, A.; Wade, M.; et al. Circ-ZNF609 Is a Circular RNA that Can Be Translated and Functions in
Myogenesis. Mol. Cell 2017, 66, 22–37. [CrossRef] [PubMed]

32. Yang, Y.; Gao, X.; Zhang, M.; Yan, S.; Sun, C.; Xiao, F.; Huang, N.; Yang, X.; Zhao, K.; Zhou, H.; et al. Novel
Role of FBXW7 Circular RNA in Repressing Glioma Tumorigenesis. J. Natl. Cancer Inst. 2017, 110, 304–315.
[CrossRef] [PubMed]

33. Hansen, T.B.; I Jensen, T.; Clausen, B.H.; Bramsen, J.B.; Finsen, B.R.; Damgaard, C.K.; Kjems, J. Natural RNA
circles function as efficient microRNA sponges. Nature 2013, 495, 384–388. [CrossRef] [PubMed]

34. Li, Z.; Huang, C.; Bao, C.; Chen, L.; Lin, M.; Wang, X.; Zhong, G.; Yu, B.; Hu, W.; Dai, L.; et al. Exon-intron
circular RNAs regulate transcription in the nucleus. Nat. Struct. Mol. Biol. 2015, 22, 256–264. [CrossRef]
[PubMed]

35. Conn, S.J.; A Pillman, K.; Toubia, J.; Conn, V.M.; Salmanidis, M.; Phillips, C.; Roslan, S.; Schreiber, A.W.;
Gregory, P.A.; Goodall, G. The RNA Binding Protein Quaking Regulates Formation of circRNAs. Cell 2015,
160, 1125–1134. [CrossRef]

36. Yang, Y.; Fan, X.; Mao, M.; Song, X.; Wu, P.; Zhang, Y.; Jin, Y.; Yang, Y.; Chen, L.-L.; Wang, Y.; et al. Extensive
translation of circular RNAs driven by N6-methyladenosine. Cell Res. 2017, 27, 626–641. [CrossRef]

37. Yang, Y.; Wang, Z. IRES-mediated cap-independent translation, a path leading to hidden proteome. J. Mol.
Cell Biol. 2019, 11, 911–919. [CrossRef]

38. Diallo, L.H.; Tatin, F.; David, F.; Godet, A.-C.; Zamora, A.; Prats, A.-C.; Garmy-Susini, B.; Lacazette, E.;
Florian, D. How are circRNAs translated by non-canonical initiation mechanisms? Biochimie 2019, 164, 45–52.
[CrossRef]

39. Lewis, B.P.; Burge, C.B.; Bartel, B. Conserved Seed Pairing, Often Flanked by Adenosines, Indicates that
Thousands of Human Genes are MicroRNA Targets. Cell 2005, 120, 15–20. [CrossRef]

40. Hansen, T.B.; Wiklund, E.D.; Bramsen, J.B.; Villadsen, S.B.; Statham, A.L.; Clark, S.J.; Kjems, J.
miRNA-dependent gene silencing involving Ago2-mediated cleavage of a circular antisense RNA. EMBO J.
2011, 30, 4414–4422. [CrossRef]

41. Pan, Z.; Li, G.-F.; Sun, M.-L.; Xie, L.; Liu, D.; Zhang, Q.; Yang, X.-X.; Xia, S.; Liu, X.; Zhou, H.;
et al. MicroRNA-1224 Splicing CircularRNA-Filip1l in an Ago2-Dependent Manner Regulates Chronic
Inflammatory Pain via Targeting Ubr5. J. Neurosci. 2019, 39, 2125–2143. [CrossRef] [PubMed]

42. Pandolfini, L.; Barbieri, I.; Bannister, A.J.; Hendrick, A.G.; Andrews, B.; Webster, N.; Murat, P.; Mach, P.;
Brandi, R.; Robson, S.C.; et al. METTL1 Promotes let-7 MicroRNA Processing via m7G Methylation. Mol. Cell
2019, 74, 1278–1290. [CrossRef] [PubMed]

43. Lauressergues, M.; Couzigou, J.-M.; Clemente, H.S.; Martinez, Y.; Dunand, C.; Bécard, G.; Combier, J.-P.
Primary transcripts of microRNAs encode regulatory peptides. Nature 2015, 520, 90–93. [CrossRef] [PubMed]

44. Juntawong, P.; Girke, T.; Bazin, J.; Bailey-Serres, J. Translational dynamics revealed by genome-wide profiling
of ribosome footprints in Arabidopsis. Proc. Natl. Acad. Sci. USA 2014, 111, E203–E212. [CrossRef] [PubMed]

45. Mahlab-Aviv, S.; Boulos, A.; Peretz, A.R.; Eliyahu, T.; Carmel, L.; Sperling, R.; Linial, M. Small RNA sequences
derived from pre-microRNAs in the supraspliceosome. Nucleic Acids Res. 2018, 46, 11014–11029. [CrossRef]
[PubMed]

http://dx.doi.org/10.1007/s11427-020-1631-9
http://www.ncbi.nlm.nih.gov/pubmed/32048164
http://dx.doi.org/10.1016/j.molcel.2015.03.027
http://www.ncbi.nlm.nih.gov/pubmed/25921068
http://dx.doi.org/10.1099/vir.0.040741-0
http://dx.doi.org/10.1038/s41418-019-0337-2
http://dx.doi.org/10.1016/j.molcel.2019.02.034
http://dx.doi.org/10.1016/j.molcel.2017.02.017
http://www.ncbi.nlm.nih.gov/pubmed/28344082
http://dx.doi.org/10.1093/jnci/djx166
http://www.ncbi.nlm.nih.gov/pubmed/28903484
http://dx.doi.org/10.1038/nature11993
http://www.ncbi.nlm.nih.gov/pubmed/23446346
http://dx.doi.org/10.1038/nsmb.2959
http://www.ncbi.nlm.nih.gov/pubmed/25664725
http://dx.doi.org/10.1016/j.cell.2015.02.014
http://dx.doi.org/10.1038/cr.2017.31
http://dx.doi.org/10.1093/jmcb/mjz091
http://dx.doi.org/10.1016/j.biochi.2019.06.015
http://dx.doi.org/10.1016/j.cell.2004.12.035
http://dx.doi.org/10.1038/emboj.2011.359
http://dx.doi.org/10.1523/JNEUROSCI.1631-18.2018
http://www.ncbi.nlm.nih.gov/pubmed/30651325
http://dx.doi.org/10.1016/j.molcel.2019.03.040
http://www.ncbi.nlm.nih.gov/pubmed/31031083
http://dx.doi.org/10.1038/nature14346
http://www.ncbi.nlm.nih.gov/pubmed/25807486
http://dx.doi.org/10.1073/pnas.1317811111
http://www.ncbi.nlm.nih.gov/pubmed/24367078
http://dx.doi.org/10.1093/nar/gky791
http://www.ncbi.nlm.nih.gov/pubmed/30203035


Life 2020, 10, 148 19 of 24

46. Sironi, G.; Manarolla, G.; Pisoni, G.; Recordati, C.; Rampin, T. Myotropic Avian Leukosis Virus subgroup J
Infection in a Chicken. J. Vet. Med. Ser. B 2006, 53, 347–349. [CrossRef]

47. Payne, L.N.; Brown, S.R.; Bumstead, N.; Howes, K.; Frazier, J.A.; Thouless, M.E. A novel subgroup of
exogenous avian leukosis virus in chickens. J. Gen. Virol. 1991, 72, 801–807. [CrossRef]

48. Biggs, P.M.; Nair, V. The long view: 40 years of Marek’s disease research andAvian Pathology. Avian Pathol.
2012, 41, 3–9. [CrossRef]

49. Zhang, X.; Yan, Y.; Lei, X.; Li, A.; Zhang, H.; Dai, Z.; Li, X.; Chen, W.; Lin, W.; Chen, F.; et al. Circular
RNA alterations are involved in resistance to avian leukosis virus subgroup-J-induced tumor formation in
chickens. Oncotarget 2017, 8, 34961–34970. [CrossRef]

50. Qiu, L.; Chang, G.; Bi, Y.; Liu, X.; Chen, G. Circular RNA and mRNA profiling reveal competing endogenous
RNA networks during avian leukosis virus, subgroup J-induced tumorigenesis in chickens. PLoS ONE 2018,
13, e0204931. [CrossRef]

51. Zhang, X.; Yan, Y.; Lin, W.; Li, A.; Zhang, H.; Lei, X.; Dai, Z.; Li, X.; Li, H.; Chen, W.; et al. Circular RNA Vav3
sponges gga-miR-375 to promote epithelial-mesenchymal transition. RNA Biol. 2019, 16, 118–132. [CrossRef]
[PubMed]

52. Zhang, Y.; Wang, L.; Qiu, L.; Pan, R.; Bai, H.; Jiang, Y.; Wang, Z.; Bi, Y.; Chen, G.; Chang, G. Expression
patterns of novel circular RNAs in chicken cells after avian leukosis virus subgroup J infection. Gene 2019,
701, 72–81. [CrossRef] [PubMed]

53. Lan, X.; Wang, Y.; Tian, K.; Ye, F.; Yin, H.; Zhao, X.; Xu, H.; Huang, Y.; Liu, H.; Hsieh, J.C.F.; et al. Integrated
host and viral transcriptome analyses reveal pathology and inflammatory response mechanisms to ALV-J
injection in SPF chickens. Sci. Rep. 2017, 7, 46156. [CrossRef]

54. Qiu, L.; Chang, G.; Li, Z.; Bi, Y.; Liu, X.; Chen, G. Comprehensive Transcriptome Analysis Reveals Competing
Endogenous RNA Networks During Avian Leukosis Virus, Subgroup J-Induced Tumorigenesis in Chickens.
Front. Physiol. 2018, 9, 996. [CrossRef] [PubMed]

55. Hu, X.; Chen, S.; Jia, C.; Xue, S.; Dou, C.; Dai, Z.; Xu, H.; Sun, Z.; Geng, T.; Cui, H. Gene expression profile
and long non-coding RNA analysis, using RNA-Seq, in chicken embryonic fibroblast cells infected by avian
leukosis virus J. Arch. Virol. 2018, 163, 639–647. [CrossRef]

56. Dai, M.; Feng, M.; Xie, T.; Zhang, X. Long non-coding RNA and MicroRNA profiling provides comprehensive
insight into non-coding RNA involved host immune responses in ALV-J-infected chicken primary macrophage.
Dev. Comp. Immunol. 2019, 100, 103414. [CrossRef]

57. Li, H.; Ji, J.; Xie, Q.; Shang, H.; Zhang, H.; Xin, X.; Chen, F.; Sun, B.; Xue, C.; Ma, J.; et al. Aberrant expression
of liver microRNA in chickens infected with subgroup J avian leukosis virus. Virus Res. 2012, 169, 268–271.
[CrossRef]

58. Wang, Q.; Gao, Y.; Ji, X.; Qi, X.; Qin, L.; Gao, H.; Wang, Y.; Wang, X. Differential expression of microRNAs in
avian leukosis virus subgroup J-induced tumors. Vet. Microbiol. 2013, 162, 232–238. [CrossRef]

59. Liu, D.; Dai, M.; Zhang, X.; Cao, W.; Liao, M. Subgroup J avian leukosis virus infection of chicken dendritic
cells induces apoptosis via the aberrant expression of microRNAs. Sci. Rep. 2016, 6, 20188. [CrossRef]

60. Ji, J.; Xu, X.; Wang, X.; Yao, L.; Shang, H.; Li, H.; Ma, J.; Bi, Y.; Xie, Q. Expression of dysregulated miRNA
in vivo in DF-1 cells during the course of subgroup J avian leukosis virus infection. Microb. Pathog. 2019,
126, 40–44. [CrossRef]

61. Ji, J.; Shang, H.; Zhang, H.; Li, H.; Ma, J.; Bi, Y.; Xie, Q. Temporal changes of microRNA gga-let-7b and
gga-let-7i expression in chickens challenged with subgroup J avian leukosis virus. Vet. Res. Commun. 2017,
41, 219–226. [CrossRef] [PubMed]

62. Li, Z.; Chen, B.; Feng, M.; Ouyang, H.; Zheng, M.; Ye, Q.; Nie, Q.; Zhang, X. MicroRNA-23b Promotes Avian
Leukosis Virus Subgroup J (ALV-J) Replication by Targeting IRF1. Sci. Rep. 2015, 5, 10294. [CrossRef]
[PubMed]

63. Li, Z.; Luo, Q.; Xu, H.; Zheng, M.; Abdalla, B.A.; Feng, M.; Cai, B.; Zhang, X.; Nie, Q.; Zhang, X. MiR-34b-5p
Suppresses Melanoma Differentiation-Associated Gene 5 (MDA5) Signaling Pathway to Promote Avian
Leukosis Virus Subgroup J (ALV-J)-Infected Cells Proliferaction and ALV-J Replication. Front. Microbiol.
Infect. Microbiol. 2017, 7, 17. [CrossRef] [PubMed]

64. Dai, Z.; Ji, J.; Yan, Y.; Lin, W.; Li, H.; Chen, F.; Liu, Y.; Chen, W.; Bi, Y.; Xie, Q. Role of gga-miR-221 and
gga-miR-222 during Tumour Formation in Chickens Infected by Subgroup J Avian Leukosis Virus. Viruses
2015, 7, 6538–6551. [CrossRef]

http://dx.doi.org/10.1111/j.1439-0450.2006.00961.x
http://dx.doi.org/10.1099/0022-1317-72-4-801
http://dx.doi.org/10.1080/03079457.2011.646238
http://dx.doi.org/10.18632/oncotarget.16442
http://dx.doi.org/10.1371/journal.pone.0204931
http://dx.doi.org/10.1080/15476286.2018.1564462
http://www.ncbi.nlm.nih.gov/pubmed/30608205
http://dx.doi.org/10.1016/j.gene.2019.03.030
http://www.ncbi.nlm.nih.gov/pubmed/30898701
http://dx.doi.org/10.1038/srep46156
http://dx.doi.org/10.3389/fphys.2018.00996
http://www.ncbi.nlm.nih.gov/pubmed/30093865
http://dx.doi.org/10.1007/s00705-017-3659-8
http://dx.doi.org/10.1016/j.dci.2019.103414
http://dx.doi.org/10.1016/j.virusres.2012.07.003
http://dx.doi.org/10.1016/j.vetmic.2012.10.023
http://dx.doi.org/10.1038/srep20188
http://dx.doi.org/10.1016/j.micpath.2018.10.027
http://dx.doi.org/10.1007/s11259-017-9681-1
http://www.ncbi.nlm.nih.gov/pubmed/28190219
http://dx.doi.org/10.1038/srep10294
http://www.ncbi.nlm.nih.gov/pubmed/25980475
http://dx.doi.org/10.3389/fcimb.2017.00017
http://www.ncbi.nlm.nih.gov/pubmed/28194372
http://dx.doi.org/10.3390/v7122956


Life 2020, 10, 148 20 of 24

65. Ren, C.; Yu, M.; Zhang, Y.; Fan, M.; Chang, F.; Xing, L.; Liu, Y.; Wang, Y.; Qi, X.; Liu, C.; et al. Avian
leukosis virus subgroup J promotes cell proliferation and cell cycle progression through miR-221 by targeting
CDKN1B. Virology 2018, 519, 121–130. [CrossRef]

66. Zhang, Y.; Sharma, J.M. Immunological tolerance in chickens hatching from eggs injected with cell-associated
herpesvirus of Turkey (HVT). Dev. Comp. Immunol. 2003, 27, 431–438. [CrossRef]

67. Jarosinski, K.W.; Tischer, B.K.; Trapp, S.; Osterrieder, N. Marek’s disease virus: Lytic replication, oncogenesis
and control. Expert Rev. Vaccines 2006, 5, 761–772. [CrossRef]

68. Wang, L.; You, Z.; Wang, M.; Yuan, Y.; Liu, C.; Yang, N.; Zhang, H.; Lian, L. Genome-wide analysis of circular
RNAs involved in Marek’s disease tumourigenesis in chickens. RNA Biol. 2020, 17, 517–527. [CrossRef]

69. Bacon, L.D. The National Registry of Genetically Unique Animal Populations: USDA-ADOL Chicken Genetic Lines;
National Animal Germplasm Program: East Lansing, MI, USA, 2002.

70. He, Y.; Ding, Y.; Zhan, F.; Zhang, H.; Han, B.; Hu, G.; Zhao, K.; Yang, N.; Yu, Y.; Mao, L.; et al. The conservation
and signatures of lincRNAs in Marek’s disease of chicken. Sci. Rep. 2015, 5, 15184. [CrossRef]

71. Fredholm, S.; Willerslev-Olsen, A.; Met, Ö.; Kubat, L.; Gluud, M.; Mathiasen, S.L.; Friese, C.; Blümel, E.;
Petersen, D.L.; Hu, T.; et al. SATB1 in Malignant T Cells. J. Investig. Dermatol. 2018, 138, 1805–1815. [CrossRef]

72. He, Y.; Han, B.; Ding, Y.; Zhang, H.; Chang, S.; Zhang, L.; Zhao, C.; Yang, N.; Song, J. Linc-GALMD1
Regulates Viral Gene Expression in the Chicken. Front. Genet. 2019, 10, 1122. [CrossRef] [PubMed]

73. You, Z.; Zhang, Q.; Liu, C.; Song, J.; Yang, N.; Lian, L. Integrated analysis of lncRNA and mRNA repertoires
in Marek’s disease infected spleens identifies genes relevant to resistance. BMC Genom. 2019, 20, 245.
[CrossRef] [PubMed]

74. Han, B.; He, Y.; Zhang, L.; Ding, Y.; Lian, L.; Zhao, C.; Song, J.; Yang, N. Long intergenic non-coding RNA
GALMD3 in chicken Marek’s disease. Sci. Rep. 2017, 7, 10294. [CrossRef] [PubMed]

75. Burnside, J.; Ouyang, M.; Anderson, A.; Bernberg, E.; Lu, C.; Meyers, B.C.; Green, P.J.; Markis, M.; Isaacs, G.;
Huang, E.; et al. Deep Sequencing of Chicken microRNAs. BMC Genom. 2008, 9, 185. [CrossRef]

76. Yao, Y.; Zhao, Y.; Smith, L.P.; Lawrie, C.H.; Saunders, N.J.; Watson, M.; Nair, V. Differential expression of
microRNAs in Marek’s disease virus-transformed T-lymphoma cell lines. J. Gen. Virol. 2009, 90, 1551–1559. [CrossRef]

77. Lian, L.; Qu, L.; Chen, Y.; Lamont, S.J.; Yang, N. A Systematic Analysis of miRNA Transcriptome in Marek’s
Disease Virus-Induced Lymphoma Reveals Novel and Differentially Expressed miRNAs. PLoS ONE 2012, 7,
e51003. [CrossRef]

78. Tian, F.; Luo, J.; Zhang, H.; Chang, S.; Song, J. MiRNA expression signatures induced by Marek’s disease
virus infection in chickens. Genomics 2012, 99, 152–159. [CrossRef]

79. Li, Z.-J.; Zhang, Y.-P.; Li, Y.; Zheng, H.-W.; Zheng, Y.-S.; Liu, C.-J. Distinct expression pattern of miRNAs in
Marek’s disease virus infected-chicken splenic tumors and non-tumorous spleen tissues. Res. Vet. Sci. 2014,
97, 156–161. [CrossRef]

80. Yao, Y.; Zhao, Y.; Xu, H.; Smith, L.P.; Lawrie, C.H.; Watson, M.; Nair, V. MicroRNA Profile of Marek’s Disease
Virus-Transformed T-Cell Line MSB-1: Predominance of Virus-Encoded MicroRNAs. J. Virol. 2008, 82,
4007–4015. [CrossRef]

81. Lian, L.; Zhang, D.; Wang, Q.; Yang, N.; Qu, L. The inhibitory effects of gga-miR-199-3p, gga-miR-140-3p,
and gga-miR-221-5p in Marek’s disease tumorigenesis. Poult. Sci. 2015, 94, 2131–2135. [CrossRef]

82. Chu, I.M.; Hengst, L.; Slingerland, J.M. The Cdk inhibitor p27 in human cancer: Prognostic potential and
relevance to anticancer therapy. Nat. Rev. Cancer 2008, 8, 253–267. [CrossRef] [PubMed]

83. Lambeth, L.S.; Yao, Y.; Smith, L.P.; Zhao, Y.; Nair, V. MicroRNAs 221 and 222 target p27Kip1 in Marek’s
disease virus-transformed tumour cell line MSB-1. J. Gen. Virol. 2009, 90, 1164–1171. [CrossRef] [PubMed]

84. Cook, D.N.; Kang, H.S.; Jetten, A.M. Retinoic Acid-Related Orphan Receptors (RORs): Regulatory Functions
in Immunity, Development, Circadian Rhythm, and Metabolism. Nucl. Recept. Res. 2015, 2, 2. [CrossRef] [PubMed]

85. Du, J.; Xu, R. RORα, a Potential Tumor Suppressor and Therapeutic Target of Breast Cancer. Int. J. Mol. Sci.
2012, 13, 15755–15766. [CrossRef] [PubMed]

86. Ding, K.; Yu, Z.-H.; Yu, C.; Jia, Y.-Y.; He, L.; Liao, C.-S.; Li, J.; Zhang, C.-J.; Li, Y.-J.; Wu, T.-C.; et al. Effect of
gga-miR-155 on cell proliferation, apoptosis and invasion of Marek’s disease virus (MDV) transformed cell
line MSB1 by targeting RORA. BMC Vet. Res. 2020, 16. [CrossRef]

87. Lian, L.; Li, X.; Zhao, C.; Han, B.; Qu, L.; Song, J.; Liu, C.; Yang, N. Chicken gga-miR-181a targets MYBL1
and shows an inhibitory effect on proliferation of Marek’s disease virus-transformed lymphoid cell line.
Poult. Sci. 2015, 94, 2616–2621. [CrossRef]

http://dx.doi.org/10.1016/j.virol.2018.04.008
http://dx.doi.org/10.1016/S0145-305X(02)00117-9
http://dx.doi.org/10.1586/14760584.5.6.761
http://dx.doi.org/10.1080/15476286.2020.1713538
http://dx.doi.org/10.1038/srep15184
http://dx.doi.org/10.1016/j.jid.2018.03.1526
http://dx.doi.org/10.3389/fgene.2019.01122
http://www.ncbi.nlm.nih.gov/pubmed/31798630
http://dx.doi.org/10.1186/s12864-019-5625-1
http://www.ncbi.nlm.nih.gov/pubmed/30922224
http://dx.doi.org/10.1038/s41598-017-10900-2
http://www.ncbi.nlm.nih.gov/pubmed/28860661
http://dx.doi.org/10.1186/1471-2164-9-185
http://dx.doi.org/10.1099/vir.0.009902-0
http://dx.doi.org/10.1371/journal.pone.0051003
http://dx.doi.org/10.1016/j.ygeno.2011.11.004
http://dx.doi.org/10.1016/j.rvsc.2014.04.003
http://dx.doi.org/10.1128/JVI.02659-07
http://dx.doi.org/10.3382/ps/pev175
http://dx.doi.org/10.1038/nrc2347
http://www.ncbi.nlm.nih.gov/pubmed/18354415
http://dx.doi.org/10.1099/vir.0.007831-0
http://www.ncbi.nlm.nih.gov/pubmed/19264608
http://dx.doi.org/10.11131/2015/101185
http://www.ncbi.nlm.nih.gov/pubmed/26878025
http://dx.doi.org/10.3390/ijms131215755
http://www.ncbi.nlm.nih.gov/pubmed/23443091
http://dx.doi.org/10.1186/s12917-020-2239-4
http://dx.doi.org/10.3382/ps/pev289


Life 2020, 10, 148 21 of 24

88. Li, X.; Lian, L.; Zhang, D.; Qu, L.; Yang, N. gga-miR-26a targets NEK6 and suppresses Marek’s disease
lymphoma cell proliferation. Poult. Sci. 2014, 93, 1097–1105. [CrossRef]

89. Han, B.; Lian, L.; Li, X.; Zhao, C.; Qu, L.; Liu, C.; Song, J.; Yang, N. Chicken gga-miR-103-3p Targets
CCNE1 and TFDP2 and Inhibits MDCC-MSB1 Cell Migration. G3 Genes Genomes Genet. 2016, 6, 1277–1285.
[CrossRef]

90. Han, B.; Lian, L.; Li, X.; Zhao, C.; Qu, L.; Liu, C.; Song, J.; Yang, N. Chicken gga-miR-130a targets HOXA3
and MDFIC and inhibits Marek’s disease lymphoma cell proliferation and migration. Mol. Biol. Rep. 2016,
43, 667–676. [CrossRef]

91. Zhao, C.; Li, X.; Han, B.; You, Z.; Qu, L.; Liu, C.; Song, J.; Lian, L.; Yang, N. Gga-miR-219b targeting BCL11B
suppresses proliferation, migration and invasion of Marek’s disease tumor cell MSB1. Sci. Rep. 2017, 7, 4247.
[CrossRef]

92. Morgan, R.W.; Anderson, A.; Bernberg, E.; Kamboj, S.; Huang, E.; Lagasse, G.; Isaacs, G.; Parcells, M.;
Meyers, B.C.; Green, P.J.; et al. Sequence Conservation and Differential Expression of Marek’s Disease Virus
MicroRNAs. J. Virol. 2008, 82, 12213–12220. [CrossRef] [PubMed]

93. Zhao, Y.; Yao, Y.; Xu, H.; Lambeth, L.; Smith, L.P.; Kgosana, L.; Wang, X.; Nair, V. A Functional MicroRNA-155
Ortholog Encoded by the Oncogenic Marek’s Disease Virus. J. Virol. 2008, 83, 489–492. [CrossRef] [PubMed]

94. Muylkens, B.; Coupeau, D.; Dambrine, G.; Trapp, S.; Rasschaert, D. Marek’s disease virus microRNA
designated Mdv1-pre-miR-M4 targets both cellular and viral genes. Arch. Virol. 2010, 155, 1823–1837.
[CrossRef] [PubMed]

95. Hu, X.; Zou, H.; Qin, A.; Qian, K.; Shao, H.; Ye, J. Activation of Toll-like receptor 3 inhibits Marek’s disease
virus infection in chicken embryo fibroblast cells. Arch. Virol. 2015, 161, 521–528. [CrossRef]

96. Morgan, R.W.; Burnside, J. Roles of avian herpesvirus microRNAs in infection, latency, and oncogenesis.
Biochim. Biophys. Acta 2011, 1809, 654–659. [CrossRef]

97. Waidner, L.A.; Morgan, R.W.; Anderson, A.S.; Bernberg, E.L.; Kamboj, S.; Garcia, M.; Riblet, S.M.; Ouyang, M.;
Isaacs, G.K.; Markis, M.; et al. MicroRNAs of Gallid and Meleagrid herpesviruses show generally conserved
genomic locations and are virus-specific. Virology 2009, 388, 128–136. [CrossRef]

98. 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. 2012, 87,
80–93. [CrossRef]

99. Hu, X.; Zhu, W.; Chen, S.; Liu, Y.; Sun, Z.; Geng, T.; Wang, X.; Gao, B.; Song, C.; Qin, A.; et al. Expression of
the env gene from the avian endogenous retrovirus ALVE and regulation by miR-155. Arch. Virol. 2016, 161,
1623–1632. [CrossRef]

100. Ingrao, F.; Rauw, F.; Lambrecht, B.; Berg, T.V.D. Infectious Bursal Disease: A complex host–pathogen
interaction. Dev. Comp. Immunol. 2013, 41, 429–438. [CrossRef]

101. Sharma, J. Infectious bursal disease virus of chickens: Pathogenesis and immunosuppression. Dev. Comp.
Immunol. 2000, 24, 223–235. [CrossRef]

102. Banchereau, J.; Steinman, R.M. Dendritic cells and the control of immunity. Nature 1998, 392, 245–252.
[CrossRef] [PubMed]

103. Lin, J.; Xia, J.; Zhang, K.; Yang, Q. Genome-wide profiling of chicken dendritic cell response to infectious
bursal disease. BMC Genom. 2016, 17, 878. [CrossRef] [PubMed]

104. Boot, H.J.; Hoekman, A.J.W.; Gielkens, A.L.J. The enhanced virulence of very virulent infectious bursal
disease virus is partly determined by its B-segment. Arch. Virol. 2004, 150, 137–144. [CrossRef] [PubMed]

105. Zhu, S.; Si, M.-L.; Wu, H.; Mo, Y.-Y. MicroRNA-21 Targets the Tumor Suppressor Gene Tropomyosin 1 (TPM1).
J. Biol. Chem. 2007, 282, 14328–14336. [CrossRef]

106. Zhu, S.; Wu, H.; Wu, F.; Nie, D.; Sheng, S.; Mo, Y.-Y. MicroRNA-21 targets tumor suppressor genes in invasion
and metastasis. Cell Res. 2008, 18, 350–359. [CrossRef]

107. Wang, Y.-S.; Ouyang, W.; Pan, Q.-X.; Wang, X.-L.; Xia, X.-X.; Bi, Z.; Wang, Y.-Q.; Wang, X.-M. Overexpression
of microRNA gga-miR-21 in chicken fibroblasts suppresses replication of infectious bursal disease virus
through inhibiting VP1 translation. Antivir. Res. 2013, 100, 196–201. [CrossRef]

108. Fu, M.; Wang, B.; Chen, X.; He, Z.; Wang, Y.; Li, X.; Cao, H.; Zheng, S.J. gga-miR-454 suppresses infectious
bursal disease virus (IBDV) replication via directly targeting IBDV genomic segment B and cellular
Suppressors of Cytokine Signaling 6 (SOCS6). Virus Res. 2018, 252, 29–40. [CrossRef]

http://dx.doi.org/10.3382/ps.2013-03656
http://dx.doi.org/10.1534/g3.116.028498
http://dx.doi.org/10.1007/s11033-016-4002-2
http://dx.doi.org/10.1038/s41598-017-04434-w
http://dx.doi.org/10.1128/JVI.01722-08
http://www.ncbi.nlm.nih.gov/pubmed/18842708
http://dx.doi.org/10.1128/JVI.01166-08
http://www.ncbi.nlm.nih.gov/pubmed/18945769
http://dx.doi.org/10.1007/s00705-010-0777-y
http://www.ncbi.nlm.nih.gov/pubmed/20680360
http://dx.doi.org/10.1007/s00705-015-2674-x
http://dx.doi.org/10.1016/j.bbagrm.2011.06.001
http://dx.doi.org/10.1016/j.virol.2009.02.043
http://dx.doi.org/10.1128/JVI.02449-12
http://dx.doi.org/10.1007/s00705-016-2833-8
http://dx.doi.org/10.1016/j.dci.2013.03.017
http://dx.doi.org/10.1016/S0145-305X(99)00074-9
http://dx.doi.org/10.1038/32588
http://www.ncbi.nlm.nih.gov/pubmed/9521319
http://dx.doi.org/10.1186/s12864-016-3157-5
http://www.ncbi.nlm.nih.gov/pubmed/27816055
http://dx.doi.org/10.1007/s00705-004-0405-9
http://www.ncbi.nlm.nih.gov/pubmed/15654506
http://dx.doi.org/10.1074/jbc.M611393200
http://dx.doi.org/10.1038/cr.2008.24
http://dx.doi.org/10.1016/j.antiviral.2013.08.001
http://dx.doi.org/10.1016/j.virusres.2018.05.015


Life 2020, 10, 148 22 of 24

109. Fu, M.; Wang, B.; Chen, X.; He, Z.; Wang, Y.; Li, X.; Cao, H.; Zheng, S.J. MicroRNA gga-miR-130b Suppresses
Infectious Bursal Disease Virus Replication via Targeting of the Viral Genome and Cellular Suppressors of
Cytokine Signaling 5. J. Virol. 2017, 92. [CrossRef]

110. Wang, B.; Fu, M.; Liu, Y.; Wang, Y.; Li, X.; Cao, H.; Zheng, S. gga-miR-155 Enhances Type I Interferon
Expression and Suppresses Infectious Burse Disease Virus Replication via Targeting SOCS1 and TANK. Front.
Cell. Infect. Microbiol. 2018, 8, 55. [CrossRef]

111. Ouyang, W.; Wang, Y.-S.; Du, X.-N.; Liu, H.-J.; Zhang, H.-B. gga-miR-9* inhibits IFN production in antiviral
innate immunity by targeting interferon regulatory factor 2 to promote IBDV replication. Vet. Microbiol.
2015, 178, 41–49. [CrossRef]

112. Ouyang, W.; Qian, J.; Pan, Q.-X.; Wang, J.; Xia, X.-X.; Wang, X.-L.; Zhu, Y.-M.; Wang, Y.-S. gga-miR-142-5p
attenuates IRF7 signaling and promotes replication of IBDV by directly targeting the chMDA5′s 3′ untranslated
region. Vet. Microbiol. 2018, 221, 74–80. [CrossRef] [PubMed]

113. Ouyang, W.; Wang, Y.-S.; Meng, K.; Pan, Q.-X.; Wang, X.-L.; Xia, X.-X.; Zhu, Y.-M.; Bi, Z.-W.; Zhang, H.-B.;
Luo, K. gga-miR-2127 downregulates the translation of chicken p53 and attenuates chp53-mediated innate
immune response against IBDV infection. Vet. Microbiol. 2017, 198, 34–42. [CrossRef] [PubMed]

114. Duan, X.; Zhao, M.; Li, X.; Gao, L.; Cao, H.; Wang, Y.; Zheng, S.J. gga-miR-27b-3p enhances type I interferon
expression and suppresses infectious bursal disease virus replication via targeting cellular suppressors of
cytokine signaling 3 and 6 (SOCS3 and 6). Virus Res. 2020, 281, 197910. [CrossRef] [PubMed]

115. Duan, X.; Zhao, M.; Wang, Y.; Li, X.; Cao, H.; Zheng, S.J. Epigenetic Upregulation of Chicken MicroRNA-16-5p
Expression in DF-1 Cells following Infection with Infectious Bursal Disease Virus (IBDV) Enhances
IBDV-Induced Apoptosis and Viral Replication. J. Virol. 2019, 94. [CrossRef]

116. Bande, F.; Arshad, S.S.; Omar, A.R.; Hair-Bejo, M.; Mahmuda, A.; Nair, V. Global distributions and strain
diversity of avian infectious bronchitis virus: A review. Anim. Health Res. Rev. 2017, 18, 70–83. [CrossRef]

117. Marandino, A.; Tomás, G.; Panzera, Y.; Greif, G.; Parodi-Talice, A.; Hernández, M.; Techera, C.; Hernández, D.;
Pérez, R. Whole-genome characterization of Uruguayan strains of avian infectious bronchitis virus reveals
extensive recombination between the two major South American lineages. Infect. Genet. Evol. 2017, 54,
245–250. [CrossRef]

118. Lin, J.; Wang, Z.; Wang, J.; Yang, Q. Microarray analysis of infectious bronchitis virus infection of chicken
primary dendritic cells. BMC Genom. 2019, 20, 557. [CrossRef]

119. 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]

120. Liu, H.; Yang, X.; Zhang, Z.-K.; Zou, W.-C.; Wang, H. miR-146a-5p promotes replication of infectious
bronchitis virus by targeting IRAK2 and TNFRSF18. Microb. Pathog. 2018, 120, 32–36. [CrossRef]

121. Li, H.; Li, J.; Zhai, Y.; Zhang, L.; Cui, P.; Feng, L.; Yan, W.; Fu, X.; Tian, Y.; Wang, H.; et al. Gga-miR-30d
regulates infectious bronchitis virus infection by targeting USP47 in HD11 cells. Microb. Pathog. 2020, 141,
103998. [CrossRef]

122. Hutcheson, J.M.; Susta, L.; Stice, S.L.; Afonso, C.L.; West, F.D. Delayed Newcastle disease virus replication
using RNA interference to target the nucleoprotein. Boilogicals 2015, 43, 274–280. [CrossRef] [PubMed]

123. Jia, Y.; Wang, X.; Wang, X.-W.; Yan, C.-Q.; Lv, C.-J.; Li, X.; Chu, Z.-L.; Adam, F.E.A.; Xiao, S.; Zhang, S.; et al.
Common microRNA–mRNA Interactions in Different Newcastle Disease Virus-Infected Chicken Embryonic
Visceral Tissues. Int. J. Mol. Sci. 2018, 19, 1291. [CrossRef] [PubMed]

124. Chen, Y.; Liu, W.; Xu, H.; Liu, J.; Deng, Y.; Cheng, H.; Zhan, T.; Lu, X.; Liao, T.; Guo, L.; et al. Gga-miR-19b-3p
Inhibits Newcastle Disease Virus Replication by Suppressing Inflammatory Response via Targeting RNF11
and ZMYND11. Front. Microbiol. 2019, 10, 10. [CrossRef] [PubMed]

125. Wang, X.; Jia, Y.; Ren, J.; Liu, H.; Xiao, S.; Wang, X.; Yang, Z. MicroRNA gga-miR-455-5p suppresses Newcastle
disease virus replication via targeting cellular suppressors of cytokine signaling 3. Vet. Microbiol. 2019, 239,
108460. [CrossRef]

126. Wang, X.; Jia, Y.; Wang, X.; Wang, C.; Lv, C.; Li, X.; Chu, Z.; Han, Q.; Xiao, S.; Zhang, S.; et al. MiR-375 Has
Contrasting Effects on Newcastle Disease Virus Growth Depending on the Target Gene. Int. J. Biol. Sci. 2019,
15, 44–57. [CrossRef]

127. Webster, R.G.; Bean, W.J.; Gorman, O.T.; Chambers, T.M.; Kawaoka, Y. Evolution and ecology of influenza A
viruses. Microbiol. Rev. 1992, 56, 152–179. [CrossRef]

http://dx.doi.org/10.1128/JVI.01646-17
http://dx.doi.org/10.3389/fcimb.2018.00055
http://dx.doi.org/10.1016/j.vetmic.2015.04.023
http://dx.doi.org/10.1016/j.vetmic.2018.05.018
http://www.ncbi.nlm.nih.gov/pubmed/29981711
http://dx.doi.org/10.1016/j.vetmic.2016.12.007
http://www.ncbi.nlm.nih.gov/pubmed/28062005
http://dx.doi.org/10.1016/j.virusres.2020.197910
http://www.ncbi.nlm.nih.gov/pubmed/32126296
http://dx.doi.org/10.1128/JVI.01724-19
http://dx.doi.org/10.1017/S1466252317000044
http://dx.doi.org/10.1016/j.meegid.2017.07.009
http://dx.doi.org/10.1186/s12864-019-5940-6
http://dx.doi.org/10.1007/s00705-017-3502-2
http://dx.doi.org/10.1016/j.micpath.2018.04.046
http://dx.doi.org/10.1016/j.micpath.2020.103998
http://dx.doi.org/10.1016/j.biologicals.2015.03.004
http://www.ncbi.nlm.nih.gov/pubmed/26050911
http://dx.doi.org/10.3390/ijms19051291
http://www.ncbi.nlm.nih.gov/pubmed/29693643
http://dx.doi.org/10.3389/fmicb.2019.02006
http://www.ncbi.nlm.nih.gov/pubmed/31507581
http://dx.doi.org/10.1016/j.vetmic.2019.108460
http://dx.doi.org/10.7150/ijbs.25106
http://dx.doi.org/10.1128/MMBR.56.1.152-179.1992


Life 2020, 10, 148 23 of 24

128. Pleschka, S. Overview of Influenza Viruses. Curr. Top. Microbiol. Immunol. 2012, 370, 1–20.
129. Alexander, D.J. A review of avian influenza in different bird species. Vet. Microbiol. 2000, 74, 3–13. [CrossRef]
130. León, F.C.; Díez, F.G.; Ferri, F.R.; Vizcaíno, L.L.; Gijón, F.C.; Gimeno, E.J.; Sein, C.Z.; Rodríguez, J.M.S.V.;

Madrigal, J.J.C.; Gómez, P.C.; et al. The translation into Spanish of the OIE Manual of diagnostic tests
and vaccines for terrestrial animals (mammals, birds and bees): Problems, solutions and conclusions.
Rev. Sci. Tech. 2005, 24, 1095–1104.

131. Wang, Y.; Brahmakshatriya, V.; Zhu, H.; Lupiani, B.; Reddy, S.M.; Yoon, B.-J.; Gunaratne, P.; Kim, J.H.;
Chen, R.; Wang, J.; et al. Identification of differentially expressed miRNAs in chicken lung and trachea with
avian influenza virus infection by a deep sequencing approach. BMC Genom. 2009, 10, 512. [CrossRef]

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

133. Kumar, A.; Muhasin, A.V.; Raut, A.A.; Sood, R.; Mishra, A.; Vn, M.A. Identification of Chicken Pulmonary
miRNAs Targeting PB1, PB1-F2, and N40 Genes of Highly Pathogenic Avian Influenza Virus H5N1 in Silico.
Bioinform. Biol. Insights 2014, 8. [CrossRef]

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

135. Asaf, V.N.M.; Kumar, A.; Raut, A.A.; Bhatia, S.; Mishra, A. In-silico search of virus-specific host microRNAs
regulating avian influenza virus NS1 expression. Theory Biosci. 2015, 134, 65–73. [CrossRef] [PubMed]

136. Johnson, E.S. Poultry oncogenic retroviruses and humans. Cancer Detect. Prev. 1994, 18, 9–30.
137. Payne, L.N. Retrovirus-induced disease in poultry. Poult. Sci. 1998, 77, 1204–1212. [CrossRef] [PubMed]
138. Yu, Z.; Gao, X.; Liu, C.; Lv, X.; Zheng, S. Analysis of microRNA expression profile in specific pathogen-free

chickens in response to reticuloendotheliosis virus infection. Appl. Microbiol. Biotechnol. 2016, 101, 2767–2777.
[CrossRef] [PubMed]

139. Zhai, J.; Gao, C.; Fu, L.; Jing, L.; Dang, S.; Zheng, S. Integrative Analyses of Transcriptome Sequencing
Identify Functional miRNAs in the Chicken Embryo Fibroblasts Cells Infected with Reticuloendotheliosis
Virus. Front. Genet. 2018, 9, 340. [CrossRef]

140. Gao, S.; Jiang, H.; Sun, J.; Diao, Y.; Tang, Y.; Hu, J. Integrated Analysis of miRNA and mRNA Expression
Profiles in Spleen of Specific Pathogen-Free Chicken Infected with Avian Reticuloendotheliosis Virus Strain
SNV. Int. J. Mol. Sci. 2019, 20, 1041. [CrossRef]

141. Bolisetty, M.T.; Dy, G.; Tam, W.; Beemon, K.L. Reticuloendotheliosis Virus Strain T Induces miR-155, Which
Targets JARID2 and Promotes Cell Survival. J. Virol. 2009, 83, 12009–12017. [CrossRef]

142. Gao, C.; Dang, S.; Zhai, J.; Zheng, S. Regulatory mechanism of microRNA-155 in chicken embryo fibroblasts
in response to reticuloendotheliosis virus infection. Vet. Microbiol. 2020, 242, 108610. [CrossRef] [PubMed]

143. Garzon, R.; Heaphy, C.E.A.; Havelange, V.; Fabbri, M.; Volinia, S.; Tsao, T.; Zanesi, N.; Kornblau, S.M.;
Marcucci, G.; Calin, G.A.; et al. MicroRNA 29b functions in acute myeloid leukemia. Blood 2009, 114,
5331–5341. [CrossRef] [PubMed]

144. Fan, X.-C.; Liu, T.-L.; Wang, Y.; Wu, X.-M.; Wang, Y.-X.; Lai, P.; Song, J.-K.; Zhao, G.-H. Genome-wide analysis
of differentially expressed profiles of mRNAs, lncRNAs and circRNAs in chickens during Eimeria necatrix
infection. Parasites Vectors 2020, 13, 1–18. [CrossRef] [PubMed]

145. Giles, T.; van Limbergen, T.; Sakkas, P.; Quinn, L.; Belkhiri, A.; Maes, D.; Kyriazakis, I.; Barrow, P.; Foster, N.
Diagnosis of sub-clinical coccidiosis in fast growing broiler chickens by MicroRNA profiling. Genomics 2020,
7, 1061–1062. [CrossRef]

146. Current, W.L.; Upton, S.J.; Haynes, T.B. The Life Cycle of Cryptosporidium baileyin. sp. (Apicomplexa,
Cryptosporidiidae) Infecting Chickens. J. Protozool. 1986, 33, 289–296. [CrossRef]

147. Molina-Lopez, R.A.; Ramis, A.; Martín-Vázquez, S.; Gómez-Couso, H.; Mazás, E.A.; Cacciò, S.M.; Leiva, M.;
Darwich, L. Cryptosporidium baileyiinfection associated with an outbreak of ocular and respiratory disease
in otus owls (Otus scops) in a rehabilitation centre. Avian Pathol. 2010, 39, 171–176. [CrossRef]

148. Blagburn, B.L.; Lindsay, D.S.; Hoerr, F.J.; Davis, J.F.; Giambrone, J.J. Pathobiology of cryptosporidiosis
(C. baileyi) in broiler chickens. J. Protozool. 1991, 38, 25–28.

http://dx.doi.org/10.1016/S0378-1135(00)00160-7
http://dx.doi.org/10.1186/1471-2164-10-512
http://dx.doi.org/10.1186/1471-2164-13-278
http://dx.doi.org/10.4137/BBI.S14631
http://dx.doi.org/10.4238/2015.August.7.17
http://www.ncbi.nlm.nih.gov/pubmed/26345840
http://dx.doi.org/10.1007/s12064-015-0211-9
http://www.ncbi.nlm.nih.gov/pubmed/25963812
http://dx.doi.org/10.1093/ps/77.8.1204
http://www.ncbi.nlm.nih.gov/pubmed/9706091
http://dx.doi.org/10.1007/s00253-016-8060-0
http://www.ncbi.nlm.nih.gov/pubmed/28032193
http://dx.doi.org/10.3389/fgene.2018.00340
http://dx.doi.org/10.3390/ijms20051041
http://dx.doi.org/10.1128/JVI.01182-09
http://dx.doi.org/10.1016/j.vetmic.2020.108610
http://www.ncbi.nlm.nih.gov/pubmed/32122614
http://dx.doi.org/10.1182/blood-2009-03-211938
http://www.ncbi.nlm.nih.gov/pubmed/19850741
http://dx.doi.org/10.1186/s13071-020-04047-9
http://www.ncbi.nlm.nih.gov/pubmed/32245514
http://dx.doi.org/10.1016/j.ygeno.2020.03.010
http://dx.doi.org/10.1111/j.1550-7408.1986.tb05608.x
http://dx.doi.org/10.1080/03079451003717589


Life 2020, 10, 148 24 of 24

149. Ren, G.-J.; Fan, X.-C.; Liu, T.-L.; Wang, S.-S.; Zhao, G.-H. Genome-wide analysis of differentially expressed
profiles of mRNAs, lncRNAs and circRNAs during Cryptosporidium baileyi infection. BMC Genom. 2018,
19, 356. [CrossRef]

150. Altekruse, S.F.; Stern, N.J.; Fields, P.I.; Swerdlow, D.L. Campylobacter jejuni—An Emerging Foodborne
Pathogen. Emerg. Infect. Dis. 1999, 5, 28–35. [CrossRef]

151. Liu, X.; Liu, L.; Zhang, M.; Wang, H.; Yang, N.; Li, X. Chicken cecal microRNAs in the response to
Campylobacter jejuni inoculation by Solexa sequencing. Poult. Sci. 2016, 95, 2819–2823. [CrossRef]

152. Wang, H.; Liu, L.; Liu, X.; Zhang, M.; Li, X. Correlation between miRNAs and target genes in response to
Campylobacter jejuni inoculation in chicken. Poult. Sci. 2018, 97, 485–493. [CrossRef] [PubMed]

153. Lee, K.W.; Lillehoj, H.S.; Li, G.; Park, M.-S.; Jang, S.I.; Jeong, W.; Jeoung, H.-Y.; An, D.-J.; Lillehoj, E.P.
Identification and cloning of two immunogenic Clostridium perfringens proteins, elongation factor Tu
(EF-Tu) and pyruvate:ferredoxin oxidoreductase (PFO) of C. perfringens. Res. Vet. Sci. 2011, 91, e80–e86.
[CrossRef] [PubMed]

154. Dinh, H.; Hong, Y.H.; Lillehoj, H.S. Modulation of microRNAs in two genetically disparate chicken lines
showing different necrotic enteritis disease susceptibility. Vet. Immunol. Immunopathol. 2014, 159, 74–82.
[CrossRef] [PubMed]

155. Hong, Y.H.; Dinh, H.; Lillehoj, H.S.; Song, K.D.; Oh, J.-D. Differential regulation of microRNA transcriptome
in chicken lines resistant and susceptible to necrotic enteritis disease. Poult. Sci. 2014, 93, 1383–1395. [CrossRef]

156. Rengaraj, D.; Truong, A.D.; Ban, J.; Lillehoj, H.S.; Hong, Y.H. Distribution and differential expression of
microRNAs in the intestinal mucosal layer of necrotic enteritis induced Fayoumi chickens. Asian Australas. J.
Anim. Sci. 2017, 30, 1037–1047. [CrossRef]

157. Truong, A.D.; Rengaraj, D.; Hong, Y.; Hoang, C.T.; Hong, Y.H.; Lillehoj, H.S. Differentially expressed
JAK-STAT signaling pathway genes and target microRNAs in the spleen of necrotic enteritis-afflicted chicken
lines. Res. Vet. Sci. 2017, 115, 235–243. [CrossRef]

158. Pham, T.T.; Ban, J.; Hong, Y.; Lee, J.; Vu, T.H.; Truong, A.D.; Lillehoj, H.S.; Hong, Y.H. MicroRNA
gga-miR-200a-3p modulates immune response via MAPK signaling pathway in chicken afflicted with
necrotic enteritis. Vet. Res. 2020, 51, 8–11. [CrossRef]

159. Pham, T.T.; Ban, J.; Lee, K.; Hong, Y.; Lee, J.; Truong, A.D.; Lillehoj, H.S.; Hong, Y.H. MicroRNA
gga-miR-10a-mediated transcriptional regulation of the immune genes in necrotic enteritis afflicted chickens.
Dev. Comp. Immunol. 2019, 102, 103472. [CrossRef]

160. Zheng, L.; Liu, L.; Lin, L.; Tang, H.; Fan, X.; Lin, H.; Li, X. Cecal CircRNAs Are Associated With the Response
to Salmonella Enterica Serovar Enteritidis Inoculation in the Chicken. Front. Immunol. 2019, 10, 10. [CrossRef]

161. Sun, W.; Liu, R.; Li, P.; Li, Q.; Cui, H.; Zheng, M.; Wen, J.; Zhao, G. Chicken gga-miR-1306-5p targets Tollip
and plays an important role in host response against Salmonella enteritidis infection. J. Anim. Sci. Biotechnol.
2019, 10, 59. [CrossRef]

162. Li, P.; Fan, W.; Li, Q.; Wang, J.; Liu, R.; Everaert, N.; Liu, J.; Zhang, Y.; Zheng, M.; Cui, H.; et al. Splenic
microRNA Expression Profiles and Integration Analyses Involved in Host Responses to Salmonella enteritidis
Infection in Chickens. Front. Microbiol. 2017, 7. [CrossRef]

163. Wu, G.; Qi, Y.; Liu, X.; Yang, N.; Xu, G.; Liu, L.; Li, X. Cecal MicroRNAome response to Salmonella enterica
serovar Enteritidis infection in White Leghorn Layer. BMC Genom. 2017, 18, 77. [CrossRef] [PubMed]

164. Poppe, C.; Smart, N.; Khakhria, R.; Johnson, W.; Spika, J.; Prescott, J. Salmonella typhimurium DT104:
A virulent and drug-resistant pathogen. Can. Vet. J. 1998, 39, 559–565. [PubMed]

165. Wales, A.D.; Davies, R.H. A critical review ofSalmonellaTyphimurium infection in laying hens. Avian Pathol.
2011, 40, 429–436. [CrossRef] [PubMed]

166. 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. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1186/s12864-018-4754-2
http://dx.doi.org/10.3201/eid0501.990104
http://dx.doi.org/10.3382/ps/pew190
http://dx.doi.org/10.3382/ps/pex343
http://www.ncbi.nlm.nih.gov/pubmed/29253230
http://dx.doi.org/10.1016/j.rvsc.2011.01.017
http://www.ncbi.nlm.nih.gov/pubmed/21345474
http://dx.doi.org/10.1016/j.vetimm.2014.02.003
http://www.ncbi.nlm.nih.gov/pubmed/24629767
http://dx.doi.org/10.3382/ps.2013-03666
http://dx.doi.org/10.5713/ajas.16.0685
http://dx.doi.org/10.1016/j.rvsc.2017.05.018
http://dx.doi.org/10.1186/s13567-020-0736-x
http://dx.doi.org/10.1016/j.dci.2019.103472
http://dx.doi.org/10.3389/fimmu.2019.01186
http://dx.doi.org/10.1186/s40104-019-0365-2
http://dx.doi.org/10.3389/fcimb.2017.00377
http://dx.doi.org/10.1186/s12864-016-3413-8
http://www.ncbi.nlm.nih.gov/pubmed/28086873
http://www.ncbi.nlm.nih.gov/pubmed/9752592
http://dx.doi.org/10.1080/03079457.2011.606799
http://www.ncbi.nlm.nih.gov/pubmed/21879803
http://dx.doi.org/10.3389/fimmu.2017.00704
http://www.ncbi.nlm.nih.gov/pubmed/28659929
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Specific Roles of LncRNA, Circular RNA, and miRNA 
	Invasive Diseases Causing Significant Economic Losses in Poultry Industry 
	The Role of ncRNAs in Virus-Induced Avian Disease 
	ncRNAs Involved in Avian Leukosis Virus 
	circRNAs Involved in ALV-Infection 
	LncRNAs Associated with ALV-Infection 
	miRNAs Involved in ALV-Infection 

	ncRNAs Involved in Marek’s Disease 
	circRNAs Involved in MD 
	lncRNAs Involved in MD 
	miRNAs Involved in MD 

	ncRNAs Involved in Infectious Bursal Disease 
	LncRNAs Involved in IBD 
	miRNAs Involved in IBD 

	ncRNAs Involved in Infectious Bronchitis Virus (IBV) Infection 
	ncRNAs and Newcastle Disease (ND) 
	ncRNAs and Avian Influenza 
	ncRNAs and Reticuloendotheliosis (RE) 

	ncRNAs Related to Parasitic Infection 
	ncRNAs Associated with Coccidiosis and Cryptosporidium Baileyi Infection 
	ncRNAs Associated with Cryptosporidium Baileyi Infection 

	ncRNAs Related to Bacterial Infection 
	ncRNAs Involved in Campylobacter Jejuni (C. jejuni) 
	ncRNAs and Necrotic Enteritis (NE) 
	ncRNAs and Salmonella enterica Serovar Enteritidis Infection 
	ncRNAs and Salmonella typhimurium 

	Concluding Remarks 
	References

