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High throughput analyses reveal that the majority of the 
genome is transcribed into RNAs, but less than 2% of them 
are translated into proteins[2–6]. Therefore, most transcripts 
are non-coding RNAs (ncRNAs) [4–6]. In recent years, a 
large number of ncRNAs have been found to have regula-
tory functions in various physiological and pathological 
processes. According to their length, regulatory ncRNAs 
are classified into short non-coding RNAs (< 200 nt) and 
long non-coding RNAs (lncRNAs, > 200 nt). Short non-
coding RNAs include microRNAs (miRNAs), small inter-
fering RNAs (siRNAs), and piwiRNAs (piRNAs)[4, 6, 7]. 
LncRNAs are the products of RNA polymerase II or III, 
and are often 5’-capped, 3’-polyadenylated and spliced[3, 
8, 9]. Based on the locations in the genome, lncRNAs are 
divided into antisense, sense, bidirectional, intergenic, and 
intronic ones[9]. Compared with mRNA, the expression of 
lncRNA is much lower and shows cell- and tissue-specific-
ity[10, 11]. Recently, lncRNAs have been identified as criti-
cal regulators in several biological processes including gene 
expression, chromatin modification, cell apoptosis, cell 

Introduction

Viral infection is still a major global concern that causes 
various of infectious diseases and kills hundreds of thou-
sands of people annually. Take SARS-CoV-2 (Coronavi-
rus disease 2019, the causative agent of COVID-19 ) as an 
example, it is a single-stranded, positive RNA virus, broken 
out in 2019 and still has hundreds of thousands of new cases 
every day, posing huge threats to human health and caus-
ing economic crisis around the globe[1]. It is therefore cru-
cial to understand the process and the mechanism by which 
viruses infect the host cells and discover new strategies for 
the treatment of the infectious diseases they cause.
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Abstract
Viral infection is still a serious global health problem that kills hundreds of thousands of people annually. Understanding 
the mechanism by which virus replicates, packages, and infects the host cells can provide new strategies to control viral 
infection. Long non-coding RNAs (lncRNAs) have been identified as critical regulators involved in viral infection process 
and antiviral response. A lot of host lncRNAs have been identified and shown to be involved in antiviral immune response 
during viral infection. However, our knowledge about lncRNAs expressed by viruses is still at its infancy. LncRNAs 
expressed by viruses are involved in the whole viral life cycle, including promoting genome replication, regulating gene 
expression, involvement in genome packaging, assembling new viruses and releasing virions to the host cells. Further-
more, they enhance the pathogenicity of viral infections by down-regulating the host cell’s antiviral immune response and 
maintain the viral latency through a refined procedure of genome integration. This review focuses on the regulatory roles 
of viral lncRNA in the life-cycle and pathogenicity of viruses. It gives an insight into the viral lncRNAs that can be uti-
lized as therapeutic targets against viral diseases, and future researches aimed to identify and explore new viral lncRNAs 
and the mechanisms of their involvement in viral infection is encouraged.
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proteins can modulate the viral gene expression[37, 47, 48]. 
Another example is LMT1 (low-molecular-weight tristeza 
1), a 5’-terminal long non-coding RNA which was produced 
by CTV (Citrus tristeza virus). LMT1 can bind CTV p33 
protein and contribute to the viral persistence in the host for 
the whole tree life[49].

In subsequent secetions, we will focus on describing 
lncRNAs expressed by viruses and their roles in viral life 
cycle and pathogenicity.

Viral lncRNAs are involed in regulating viral 
life cycles

Once virus enters the host cell membrane, they release their 
genome into the cytoplasm. Some of the viral genome will 
utilize the cellular machinery to replicate, translate to viral 
proteins, and then assemble to new infective viruses. Finally 
the virions are released and infect other host cells. Addition-
ally, a part of the viral genome will integrate into the host 
chromosome to maintain the viral latency[46]. LncRNAs 
generated by viruses participate in all these processes 
(Fig. 2).

Viral lncRNAs promote viral replication

A lot of evidence show that viral lncRNAs can promote viral 
replication. The viral lncRNAs that are involved in viral rep-
lication are listed in Table 1. The first described viral lncRNA 
is viroid. Its genome is a circular and single stranded RNA, 
possessing no protein coding capacity. However, viroid 
can replicate autonomously[20, 50, 51]. LncRNA PAN is 

differentiation and so on[12–14]. LncRNAs are also found 
to be involved in viral infection process and the host antivi-
rus response[15–20].

At the earliest, studies on the roles of lncRNAs in viral 
infection mainly focused on the host cellular lncRNAs which 
were found to be involved in promoting cellular immune 
response and antiviral response. Most of them regulate the 
virus-host interaction by activating the production of IFNs 
(inferferons) and cytokines, the expression of ISGs (IFN-
stimulated genes) and the PRR-associated (pattern recog-
nition receptor-associated) signaling. Some are associated 
with the activation of the expression of transcription factors, 
such as NF-κB (nuclear factor κ-light-chain-enhancer of 
acivated B cells)[8, 12, 18, 20–24]. Some cellular lncRNAs 
can also be hijacked by viruses to facilitate their replica-
tion and gene expression[25–29]. For example, VIN (virus 
inducible lincRNA) was reported to be hijacked by IAV 
(influenza A virus) to guarantee its propagation, because the 
silence of nucleus-located VIN significantly decreased the 
virus replication and viral gene express[30].

Later, transcriptome analysis revealed that both cellular 
lncRNAs and viral lncRNAs were altered in their expres-
sion levels after viral infection[30–32]. And lots of evidence 
showed that viral lncRNAs are also important regula-
tors during viral infection[19, 33–36]. For example, PAN 
RNA (polyadenylated nuclear RNA) expressed by KSHV 
(Kaposi’s sarcoma-associated herpesvirus) represses the 
expression of several host immune regulators and modu-
lates their own life cycle[37–39]. ncRNs can fold to their 
specific three-dimentional structures which are essential for 
their interaction with proteins or other transcription prod-
ucts, and these interactions are critical for their regulatory 
roles (Fig. 1)[20, 35, 40, 41]. For example, RNA sequences 
of stem loops except 618–872 in NRAV is essential for 
controlling IAV replication[27]. A putative loop E motif in 
RNase L ciRNA (RNase L competitive inhibitor RNA) is 
necessary for its ability to inhibit ribonuclease L, however, 
mutations of bases within this loop resulted in a loss of this 
ability[42]. Viral lncRNAs operate in a similar manner, they 
may interact with other molecules of nucleic acids through 
base pairing to destroy the structures or stabilities of the 
targets. Meanwhile, the interaction between viral lncRNAs 
and cellular RNAs can localize some specific proteins close 
to the targets[43–45]. Viral lncRNA may also interact with 
several kinds of proteins, including chromatin modifying 
factors, transcription factors, factors for RNA processing, 
proteins for RNA stability, et cetera, to affect the antiviral 
response[20, 41, 46]. Although most reports focused on the 
interaction between viral lncRNAs with host transcripts and 
proteins, the cases of interactions between viral lncRNAs 
with viral proteins and viral genomic RNA also exist. For 
example, the binding of KSHV PAN RNA to several KSHV 

Figure 1 A model describes the mechanisms by which viral lncRNA 
may function in their life cycle and pathogenicity. The binding of viral 
lncRNAs with proteins or other transcripts are necessary for their func-
tions in life cycle and pathogenicity. (A) Viral lncRNA may bind to 
viral RNA (a) or host cellular RNA (b). For host RNA, they may bind 
to target mRNA (c) or target non-coding RNA (d). (B) Viral lncRNAs 
can bind with viral proteins (e) or host proteins (f). The struture of viral 
lncRNA is important for their binding to proteins or RNAs.
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Viral lncRNAs regulate gene expression by controlling 
transcription

Regulation of gene expression by lncRNAs majorly occurs 
at the transcriptional level, and may lead to the alteration 
of early-to-late or latent-to-lytic infection[20]. For example, 
PAN of KSHV can bind the promoter of LANA (latency 
associated nuclear antigen) and then abolish the negative 
roles of LANA on lytic genes[59, 60]. PAN can regulate the 
expression of viral and cellular factors which are necessary 
for chromatin remodeling by removing repressive marks 
and adding positive ones[37, 38, 47, 48]. PAN interacts 
with the promoter of Rta, JMJD3 and UTX to decrease the 
H3K27 trimethylation, and bind the active methyltransfer-
ase MLL2[37, 38]. PAN can also function as a negative reg-
ulator by binding polycomb repressive complex 2 (PRC2)
[38]. EBER2 (EBV encoded small RNA 2) represses the 
expression of genes located at the terminal repeats of the 
latent EBV genome and promotes viral lytic replication by 
recruiting paired box protein 5 (PAX5) to the EBV DNA[20, 
34, 36, 61]. For HIV (human immunodeficiency virus), their 
gene expression is also suppressed by the antisense HIV 
transcripts through their interaction with DNMT3a, EZH2 

the most abundant lncRNA generated by KSHV and it is 
involved in almost every stage of viral infection, including 
activating viral replication, regulating gene expression, plu-
ripotency and host-virus interaction[39, 48]. PAN can bind 
the promoter of demethylases JMJD3 and UTX to promote 
viral replication[37, 38, 47]. T1.5 is another KSHV-encoded 
lncRNA which is generated at the early stage of infection 
and has also been reported to be required for viral replica-
tion[34, 52]. SfRNA (Subgenomic flavivirus RNA) is the 
digestion product of the genome of the genus Flavivirus 
by host 5 ‘-3’ exonuclease[35, 40, 44, 45, 53–55]. SfRNAs 
are necessary for replication and pathogenicity of YFV 
(yellow fever virus) and WNV (West Nile Virus)[53, 54]. 
However, they repress the replication and gene expression 
of JEV (Japanese encephalitis virus)[55]. BHLF1, an EBV 
(Epstein-Barr Virus) encoded lncRNA, positively affects 
the initiation of viral replication[34, 56]. LncRNA2.7 of 
HCMV (Human cytomegalovirus) is highly expressed at the 
early stages of infection and can interact with complex I to 
inhibit translocation of GRIM-19 to maintain the mitochon-
drial membrane potential, leading to the production of ATP 
for the virus[57, 58]. Some host lncRNAs can also promote 
viral replication. For example, lncRNA-PAAN enhances 
IAV replication by promoting the formation of functional 
RNA-dependent RNA polymerase[25].

Viral lncRNAs regulate gene expression

LncRNAs transcribed by viruses can regulate not only the 
expression of their own genes but also the expression of 
host genes. Usually, lncRNAs regulate gene expression by 
altering the transcription and degradation of target RNA.

Table 1 Functions of viral lncRNAs in viral replication
Sources LncRNA Fuctions References
Viroid
KSHV

Viroid
PAN RNA

Replicate 
autonomously
Binding the promoter 
of demethylases 
JMJD3 and UTX 
to promote viral 
replication

[28, 51, 
52]
[46–48, 
53, 54]

KSHV T1.5 Required for viral 
replication

[42, 55]

YFV WNV JEV SfRNA Promoting replication 
and pathogenicity 
of YFV and WNV 
KUN;Repress replica-
tion and gene expres-
sion of Japanese JEV

[43, 
56–61]

EBV BHLF1 Promote the initiation 
of viral replication

[42, 62]

EBV oriPts Modulates the 
paraspeckle-based 
antiviral immune 
response, viral DNA 
replication and lytic 
gene expression dur-
ing reactivation

[84]

HCMV LncRNA2.7 Interact with complex 
I to inhibit transloca-
tion of GRIM-19 to 
maintain the mito-
chondrial membrane 
potential, leading to 
the production of ATP 
for virus

[63, 64]

Figure 2 The roles of viral lncRNAs in virus life cycle[33]. Virus was 
recognized by receptors of the host cell surface and viral genome was 
released in host cells (A). Viral LncRNAs function throughout the life 
cycles by enhancing replication (B), transcription (C), translation (D), 
genome packaging (E), and virion releasing (F). Some viral genome 
may integrate into the host genome, and replicates while host genome 
replicates (G).
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for their genome package and new virus assembly[54, 55]. 
Silencing expression of PAN in KSHV and RRV (the related 
Rhesus macaque rhadinovirus) both led to down-regulation 
of late lytic viral genes and reduction of progeny virions 
from the infected cells, indicating that PAN promotes virion 
release[37–39, 47, 48].

These findings therefore show that lncRNAs gener-
ated by viruses are likely to be involved in the regulation 
of the whole course of viral life cycle, including the viral 
genome replication, gene expression, assembly and release 
of virions.

Viral lncRNAs contribute to viral 
pathogenicity

Viral lncRNA plays important role in exerting the viral pro-
tective and resistance to host cellular antiviral response. They 
contribute to both viral persistence and acute infections.

Viral lncRNAs contribute to viral persistent 
infections

Some viral genome is integrated into the host chromosome, 
and replicates while the host genome replicates. Usually, the 
immune system can eliminate this pathogen. However, in 
some situations, the acute resolution of infection is not com-
plete and viral persistence occurs. Some viral lncRNAs were 
reported to be involved in controlling the immune response 
to maintain the viral persistence[7, 46]. LncRNAs can also 
help viral persistent infections by controlling the cellular 
response system. As mentioned above, sfRNA can inhibit 
expression of Xrn1 to stabilize mRNAs of some cytokines 
and generate a cytokine storm related to the viral infec-
tions[20, 69–71]. TLR3 can sense EBERs to cause immuno-
pathological diseases[20]. Tmevpg1 regulates the persistent 
infection of Theiler’s virus by up-regulating expression of 
γ-IFN[76, 77]. PAT1 (persistence-associated transcrpit 1) of 
Hz-1 virus is the product of pag1, which is necessary for the 
persistent Hz-1 viral infection in the infected cells[78]. 3 
LATs (latency-associated transcripts) of HSV are expressed 
during their latent viral infection[79]. LncRNA ASP of HIV 
can recruit PRC2 to the 5’ LTR of HIV-1 to suppress the 
H3K27 trimethylation and establish the latency of HIV-
1[46, 80]. The binding of CTV LMT1 with CTV p33 may 
help CTV to persist in the host for the whole tree life, and 
when arrive at sufficient titers to be transmitted to a new 
host[49].

and HDAC1[62, 63]. Besides, viral lncRNAs can also reg-
ulate the expression of host genes related to immune and 
antiviral response. Adenovirus VARNA (virus-associated 
RNA) was reported to participate in regulating translation 
of both viral genes and cellular genes by inactivating an 
eIF-2 kinase DAI[33, 64, 65]. VAI RNA is required for the 
translation of viral mRNAs at late stages after infection[65, 
66]. PAN of KSHV can interact with the transcription factor 
IRF4 and then inhibit expression of cellular genes includ-
ing immune responsive and antiviral responsive genes[47]. 
Interestingly, a newly identified viral lncRNA BocaSR in 
HBoV1 (Human bocavirus 1) is required for the role of 
HBoV1 in helping the DNA replication of another virus 
AAV2 (adeno-associated virus 2)[67].

Viral lncRNAs regulate gene expression by altering RNA 
stability

LncRNAs can also regulate gene expression by altering 
RNA degradation through targeting the activity of exonu-
clease or through RNAi pathway[20]. For example, double 
strand RNA viroids can be processed by RNAi machinery to 
generate lots of siRNAs which can change the expression of 
host genes[68]. sfRNA is the imcomplete digestion product 
of Xrn1 from Flavivirus genome[55, 69]. However, sfRNA 
inversely inhibits the activity of Xrn1 and in turn changes 
the stability of cellular mRNA. By repressing the 5’ to 3’ 
exonuclease activity of Xrn1, unstable transcripts are accu-
mulated and a lot of cellular genes including growth factors, 
cytokines, oncogens are deregulated[40, 70, 71]. Further-
more, sfRNA also can target RNAi pathway by suppressing 
Dicer[72, 73]. Adenovirus VARNA can be digested to sev-
eral viral microRNAs by RNAi machinery[74], however, 
these miRNAs are not required for viral replication but are 
involved in regulating viral and cellular gene expression[19, 
74, 75].

Viral lncRNAs regulate virus assembly and release

When the new viral genomes and proteins are enough pre-
pared within the host cells, they must be packaged, assem-
bled and then released. Viral lncRNAs are also involved 
in these processes. HBoV1 is not only required for AAV2 
replication but also for the packaging of AAV2 genome 
and formation of progeny virions[67]. LncRNA BocaSR of 
HBoV1 participates in such processes[67]. sfRNA in JEV 
was reported to be present in the late stages of the viral 
replication cycle and to be a trans-acting riboswitch that 
inhibits translation of host antigenomic and JAV genes, but 
promotes genomic RNA synthesis, packaging and virion 
release[40, 55]. Moreover, the full length of sfRNA in WNV 
was found to be abundant in the infected cells and necessary 



6697Molecular Biology Reports (2022) 49:6693–6700

1 3

Summary and future prospects

It is now well known to all that lncRNAs play numerous 
regulatory roles in a wide range of cellular physiological 
and pathological process. Lots of evidences indicate that 
lncRNAs are also involved in the process of viral infec-
tion, including the host antiviral immune responses and 
the survival of viruses. Here, we summarize that lncRNAs 
expressed by viruses also play important roles in viral infec-
tion. First, viral lncRNAs can regulate viral life cycles, they 
can promote genome replication, regulate gene expres-
sion, assist in genome packaging, new viral assembly and 
release virions to infect other cells of the host. Second, viral 
lncRNAs can affect the pathogenicity by down-regulating 
the host cell’s antiviral immune response and in maintain-
ing the viral latency through a refined procedure of genome 
integration for persistent infection.

Although there are great achievements in this field of 
lncRNA, many challenges remain to be addressed. First, 
most of the investigations into the roles of lncRNAs in viral 
infection come from host lncRNAs. The reports about viral 
lncRNAs are still limited. Therefore, more researches tar-
geted towards the identification of new viral lncRNAs, espe-
cially the functional ones are encouraged. Second, the roles 
and the mechanisms of viral lncRNAs in viral infection need 
to be further investigated. Elucidation of viral lncRNAs is 
still in its infancy and will undoubtedly be an increasingly 
important research area for years to come. Finally, further 
studies are needed to determine the applicability of viral 
lncRNAs as both therapeutic targets and diagnostic biomark-
ers. When using lncRNAs as therapeutic targets, strategies 
can aim to prevent the formation of secondary structures or 
hold back the interaction between lncRNAs with those tran-
scripts, because the secondary structures of viral lncRNAs 
and their binding to transcripts are critical for their roles 
in viral infection[20, 85]. Meanwhile, the role of specific 
lncRNA must be taken into account when utilizing these 
lncRNAs as targets. For latency-inducing lncRNAs, small 
interfering RNA (siRNA), short hairpin RNA (shRNA), or 
anti-sense oligonucleotide (ASO) can be used to decrease 
their expression level by post-transcriptional degradation. 
Promoter blockade or CRISPR-Cas-based gene editing can 
be utilized to silence the expression of viral lncRNAs. There 
are also some viral lncRNAs that may be unfavorable for 
viral infection[90, 91]. Therefore, synthetic lncRNAs can be 
delivered to up-regulate the expression of these unfavorable 
viral lncRNAs. Vectors, liposomes and nanoparticles can be 
used as the delivery vehicles[91]. On the other aspects, the 
unique viral lncRNAs in early infection can be explored as 
new diagnostic biomarkers for viral infection. In addition, 
it is necessary to develop new sensitive lncRNA detection 
methods.

Viral lncRNAs contribute to resistance to antiviral 
immune responses

The antiviral immune responses will be triggered to pro-
tect against viral infection. Therefore, to successfully cause 
infection in a host, viruses must overcome the host antivi-
ral immune responses. LncRNAs produced by viruses are 
reported to be involved in these processes. Numerous exam-
ples exist. PAN expressed by KSHV inhibits the expression 
of a lot of immune factors (IL-4, IL-8, IFN-16, IFN-γ and 
RNase L) by binding to the host transcriptional factors, such 
as PU.1, H1/ H2A and SSBPs[47, 81]. Meanwhile, PAN can 
also decrease the expression of many host antiviral genes 
through activation of PRC2 (Polycomb Repressive Complex 
2)[38]. sfRNA of WNV resists the host antiviral response 
by inhibiting apoptosis, decreasing IFN production, nuclear 
translocation and IRF-3 activation[72, 73]. DENV-2 sfRNA 
of DENV-2 inhibits the expression of many critical inter-
ferons-stimulated genes (ISGs), such as PKR and IFITM2 
by targeting the host RNA-binding proteins[82]. PR-2B 
sfRNA of DENV-2 destabilizes RIG-1 leading to a decrease 
in the formation of IFN and other antiviral responses by 
binding TRIM25 (E3 ubiquitin ligase) to prevent its deu-
biquitinylation[83]. LncRNA oriPts of EBV modulates the 
paraspeckle-based antiviral immune response, viral DNA 
replication, and lytic gene expression during reactiva-
tion[84]. RNase L ciRNA produced by Group C enterovi-
ruses (GCE) inhibits the function of the ISG RNase L[85]. 
CTV LMT1 was reported to play a role in modulating plant 
antiviral response by limiting the production of reactive 
oxygen species (ROS)[49]. VA RNA prevents the phos-
phorylation of eIF2 (translation initiation factor 2) through 
inhibiting the host PKR signaling and resists the antiviral 
response of the host cell[86]. However, in some situations, 
viral lncRNAs are responsible for immune activation by 
viruses. They may induce the Toll-like receptor 3 (TLR3) 
signaling, resulting in the production of IFN-1 and some 
other proinflammatory cytokines. For instance, RIG-1 is 
activated by EBERs and VA RNAs, leading to the produc-
tion of IFN[65, 87, 88]. VA RNAs can also promote the 
formation of OAS, and then activate RNase L to degrade 
ssRNAs (single strand RNAs), resulting in additive activa-
tion of RIG-1 and IFN response[89]. While secreted EBERs 
can activate TLR3 pathway to produce several inflamma-
tory cytokines[87, 88]. The activation of innate immunity 
by viral lncRNAs may account for immunopathologic dis-
eases caused by viruses.

As discussed above, viral lncRNAs may be involved in 
regulating the antiviral immune response and in the main-
tenance of the latency for persistent infection through the 
integration of the viral genome into the host chromosome.
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Using the present COVID-19 which is still spreading 
globally and causing major health challenges in the human 
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In conclusion, this review gives an insight into the 
involvement of viral lncRNAs in virus life cycle and patho-
genicity. It also pointed out the utilization of viral lncRNAs 
as therapeutic targets and prognostic biomarkers for the 
treatment of viral diseases and future studies aimed at mov-
ing these findings from the laboratory through the clinical 
table to the patients are strongly advocated for.

Acknowledgements We thank Chinasa Valerie Olovo for English edit-
ing of the manuscript.

Author Contributions Giving idea: Xiumei Sheng; Reference prepara-
tion: Jiaqin Gao, Xinyu Xiang and Jiajun Deng; Original draft prepara-
tion: Zeyu Li, Xiumei Sheng; Review and editing: Zeyu Li, Di Gao; 
Supervision: Xiumei Sheng. All authors have read and agreed to the 
published version of the manuscript.

Funding This research was funded by grants from Natural Science 
Foundation of Jiangsu Province, grant number BK20191429 and Pro-
fessional Research Foundation for Advanced Talents of Jiangsu Uni-
versity, grant number 11JDG063.

Availability of data and material: Not applicable.

Code Availability Not applicable.

Declarations

Conflict of interest The authors declare no conflict of interest.

Ethics approval Not applicable.

Consent to participate The authors all consent to participate.

Consent for publication The authors all consent for publication.



6699Molecular Biology Reports (2022) 49:6693–6700

1 3

46. Wang P (2019) The Opening of Pandora’s Box: An Emerging 
Role of Long Noncoding RNA in Viral Infections. Frontiers in 
Immunology 9:3138

47. Rossetto CC, Pari GS (2011) Kaposi’s sarcoma-associated 
herpesvirus noncoding polyadenylated nuclear RNA inter-
acts with virus- and host cell-encoded proteins and suppresses 
expression of genes involved in immune modulation. J Virol 
85(24):13290–13297

48. Rossetto CC, Pari GS (2014) PAN’s Labyrinth: Molecular biology 
of Kaposi’s sarcoma-associated herpesvirus (KSHV) PAN RNA, 
a multifunctional long noncoding RNA. Viruses 6(11):4212–4226

49. Kang SH et al (2021) The Intriguing Conundrum of a Noncon-
served Multifunctional Protein of Citrus Tristeza Virus That Inter-
acts with a Viral Long Non-Coding RNA. Viruses 13(11):2129

50. Marx JL (1972) “Viroids”: a new kind of pathogen? Science 
178(4062):734

51. Flores R et al (2004) Viroids: the minimal non-coding RNAs with 
autonomous replication. FEBS Lett 567(1):42–48

52. Arias C et al (2014) KSHV 2.0: a comprehensive annotation of 
the Kaposi’s sarcoma-associated herpesvirus genome using next-
generation sequencing reveals novel genomic and functional fea-
tures. PLoS Pathog 10(1):e1003847

53. Silva PA et al (2010) An RNA pseudoknot is required for produc-
tion of yellow fever virus subgenomic RNA by the host nuclease 
XRN1. J Virol 84(21):11395–11406

54. Funk A et al (2010) RNA structures required for production of 
subgenomic flavivirus RNA. J Virol 84(21):11407–11417

55. Fan YH et al (2011) Small noncoding RNA modulates Japanese 
encephalitis virus replication and translation in trans. Virol J 
8:492

56. Rennekamp AJ, Lieberman PM (2011) Initiation of Epstein-
Barr virus lytic replication requires transcription and the forma-
tion of a stable RNA-DNA hybrid molecule at OriLyt. J Virol 
85(6):2837–2850

57. Poole E et al (2016) The human cytomegalovirus non-coding 
Beta2.7 RNA as a novel therapeutic for Parkinson’s disease–
Translational research with no translation. Virus Res 212:64–69

58. Reeves MB et al (2007) Complex I binding by a virally encoded 
RNA regulates mitochondria-induced cell death. Science 
316(5829):1345–1348

59. Conrad NK (2016) New insights into the expression and func-
tions of the Kaposi’s sarcoma-associated herpesvirus long non-
coding PAN RNA. Virus Res 212:53–63

60. Campbell M et al (2014) A lytic viral long noncoding RNA modu-
lates the function of a latent protein. J Virol 88(3):1843–1848

61. Lee N et al (2015) EBV noncoding RNA binds nascent RNA to 
drive host PAX5 to viral DNA. Cell 160(4):607–618

62. Kobayashi-Ishihara M et al (2012) HIV-1-encoded antisense 
RNA suppresses viral replication for a prolonged period. Retrovi-
rology 9:38

63. Saayman S et al (2014) An HIV-encoded antisense long noncod-
ing RNA epigenetically regulates viral transcription. Mol Ther 
22(6):1164–1175

64. Van Dyke MW, Roeder RG (1987) Multiple proteins bind to VA 
RNA genes of adenovirus type 2. Mol Cell Biol 7(3):1021–1031

65. Vachon VK, Conn GL (2016) Adenovirus VA RNA: An essential 
pro-viral non-coding RNA. Virus Res 212:39–52

66. Sharp TV et al (1993) Comparative analysis of the regulation 
of the interferon-inducible protein kinase PKR by Epstein-Barr 
virus RNAs EBER-1 and EBER-2 and adenovirus VAI RNA. 
Nucleic Acids Res 21(19):4483–4490

67. Wang Z et al (2017) Human Bocavirus 1 Is a Novel Helper for 
Adeno-associated Virus Replication. J Virol 91(18):e00710–17

68. Eamens AL et al (2014) In Nicotiana species, an artificial 
microRNA corresponding to the virulence modulating region of 
Potato spindle tuber viroid directs RNA silencing of a soluble 

25. Wang J et al (2018) Host Long Noncoding RNA lncRNA-PAAN 
Regulates the Replication of Influenza A Virus. Viruses 10(6):330

26. Wang J et al (2019) Influenza Virus Exploits an Interferon-Inde-
pendent lncRNA to Preserve Viral RNA Synthesis through Stabi-
lizing Viral RNA Polymerase PB1. Cell Rep 27(11):3295–3304e4

27. Ouyang J et al (2014) NRAV, a long noncoding RNA, modulates 
antiviral responses through suppression of interferon-stimulated 
gene transcription. Cell Host Microbe 16(5):616–626

28. Li J et al (2020) Long Noncoding RNA NRAV Promotes Respira-
tory Syncytial Virus Replication by Targeting the MicroRNA miR-
509-3p/Rab5c Axis To Regulate Vesicle Transportation. J Virol 
94(10):e00113–20

29. Kotzin JJ, Mowel WK, Henao-Mejia J (2017) Viruses hijack a 
host lncRNA to replicate. Science 358(6366):993–994

30. Winterling C et al (2014) Evidence for a crucial role of a host 
non-coding RNA in influenza A virus replication. RNA Biol 
11(1):66–75

31. Yılmaz Susluer S et al (2018) Analysis of long non-coding RNA 
(lncRNA) expression in hepatitis B patients. Bosnian J Basic Med 
Sci 18(2):150–161

32. Peng X et al (2011) Integrative deep sequencing of the mouse 
lung transcriptome reveals differential expression of diverse 
classes of small RNAs in response to respiratory virus infection. 
mBio 2(6):e00198–11

33. Wang Z, Zhao Y, Zhang Y (2017) Viral lncRNA: A regulatory 
molecule for controlling virus life cycle. Noncoding RNA Res 
2(1):38–44

34. Chavez-Calvillo G et al (2018) The Structure-To-Function Rela-
tionships of Gammaherpesvirus-Encoded Long Non-Coding 
RNAs and Their Contributions to Viral Pathogenesis. Noncoding 
RNA 4(4):24

35. Chang R-Y et al (2013) Japanese encephalitis virus non-cod-
ing RNA inhibits activation of interferon by blocking nuclear 
translocation of interferon regulatory factor 3. Vet Microbiol 
166(1–2):11–21

36. Tycowski KT et al (2015) Viral noncoding RNAs: more surprises. 
Genes Dev 29(6):567–584

37. Rossetto CC, Pari G (2012) KSHV PAN RNA associates with 
demethylases UTX and JMJD3 to activate lytic replication 
through a physical interaction with the virus genome. PLoS Pat-
hog 8(5):e1002680

38. Rossetto CC et al (2013) Regulation of viral and cellular gene 
expression by Kaposi’s sarcoma-associated herpesvirus polyad-
enylated nuclear RNA. J Virol 87(10):5540–5553

39. Borah S et al (2011) A viral nuclear noncoding RNA binds re-
localized poly(A) binding protein and is required for late KSHV 
gene expression. PLoS Pathog 7(10):e1002300

40. Pijlman GP et al (2008) A highly structured, nuclease-resistant, 
noncoding RNA produced by flaviviruses is required for pathoge-
nicity. Cell Host Microbe 4(6):579–591

41. Verhoeven RJA et al (2019) Epstein-Barr Virus BART Long Non-
coding RNAs Function as Epigenetic Modulators in Nasopharyn-
geal Carcinoma. Front Oncol 9:1120

42. Townsend HL et al (2008) A putative loop E motif and an H-H 
kissing loop interaction are conserved and functional features in a 
group C enterovirus RNA that inhibits ribonuclease L. RNA Biol 
5(4):263–272

43. Calisher CH, Dodet B, Griffin D (2003) Emergence and control of 
zoonotic viral encephalitis. Emerg Infect Dis 9(8):1029–1030

44. Calisher CH, Gould EA (2003) Taxonomy of the virus family Fla-
viviridae. Adv Virus Res 59:1–19

45. Lin KC, Chang HL, Chang RY (2004) Accumulation of a 3’-ter-
minal genome fragment in Japanese encephalitis virus-infected 
mammalian and mosquito cells. J Virol 78(10):5133–5138



6700 Molecular Biology Reports (2022) 49:6693–6700

1 3

81. Ahyi AN et al (2009) IFN regulatory factor 4 regulates the expres-
sion of a subset of Th2 cytokines. J Immunol 183(3):1598–1606

82. Bidet K, Dadlani D, Garcia-Blanco MA (2014) G3BP1, G3BP2 
and CAPRIN1 are required for translation of interferon stimu-
lated mRNAs and are targeted by a dengue virus non-coding 
RNA. PLoS Pathog 10(7):e1004242

83. Manokaran G et al (2015) Dengue subgenomic RNA binds 
TRIM25 to inhibit interferon expression for epidemiological fit-
ness. Science 350(6257):217–221

84. Cao S et al (2015) New Noncoding Lytic Transcripts Derived 
from the Epstein-Barr Virus Latency Origin of Replication, oriP, 
Are Hyperedited, Bind the Paraspeckle Protein, NONO/p54nrb, 
and Support Viral Lytic Transcription. J Virol 89(14):7120–7132

85. Townsend HL et al (2014) A putative loop E motif and an H-H 
kissing loop interaction are conserved and functional features in a 
group C enterovirus RNA that inhibits ribonuclease L. RNA Biol 
5(4):263–272

86. Clarke PA, Mathews MB (1995) Interactions between the double-
stranded RNA binding motif and RNA: definition of the bind-
ing site for the interferon-induced protein kinase DAI (PKR) on 
adenovirus VA RNA. RNA 1(1):7–20

87. Iwakiri D (2016) Multifunctional non-coding Epstein-Barr virus 
encoded RNAs (EBERs) contribute to viral pathogenesis. Virus 
Res 212:30–38

88. Iwakiri D et al (2009) Epstein-Barr virus (EBV)-encoded small 
RNA is released from EBV-infected cells and activates signaling 
from Toll-like receptor 3. J Exp Med 206(10):2091–2099

89. Malathi K et al (2007) Small self-RNA generated by RNase L 
amplifies antiviral innate immunity. Nature 448(7155):816–819

90. Liu SJ et al (2017) CRISPRi-based genome-scale identification 
of functional long noncoding RNA loci in human cells. Science 
355(6320):aah7111

91. Boliar S, Russell DG (2021) Lnc(ing)RNAs to the “shock and kill” 
strategy for HIV-1 cure. Mol Ther Nucleic Acids 23:1272–1280

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

inorganic pyrophosphatase gene and the development of abnor-
mal phenotypes. Virology, 450–451: p. 266–77

69. Charley PA, Wilusz J (2016) Standing your ground to exoribo-
nucleases: Function of Flavivirus long non-coding RNAs. Virus 
Res 212:70–77

70. Moon SL et al (2012) A noncoding RNA produced by arthropod-
borne flaviviruses inhibits the cellular exoribonuclease XRN1 
and alters host mRNA stability. RNA 18(11):2029–2040

71. Rigby RE, Rehwinkel J (2015) RNA degradation in antiviral 
immunity and autoimmunity. Trends Immunol 36(3):179–188

72. Schnettler E et al (2012) Noncoding flavivirus RNA displays 
RNA interference suppressor activity in insect and Mammalian 
cells. J Virol 86(24):13486–13500

73. Schuessler A et al (2012) West Nile Virus Noncoding Subge-
nomic RNA Contributes to Viral Evasion of the Type I Interferon-
Mediated Antiviral Response. J Virol 86(10):5708–5718

74. Andersson MG et al (2005) Suppression of RNA Interference by 
Adenovirus Virus-Associated RNA. J Virol 79(15):9556–9565

75. Kamel W et al (2013) The adenovirus VA RNA-derived miR-
NAs are not essential for lytic virus growth in tissue culture cells. 
Nucleic Acids Res 41(9):4802–4812

76. Collier SP et al (2012) Cutting Edge: Influence of Tmevpg1, a 
Long Intergenic Noncoding RNA, on the Expression of Ifng by 
Th1 Cells. J Immunol 189(5):2084–2088

77. Vigneau S et al (2003) Tmevpg1, a candidate gene for the control 
of Theiler’s virus persistence, could be implicated in the regula-
tion of gamma interferon. J Virol 77(10):5632–5638

78. Chao YC et al (1998) A 2.9-kilobase noncoding nuclear RNA 
functions in the establishment of persistent Hz-1 viral infection. J 
Virol 72(3):2233–2245

79. Umbach JL et al (2008) MicroRNAs expressed by herpes sim-
plex virus 1 during latent infection regulate viral mRNAs. Nature 
454(7205):780–783

80. Zapata JC et al (2017) The Human Immunodeficiency Virus 1 
ASP RNA promotes viral latency by recruiting the Polycomb 
Repressor Complex 2 and promoting nucleosome assembly. 
Virology 506:34–44


	Viral long non-coding RNA regulates virus life-cycle and pathogenicity
	Abstract
	Introduction
	Viral lncRNAs are involed in regulating viral life cycles
	Viral lncRNAs promote viral replication
	Viral lncRNAs regulate gene expression
	Viral lncRNAs regulate gene expression by controlling transcription
	Viral lncRNAs regulate gene expression by altering RNA stability


	Viral lncRNAs regulate virus assembly and release
	Viral lncRNAs contribute to viral pathogenicity
	Viral lncRNAs contribute to viral persistent infections
	Viral lncRNAs contribute to resistance to antiviral immune responses

	Summary and future prospects
	References


