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การรับวคัซีนไขห้วดัใหญ่ประจ าปีช่วยลดความรุนแรงของอาการทางคลินิก และช่วยลดอตัราการตายซ่ึงเกิดจากการติดเช้ือไวรัสไขห้วดั

ใหญ่ ปัจจุบนัเซลล์ไตสุนขั Madin-Darby (MDCK) ไดรั้บการรับรองเพื่อการผลิตวคัซีนไขห้วดัใหญ่ท่ีใช้ในมนุษย์ ถึงแมว่้าไมโครอาร์เอ็นเอ
จะมีบทบาทส าคญัในการควบคุมการแบ่งตวัของเช้ือไวรัสชนิดต่างๆ แต่ยงัไม่มีการศึกษาปฏิสัมพนัธ์ระหว่างเช้ือไวรัสไขห้วญัใหญ่ท่ีระบาดในมนุษยก์บั
ไมโครอาร์เอ็นของโฮสต์ท่ีพบในเซลลไ์ลน์ชนิดน้ี วตัถุประสงค์หลกัของการศึกษาในคร้ังน้ีเพื่อเพิ่มปริมาณเช้ือไวรัสไขห้วดัใหญ่ดว้ยวิธีการควบคุมระดบั
ไมโครอาร์เอ็นเอของเซลล์โฮสต์ โดยน าเซลล์ไตสุนัขมาติดเช้ือไขห้วดัใหญ่สายพนัธุ์เอ (ชนิด pH1N1 หรือ H3N2) หรือไขห้วดัใหญ่สายพนัธุ์บี 

(ชนิด Victoria หรือ Yamagata) ด้วยค่า multiplicity of infection (MOI) ท่ี 0.01 หลังจากการติดเช้ือ 6, 12 และ 24 

ชั่วโมง ท าการตรวจสอบข้อมูลของไมโครอาร์เอด้วยเทคโนโลยีวิเคราะห์ล าดับเบส  Next-generation sequencing ด้วยเคร่ือง MiSeq 

(Illumina) ขอ้มูลการเปลี่ยนแปลงระดบัของไมโครอาร์เอถูกทดสอบยืนยนัความถูกตอ้งอีกคร้ังดว้ยวิธี RT-qPCR และเพื่อตรวจสอบผลของไม
โครอาร์เอ็นเอดงักล่าวท่ีมีต่อการเพิ่มจ านวนของเช้ือไวรัสไขห้วดัใหญ่ ท าการน าส่งตวัยบัยั้งไมโครอาร์เอ็นเอ (microRNA inhibitor) หรือพ
ลาสมิดท่ีกระตุน้การแสดงออกของไมโครอาร์เอ็นเอชนิดนั้นเขา้ไปในเซลลไ์ตสุนัข ตามดว้ยการติดเช้ือไวรัสไขห้วดัใหญ่สายพนัธุ์ต่าง ๆ แลว้ท าการเก็บ
น ้ ายาเลี้ ยงเซลล์ท่ี 48 ชั่วโมง ภายหลังการติดเช้ือไวรัส  เพื่ อตรวจสอบปริมาณการเพิ่มจ านวนของไวรัสด้วยเทคนิค RT-qPCR และ 
ELISA นอกจากน้ีบริเวณต าแหน่งของยีนเป้าหมายท่ีจบักบัไมโครอาร์เอ็นเอถูกท านายดว้ยโปรแกรมคอมพิวเตอร์ และถูกตรวจสอบดว้ยเทคนิค 3'-

UTR reporter และ dual luciferase assay นอกจากน้ีท าการตรวจสอบล าดบันิวคลีโอไทดข์องยีน HA และ NA ของเช้ือไวรัสไขห้วดั
ใหญ่ท่ีถูกเพิ่มจ านวนดว้ยการใส่ microRNA inhibitor จากผลการศึกษาพบว่า ไมโครอาร์เอ 4 ชนิด ไดแ้ก่ cfa-miR-340, cfa-miR-

146b, cfa-miR-197 และ cfa-miR-215 ท่ีมีการเปลี่ยนแปลวงเพิ่มสูงข้ึน และพบไดบ่้อยระหว่างการติดเช้ือไขห้วดัใหญ่หลายสายพนัธุ์ ผล
การทดลองพบว่า การยบัยั้ง cfa-miR-146b สามารถเพิ่มปริมาณเช้ือไวรัสไข้หวัดใหญ่สายพันธุ์ เอ ชนิด pH1N1 และสายพันธุ์บี ชนิด 
Yamagata นอกจากน้ียงัพบว่า การยบัยั้ง cfa-miR-215 สามารถเพิ่มปริมาณเช้ือไวรัสสายพนัธุ์เอ ชนิด pH1N1 และสายพนัธุ์บี ชนิด 
Victoria ในขณะท่ีการยบัยั้ง cfa-miR-197 ส่งผลให้ปริมาณเช้ือไวรัสสายพนัธุ์เอ ชนิด H3N2 เพิ่มข้ึน ผลการศึกษาพบว่า cfa-miR-

146b และ cfa-miR-215 สามารถจบักบัต าแหน่งบนยีน PB1 ของไขห้วดัใหญ่สายพนัธุ์เอ ชนิด pH1N1 ในขณะท่ียีน PB2 ของเช้ือไวรัส
ไข้หวัดใหญ่สายพันธุ์เอ ชนิด H3N2 ถูกยบัยั้งการแสดงออกเมื่อถูกจับกับ cfa-miR-197 นอกจากน้ี cfa-miR-146b สามารถจับกับ
ต าแหน่งบนยีน PA ของไวรัสไข้หวดัใหญ่สายพนัธุ์บี ชนิด Yamagata ส่วนยีน PB1 ของไวรัสไข้หวดัใหญ่สายพนัธุ์บี ชนิด Victoria ถูก
ยบัยั้งการแสดงออกเมื่อจบักบั cfa-miR-215 ผลการตรวจสอบล าดบัเบสไม่พบการเปลี่ยนแปลงของล าดบันิวคลีโอไทดข์องยีน HA และ NA ซ่ึง
เป็นยีนท่ีแสดงความเป็นแอนติเจนของเช้ือไวรัสไขห้วดัใหญ่ระหว่างไวรัสตั้งตน้ (parental) และไวรัสท่ีถูกเพิ่มจ านวนดว้ยการใส่ microRNA 

inhibitor การศึกษาในคร้ังน้ีบ่งช้ีว่า ไมโครอาร์เอ็นเอของเซลล์ MDCK มีแนวโน้มท่ีจะสามารถจับกับยีนของไวรัสไข้หวดัใหญ่แต่ละชนิดท่ี
แตกต่างกนั และไมโครอาร์เอ็นเอดงักล่าวส่งผลให้เกิกการยบัยั้งการเพิ่มจ านวนของไวรัส ในทางกลบักนัเช้ือไวรัสไขห้วดัใหญ่สามารถกลบัถูกเพิ่มจ านวน
ไดเ้มื่อมีการเติม microRNA inhibitor ดงักล่าว 
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Annual influenza vaccination aims to prevent influenza virus infection thus reduce the 

incidence of infection and disease in humans. Nowadays, Madin–Darby canine kidney (MDCK) cell 

culture-based system has been approved as an alternative for influenza vaccine production. Although 

cellular microRNAs may play an important role in controlling the replication of viruses, the 

interaction between human seasonal influenza viruses and host microRNAs has not been 

investigated in this permissive cell line. The primary objective of this study is to improve the yield 

of seasonal influenza virus (i.e. vaccine virus) production via manipulation of the host 

microRNAs. MDCK cells were infected with influenza A (pH1N1 or H3N2) or influenza B 

(Victoria or Yamagata) virus at MOI of 0.01. After collection at 6, 12, and 24 hours post-infection, 

microRNAs were subjected to massively parallel sequencing using MiSeq platform (Illumina). The 

profiles of microRNAs were validated by RT-qPCR. To evaluate the effect of candidate microRNAs 

on viral replication, MDCK cells were transfected with either microRNA inhibitors or microRNA 

over-expressing plasmids, followed by the infection of influenza viruses. The supernatants were 

collected at 48 hours post-infection, and the amount of virus was quantified by RT-qPCR and 

ELISA method. Moreover, in silico predicted microRNA binding sites were further verified by 3'-

UTR reporter and dual luciferase assays. Furthermore, the effect of microRNA inhibitors on 

antigenic HA and NA sequences was also investigated. The results showed that four validated 

microRNAs including cfa-miR-340, cfa-miR-146b, cfa-miR-197, and cfa-miR-215 were most 

commonly upregulated upon infection with different seasonal influenza viruses. Among these 

microRNAs, cfa-miR-146b is a candidate target for microRNA inhibition to increase the production 

of A/pH1N1 and B/Yamagata viruses. Furthermore, cfa-miR-215 inhibition may be another good 

strategy for enhancing A/pH1N1 and B/Victoria viral production. On the other hand, the inhibition 

of cfa-miR-197 may be useful for the propagation of A/H3N2 virus. Moreover, the dual luciferase 

assay was used to evaluate microRNA binding sites. The results showed that the PB1 gene of 

A/pH1N1 virus is a direct target of cfa-miR-146b and cfa-miR-215, whereas the PB2 gene of 

A/H3N2 virus was silenced by cfa-miR-197. Whilst cfa-miR-146b targeted the PA gene of 

B/Yamagata, cfa-miR-215 silenced the PB1 gene of B/Victoria. Lastly, the sequencing results 

demonstrated that there was no change in antigenic HA and NA sequences between the viruses from 

the cells treated with microRNA inhibitors and the parental viruses. Taken together, it is 

demonstrated that microRNAs target viral genes in a strain-specific manner, leading to suppression 

of viral replication. Conversely, propagation of influenza viruses could be enhanced by the 

utilisation of microRNA inhibitors. 
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CHAPTER I  

INTRODUCTION 

1.1. Background and Rationale 

Influenza A and B viruses are responsible for seasonal influenza, which is 

characterised by the symptoms of high fever, cough, headache, muscle and joint pain, 

unwell feeling, sore throat and runny nose (1). Due to the induction of a protective 

immune response, most people can recover from the illness within a week (2). 

Nonetheless, disease severity including high death rate is usual in infants, the elderly 

and the immunocompromised populations, as well (1). As a result, seasonal epidemics 

affects 3–5 million severe human cases and 250,000 deaths worldwide annually (3). 

In addition to health issue, seasonal influenza poses remarkably socio-economical 

impacts such as costs of medical care, and loss of productivity (4). 

 Influenza viruses are categorized into the family Orthomyxoviridae with a 

pleomorphic enveloped shape of roughly 100 nm in diameter (5). Influenza A Viruses 

(IAV) demonstrate substantial variations in their surface glycoproteins, hemagglutinin 

(HA) and neuraminidase (NA). On the basis of the antigenic properties, to date 18 HA 

and 11 NA subtypes of IAV have been identified (6, 7). In contrast, only one subtype 

of HA has been found in Influenza B Viruses (IBV) (5). The genomes of IAV and 

IBV are single-stranded negative-sense and each comprises of eight segments, namely 

polymerase basic 2 (PB2), polymerase basic 1 (PB1), polymerase acidic (PA), HA, 

nucleoprotein (NP), NA, matrix (M), non-structural (NS) (8). However, IBV differs 

from IAV with regard to their countermeasures against innate immunity (8). 
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 Nowadays H1N1 and H3N2 subtypes of IAV along with two types of IBV, 

Victoria lineage and Yamagata lineage are circulating seasonally in humans (9). 

However, the emerging strains of influenza viruses arise from antigenic drift due to 

high frequency of point mutations. Furthermore, antigenic shift could cause pandemic 

outbreaks, resulted from the creation of novel subtypes derived from the gene 

reassortments between different influenza viruses, particularly in animal reservoirs 

(10, 11). As a result of lack of preventive immunity against new strains and subtypes, 

people can suffer from influenza several times throughout their lives. The most 

effective strategy to prevent the disease or reduce occurrence of severe complications 

and deaths is vaccination (3). 

 Embryonated chicken eggs are currently used for the majority of inactivated 

influenza vaccine production. The egg-based manufacturing process starts with the 

WHO Global Influenza Surveillance and Response System providing candidate 

vaccine viruses (CVVs). To allow these CVVs to replicate, the viruses are injected 

into embryonated chicken eggs and incubated for a few days. The allantoic fluid 

containing the viruses is collected from the eggs. For killed influenza vaccines, the 

harvested viruses are then inactivated using chemical methods or physical 

modifications, and the virus antigen is purified (12, 13). Although this production 

process is well-established, it is certainly neither flexible nor scalable enough. 

Because of limitations in both capacity and egg supply in pandemics e.g. the last 2009 

H1N1 outbreak, the traditional production of egg-based vaccines was not able to 

satisfy the growing demands in a timely manner (14, 15). To overcome this 

incapacity, cell culture-based production system is now being established (16). In 

recent years, Madin-Darby Canine Kidney (MDCK) has been approved by both of the 
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U.S. Food and Drug Administration (FDA) and the European Medicines Agency 

(EMA) to be used for the production of influenza vaccines (17, 18). 

 In addition to the investigation of cultivation approach, understanding of 

virus–host interactions is necessary for the optimisation of cell culture-based vaccine 

production. More recently, there has been an increasing amount of evidence that 

microRNAs play critical roles in host-pathogen interactions. MicroRNAs are a class 

of highly conserved noncoding single-stranded RNA approximately 18–25 

nucleotides in length. It has been shown that microRNAs control gene expression 

post-transcriptionally by either translation inhibition or mRNA deadenylation and 

degradation, which are dependent on the complementarity between 3′-untranslated 

region of target mRNA and microRNA sequence (19, 20). Experimental and 

computational strategies assessing the number of protein-encoding genes under the 

regulation of microRNAs indicated that most of the genes could be controlled by 

microRNAs (21). Hence, the identification of microRNA target genes could lead to a 

better understanding of the microRNA functions in the initiation and progression of 

several diseases including the infection of viruses (22). 

 In the context of viral infections, microRNAs could affect viral pathogenesis 

in either a direct or indirect way. Firstly, microRNAs might serve a direct antiviral 

function via sequence-specific binding with a viral RNA resulting in silencing a viral 

gene. Secondly, microRNAs could function indirectly, regulating the host 

transcriptome to facilitate an environment which suppresses viral replication (23). 

Recently, it has been evident that the genomes of influenza viruses are directly 

targeted by host microRNAs. For instance, Song and colleagues (24) showed that 

microRNA-323, microRNA-491, and microRNA-654 inhibited replication of the 
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H1N1 IAV through binding to the PB1 gene in H1N1 infected MDCK cell lines. 

Moreover, mir-let-7c regulates IAV replication via the degradation of viral M1 gene 

(+) cRNA in H1N1 infected human A549 cell lines (25). Recently, our group 

demonstrated that human miR-3145 triggered silencing of viral PB1 genes of IAV 

(pH1N1, H3N2, H5N1), resulted in inhibition of influenza viral replication (26). In 

addition, Terrier and co-workers (27) performed microRNA global profiling in human 

lung epithelial cells (A549) infected by IAV (H1N1 and H3N2). They found that a 

specific anti-miR-146a inhibitor could significantly increase viral propagation. 

 While the investigations of IAV have extensively used human cell lines as a 

study model, the studies of microRNAs in MDCK infected with influenza viruses, 

particularly IBV, are still limited. Besides investigating the interactions between 

influenza virus genomes and host microRNAs, this study might provide the 

established MDCK as a promising strategy for cell-based influenza vaccine 

production with sufficient quantities of seed viruses. Thereby, this investigation is 

divided into three parts as follows: (i) High-throughput analysis of microRNA profiles 

in MDCK cells infected with influenza viruses; (ii) Effect of synthetic microRNA 

inhibitors on viral production. (iii) Identification and validation of host microRNAs 

targeting influenza viral genomes. 

1.2. Research Questions 

1.2.1. Which microRNAs are altered upon infection of seasonal influenza A 

and B viruses in the MDCK cells? Are there any differences or similarities in 

microRNA profiles between the infection of influenza A and B viruses? 

1.2.2.  Which microRNAs could target viral genomes? 
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1.2.3. Could synthetic microRNA inhibitors enhance the production of 

seasonal influenza viruses? 

1.3. Objectives 

 1.3.1. To increase the production of seasonal influenza viruses through cellular 

microRNA regulation. 

 1.3.2. To investigate microRNA profiles in response to the infection of 

influenza A and B viruses using next-generation sequencing. 

 1.3.3. To identify some cellular microRNAs which directly target influenza A 

and B genomes. 

1.4. Hypothesis 

When influenza viruses infect cells, the replication and transcription of their 

genome take place inside the nucleus. On the other hand, the release of viral genomic 

RNAs and the translation process of viral mRNAs occur within the cytoplasm. 

Meanwhile, host might respond to the infection via the upregulation of cellular 

microRNAs. Some cellular microRNAs may complementarily bind with some RNAs 

of influenza viruses, resulting in degradation of viral RNAs or translational repression 

of viral proteins (Figure 1). 

These host microRNAs might lead to the impaired production of viral 

progeny. On the other hand, microRNA inhibitors may be applied to impede the 

suppressive effect of microRNAs. As a result, viral genomes still exist and can 

undergo the translation of proteins essential for the propagation of new virus particles. 
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Therefore, this study is focusing on the inhibition of upregulated microRNAs which 

could directly target viral genome. 

 

Figure 1 Enhancing viral replication through manipulation of cellular microRNAs. 

(A) Influenza virus is taken up into MDCK cell by receptor-mediated endocytosis. 

During the infection, viral RNAs (purple line) are found in the cytoplasm. (B) Some 

of the host microRNAs are generated in response to the infection. Most of the primary 

microRNA transcripts (pri-miRNA) are transcribed from microRNA genes by RNA 

polymerase II, and then cleaved into a pre-miRNA (precursor-miRNA) by the enzyme 

compleax of Drosha and DGCR8. After nuclear processing, Exportin-5/Ran-GTP 

complex exports the pre-miRNA into the cytoplasm. The enzyme Dicer further 

cleaves off the loop of the pre-miRNA, leading to the generation of a roughly 22-

nucleotide microRNA duplex. The microRNA duplex is separated into the guide 
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strand (red line) that is complementary to the viral RNA (purple line) and the 

passenger strand (blue line) that is subsequently degraded. The viral RNA is directly 

targeted by the host microRNAs, leading to interfering the replication cycle of the 

virus. (C) Exogenous microRNA inhibitor (green line) is designed to specifically bind 

to and inhibit the host microRNAs. Ultimately, microRNA inhibitor facilitates the 

stability of viral RNAs, which enhances viral replication. 

1.5. Definition 

 MicroRNA: a small noncoding RNA of 18-25 nucleotides that binds to 

cellular mRNAs and viral RNAs mediates translational repression or RNA 

degradation, and thereby reducing protein levels within the cells. 

Seed region: nucleotides 2–8 at the 5' end of a microRNA that determine the 

target specificity of the miRNA by binding to complementary sequences in the target 

RNA. A single microRNA can bind to many different target RNAs based on the seed 

sequence. 

 Silencing plasmid: a vector that expresses microRNA within mammalian cells 

typically use an RNA polymerase III promoter to drive expression of a short hairpin 

RNA that mimics the structure of an microRNA. 

 Scramble plasmid: a vector expresses a short hairpin RNA of which designed 

sequence does not target any known genes in the target organism. Target expression 

from scramble plasmid-transfected samples is used as a baseline for evaluation of the 

effect of the control and silencing plasmids on target gene expression. 

 MicroRNA inhibitor: a small, chemically modified single-stranded RNA 

molecule is designed to specifically bind to and inhibit endogenous microRNA 
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molecules and enable microRNA functional analysis by down-regulation of 

microRNA activity. 

 Negative control inhibitor: a small, chemically modified single-stranded RNA 

molecule of which sequence has been tested on mammalian cells and tissues, and is 

shown to produce no identifiable effects on known microRNA function. Target 

expression from negative control-transfected samples is used as a baseline for 

evaluation of the effect of the control and experimental miRNA inhibitors on target 

gene expression. 

3'UTR reporter assay: the assay validating the direct binding of microRNA 

and its predicted target gene by ligating the target region into the 3'UTR of a reporter 

gene (in this study is firefly luciferase) and measuring the reporter gene expression. 
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1.6. Experimental Design 

 

Figure 2 Procedure framework.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER II  

LITERATURE REVIEWS 

2.1. Seasonal Influenza Viruses 

2.1.1. Significance of Seasonal Influenza 

 Influenza A and B viruses cause acute respiratory infections, of which severity 

ranges from asymptomatic to fatal infections. Typical symptoms include fever, 

headache, cough, unwell feeling, chills, muscle pain, sore throat, running nose, and 

less appetite. The range of the incubation period is normally between 1 and 4 days, 

followed by a symptomatic period of 3–4 days. The clinical outcome is affected by 

the intrinsic properties of the virus, pre-existing host immunity, and health status. 

Underlying medical problems including heart or lung disease, immunological 

disorders, renal failure, diabetes increase the risk of severe outcome (28). Moreover, 

pregnant women, infants, and the elderly could develop severe disease and 

complications due to infection (5). As a result, seasonal epidemics affects 3–5 million 

severe human cases and 250,000 deaths worldwide annually (3). In addition to being a 

health issue, seasonal influenza poses remarkably socio-economical impacts such as 

costs of medical care, and loss of productivity (4). 

2.1.2. Classification of Influenza Viruses 

Alphainfluenzavirus and Betainfluenzavirus genera are the members of the 

Orthromyxoviradae family. Each genus comprises of only one species: influenza A 

and influenza B, respectively (29). The two influenzavirus genera can be 

differentiated on the basis of antigenic differences in nucleoproteins and matrix 
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proteins (30). Although all of these viruses can naturally infect humans, the range of 

vertebrate hosts affected by each genus is varied. Influenza A viruses infect a wide 

range of hosts including humans, avians, dogs, horses, pigs, whales, seals, and bats (6, 

7, 31). In contrast, influenza B viruses are isolated almost exclusively from humans. 

However, it has been evident that influenza B virus infects seals (32), and domestic 

pigs might be susceptible to influenza B infection (33). Different subtypes of 

influenza A viruses are further classified by the antigenic variation of surface 

glycoproteins, hemagglutinin (HA) and neuraminidase (NA). So far there have been 

18 known subtypes of HA and 11 subtypes of NA (Figure 3) (6, 7). Interestingly, all 

subtypes of the influenza A viruses can be isolated from aquatic birds, suggesting 

avian species are the natural hosts of influenza A viruses, except H17, H18, N10 and 

N11 exclusively found in bats (34). Of these viruses, only H1N1, H1N2, H2N2, 

H3N2, H5N1, H7N2, H7N3, H7N7, H7N9, H6N1, H9N2, and H10N7 were isolated 

from humans (34).  

 

Figure 3 Phylogenetic trees of the hemagglutinin (HA) and neuraminidase (NA) genes 

of all known influenza A virus subtypes [modified from (35)]. 
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On the other hand, influenza B viruses, which mostly infect humans, are 

believed to diverge from influenza A viruses at some time point in the past (36). 

Before two antigenically distinct influenza B lineages emerged, the earliest isolate of 

influenza B virus had originated in the 1940s (37). Even though influenza B viruses 

are not categorized into subtypes, the genetic and antigenic discrimination of two 

distinct lineages is currently based on HA surface glycoprotein: the B/Victoria lineage 

(named after the B/Victoria/2/1987 strain) and the B/Yamagata lineage (named after 

the B/Yamagata/16/1988 strain) (37-39). The two lineages are thought to diverge in 

the 1970s when the B/Victoria lineage gradually emerged in China (39). Since China 

was the insulated state in the 1970s, the global spread of the B/Victoria lineage may 

have been delayed. Consequently, the B/Yamagata lineage was dominantly 

circulating until the B/Victoria appeared globally in the mid of 1980s (39). Ever since, 

both influenza B virus lineages have been co-circulating with seasonal influenza A 

virus subtypes H3N2 and H1N1 (9). 

2.1.3. Virus Structure and Genome Organization 

 The size of influenza A and B viruses is approximately 80-120 nm in 

diameter. Influenza virus contains a lipid envelope, which is derived from the host’s 

cell membrane during the viral budding process (Figure 4). Three structural proteins 

such as HA, NA, and M2 are anchored in the lipid bilayer (30). The morphology of 

virions is pleomorphic, ranging from small spherical to long filamentous. The viral 

shape is a genetic trait and several viral proteins like HA, NA, M1, and M2 are known 

to affect the morphology of influenza virus particles (40-44). HA and NA are spike 

glycoproteins embedded in the lipid envelope by the short hydrophobic amino acid 

sequences. Electron microscopic visualization shows that the spikes of HA and NA 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

13 

are rod-shaped and mushroom-shaped, respectively. The HA is a homotrimer, of 

which function is the receptor binding and membrane fusion. In contrast, the NA is a 

homotetramer, which is responsible for destroying receptors by hydrolyzing sialic 

acid groups and releasing the viral progeny (45). Homotetramer M2, an integral 

membrane protein, essentially functions as an ion channel for uncoating-the release of 

the virus’ genetic material into the cytoplasm, while beneath the lipid bilayer is the 

layer of M1 protein (36). In addition to different size, the M2 ion channels of 

influenza A viruses are lined with hydrophobic amino acids while those of influenza 

B viruses are lined with polar serines. Due to a conformational change in the structure 

of ion channels, influenza A viruses are inhibited by the antiviral drug Amantadine, 

but not influenza B viruses (46). 

 

Figure 4 Structure of influenza A virus [modified from (10)]  

Inside the virion, influenza A and B viruses contain eight segments of negative-

sense single-stranded RNA. The total size of the genome is approximately 13.5 kb, 

and the size of each RNA segment varies from 890 to 2,341 nucleotides (36, 45). All 

eight segments of the genomic RNA (vRNA) are bound to the NP and to three viral 

RNA polymerase subunits (PB2, PB1, and PA), resulting in the formation of viral 
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ribonucleoprotein (vRNP) complexes (30). The low amount of NS2 protein functions 

as a nuclear export protein for vRNA in infected cells (47). Influenza A and B viruses 

utilise the host machinery with various coding strategies such as alternative splicing, 

ribosomal frameshift and leaky scanning (36). Depending on the isolates, the genome 

of influenza A viruses could be encoded for 18 proteins, whilst that of influenza B 

viruses is translated up to 11 proteins (48, 49). The sizes and functions of proteins 

encoded by each viral RNA segment are overviewed in Table 1. 

2.1.4. Replication Cycle 

 The life cycle of influenza viruses begins with the HA glycoproteins on the 

viral surface attaching to sialyloligosaccharides receptors on the host cell (Figure 5). 

Then, the virus is taken up into the host cell by receptor-mediated endocytosis  (50). 

Inside the late endosomes of host cells, a conformational change in the HA triggered 

by the acidic pH expresses the fusion peptide, resulted in the fusion of the viral and 

endosomal membranes (51). Subsequently, the viral M2 ion channel equilibrates the 

interior pH of the virus with that of the acidic endosome, leading to the perturbation 

of the interactions between the M1 matrix protein and vRNP complex, which is 

comprised of vRNA and the polymerase subunits and NP proteins. This leads to the 

release of vRNP complex into the host cytoplasm (52). Due to nuclear localization 

signals (NLSs) located on the viral proteins NP, PA, PB1 and PB2, vRNP complexes 

are imported into the host nucleus (53). Unlike most of the other negative-sense RNA 

viruses, the nucleus is where the genome of the influenza virus is transcribed and 

replicated by viral RNA-dependent RNA polymerase (RdRp) (53). These processes 

lead to the creation of four types of RNA species including viral mRNAs, positive-
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sense complementary RNA (cRNA), negative-sense viral genomic RNA (vRNA), and 

negative-sense small viral RNAs (svRNA) (53, 54).  
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18 

 

Figure 5 The life cycle of influenza viruses [modified from (10)]. 

The negative-stranded vRNAs are used as templates for syntheses of both 

cRNA and mRNA. In general, it is believed that all the polymerase subunits (PB2, 

PB1, and PA) and NP are required for both viral transcription and replication (55, 56). 

The svRNAs are believed to have a regulatory effect on switching the function of 

RdRp between transcription and replication mode (54). During replication, the viral 

polymerase complex synthesizes the lesser number of cRNA molecules, which are a 

full-length copy of the vRNA (45). The viral cRNA, which is used as a template for 

vRNA synthesis, lacks both a 5′
 
cap and the 3′

 
poly-A tail (53). To initiate viral 

mRNA transcription, a capped RNA fragment is cleaved from the host mRNA 

through a cap-snatching mechanism (45). This short-capped oligonucleotide primer is 

used by the viral polymerase. Transcription is terminated at a track of 5–7 U residues 

located approximately 17 nucleotides from the 5′
 
end of vRNA and a poly (A) tail is 

then added to the viral mRNA transcript (57). Unlike cRNA, viral mRNA is an 
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incomplete copy of the vRNA, lacking approximately 17 bases of the complementary 

viral 3′
 
sequence (45). The viral mRNAs are then exported to the cytoplasm and 

translated by the host machinery.  

Whilst the viral mRNA use the host translation machinery for translation in 

the cytoplasm, alternative splicing of the viral genome utilizes the host splicing 

machinery (58). The PB2, PB1, PA, NP, M1, NS1, and NS2/NEP proteins are 

translocated back into the nucleus in order to transcription, replication, and vRNP 

assembly. Meanwhile, the envelope proteins HA, NA and M2 are produced on 

endoplasmic-reticulum-bound ribosomes, where they are folded and trafficked into 

the Golgi body for post-translational modifications  (59-61). After nuclear import, the 

NP protein bind to the vRNAs, together with three RNA polymerase subunits at one 

end, to assembly the vRNPs. In the late stage of infection, the interaction between 

NS2/NEP and the host nuclear export machinery allows these vRNPs to export out of 

the nucleus (47). Besides, viral protein M1 also participates in the nuclear export of 

vRNPs (62). When all of the vRNPs exist in the cytoplasm and the envelope proteins 

reach the host cell membrane, the assembly of virus particles takes place at the cell 

membrane (53). When the virions are assembled on the host-cell membrane, the M2 

protein is also essential for budding influenza virus particles by pinching them off 

from the host-cell membrane (63). Moreover, the binding between the host sialic acid 

molecules and the viral HA protein is cleaved by the NA protein, thus releasing the 

virus particles (10). 
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2.1.5. Epidemiology 

 Annual epidemics of influenza is caused by influenza A and B viruses; 

however, the segmented RNA genome of influenza A viruses can quickly accumulate 

mutations due to the error-prone nature of the viral RNA polymerase and to the 

exchange of genome segments with other influenza A virus strains (64). This allows 

the virus to develop resistance against antivirals, escape the host immune response, 

and cross the host species barrier (65-67). Introduction of new influenza virus strains 

into the human population from other species leads to pandemics due to the absence 

of pre-existing immunity (68). Therefore, influenza A viruses cause pandemics at 

random intervals, while influenza B viruses, which almost restrictively infect humans, 

cause only seasonal epidemics (5).  

Pandemics are global-scale outbreaks caused by viruses possessing HA 

proteins to which human populations have no pre-existing immunity (5). All of the 

human influenza pandemics are summarised in Table 2. During the last century, the 

H1N1, H3N2, H2N2, and H1N2 subtypes of influenza A viruses have circulated in 

humans (Figure 6).  

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

21 

Table 2 Pandemic waves of human influenza. 

Timeline Pandemics 

Name 

Subtypes Origins 

1918-1919 Spanish Flu  H1N1 -  An avian-descended H1N1 virus (69, 70). 

1957-1958 Asian Flu H2N2  - The gene segments encoding HA and NA were 

replaced by an avian-like H2 subtype HA and an N2 

subtype NA (71).  

- The gene segment encoding the PB1 polymerase was 

also replaced with an avian-like gene segment (72). 

- The other five gene segments retained from the 1918-

derived H1N1 lineage. 

1968 Hongkong Flu H3N2 - A reassortment event between a circulating human 

H2N2 virus and an avian IAV, acquiring novel HA 

(H3 subtype) and PB1 gene segments (71, 72). 

- The other six gene segments, including the NA gene 

segment, were retained from the 1957 H2N2 virus 

(including five segments-PB2, PA, NP, M, and NS-

retained from the 1918 H1N1 lineage). 

1977-1978 Russian Flu H1N1 - The re-emergence of a descendant of the 1918 H1N1 

virus that had been absent from circulation for 20 

years since 1957 (73). 

2009-2010 2009 Flu Novel 

H1N1 

(pH1N1) 

- The virus derived its NA and M gene segments from 

the European avian-like H1N1 lineage and its 

remaining six gene segments (PB2, PB1, PA, HA, 

NP, and NS) from the North American swine H1N2 

‘‘triple’’ reassortant lineage.  

- The HA, NP, and NS gene segments of this lineage 

are derived from the North American classical swine 

H1N1 (1918 origin) lineage, while the polymerase 

gene segments have different origins: PB2 and PA 

were derived from an avian IAV source and PB1 

from a human seasonal H3N2 virus when the 

‘‘triple’’ reassortant swine lineage emerged in the late 

1990s (74). 
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Figure 6 Pandemic and seasonal viruses demonstrate genetic relationships between 

human and relevant animal influenza viruses (68). 

Other subtypes of influenza A viruses from animals have occasionally infected 

humans, but have not caused widespread outbreaks due to the limitation of human-

human transmission (5). More specifically, swine H1N1, swine H1N2, swine H3N2, 

avian H5N1, avian H7N2, avian H7N3, avian H7N7, avian H7N9, avian H6N1, avian 

H9N2, and avian H10N7 are occasionally zoonotic influenza A viruses (34). 

On the other hand, the incidence of influenza B virus infections varies 

between influenza seasons. From 1985 to 2000, a single influenza B virus lineage is 

dominantly found during the influenza seasons (75). For example, B/Victoria 

dominated in the late 1980s while B/Yamagata took over in the 1990s. However, both 

lineages have been found in most influenza seasons since 2001 (75-77). According to 
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Figure 7, pH1N1 and H3N2 subtypes of influenza A viruses together with Victoria 

and Yamagata lineages of influenza B viruses are presently circulating in humans (9). 

 

Figure 7 The global circulation of influenza viruses from week 1 of 2009 to week 48 

of 2019 (The data from WHO's Global Influenza Surveillance and Response System 

is shown as of December 2019). 

2.1.6. Inactivated Influenza Vaccines 

 The most effective strategy to prevent the disease or reduce the occurrence of 

severe complications and deaths is vaccination (3). The majority of inactivated 

influenza vaccines registered for use in humans are obtained by growing the influenza 

viruses in embryonated eggs. The process of inactivated influenza vaccines involves 

several steps. First, WHO provides candidate vaccine viruses (CVVs) grown in eggs 

to pharmaceutical companies. Next, the CVVs are inoculated into embryonated eggs 

and allowed to propagate for several days. Then, the virus-containing fluid is 

harvested and inactivated by chemical methods (e.g. formaldehyde or β-
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propiolactone) or physical methods (e.g. ultraviolet radiation or gamma-irradiation) 

(12, 13). The downstream process continues with purification and testing. Although 

this production process is well-established, it is certainly neither flexible nor scalable 

enough. Because of limitations in both capacity and egg supply in a pandemics 

situation e.g. the last 2009 H1N1 outbreak, the traditional production of egg-based 

vaccines was not able to satisfy the growing demands in a timely manner (14, 15).  

Table 3 Inactivated seasonal influenza vaccines registered for use in humans. 

Host factory Virus strains Product 

tradename 

Approval 

authority 

Embryonated chicken eggs Trivalents Agriflu® 

Fluvirin® 

FDA 

Influvac® 

Vaxigrip® 

Intanza® 

EMA 

Quadrivalents Afluria® 

Fluarix® 

Flulaval® 

FluMist® 

Fluzone® 

FDA 

Vaxigrip® EMA 

MDCK  

 

Trivalents Optaflu® 

(discontinued) 

EMA 

Quadrivalents Flucelvax® FDA 

Vero  Trivalents Preflucel® 

(discontinued) 

EMA 

pH1N1 Celvapan® 

(discontinued) 

EMA 

ExpresSF+®  Quadrivalents 

(recombinant HA) 

Flubock® FDA 

 Note: FDA; United States Food and Drug Administration, EMA; European Medicines Agency. 
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To overcome this incapacity, cell culture-based production systems are now 

being established (15, 16). Novel inactivated influenza vaccines have been developed 

by growing the influenza viruses in continuous cell lines, such as Madin-Darby canine 

kidney (MDCK) epithelial cell line (78). This MDCK cell-based vaccine production 

has several advantages. For example, some of the influenza strains recommended for 

seasonal vaccines grow poorly in eggs, whilst the majority of them can be cultured in 

cell lines (79). Importantly, influenza isolates from egg-based manufactures undergo 

amino acid changes, which may affect their immunogenicity and finally their efficacy 

of the usage (79). Besides MDCK cells, some of these vaccines derived from African 

green monkey kidney (Vero) cell line and Sf9 insect cell line have been licensed in 

Europe or the USA (Table 3). 

2.2. MicroRNAs 

 2.2.1. Biogenesis 

 Primary microRNA transcripts (pri-miRNA) are synthesised from the 

transcription of microRNA genes by either RNA polymerase II or RNA polymerase 

III (Figure 8) (80, 81). The hallmarks of the pri-miRNAs transcribed by RNA 

polymerase II are polyadenylated and capped (82).  Mostly, a several hundred 

nucleotides long pri-miRNA contains a hairpin stem of 33 base-pairs, a terminal loop 

and two single-stranded flanking regions upstream and downstream of the hairpin 

(83).  

Following the transcription process, pri-miRNA is cleaved by the 

endonucleolytic activity of the nuclear microprocessor complex incorporated by the 

RNase III enzyme Drosha and the DGCR8 (DiGeorge critical region 8) protein (82). 
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The resulting shortened hairpin product termed as a pre-miRNA (precursor-miRNA) 

has a two-nucleotide overhang at its 3′ end (81). Alternatively, Drosha-mediated 

processing is not compulsory for the generation of pre-miRNAs in some non-

canonical pathways. A hairpin pre-miRNA might be formed and further processed in 

the cytoplasm with the bypass of Drosha cleavage when the transcript from the intron 

is processed by the action of the splicing machinery and the lariat debranching 

enzyme (83, 84). This Drosha-independent processing of the intron generates finally 

the microRNAs called mirtrons. 

 

Figure 8 Drosha-dependent biogenesis of microRNAs. MicroRNA genes are 

transcribed as pri-miRNAs by RNA Pol II in the nucleus. The pri-miRNAs are 

cleaved by Microprocessor, which includes DROSHA and DGCR8, to produce pre-

miRNAs. The pre-miRNAs are then translocated from the nucleus to the cytoplasm 

by XPO5 and further cleaved by DICER1. The guide strand of the miRNA duplex is 
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loaded into the RISC, which targets mRNAs by sequence complementary binding and 

mediates gene regulation through mRNA degradation and translational repression. 

 After nuclear processing, Exportin-5/Ran-GTP complex exports the pre-

miRNA into the cytoplasm (84). The pre-miRNA is also protected by Exportin-5 from 

nuclear digestion (84, 85). When pre-miRNA arrives in the cytoplasm, the assembly 

of the RNA-induced silencing complex (RISC) is processed by the RISC loading 

complex (RLC). RLC is a multiple-protein complex including the RNase Dicer, the 

core component Argonaute-2 (Ago2), the double-stranded RNA-binding domain 

proteins TRBP (Tar RNA binding protein) and PACT (protein activator of PKR) (86-

89). The RNase III Dicer further cleaves off the loop of the pre-miRNA, resulting in 

the generation of a roughly 22-nucleotide microRNA duplex with two nucleotides 

overhangs at each 3′ end (90). 

 After Dicer-dependent processing, the dissociation of Dicer and TRBP or 

PACT from the microRNA duplex takes place. Prior to the formation of RISC, the 

microRNA duplex is unwound and then separated into the guide strand that is 

complementary to the target mRNA and the passenger strand that is subsequently 

degraded. The functional asymmetry bias is affected by the thermodynamic stability 

of the base pairs at the two ends of the duplex. Therefore, the mature microRNA 

strand with the less stable base pair at its 5′ end in the duplex is loaded to form the 

active RISC that performs gene silencing (91). 

 2.2.2. Mechanisms of Action 

 MicroRNA is a small ∼22-nucleotide-long noncoding RNA that controls gene 

expression post-transcriptionally in animals, plants, and protozoa. In mammals, the 
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activity of more than 60% of all protein-coding genes are controlled by microRNA; 

therefore, this small non-coding RNA regulates almost every cellular process (92, 93). 

Base-pairing between microRNAs and their target mRNAs determines the fate of the 

target mRNAs (Figure 8). To illustrate, perfect complementary leads to direct 

endonucleolytic cleavage of the target mRNAs, whereas translation repression is a 

result of imperfect matching (94). In animals, Most of the 5′-proximal “seed” region 

(positions 2–8) located in the microRNA imperfectly hybridises with sequences in the 

3′-untranslated region (3′-UTR) of mRNAs (95). 

 Therefore, microRNA generally represses the synthesis of proteins either by 

translation inhibition and/or deadenylation along with subsequent degradation of 

mRNA targets (96, 97). Mature microRNAs function when incorporated into RISC 

with Ago2 and GW182 (glycine-tryptophan repeat-containing protein of 182 kDa) 

family proteins (96, 97). In the cytoplasm, components of RISC and mRNAs are 

accumulated into processing bodies (P bodies, also known as GW bodies), which is 

involved in the degradation of repressed mRNAs (98, 99). More specifically, the 

CCR4-NOT1 deadenylase complex interacts with the RISC to facilitate 

deadenylation. In addition, the 5′-terminal cap (m7G) is removed by the decapping 

DCP1-DCP2 complex, leading to instability and degradation of mRNA (100). 

 For microRNA-mediated repression of translation initiation, the RISC 

interferes with the recognition of eIF4F-cap together with the recruitment of 40S 

small ribosomal subunit. Moreover, the RISC prevents the formation of 80S 

ribosomal complex by antagonising 60S subunit joining (100). Besides the 

translational initiation step, The RISC represses translation at the step of post-
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initiation such as inhibition of ribosome elongation, induction of ribosome drop-off, 

or facilitating proteolysis of nascent polypeptides (100). 

 2.2.3. Virus-Host MicroRNA Interplay 

 MicroRNAs play important roles in cell fate determination, proliferation, and 

cell death. In addition to these vital processes, microRNAs involve in diverse cellular 

activities, such as immune response (101), insulin secretion (102), and viral 

replication (103). Upon viral infections, host microRNAs could modulate the 

infection in one of two ways (Figure 9). First, direct effect on viral regulation takes 

place when host microRNAs directly target different regions of viral RNAs. For 

instance, miRNA-17 binds to the 3' UTR of the Bovine Viral Diarrhea Virus genome, 

resulted in enhanced translation (104). On the other hand, miRNA-122 could stabilize 

Hepatitis C Virus RNA, thus enhancing translation through binding to the 5' UTR 

(105). Besides, the coding sequences of Porcine Reproductive and Respiratory Virus 

(PRRSV) could be directly targeted by microRNA-181, leading to impaired viral 

replication (106).  

Second, indirect effect involves modulation of cellular mRNA encoding a host 

factor required for one or several steps in the viral cycle. For example, miRNA-181 

could modulate viral receptor expression, regulating the entry of PRRSV (106). 

MicroRNA-33a regulates cofactors required for Japanese Encephalitis Virus 

replication (107), whilst microRNA-141 modulates cofactors involved in protein 

translation of Enterovirus 71 (108). In addition, microRNA-532 inhibits signaling 

factors related to self-defense apoptosis, thus enhancing the replication of West Nile 
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Virus (109).  Moreover, microRNA-144 could facilitate Influenza A virus replication 

through suppressing interferon-related genes (110). 

 

 

Figure 9 Direct and indirect effects of microRNAs on viral replication. Host 

microRNAs can affect viral infection directly by interacting with various regions of 

viral RNAs including the 3'-UTR, 5'-UTR, and the coding regions. On the other hand, 

microRNAs could indirectly impact viral infection by regulating host genes that play 

a role in viral replication. As a result, cellular microRNAs could have an enhancing 

(Green line-arrow) or inhibitory (Red T-bar) effect on viral infection. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER III  

RESEARCH METHODOLOGY 

 

3.1. Ethical Approval 

  This experimental study was not conducted in either animal models or human 

subjects. Therefore, the requirement for ethical clearance was exempted (IRB No. 

152/59) from the review of the Institutional Review Board (IRB) Faculty of Medicine, 

Chulalongkorn University.   

3.2. Cell Culture and Virus Inoculations 

 MDCK cells (ATCC; #CCL-34) were cultured in Dulbecco’s modified Eagle 

medium (DMEM; GE Healthcare Life Sciences) containing 10% fetal bovine serum 

(FBS; Gibco) and 1% (v/v) penicillin/streptomycin (Gibco) under 5% CO2 at 37°C. 

Upon reaching confluence, 5x104 cells were re-seeded per well in DMEM medium 

without antibiotics in 24-well plates. IAV subtypes pH1N1 (A/Thailand/104/2009), 

H3N2 (A/Thailand/CU-H1817/2010), IBV Victoria lineage (B/Thailand/CU-

B5522/2011), or IBV Yamagata lineage (B/Massachusetts/02/2012) was then 

prepared at the multiplicity of infection (MOI) of 0.01. When the cells reached 

approximately 80% confluences, the media were removed, and the cultures were 

washed with Phosphate Buffer Saline (PBS; Amresco). Each viral infection was 

performed in sextuplicate. One hundred microlitres of each viral suspension in 

overlay medium (DMEM supplemented with 0.2 µg/ml TPCK-treat trypsin (Sigma-

Aldrich)) was added into each well and then incubated under 5% CO2 at 37°C for 1 h 
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with periodically shaking. After incubation, the viral suspensions were removed from 

each well and then washed with PBS. Finally, the cells were cultured with fresh 

infection medium (DMEM supplemented with 0.2% (w/v) bovine serum albumin 

(BSA; Merck Millipore), and 0.2 µg/ml TPCK-treated trypsin) and incubated under 

5% CO2 at 37°C for 48 h. 

3.3. MicroRNA Extractions 

 The cells were collected at 6, 12, and 24 hours post-infection (hpi). Briefly, 

the cells were washed twice with PBS and then dissociated with 0.05% trypsin/ 

EDTA (Gibco). To extract microRNAs from the cell pellets, microRNA purification 

kit (Geneaid) was used according to the manufacturer’s instruction.  

Step 1 Cell lysis: Two hundred µl of lysis buffer (Geneaid) was added to the 

cell pellets, and then vortexed vigorously until the pellets were dissolved completely. 

The mixture was incubated at room temperature for 10 minutes. 

Step 2 RNA precipitation: The mixture was added with 20 µl of Mi buffer 

(Geneaid) and 180 µl of ddH2O saturated phenol (Invitrogen) and 40 µl of chloroform 

(Merck Millipore). The mixture was vortexed vigorously for 2 minutes and then 

centrifuged at 14,000 x g for 3 minutes. The upper phase was transferred to a clean 

1.5 ml microcentrifuge tube. A 35% volume of absolute ethanol (Merck Millipore) 

was added to the upper phase and mixed well by shaking vigorously. 

Step 3 RNA binding: An RNA column (Geneaid) was placed in a 2 ml 

collection tube (Geneaid), the ethanol-added mixture was added to the RNA column. 

After incubated for one minute at room temperature, the RNA column was then 

centrifuged at 14,000 x g for 30 seconds. The filtrate was transferred to a new 1.5 ml 
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microcentrifuge tube. A 70% volume of absolute ethanol was added to the filtrate and 

mixed well by shaking vigorously. A new RNA column was placed in a 2 ml 

collection tube, then the ethanol-added mixture was added to the RNA column. After 

incubated for one minute at room temperature, the column was centrifuged at 14,000 

x g for 30 seconds to allow the microRNA to bind to the RNA column membrane.  

Step 4 Washing: Ethanol-added wash buffer (Geneaid) was added to the RNA 

column. After incubated for one minute at room temperature, the column was 

centrifuged at 14,000 x g for one minute to completely remove the liquid residue. 

After that, the RNA column was placed in a clean 1.5 ml microcentrifuge tube.  

Step 5 MicroRNA elution: Fifty µl of release buffer (pre-heated to 65ºC) was 

added into the centre of the RNA column. After incubated for 3 minutes at room 

temperature, the column was centrifuged at 14,000 x g for 3 minutes to recover the 

microRNA. The concentration of microRNAs was quantified using Qubit fluorometer 

(Invitrogen) with a Qubit™ microRNA assay kit (Invitrogen).  

3.4. DNA Library Preparation and High-Throughput Sequencing 

 Purified microRNAs from the cells infected with the same viral strains and the 

same time-point were pooled together (n = 6).  One hundred ng of the microRNAs 

from each group were used to construct the libraries with different indexes, according 

to a NEBNext® Multiplex Small RNA Library Prep Set for Illumina® (New England 

BioLabs).  

Step 1 The 3´ SR Adaptor ligation: 

(a) The 3´ SR Adaptor for Illumina was diluted (1:2) with nuclease-

free water. 
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(b) The following components were prepared in a total volume of 7 µl 

in a sterile nuclease-free PCR tube: 

• Input microRNA (100 ng)   1–6  µl 

• Diluted 3´ SR Adaptor for Illumina    1  µl 

• Nuclease-free water    variable 

(c) The mixture was incubated in a preheated thermal cycler for 2 

minutes at 70°C and then transferred the tube to ice. 

(d)  To make a total volume of 20 µl, the following components were 

added into the mixture: 

• 3´ Ligation Reaction Buffer (2X)   10  µl 

• 3´ Ligation Enzyme Mix    3  µl 

(e) The mixture was incubated for 1 hour at 25°C in a thermal cycler. 

Step 2 The reverse transcription primer hybridization: 

(a) The SR RT Primer for Illumina was diluted (1:2) with nuclease-

free water. 

(b) To make a total volume of 25.5 µl, the following components were 

added into the ligation mixture from the step 1 and mixed well: 

• Nuclease-Free Water    4.5  µl 

• SR RT Primer for Illumina    1  µl 

(c) The samples were placed in a Nexus GSX1 (Eppendorf) 

thermocycler with heated lid set to > 85°C, and heated with the 

following program: 5 minutes at 75°C; 15 minutes at 37°C; 15 

minutes at 25°C; hold at 4°C. 

Step 3 The 5' SR Adaptor ligation: 
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(a) With 5 minutes remaining, the 5´ SR Adaptor was resuspended in 

120 µl of nuclease-free water. After that, the 5´ SR Adaptor was 

diluted (1:2) with nuclease-free water. 

(b) The 5´ SR Adaptor was aliquoted into a separate, nuclease-free 200 

µl PCR tube, for the number of samples in the experiment plus an 

excess of 10%. 

(c) The aliquoted 5´ SR Adaptor was denatured in the thermal cycler at 

70°C for 2 minutes and then immediately placed on ice.  

(d) To make a total volume of 30 µl, the following components were 

added into the ligation mixture from the step 2 and mixed well: 

• 5´ SR Adaptor for Illumina (denatured)  1  µl 

• 5´ Ligation Reaction Buffer (10X)  1  µl 

• 5´ Ligation Enzyme Mix    2.5  µl 

(e) The samples were incubated for 1 h at 25°C in the thermal cycler.  

Step 4 First-strand synthesis: 

(a) To make a total volume of 40 µl, the following components were 

mixed in a sterile, nuclease-free tube: 

• Adaptor Ligated RNA from Step 3  30  µl 

• First-Strand Synthesis Reaction Buffer  8  µl 

• Murine RNase Inhibitor    1  µl 

• ProtoScript IIReverse Transcriptase   1  µl 

(b) The mixture was incubated for 60 minutes at 50°C, followed by 

immediately proceeded to PCR amplification. 

Step 5 PCR amplification: 
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(a) To make a total volume of 100 µl, the RT reaction mix from Step 4 

was well mixed with the following components:  

• LongAmp Taq 2X Master Mix   50  µl 

• SR Primer for Illumina    2.5  µl 

• Index (X) Primer     2.5  µl 

(b) The samples were run on the Nexus GSX1 (Eppendorf) 

thermocycler with the following PCR cycling conditions: 

Cycle Step Temp Time Cycles 

Initial denaturation 94°C 30 sec 1 

Denaturation 

Annealing 

Extension 

94°C 

62°C 

70°C 

15 sec 

30 sec 

15 sec 

 

15 

Final extension 70°C 5 min 1 

Hold 4°C ∞  

  

Step 6 PCR Clean-up 

(a) The PCR-amplified cDNA construct (100 µl) from Step 6 was 

purified using a QIAquick PCR Purification Kit (Qiagen). To start, 

500 µl (5X volume) Buffer PB was added to 100 µl (1X volume) 

of the PCR reaction.  

(b) To bind DNA, a QIAquick column was placed in a provided 2 ml 

collection tube, and the mixture was added to the QIAquick 

column.  The column was centrifuged at 17,900 x g for 1 min. The 

flow-through was discarded, and the QIAquick column was placed 

back in the same tube.  

(c) To wash, 750 µl of Buffer PE was added to the QIAquick column 

and centrifuged at 17,900 x g for 1 min. The flow-through was 
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discarded, and the QIAquick column was placed back into the 

same tube.  

(d) The QIAquick column was centrifuged at 17,900 x g once more in 

the provided 2 ml collection tube for 1 min to remove residual 

wash buffer.  

(e) Each QIAquick column was placed in a new clean 1.5 ml 

microcentrifuge tube. To elute the amplified DNA, 27.5 µl of 

nuclease-free water to the center of the QIAquick membrane and 

centrifuge the column for 1 min.  

Step 7 Size selection: 

(f) The purified PCR reaction (25 µl) was added with 32.5 μl (1.3X 

volume) of resuspended AMPure XP beads (Beckman Coulter) and 

mixed well on by pipetting up and down at least 10 times. 

(g) The mixture was incubated for 5 minutes at room temperature. 

(h) The tube was placed on a magnetic stand (Invitrogen) to separate 

beads from the supernatant. After the solution was clear (about 5 

minutes), the supernatant (57.5 µl) was carefully transferred to a 

new tube. The beads that contain the large DNA fragments were 

discarded. 

(i) The supernatant (57.5 μl) was mixed well with 92.5 μl (3.7X 

volume) of resuspended AMPure XP beads and incubated for 5 

minutes at room temperature. 

(j) The tube was placed on the magnetic stand to separate beads from 

supernatant. After the solution is clear (about 5 minutes), the 
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supernatant was carefully removed and discarded. The beads that 

contain DNA targets were kept in the tube.  

(k) Two hundred μl of freshly prepared 80% ethanol was added to the 

tube with beads while in the magnetic stand. The sample was 

incubated at room temperature for 30 seconds, and then the 

supernatant was carefully removed and discarded. 

(l) Step (h) was repeated once. 

(m) The tube was briefly spun and then put back in the magnetic stand. 

(n) The residual ethanol was completely removed, and the beads were 

air -dried for up to 10 minutes while the tube was on the magnetic 

stand with lid open. 

(o) The DNA target was eluted from the beads with 15 μl nuclease-free 

water, and mixed well by pipetting up and down, incubate for 2 

minutes and put the tube in the magnetic stand until the solution 

was clear. 

(p)  The supernatant was transferred to a clean PCR tube. 

The concentration of DNA libraries was quantified by using KAPA Library 

Quantification Kits for Illumina® Platform (Kapa Biosystems). The DNA libraries 

were pooled together with equal concentration, and then single-end sequenced (50 

cycles) on a MiSeq Benchtop Sequencer (Illumina). 

3.5. Data Analysis of High-Throughput Sequencing  

 The primary analysis of sequencing data was performed using MiSeq reporter 

software version 2.4. While low-quality reads with Q-score < 30 were excluded, low-

quality regions of sequences were trimmed by the software. The passing filtered reads 
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with Q-score ≥ 30 were aligned with canine genomic DNA from CanFam 3.1, mature 

& precursor canine microRNAs from miRbase (111) and contaminant RNA (tRNA, 

rRNA and mRNA). The sequencing reads matching to canine genomic DNA and 

contaminant RNA were discarded, whereas the reads matching to the microRNA 

database were considered as microRNAs. The microRNAs were identified and 

counted based on the number of reads matching to the miRBase (www.miRbase.org/). 

As described in previous work (112), differential expression compared between the 

virus-infected group and mock-infected control was calculated in terms of fold 

changes.   

 

3.6. Quantification of MicroRNAs by Reverse Transcriptase-Quantitative 

Polymerase Chain Reaction (RT-qPCR) 

Prior to detecting the expression levels of candidate microRNAs, 100 µg of 

the microRNAs was polyuridylated by poly(U) polymerase (New England Biolabs). 

The following components were combined in a sterile microcentrifuge tube: 

• 10X NE buffer 2 (New England Biolabs)   2.5  μl 

• 50 mM UTP (Thermo Scientific)    0.25  μl 

• Small RNAs      100 ng 
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• 40 U/µl RiboLock RNase Inhibitor (Thermo Scientific)  1 µl 

• 2 U/µl Poly(U) Polymerase (New England Biolabs) 1  µl 

• Nuclease-free water    up to  25 µl 

The mixture was incubated at 37°C for 10 min. To generate cDNA, 12.3 µl of 

the microRNAs tailed with poly(U) was added with 0.2 µl of 10 µM stem-loop (SL) 

poly(A) primer (5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGAT       

ACGAC-3') (113). The mixture was then incubated at 65°C for 5 min, chilled on ice 

for 2 min. After that, the following components for reverse transcription were 

combined: 

• 5X Reaction Buffer (Thermo Scientific)   4  µl 

• 40 U/µl RiboLock RNase Inhibitor (Thermo Scientific)  0.25 µl 

• dNTPs Mix, 10 mM each (Thermo Scientific)  2  µl 

• 200 U/µl RevertAid Reverse Transcriptase (Thermo Scientific) 1 

µL 

The reverse transcription was performed at 42°C for 1 hour, followed by heat 

inactivation at 70°C for 10 min. The expression of microRNAs was determined by 

real-time PCR. The following components were prepared for the qPCR reaction: 

• 2X Luna qPCR Master Mix (New England BioLabs) 5  µl 

• 10 µM MicroRNA-specific forward primers   0.25 µl 

(Primer sequences are shown in Table 4.) 

• 10 µM Reverse primer (miRNA-qPCR_R)   0.25 µl 

• cDNA template      1 µl 

• Nuclease free water    Up to 10 µl 
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The real-time PCR amplification was conducted on Step One Plus™ Real-

time PCR Systems (Applied Biosystems). The real-time PCR conditions were 

described as follows: initial denaturation stage (95°C, 5 min); cycling stage (Table 4); 

and the melt curve stage. The expression of canine RNA U6 Small Nuclear 2 (RNU6-

2) was measured as an internal control for microRNAs and mock-infected group were 

used as a calibrator sample. The results were analyzed using StepOne™ Software 

v.2.2 analysis. The expression ratio was calculated by comparative ∆∆Ct method. All 

samples were evaluated in triplicate. 

Table 4 Primers and PCR conditions used for microRNA quantification. 

Primers Nucleotide Sequences (5'-3') PCR Cycling Stage (40 cycles) 

Cfa-miR-17_F GCAGTGAAGGCACTTGTAG 95°C 15 sec, 58°C 30 sec, 62°C 30 sec 

Cfa-miR-33b_F TGCATTGCTGTTGCATTGC 95°C 15 sec, 58°C 30 sec, 62°C 30 sec 

Cfa-miR-122_F TGGAGTGTGACAATGGTGT 95°C 15 sec, 60°C 30 sec, 62°C 30 sec 

Cfa-miR-125b-

2//125b-1_F 
CCTGAGACCCTAACTTGTG 95°C 15 sec, 60°C 30 sec, 62°C 30 sec 

Cfa-miR-132_F CAGTCTACAGCCATGGTCG 95°C 15 sec, 62°C 30 sec, 72°C 30 sec 

Cfa-miR-146b_F GAGAACTGAATTCCATAGGC 95°C 15 sec, 62°C 30 sec, 72°C 30 sec 

Cfa-miR-181a_F ATTCAACGCTGTCGGTGAG 95°C 15 sec, 58°C 30 sec, 62°C 30 sec 

Cfa-miR-197_F ACCACCTTCTCCACCCAG 95°C 15 sec, 58°C 30 sec, 62°C 30 sec 

Cfa-miR-215_F TGACCTACGAATTGATAGACA 95°C 15 sec, 55°C 30 sec, 62°C 30 sec 

Cfa-miR-339-1_F CCCTGTCCTCCAGGAGC  95°C 15 sec, 62°C 30 sec, 80°C 30 sec 

Cfa-miR-320_F GCTGGGTTGAGAGGGCGA 95°C 15 sec, 58°C 30 sec, 62°C 30 sec 

Cfa-miR-340_F TTATAAAGCAATGAGACTGATT 95°C 15 sec, 60°C 30 sec, 62°C 30 sec 

Cfa-miR-361_F TCAGAATCTCCAGGGGTAC 95°C 15 sec, 58°C 30 sec, 62°C 30 sec 

Cfa-miR-500_F GCACCTGGGCAAGGATTCT 95°C 15 sec, 58°C 30 sec, 62°C 30 sec 

Cfa-miR-543_F CATTCGCGGTGCACTTCTT 95°C 15 sec, 55°C 30 sec, 62°C 30 sec 

Cfa-miR-1249_F CCTTCCCCCCCTTCTTCA 95°C 15 sec, 58°C 30 sec, 62°C 30 sec 

Cfa-miR-1307_F GCGTGGCGTCGGTCGTG 95°C 15 sec, 58°C 30 sec, 72°C 30 sec 

Cfa-miR-1839_F GGTAGATAGAACAGGTCTTG 95°C 15 sec, 58°C 30 sec, 72°C 30 sec 

Cfa-miR-1842_F CTCTGCGAGGTCAGCTCA 95°C 15 sec, 58°C 30 sec, 62°C 30 sec 

Cfa-miR-2483_F CAACCATCCAGCTGTTTGA 95°C 15 sec, 58°C 30 sec, 62°C 30 sec 
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Primers Nucleotide Sequences (5'-3') PCR Cycling Stage (40 cycles) 

Cfa- RNU6-2 _F CTCGCTTCGGCAGCACA 95°C 15 sec, 55°C 30 sec, 62°C 30 sec 

Cfa-miRNA-

qPCR_R 
TGCGGATAACAATTTCACACA - 

 

3.7. Transfection of MicroRNA Inhibitors 

To antagonize the silencing effects of candidate microRNAs on viral genes, 

miR-146b inhibitor (Dharmacon; #IH-300754-05-0005), miR-197 inhibitor (Ambion; 

#MH10354), miR-215 inhibitor (Ambion; MH15318), miR-340 inhibitor 

(Dharmacon; #IH-301081-02-0005) and negative control inhibitor (Dharmacon; #IN-

001005-01-05) were transfected into MDCK cells using Lipofectamine® 2000 

transfection agent (Invitrogen). Briefly, MDCK cells were seeded at 0.5 x 105 cells/ 

well on a 24-well plate and cultured under 5% CO2 at 37°C for 18 h. After incubation, 

20 pmol of each microRNA inhibitor was diluted in 50 μl of Opti-MEM® Medium 

(Invitrogen) without serum. Meanwhile, one μl of Lipofectamine® 2000 reagent added 

with 50 μl of Opti-MEM® Medium was incubated for 20 min at room temperature. 

After the 5-min incubation, the diluted microRNA inhibitor was combined with the 

diluted Lipofectamine® 2000. The mixture was then incubated for 20 min at room 

temperature. With 5 min remaining, the cell media were replaced with 400 μl of Opti-

MEM® Medium. Afterwards, 100 μl of the oligomer-Lipofectamine® 2000 complex 

was added to each well containing cells and medium. Following the treatment of 

microRNA inhibitors under 5% CO2 at 37°C for 4 h, the cells were then infected at 

the MOI of 0.01 for 48 h with influenza virus A/Thailand/104/2009 (pH1N1), 

A/Thailand/CU-H1817/2010 (H3N2), B/Thailand/CU-B5522/2011 (Victoria lineage), 

and B/Massachusetts/02/2012 (Yamagata lineage). Viral supernatants were subjected 
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to the determination of viral titer by RT-qPCR and ELISA. The experiments were 

performed in triplicates. 

3.8. Construction of Silencing Plasmids 

To produce microRNA expressing vectors, pSilencer 3.0-H1 (Ambion) was 

used as a vector backbone (Appendix A).  

Step 1 Plasmid linearization: pSilencer 3.0-H1 was cut with restriction 

enzymes BamHI (New England BioLabs) and HindIII (New England BioLabs). The 

following components were prepared in a sterile 1.5-ml microcentrifuge tube: 

• pSilencer 3.0-H1     1 μg 

• BamHI      1 μl 

• HindIII      1 μl 

• 10X Tango buffer (New England BioLabs) 2 μl 

• Nuclease-free water   Up to 20 μl 

The mixture was then incubated at 37°C for 4 h. After that, the plasmids were 

purified by 1% agarose gel electrophoresis. The gel slice containing the linearized 

plasmids (2,795 bp) was cut and extracted by HiYield™ Gel/ PCR Fragments 

Extraction kit (RBC Bioscience), according to the manufacturer’s protocol. Briefly, 

300 mg of the gel slice was into a microcentrifuge tube and added with 500 μl of DF 

Buffer. The gel slice was incubated at 55°C for 10-15 minutes until completely 

dissolved. Then, 800 μl of the sample mixture was applied into the DF Column which 

was placed in a collection tube. The tube was centrifuged at 10,000 x g for 30 

seconds. The flow-through was discarded, and the DF Column was placed back in the 

collection tube. After that, 600 μl of Ethanol-added Wash Buffer was added to the DF 
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Column. The tube was centrifuged at 10,000 x g for 30 seconds. The flow-through 

was discarded, and the DF Column was placed back in the collection tube. The tube 

was centrifuged again for 2 minutes at 10,000 x g to dry the column matrix. The dried 

DF Column was transferred into a new microcentrifuge tube. Thirty μl of Elution 

Buffer was added to the center of the column matrix. After being allowed to stand for 

2 min, the tube was centrifuged for 2 min at full speed to elute purified DNA. 

Step 2 Oligonucleotide annealing: Meanwhile, the top-strand and bottom-

strand oligonucleotides (Table 5) were annealed with the following components: 

• 10 nM Top-strand oligonucleotide  10 μl 

• 10 nM Bottom-strand oligonucleotide  10 μl 

• 5X rapid Ligation buffer (Thermo Scientific) 5 μl 

The mixture was heated in a thermocycler at 90°C for 5 min, followed by 

annealing at 25°C for 1 hour. 

Table 5 Oligonucleotides used for the construction of silencing plasmids. 

Oligonucleotides1 Nucleotide sequences (5'-3') 

Cfa-miR-146b_TS 
GATCCGTGAGAACTGAATTCCATAGGCTGTGAGCTTGAGCA 

AACAGCCTAGGGACTCAGTTCTGGTTTTTTGGAAA 

Cfa-miR-146b_BS 
AGCTTTTCCAAAAAACCAGAACTGAGTCCCTAGGCTGTTTG 

CTCAAGCTCACAGCCTATGGAATTCAGTTCTCACG 

Cfa-miR-197_TS 

GATCCGCGGGTAGAGAGGGCAGTGGGAGGTAAGAGCTCTT 

CACCCTTCACCACCTTCTCCACCCAGCTTTTTTGGAAA  

GATCCGCGGGTAGAGAGGGCAGTGGGAGGTAAGAGCTCTT 

CACCCTTCACCACCTACCCAGCTTTTTTGGAAA 

Cfa-miR-197_BS 
AGCTTTTCCAAAAAAGCTGGGTGGAGAAGGTGGTGAAGGG 

TGAAGAGCTCTTACCTCCCACTGCCCTCTCTACCCGCG 

Cfa-miR-215_TS 
GATCCATGACCTACGAATTGATAGACAATTTGGCTAAGTTT 

GTCTGTCATTTTTGTAGGCCATTTTTTGGAAA 

Cfa-miR-215_BS AGCTTTTCCAAAAAATGGCCTACAAAAATGACAGACAAACT 
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Oligonucleotides1 Nucleotide sequences (5'-3') 

TAGCCAAATTGTCTATCAATTCGTAGGTCATG 

Cfa-miR-340_TS 
GATCCGTTATAAAGCAATGAGACTGATTGTCATGTGTCGGT 

TGTGGGATCCGTCTCAGTTACTTTATAGTTTTTTGGAAA 

Cfa-miR-340_BS 
AGCTTTTCCAAAAAACTATAAAGTAACTGAGACGGATCCCA 

CAACCGACACATGACAATCAGTCTCATTGCTTTATAACG 

Cfa-miR-Scramble_TS 
GATCCGCAGGTCTTTCATCTAGAACGATGCGGGTTCAAGAG 

ACCCGCATCGTTCTAGATGAAAGACCTGTTTTTTGGAAA 

Cfa-miR-Scramble_BS 
AGCTTTTCCAAAAAACAGGTCTTTCATCTAGAACGATGCGG 

GTCTCTTGAACCCGCATCGTTCTAGATGAAAGACCTGCG 

siLuc/Luc2_TS 
GATCCCACCCCAACATCTTCGACGTTCAAGAGACGTCGAAG 

ATGTTGGGGTGTTTTTTGGAAA 

siLuc/Luc2_BS 
AGCTTTTCCAAAAAACACCCCAACATCTTCGACGTCTCTTG 

AACGTCGAAGATGTTGGGGTGG 

1 Abbreviations: TS: Top Strand: BS; Bottom Strand  

Step 3 Ligation: The annealed fragment was ligated into linearized 

pSilencer3.0-H1 at the molar ratio of 3 (DNA insert): 1 (pSilencer3.0-H1). The 

ligation reaction was performed with T4 DNA ligase (Thermo Scientific) at 22°C for 

30 min, according to the manufacturer’s protocol. 

 Step 4 Transformation: The plasmids were transformed into E. coli strain 

JM109 competent cells (RBC Bioscience) by heat shock method. Briefly, 5 μl of 

DNA ligates was added to 50 µl of competent cells. The mixture was incubated for 30 

min on ice, followed by heat shock at 42°C for 45 sec and 5 min on ice.  After that, 

980 µl of SOC media supplemented with 10 μl of 2 M MgCl2 and 10 μl of 2 M 

Glucose was added to the mixture. The transformant was incubated at 37°C with 

shaking at 200 rpm for 1 h. After that, the transformant was spread on an LB agar 

plate containing Ampicillin and incubated at 37°C overnight. After incubation, the 

colonies were picked into a 1.5-ml LB broth for liquid culture and incubated at 37°C 

with overnight shaking. 
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Step 5 Plasmid extraction: The plasmid DNA was extracted using HiYield™ 

Plasmid Mini Kit (RBC Bioscience). Bacterial culture in the LB broth was transferred 

to a sterile microcentrifuge tube. The tube was centrifuged for 1 min at 10,000 x g, 

followed by removal of the supernatant. After that, 200 μl of RNase-added PD1 

Buffer was added to the cell pellet and resuspended by vortexing. The mixture was 

added with 200 μl of PD2 Buffer and mixed gently by inverting the tube 10 times, 

followed by incubation for 2 minutes at room temperature. For neutralization, 300 μl 

of PD3 Buffer was added and mixed immediately by inverting the tube 10 times. The 

mixture was then centrifuged for 2 min at 10,000 x g. The supernatant was added to 

the PD Column which was placed on a 2-ml collection tube. The clear lysate was 

centrifuged at 10,000 x g for 30 seconds. The flow-through was discarded, and the PD 

Column was placed back to the collection tube. To wash, 400 μl of W1 Buffer was 

added in the PD Column and centrifuged at 10,000 x g for 30 seconds. The flow-

through was discarded, and the PD Column was returned to the collection tube. After 

that, 600 μl of Ethanol-added Wash Buffer was applied to PD Column and 

centrifuged at 10,000 x g for 30 Seconds. The flow-through was discarded, and the 

PD Column was placed back to the collection tube. To dry the column matrix, the 

tube was centrifuged again for 3 min at 10,000 x g. The dried PD Column was placed 

to a clean 1.5ml microcentrifuge tube. Then, 50 μl of Elution Buffer was directly 

added onto the centre of the membrane. After being allowed to stand for 2 min, the 

tube was centrifuged for 2 min at 10,000 x g to elute plasmid DNA. The concentration 

of each plasmid was measured by NanoPhotometer® (Implen). To confirm the 

recombinant vectors, the nucleotide inserts were investigated by Sanger sequencing. 
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3.9. Transfection of Silencing Plasmids 

 For upregulation of microRNA activity, pSilencer 3.0-H1 expressing cfa-

miRNA-146b (denoted by pSilencer_miR-146b), pSilencer_miR-197, pSilencer_miR-

215, pSilencer_miR-340, or pSilencer_Scramble was transfected into MDCK cells 

using TurboFect™ Transfection reagent. Briefly, MDCK cells were seeded at 0.5 x 

105 cells/ well on a 24-well plate and cultured under 5% CO2 at 37°C for 18 h. After 

overnight incubation, 1 μg of each silencing plasmid was diluted with 100 μl of Opti-

MEM® Medium without serum in a sterile microcentrifuge tube. Two μl of 

TurboFect™ Transfection reagent was diluted to the plasmid DNA and mixed well 

immediately. The mixture was incubated for 20 min at room temperature. With 5 min 

remaining, the cell media were replaced with 900 μl of Opti-MEM® Medium. After 

incubation, 100 µL of the transfection reagent/silencing plasmid mixture was added to 

each well containing cells and medium. Following the treatment of silencing plasmids 

under 5% CO2 at 37°C for 4 h, the cells were then infected at the MOI of 0.01 for 48 

h with influenza virus A/Thailand/104/2009 (pH1N1), A/Thailand/CU-H1817/2010 

(H3N2), B/Thailand/CU-B5522/2011 (Victoria lineage), and 

B/Massachusetts/02/2012 (Yamagata lineage). Viral supernatants were subjected to 

the determination of viral titer by RT-qPCR and ELISA. The experiments were 

performed in triplicate. 

3.10. Viral RNAs Extraction 

 To isolate viral RNAs, GenUP™ viral RNA extraction kit (Biotechrabbit) was 

used, following the manufacturer’s instruction. Firstly, 450 μl of fresh CARRIER-

Buffer LYSIS LR mix was transferred to a sterile microcentrifuge tube. One-hundred 
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fifty microlitres of each viral supernatant was applied to the tube, followed by the 

addition of 20 μl of Proteinase K. After incubated at room temperature for 10 min, the 

sample mixture was centrifuged at 12,000 x g for 1 min to collect the liquid phase at 

the bottom of the tube. After that, 600 μl of Buffer BINDING BR was added to the 

lysate. The mixture was applied to a MiniFilter placed in a collection tube, then 

centrifuged at 10,000 x g for 1 min. The MiniFilter was placed in a new collection 

tube and was added with 500 μl of Ethanol-added WASH A Buffer. After centrifuged 

at 10,000 x g for 1 min, the MiniFilter was placed in a new collection tube and added 

with 650 μl of Ethanol-added WASH B Buffer. The tube was centrifuged at 10,000 x 

g for 1 min. To remove residual ethanol, the MiniFilter placed in a new collection 

tube was centrifuged again for 3 min. After that, the MiniFilter was placed into an 

Elution tube, and 60 μl of nuclease-free water (pre-heated at 70°C) was added. After 

being allowed to stand for 2 min, the tube was centrifuged at 8,000 x g for 1 min to 

collect viral RNAs.  

3.11. Quantification of Viral Genes by RT-qPCR 

To generate cDNA, 12.3 µl of viral RNAs was added with 0.2 µl of 10 µM 

UniFlu_cDNA (5'- IAGCARAAGC-3'). The mixture was then incubated at 65 °C for 

5 min, chilled on ice for 2 min. After that, the following components for reverse 

transcription were combined: 

• 5X Reaction Buffer (Thermo Scientific)   4  µl 

• 40 U/µl RiboLock RNase Inhibitor (Thermo Scientific)  0.25 µl 

• dNTPs Mix, 10 mM each (Thermo Scientific)  2  µl 
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• 200 U/µl RevertAid Reverse Transcriptase (Thermo Scientific) 1 

µl 

The reverse transcription was performed at 42℃ for 1.5 hours, followed by 

heat inactivation at 70℃ for 10 min. The expression of the viral genes was 

determined by real-time PCR. The following components were prepared for qPCR 

reaction: 

• 2X Luna qPCR Master Mix (New England BioLabs) 5  µl 

• 10 µM Forward primer      0.25 µl 

• 10 µM Reverse primer      0.25 µl 

(Primer sequences are shown in Table 6.) 

• cDNA template or plasmid    1 µl 

• Nuclease-free water    Up to 10 µl 

The real-time PCR conditions were described as follows: initial denaturation 

stage (95℃, 2 min); cycling stage (Table 6); and the melt curve stage. RBC T&A 

cloning vector carrying Flu A M gene or Flu B PB1 gene was constructed and 

denoted by pFlu A_M or pFlu B_PB1, respectively. The concentration of the plasmids 

was measured using NanoPhotometer® (Implen), and the corresponding copy number 

was calculated (114). A 10-fold serial dilution series of the pFlu A_M or pFlu B_PB1, 

ranging from 1 × 109 to 1 × 103 copies/μl, was used to create the standard curves.  

The real-time PCR amplification was conducted on Step One Plus™ Real-

time PCR Systems (Applied Biosystems). The Ct values were plotted against the 

logarithm of their initial template copy numbers. Each standard curve was generated 

by linear regression of the plotted points. Absolute quantification determines the exact 
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copy concentration of the target genes by relating the Ct value to a standard curve. 

The copy concentration of M gene was used for quantification of IAV, whereas PB1 

copy number was detected for IBV quantification. The results were analyzed using 

StepOneTM Software v.2.2 analysis, and comparative fold change between each 

group was reported (115). All samples were evaluated in triplicate. 

 Table 6 Primers and PCR conditions used for viral RNA quantification. 

Primers1 Nucleotide Sequences (5'-3') PCR Cycling Stage (40 cycles) 

Flu A_M_F151 CATGGARTGGCTAAAGACAAGACC 

95°C 15 sec, 60°C 20 sec, 72°C 30 sec 
Flu A_M_R276 

ATTTAGGTGACACTATAGAGGGCATT

YTGGACAAAKCGTCTA 

Flu B_PB1_F269 AGGCTTTGGATAGAATGGATGA 
95°C 15 sec, 57°C 20 sec, 72°C 30 sec 

Flu B_PB1_R385 AAGTCTGTCTCCCCTGGGTT 

1 Abbreviations: F: Forward Strand; R: Reverse Strand  

3.12. Quantification of Viral Proteins by Enzyme-Linked Immunosorbent Assay 

(ELISA) 

 Influenza A H1N1 (Swine Flu 2009) HA ELISA Pair Set (Sino Biological; 

#SEK001), Influenza A H3N2 HA ELISA Pair Set (Sino Biological; #SEK11056) and 

Influenza B HA ELISA Pair Set (Sino Biological; #SEK11053) were used for 

quantification of viral yields.  

 Step 1 Plate preparation: 

(a) The capture antibody was diluted to the working concentration in 

PBS as follows: 

• Mouse anti-influenza A H1N1 HA antibody 2 μg/ml 

• Rabbit anti-influenza A H3N2 HA antibody 2 μg/ml 

• Mouse anti-influenza B HA antibody  2 μg/ml 
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After coated with 100μl per well of the diluted capture antibody, 

Nunc-Immuno 96-well plates (Thermo Scientific) were sealed and 

incubated overnight at 4°C. 

(b) The capture antibody in each well was aspirated, and the wells 

were washed with at least 300 μl wash buffer (0.05% Tween20 in 

TBS), repeating the process two times for a total of three washes. 

After the last wash, the plates were inverted and blotted against 

clean paper towels to remove the remaining wash buffer. 

(c) The plates were blocked by adding 300 μl of blocking buffer (2% 

BSA in wash buffer) to each well. Blocking process was performed 

Incubated at room temperature for 1 hour. 

(d) The blocking buffer in each well was aspirated, and the wells were 

washed with at least 300 μl wash buffer (0.05% Tween20 in TBS), 

repeating the process two times for a total of three washes. After 

the last wash, the plates were inverted and blotted against clean 

paper towels to remove the remaining wash buffer. 

Step 2 Standard preparation: A seven-point standard curve using 2-fold serial 

dilutions in sample dilution buffer (0.1% BSA in wash buffer) with a high 

standard of the following concentration was prepared: 

• Recombinant influenza A H1N1 HA  1,000 pg/ml 

• Recombinant influenza A H3N2 HA 25,000 pg/ml 

• Recombinant influenza B HA   4 ng/ml 

Step 3 Assay procedure:  
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(a) One hundred μL of samples or standards in sample dilution buffer 

was added per well. The plates were sealed and incubated for 2 h at 

room temperature. 

(b) The samples or standards in each well were aspirated, and the wells 

were washed with at least 300 μl wash buffer (0.05% Tween20 in 

TBS), repeating the process two times for a total of three washes. 

After the last wash, the plates were inverted and blotted against 

clean paper towels to remove the remaining wash buffer. 

(c) The detection antibody was diluted to the working concentration in 

antibody dilution buffer (0.5% BSA in wash buffer) as follows: 

• Rabbit anti-influenza A H1N1 HA antibody 0.8 μg/ml 

conjugated to horseradish-peroxidase (HRP) 

• Mouse anti-influenza A H3N2 HA antibody 0.8 μg/ml 

conjugated to HRP 

• Mouse anti-influenza B HA antibody  0.5 μg/ml 

conjugated to HRP 

After added with 100 μl per well of the diluted detection antibody, 

the plates were sealed and incubated for 1 hour at room 

temperature. 

(d) The detection antibody in each well was aspirated, and the wells 

were washed with at least 300 μl wash buffer (0.05% Tween20 in 

TBS), repeating the process two times for a total of three washes. 

After the last wash, the plates were inverted and blotted against 

clean paper towels to remove the remaining wash buffer. 
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(e) Two hundred μl of 1-Step™ Turbo TMB-ELISA Substrate Solution 

(Thermo Scientific) was added to each well, followed by 

incubation for 20 minutes at room temperature  

(f) Fifty μl of stop solution (2 N H2SO4) was added to each well. 

(g) The optical density of each well was immediately determined using 

a microplate reader set to 450 nm. 

3.13. In Silico Analysis of MicroRNA Target Prediction 

The genomes of influenza viruses A/Thailand/104/2009 (pH1N1), 

A/Thailand/CU-H1817/2010 (H3N2), B/Thailand/CU-B5522/2011 (Victoria lineage), 

B/Massachusetts/02/2012 (Yamagata lineage) were retrieved from NCBI and GISAID 

EpiFlu database. To predict the target sites, two web-based programs including 

miRBase (111), and RNAhybrid (116) were used on the basis of hybridization 

patterns between the microRNAs and viral genomes. Therefore, the criteria for the 

selection of microRNA targets were based on effective hybridization patterns, 

particularly at the seeding region, and minimum free energy (MFE) for base pairing 

less than -15.0 kcal/mol. The hybridization patterns obtained from RNAhybrid were 

classified into 4 categories including 5'-canonical, 5'-seed, 3'-compensatory and 

ineffective hybridization. Only the targeted viral genomes with patterned 

hybridization were selected as candidate targets for microRNAs.  

3.14. Construction of Reporter Vectors 

To produce reporter vectors, pmirGLO (Promega) was used as a vector 

backbone (Appendix B).  
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Step 1 Plasmid linearization: pmirGLO was cut with restriction enzymes NheI 

(New England BioLabs) and XhoI (New England BioLabs). The following 

components were prepared in a sterile 1.5-ml microcentrifuge tube: 

• pmirGLO      1 μg 

• NheI      1 μl 

• XhoI      1 μl 

• 10X Tango buffer (New England BioLabs) 2 μl 

• Nuclease-free water   Up to 20 μl 

The mixture was then incubated at 37°C for 4 h. Next, the plasmids were 

treated with 1 µl of Antarctic phosphatase (New England BioLabs) and 2.2 µl of 2X 

Antarctic Phosphatase Buffer (New England BioLabs), followed by incubation at 

37℃ for 30 min. After that, the plasmids were purified by 1% agarose gel 

electrophoresis. The gel slice containing the linearized plasmids (2,795 bp) was cut 

and extracted by HiYield™ Gel/ PCR Fragments Extraction kit (RBC Bioscience), 

according to the manufacturer’s protocol. Briefly, 300 mg of the gel slice was into a 

microcentrifuge tube and added with 500 μl of DF Buffer. The gel slice was incubated 

at 55°C for 10-15 min until completely dissolved. Then, 800 μl of the sample mixture 

was applied into the DF Column which was placed in a collection tube. The tube was 

centrifuged at 10,000 x g for 30 seconds. The flow-through was discarded, and the DF 

Column was placed back in the collection tube. After that, 600 μl of Ethanol-added 

Wash Buffer was added to the DF Column. The tube was centrifuged at 10,000 x g for 

30 seconds. The flow-through was discarded, and the DF Column was placed back in 

the collection tube. The tube was centrifuged again for 2 minutes at 10,000 x g to dry 

the column matrix. The dried DF Column was transferred into a new microcentrifuge 
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tube. Thirty microlitres of Elution Buffer was added to the center of the column 

matrix. After being allowed to stand for 2 min, the tube was centrifuged for 2 min at 

full speed to elute purified DNA. 

Step 2 Oligonucleotide annealing: Meanwhile, the top-strand and bottom-

strand oligonucleotides (Table 7) were annealed with the following components: 

• 10 nM Top-strand oligonucleotide   10 μl 

• 10 nM Bottom-strand oligonucleotide   10 μl 

• 5X rapid Ligation buffer (Thermo Scientific)  5 μl 

• T4 Polynucleotide Kinase (New England BioLabs) 1  µl 

The mixture was heated in a thermocycler at 90℃ for 5 min, 60°C for 2 min, 

followed by annealing at 37°C for 30 min.  

Step 3 Ligation: The annealed fragment was ligated into linearized pmirGLO 

at the molar ratio of 3 (DNA insert): 1 (pmirGLO). The ligation reaction was 

performed with T4 DNA ligase (Thermo Scientific) at 22°C for 30 min, according to 

the manufacturer’s protocol. Transformation and plasmid extraction steps were 

conducted, following the step 4 and step 5 of “3.8. Construction of Silencing 

Plasmids”. 

Table 7 Oligonucleotides used for the construction of reporter plasmids. 

Virus genes (position) Nucleotide sequences (5'-3') 

pH1N1_ PB2 _1979_TS CTAGAGGCAACCAAACGACTTACAGTTCTTG 

pH1N1_ PB2_1979_BS TCGACAAGAACTGTAAGTCGTTTGGTTGCCT 

pH1N1_PB1_2191_TS CTAGGAGTCTGGACGGATCAAGAAAGAAGAGTTCTCT 

pH1N1_PB1_2191_BS TCGAAGAGAACTCTTCTTTCTTGATCCGTCCAGACTC 

pH1N1_NA_693_TS CTAGTGCATGTGTAAATGGTTCTTG 

pH1N1_NA_693_BS TCGACAAGAACCATTTACACATGCA 

pH1N1_PB2_350_TS CTAGTAAAACTTATTTCGAAAAGGTCGA 
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3.15. Luciferase Reporter Assay 

For 3′-UTR reporter assay, MDCK cells were seeded at 104 cells/ well in media 

without antibiotic-antimycotic into 96-well plates and incubated for 24 h. For 

transfection into each well, pmirGLO and pSlilencer were diluted with Opti-MEM 

(Gibco), and then co-transfected into the MDCK cells by using Turbofect (Thermo 

Scientific), following the manufacturer’s instruction. Briefly, 300 μg of pSlilencer and 

75 μg of pmirGLO was diluted with 20 μl of Opti-MEM® Medium without serum in a 

sterile microcentrifuge tube. After that, 0.4 μl of TurboFect™ Transfection reagent 

was added to the plasmid DNA and mixed well immediately. The mixture was 

incubated for 20 min at room temperature. With 5 min remaining, the cell media were 

replaced with 200 μl of Opti-MEM® Medium. After incubation, 20 µl of the 

transfection reagent/plasmid DNAs mixture was added to each well containing cells 

pH1N1_PB2_350_BS TCGATCGACCTTTTCGAAATAAGTTTTA 

pH1N1_PB1_2155_TS CTAGGTGTCTAGGGCCCGGATTGATGCCAGGGTCGA 

pH1N1_PB1_2155_BS TCGATCGACCCTGGCATCAATCCGGGCCCTAGACAC 

H3N2_ PB2_ 865_TS CTAGATTGGCGGAACAAGGATGGTGGAC 

H3N2_ PB2_865_BS TCGAGTCCACCATCCTTGTTCCGCCAAT 

H3N2_ PB2_ 1447_TS CTAGAATGGGTGTGGATGAATACTCCAGTACAGAGAGGGTGGTGGT 

H3N2_ PB2_ 1447_BS TCGAACCACCACCCTCTCTGTACTGGAGTATTCATCCACACCCATT 

B5522_ PB1_2101_TS CTAGAGTGCATCATACAGGAAGCCAGTGGGTCAA 

B5522_ PB1_2101_BS TCGATTGACCCACTGGCTTCCTGTATGATGCACT 

B5522_ HA_98_TS CTAGCTGCTACTCAAGGGGAGGTCAA 

B5522_ HA_98_BS TCGATTGACCTCCCCTTGAGTAGCAG 

B5522_ NP_617_TS CTAGATGTCTGTTTCCAAAGGTCAAA 

B5522_ NP_617_BS TCGATTTGACCTTTGGAAACAGACAT 

Mass_PA_534_TS CTAGAACCTATGGCAAGTTCTCAT 

Mass_PA_534_BS TCGAATGAGAACTTGCCATAGGTT 

Mass_NP_973_TS CTAGAGGCCCTCTGTGGCGAGCAAAGTGGTTCTTC 

Mass_NP_973_BS TCGAGAAGAACCACTTTGCTCGCCACAGAGGGCCT 

Mass_NP_1290_TS CTAGTTCTTCTGGAACTCGGTTTTCT 

Mass_NP_1290_BS TCGAAGAAAACCGAGTTCCAGAAGAA 
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and medium. The transfected cells were incubated under 5% CO2 at 37ºC for 48 h, 

and then harvested. The assay was performed in triplicate. 

The dual-luciferase assay was conducted using Dual-Luciferase® Reporter Assay 

System (Promega) according to the manufacturer’s protocol. Briefly, the cells were 

washed with 100 µl of PBS and then added with 20 µl of Passive Lysis Buffer. The 

suspensions were then transferred into a Nunc™ F96 white plate (Thermo Scientific). 

After that, 100 µl of luciferase assay reagent II (LARII) was added into each well. 

The emission of firefly luciferase activity at 560 nm was measured by Varioskan 

Flash Multimode (Thermo Scientific). Before measuring Renilla luciferase activity at 

480 nm, 100 µl of Stop and Glow reagent was added in order to stop firefly luciferase. 

The assay was done in triplicate. The relative luciferase activity was calculated using 

signal intensities of firefly luciferase divided by Renilla luciferase from a reporter 

vector, followed by data normalization (117, 118) 

3.16. Sequencing of HA and NA Genes 

 To investigate the effect of microRNA inhibitor treatments on antigenic HA 

and NA, nucleotide sequencing was performed. To generate cDNA, 12.3 µl of viral 

RNAs was added with 0.2 µl of either 10µM MBT_Uni12 (5'-

ACGCGTGATCAGCAAAAGCAGG-3') for influenza A viruses or 10 µM 

UniFlu_cDNA (5'- IAGCARAAGC-3') for influenza B viruses. The mixture was then 

incubated at 65°C for 5 min, chilled on ice for 2 min. After that, the following 

components for reverse transcription were combined: 

• 5X Reaction Buffer (Thermo Scientific)   4  µl 

• 40 U/µl RiboLock RNase Inhibitor (Thermo Scientific)  0.25 µl 
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• dNTPs Mix, 10 mM each (Thermo Scientific)  2  µl 

• 200 U/µl RevertAid Reverse Transcriptase (Thermo Scientific) 1 

µL 

The reverse transcription was performed at 42°C for influenza A viruses or 

37°C for influenza B viruses for 1.5 h, followed by heat inactivation at 70°C for 10 

min. The amplification of viral genes was determined by conventional PCR. The 

following components were prepared for influenza A viruses: 

• 5X Phusion HF buffer (Thermo Scientific)  10  µl 

• 10mM dNTPs      1.75 µl 

• 10 µM MBT_Uni12     0.625  µl 

• 10 µM MBT_Uni13     0.625  µl 

• 10 µM FluA_VMKU-F     0.625 µl 

• 10 µM FluA_VMKU-R     0.625 µl 

(Primer sequences are shown in Table 8) 

• Phusion DNA polymerase (Thermo Scientific)  0.5 µl 

• cDNA Template      7.5 µl 

• Nuclease free water    Up to 50 µl 

The following components were prepared for influenza B viruses: 

• 5X Phusion HF buffer (Thermo Scientific)  10  µl 

• 10 mM dNTPs      1.75 µl 

• 10 µM B-HANA-UniF     1.25 µl 

• 10 µM B-HANA-UniR     1.25 µl 

 (Primer sequences are shown in Table 8) 
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• Phusion DNA polymerase (Thermo Scientific)  0.5 µl 

• cDNA Template      7.5 µl 

• Nuclease free water    Up to 50 µl 

The PCR amplification was conducted on Mastercycler Nexus GSX1 

(Eppendorf). The real-time PCR conditions were described as follows: initial 

denaturation stage (94°C, 2 min); cycling stage (Table 8); and final extension (68°C, 

10 min). The PCR products of HA (~1,800 bp) and NA (~1,400 bp) were purified by 

1% agarose gel electrophoresis. The gel slice containing HA and NA was cut and 

extracted by HiYield™ Gel/ PCR Fragments Extraction kit (RBC Bioscience), 

according to the manufacturer’s protocol. The purified PCR products were verified by 

sequencing, and the results were illustrated by BioEdit version 7.2. 

Table 8 Primers and PCR conditions used for HA and NA amplification (119, 120). 

Primers Nucleotide Sequences (5'-3') PCR Cycling Stage 

MBT_Uni12 ACGCGTGATCAGCAAAAGCAGG 
(94°C 30 sec, 45°C 30 sec, 68°C 3 min)    

x 5 cycles, followed by                                

(94°C 30 sec, 57°C 30 sec, 68°C 3 min)    

x 35 cycles 

MBT_Uni13 ACGCGTGATCAGTAGAAACAAGG 

FluA_VMKU-F GATCGCTCTTCTGGGAGCGAAAGCAG

G 

FluA_VMKU-R CATCGCTCTTCTATTAGTAGAAACAAG 

B-HANA-UniF GGGGGGAGCAGAAGCAGAGC  (94°C 20 sec, 40°C 30 sec, 68°C 3.5 min) 

x 5 cycles, followed by                                

(94°C 20 sec, 68°C 30 sec, 68°C 3.5 min) 

x 35 cycles 

B-HANA-UniR 

CCGGGTTATTAGTAGTAACAAGAGC 

 

3.17. Statistical Analysis 

The data were statistically analyzed and visualized by using GraphPad Prism 

version 8.1. The results were presented as the mean ± SD (standard deviation) of 

triplicates. Differences between each group were analyzed using the Student’s 
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unpaired t-test and One-way ANOVA with the Dunnett’s multiple comparisons test 

for gene expression, ELISA, and luciferase activity. The p value less than 0.05 (p < 

0.05) was considered as statistically significant. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER IV  

RESULTS 

4.1. High-throughput Sequencing of Canine MicroRNAs upon Seasonal 

Influenza Infection 

To investigate microRNA profiles, MDCK cells were mock-infected or 

infected with either of four seasonal influenza viruses, IAV pH1N1, IAV H3N2, IBV 

Victoria lineage, or IBV Yamagata lineage. Based on the replication cycle of 

influenza viruses, release of progeny virus from infected cells is detected at 6 hours 

post-infection (hpi) (121). Small RNA samples were retrieved at 6, 12, 24 hpi, and 

were then subject to library preparation for massively parallel sequencing using 

Illumina MiSeq Platform.  The mock-, seasonal IAV-, or IBV-infected small RNA 

library contained more than 104 reads that represented microRNAs (Table 9 and 10). 

These sequence tags were further evaluated to determine alteration of specific 

microRNA expression during IAV and IBV infection compared to uninfected state. 

Since the Dog Genome Sequencing Consortium submitted the genome assembly of 

domesticated dogs to the database CanFam3.1, 453 mature canine microRNAs were 

characterised in the database. The high-throughput data indentified the range of 147-

178 microRNAs in the library of IAV-infected groups (Table 9). On the other hand, 

139-174 microRNAs were revealed in the library of IBV-infected groups (Table 10). 

MicroRNA expression was normalised by total counts of each group, and differential 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

62 

expression level was then determined by identifying microRNAs that exhibited 

greater or lesser than 2-fold change in normalised read abundance between the 

seasonal influenza virus-infected and mock-infected libraries at each time point. 

Table 9 Summary statistics of sequencing data obtained from MDCK cells infected 

with mock and seasonal IAV at different time points. 

Group Reads Identified 

miRNA 
Total 

reads (a) 

Small 

RNAs (b) 

Annotated 

miRNA (c) 

Mature 5′ 

(d) 

Mature 3′ 

(e) 

Precursor 

(f) 

A/Mock 6 hpi 473694 127596 55478 39096 10465 5917 164 

A/pH1N1 6 hpi 218520 66872 27032 20279 4194 2559 151 

A/H3N2 6 hpi 334733 99013 17459 10890 4446 2123 147 

A/Mock 12 hpi 299794 94330 22351 14806 4716 2829 152 

A/pH1N1 12 hpi 517159 132874 81048 61600 11384 8064 169 

A/H3N2 12 hpi 297015 101387 12113 6794 3622 1697 147 

A/Mock 24 hpi 191885 57246 27248 17911 5991 3346 155 

A/pH1N1 24 hpi 491479 147056 65895 48896 10947 6052 178 

A/H3N2 24 hpi 351538 117011 17747 12245 3698 1804 151 

(a) Total reads aligned to CanFam3.1 

(b) Reads annotated to small RNAs 

(c) Unique sequences aligned to miRBase 

(d) Unique sequences annotated to mature miRNAs from the 5' arm  

(e) Unique sequences annotated to mature miRNAs from the 3' arm  

(f) Unique sequences annotated to precursor miRNAs 
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Table 10 Summary statistics of sequencing data obtained from MDCK cells infected 

with mock and seasonal IBV at different time points. 

Group Reads Identified 

miRNA 
Total 

reads (a) 

Small 

RNAs (b) 

Annotated 

miRNA (c) 

Mature 5′ 

(d) 

Mature 3′ 

(e) 

Precursor 

(f) 

B/Mock 6 hpi 142980 53775 42440 23824 6247 12369 156 

B/Victoria 6 hpi 252245 77122 85623 51530 10458 23635 164 

B/Yamagata 6 hpi 133565 55384 24433 12008 5884 6541 139 

B/Mock 12 hpi 223322 73817 71551 40935 9497 21119 158 

B/Victoria 12 hpi 186716 60702 64329 37901 8940 17488 167 

B/Yamagata 12 hpi 204628 75056 59025 34438 7633 16954 151 

B/Mock 24 hpi 301204 98428 97355 58146 11471 27738 174 

B/Victoria 24 hpi 202549 74715 30069 16720 5913 7436 164 

B/Yamagata 24 hpi 298432 121422 50258 30019 5734 14505 147 

(a) Total reads aligned to CanFam3.1 

(b) Reads annotated to small RNAs 

(c) Unique sequences aligned to miRBase 

(d) Unique sequences annotated to mature miRNAs from the 5' arm  

(e) Unique sequences annotated to mature miRNAs from the 3' arm  

(f) Unique sequences annotated to precursor miRNAs 

As shown in Figure 10, three microRNAs including cfa-miR-543, cfa-miR-

340, and cfa-miR-125b were upregulated at 6, 12, and 24 hours after pH1N1 

infection, respectively. On the other hand, the down-expression of 22 microRNAs was 

revealed upon pH1N1 infection. Among downregulated microRNAs, the expression 

of cfa-miR-1249 was decreased at 12 and 24 hpi.
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Figure 10 MicroRNA profile of MDCK cells in response to IAV pH1N1 infection. 

Meanwhile, the expression of 19 microRNAs increased during the infection of 

H3N2 (Figure 11). Interestingly, some of the overexpressed microRNAs were 

demonstrated at different times after H3N2 infection. More specifically, the over-

expression of cfa-miR-1249 was exhibited at both 6 and 24 hpi, whereas that of cfa-

miR-146b was found at 6 and 12 hpi.  In addition, the expression level of cfa-miR-

215 rose up at 12 and 24 hpi. In contrast, thirteen microRNAs were downregulated 

upon H3N2 infection. Among those, the expression of cfa-miR-18a decreased at 6 and 

24 hpi.  
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In response to the infection of IBV Victoria lineage (Figure 12), 27 

upregulated microRNAs and 14 downregulated microRNAs were expressed. Among 

these dysregulated microRNAs, the expression of cfa-miR-181a increased at 12 and 

24 hpi, whereas that of cfa-miR-181c decreased at 6 and 24 hpi. During IBV 

Yamagata lineage infection (Figure 13), high-throughput sequencing revealed that the 

expression of 14 microRNAs increased and that of 5 microRNAs decreased. 

Since we hypothesized that some of host microRNAs could target on viral 

genomes, upregulated microRNAs were the scope of this study. Intriguingly, next-

generation sequencing revealed some of the microRNAs were upregulated upon 

different influenza virus infections (Figure 14A). For instance, cfa-miR-340 was also 

upregulated at 12 hpi upon infection with different IAV subtypes – pH1N1 and H3N2. 

On the other hand, the over-expression of cfa-miR-361, cfa-miR-1841, cfa-miR-1842, 

and cfa-miR-330 were shown during infection with different IBV lineages – 

Yamagata and Victoria lineages. In addition, two microRNAs including cfa-miR-129 

and cfa-miR-1249 were upregulated upon infection of either H3N2 or B/Victoria 

influenza virus. Furthermore, cfa-miR-197, cfa-miR-215, and cfa-miR-339-1 were 

overexpressed when the cells were infected with A/H3N2, B/Victoria, or B/Yamagata 

influenza virus. The upregulated cfa-miR-146b was found in H3N2 or B/Yamagata-

infected cells. However, the expression of cfa-miR-146b was shown increased by 

greater than 1.5-fold in pH1N1-infected cells as compared to mock infection. 
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Figure 11 MicroRNA profile of MDCK cells in response to IAV H3N2 infection. 
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Figure 12 MicroRNA profile of MDCK cells in response to IBV Victoria infection. 
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Figure 13 MicroRNA profile of MDCK cells in response to IBV Yamagata infection. 

 On the other hand, downregulation of some microRNAs was revealed in the 

cells infected with different influenza virus strains (Figure 14B). For instance, cfa-

miR-181c was down-modulated upon infection of IAV pH1N1, H3N2, and IBV 

Victoria lineage. While cfa-miR-374a, cfa-miR-30e, cfa-miR-151, cfa-miR-18a, and 

cfa-miR-106b were down-expressed in the cells infected with different IAV subtypes, 

the expression level of cfa-miR-486 and cfa-miR-130b was decreased in the cells 

infected with different lineages of IBV. In addition, down-expression of cfa-miR-

8859b was found upon infection of either IAV H3N2 or IBV Yamagata. The 

expression level of cfa-miR-15b was decreased in the cells infected with IAV pH1N1 

or IBV Victoria lineage. 
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Figure 14 Venn Diagram shows (A) upregulated and (B) downregulated microRNAs 

of MDCK cells upon different strains of seasonal influenza infection. 
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4.2. Validation of MicroRNA Profiles 

The alteration of expression patterns was further verified for a subset of the 

NGS-identified microRNAs. Prior to reverse transcription with stem-loop polyA, 

extracted microRNAs were tailed by polyU polymerase. Afterwards, cDNAs were 

analysed using SYBR® Green-based qPCR, and normalised expression levels of the 

influenza virus-infected groups were then differentially compared to those of mock-

infected groups at each time point. Cfa-miR-543, miR-340, and miR-125b were all 

validated as highly expressed upon infection with pH1N1 viruses (Figure 15A).  

Notably, most of the tested microRNAs, except cfa-miR-125b, were upregulated, 

demonstrating a high correlation between microRNA expression levels detected by 

next-generation sequencing and by RT-qPCR analysis. 

In H3N2-infected groups, some of the upregulated microRNAs identified by 

NGS were verified due to limitation of RT-qPCR condition (Figure 15B). The results 

showed that validated microRNAs were mostly overexpressed, with the exception of 

cfa-miR-339-1 at 12 hpi and cfa-miR-1249 at 24 hpi. Cfa-miR-340 showed the 

highest expression level, followed by cfa-miR-1249 (6 hpi), miR-122, miR-146b (6 

hpi), and miR-132, respectively. In addition, two upregulated microRNAs were 

validated at more than one-time point. Cfa-miR-146b was over-expressed at 6 and 12 

hpi, whereas cfa-miR-215 was upregulated at 12 and 24 hpi. Altogether, these results 
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indicated that data from the library sequencing analyses veraciously reflect 

microRNAs responded to the infection of pH1N1 and H3N2 viruses. 

 

Figure 15 Validation of upregulated microRNAs during IAV infection                                              

(A) pH1N1 and (B) H3N2. 
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Figure 16 Validation of upregulated microRNAs during IBV infection.                            

(A) Vicotoria and (B) Yamagata. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

73 

For IBV Victoria infection (Figure 16A), nine microRNAs from NGS 

screening were validated by RT-qPCR. The result exhibited that cfa-miR-197, cfa-

miR-215, cfa-miR-320, cfa-miR-500, cfa-miR-1307, and cfa-miR-1842 were 

overexpressed upon infection of Victoria lineage. However, cfa-miR-181a, cfa-miR-

361 and cfa-miR-2483 were not validated. Furthermore, most of the validated 

microRNAs in B/Yamagata-infected groups, but not cfa-miR-361 and cfa-miR-1842, 

demonstrated an increasing trend (Figure 16B). The expressions of cfa-miR-146b, 

cfa-miR-215, and cfa-miR-197 were the three most upregulated genes in B/Yamagata 

groups. As a result, these data showed microRNA profiles gained from NGS was 

consistent with the expression validated by RT-qPCR. 

Based on NGS screening and RT-qPCR validation, common canine 

microRNAs in response to the infection of seasonal influenza viruses were 

summarised in Table 11. Some microRNAs of our interest were reliant on most 

common overexpression upon infection with different subtypes. Unfortunately, there 

were no universal microRNAs which were overexpressed in all four strains of the 

seasonal influenza viruses. However, the results showed that four microRNAs 

including cfa-miR-146b, cfa-miR-197, cfa-miR-215, and cfa-miR-340 were most 

commonly upregulated during seasonal influenza infections. The expression of cfa-

miR-340 was increased at 12 hpi upon different IAV infections. Moreover, cfa-miR-

197 and cfa-miR-215 were upregulated when the MDCK cells infected with either 
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H3N2, Victoria, or Yamagata. Additionally, NGS screening demonstrated that the 

expression of cfa-miR-146b was increased by greater than 1.5-fold in pH1N1-infected 

cells as compared to the mock-infected group. Besides, the upregulated cfa-miR-146b 

could be found in H3N2 or B/Yamagata-infected cells.  

Table 11 Summary of common microRNA validation. 

 

Note: ND – Not Determined due to limitation of RT-qPCR conditions. 

4.3. Effect of Candidate MicroRNAs Expression on Viral Propagation Yield 

 When the validated microRNAs were considered among the groups infected 

with different influenza viruses (Table 11), cfa-miR-215 and cfa-miR-197 were over-

MicroRNA Time Points (Hours Post Infection) Validation by RT-

qPCR 
pH1N1 H3N2 Victoria Yamagata 

mir-340  12 12   Valid  

mir-146b (24) 6, 12  24 Valid  

mir-215  12, 24 24 24 Valid 

miR-197  12 24 24 Valid 

mir-1249  6, 24   24  Invalid (H3N2) 

miR-339-1  12 24 6 Invalid (H3N2) 

miR-1842   24 6 Invalid (Yamagata) 

miR-361   6 6 Invalid  

miR-129-1//miR-129-2  24 24  ND 

miR-1841   24 24 ND 

miR-330   24 6 ND 
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expressed in A/H3N2-, B/Victoria-, and B/Yamagata-infected groups. Moreover, cfa-

miR-146b was upregulated in A/H3N2- and B/Yamagata-infected groups. In addition, 

the expression of cfa-miR-340 was increased in both A/pH1N1 and A/H3N2 infected 

groups. Taken together, cfa-miR-146b, cfa-miR-197, cfa-miR-215 were shown as 

promising microRNAs in the manipulation of IAV and IBV propagations. Moreover, 

cfa-miR-340 was shown as a candidate microRNA in IAV production. 

Mechanistically, these four microRNAs may target viral genomes. Therefore, 

microRNA inhibitors may antagonize the effect of candidate microRNAs, resulted in 

the enhancement of virus propagation. MDCK cells were transfected with either 

microRNA inhibitors or microRNA overexpressing plasmids, followed by infection of 

each influenza virus strain. The yield of each virus was determined by RT-qPCR and 

ELISA assay. 

  As seen in Figure 17, the effect of candidate microRNA inhibition and 

overexpression on IAV pH1N1 replication was determined. The results showed that 

cfa-miR-146b and cfa-miR-215 inhibitors significantly increased the copy number of 

pH1N1 M gene by around 3.3-fold and 1.7-fold, respectively (Figure 17A).  In 

addition, the result gained from ELISA was consistent with RT-qPCR, confirming 

that cfa-miR-146b and cfa-miR-215 inhibitors enhanced the yield of pH1N1 (Figure 

17B). In contrast, the amount of pH1N1 viral gene were dramatically decreased when 

the cells were treated with vectors overexpressing cfa-miR-146b and cfa-miR-215 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

76 

(Figure 17C). Furthermore, overexpression of cfa-miR-146b and cfa-miR-215 

reduced the viral titre (Figure 17D). Although cfa-miR-197 and cfa-miR-340 

suppressed the yields of pH1N1 (Figure 17C and D), the enhancing effect was not 

exhibited in the cells treated with cfa-miR-197 and cfa-miR-340 inhibitors (Figure 

17A and B). Therefore, the role of these two microRNAs in pH1N1 propagation was 

unclear. These results suggest that cfa-miR-146b and cfa-miR-215 could inhibit 

pH1N1 replication, and the suppressive effect may be resolved with microRNA 

inhibitors. 
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Figure 17 Effect of candidate microRNAs on the yield of IAV pH1N1                                        

was determined by RT-qPCR (A and C) and ELISA assay (B and D)                                              

(p ≤ 0.05 is designated as *; p ≤ 0.0001 is designated as ****). 
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As shown in Figure 18, the efficiency of propagation of H3N2 virus in the 

modified MDCK cells was also investigated by RT-qPCR and ELISA assay. The 

amount of H3N2 viral gene from cfa-miR-197 inhibitor-treated group was 

significantly increased by approximately 2.5-fold (Figure 18A).  Moreover, there was 

a 1.5-fold increase in viral titer after the cells had been treated with cfa-miR-197 

inhibitor (Figure 18B). On the other hand, overexpression of cfa-miR-197 could 

markedly decrease the number of H3N2 gene by roughly 70% compared to the 

scramble control group (Figure 18C). Moreover, the ELISA result also exhibited 

decreasing trend in the cells treated with cfa-miR-197 (Figure 18D). Although cfa-

miR-215 inhibitor increased the viral titer (Figure 18A), the suppressive effect was 

not demonstrated in the cells treated with vector overexpressing cfa-miR-215 (Figure 

18C and D). Therefore, the function of cfa-miR-215 on H3N2 propagation was 

unclear. Altogether, the results suggest that the yield of H3N2 may be enhanced by 

the inhibition of cfa-miR-197. 
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Figure 18 Effect of candidate microRNAs on the yield of IAV H3N2 was determined                       

by RT-qPCR (A and C) and ELISA assay (B and D) (p ≤ 0.05 is designated as *;                                

p ≤ 0.01 is designated as **; p ≤ 0.0001 is designated as ****). 
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In addition to IAV propagation, the effect of microRNA on IBV production 

was investigated. It can be seen from Figure 19 that the amount of B/Victoria viral 

RNA increased by up to 1.5-fold after the cells had been treated with cfa-miR-215 

inhibitor (Figure 19A). Moreover, the result obtained from ELISA analysis 

demonstrated that cfa-miR-215 inhibitor could significantly increase viral titre when 

compared to the negative control inhibitor (Figure 19B).  Conversely, the copy 

number of the viral gene was reduced in the cfa-miR-215 over-expressing cells 

(Figure 19C). A significant decrease in viral titre was observed when the cells were 

overexpressed with cfa-miR-215 (Figure 19D). As a result, the antagonistic function 

of cfa-miR-215 inhibitor increased the viral yield of B/Victoria lineage. 

To determine the effect of candidate microRNAs on replication of IBV 

Yamagata, RT-qPCR and ELISA were performed (Figure 20). The results showed 

that the amount of B/Yamagata viral RNA from cfa-miR-146b inhibitor-treated group 

increased by 1.45-fold as compared to that from the scramble control group (Figure 

20A). In addition, cfa-miR-146b enhanced viral titre (Figure 20B). In contrast, 

overexpression of cfa-miR-146b significantly reduced viral titre when compared to 

the scramble control group (Figure 20D). Therefore, the results suggested that the 

yield of IBV Yamagata is increased by the suppression of cfa-miR-146b. 
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Figure 19 Effect of candidate microRNAs on the yield of IBV Victoria was 

determined by RT-qPCR (A and C) and ELISA assay (B and D) (p ≤ 0.01 is 

designated as **; p ≤ 0.001 is designated as ***; p ≤ 0.0001 is designated as ****). 
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Figure 20 Effect of candidate microRNAs on the yield of IBV Yamagata was 

determined by RT-qPCR (A and C) and ELISA assay (B and D) (p ≤ 0.01 is 

designated as **; p ≤ 0.001 is designated as ***; p ≤ 0.0001 is designated as ****). 
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It is suggested that to increase the production of pH1N1 and B/Yamagata 

viruses, cfa-miR-146b is a candidate target of microRNA inhibitor. Cfa-miR-215 

could be another good candidate for enhancing pH1N1 and B/Victoria viral 

production. On the other hand, the microRNA inhibitor which targets cfa-miR-197 

would be useful for the propagation of the H3N2 virus. Based on our results, 

microRNAs tended to target viral genes in a strain-specific manner, and the candidate 

microRNAs could target viral genomes, and result in suppression of viral replication. 

4.4. Computational Prediction of Seasonal Influenza Viral Genomes Targeted by 

Canine MicroRNAs 

 According to viral quantification by RT-qPCR and ELISA, the treatments with 

cfa-miR-146b inhibitor enhanced the yields of IAV pH1N1 and IBV Yamagata. Cfa-

miR-215 inhibitor increased the production of IAV pH1N1 and IBV Victoria. 

Moreover, cfa-miR-197 inhibitor facilitated the propagation of IAV H3N2. Therefore, 

it is suggested that these microRNA inhibitors may antagonise the inhibitory effect of 

such microRNAs on viral propagation. MicroRNA-binding sites on viral genomes 

remain to be investigated.  

 To predict the target sites, two web-based programs including miRBase, and 

RNAhybrid were used on the basis of hybridization patterns between the microRNAs 

and viral genomes. As shown in Table 12, cfa-miR-146b targeted three genes of IAV 

pH1N1 including PB2 (the position 1979), PB1 (the position 2191), and NA (the 

position 693). In addition, cfa-miR-146b inhibited the replication of IBV Yamagata 
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by targeting one site on the PA gene (the position 534) and two sites on the NP gene 

(the position of 973 and 1290).  

Table 12 In silico analysis of microRNA target prediction. 

Viruses miRNAs Target genes 

(position) 

Hybridization pattern between miRNA 

(bottom strand) and target gene (top strand) 

MPE 

kcal/mol 

A/pH1N1 

 

 

 

 

 

miR-146b PB2 (1979) 

 

-17.4 

PB1 (2191) 

 

-21.4 

NA (693) 

 

-16.3 

miR-215 PB2 (350) 

 
 

-16.7 

PB1 (2155) 

 

-18.8 

A/H3N2 miR-197 PB2 (865) 

 

-24.3 

PB2 (1447) 

 

-29.8 

B/Victoria miR-215 PB1 (2101) 

 

-19.8 

HA (98) 

 

-19.2 

NP (617) 

 

-22.4 

B/Yamagata miR-146b PA (534) 

 

-26.2 
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Viruses miRNAs Target genes 

(position) 

Hybridization pattern between miRNA 

(bottom strand) and target gene (top strand) 

MPE 

kcal/mol 

NP (973) 

 

-21.0 

NP (1290) 

 

-23.0 

 

On the other hand, the computational analysis revealed that two positions on 

IAV pH1N1 such as PB2 gene (the position 350) and PB1gene (the position 2155) 

were direct targets of cfa-miR-215. Furthermore, cfa-miR-215 could bind to three 

sites of IBV Victoria including PB1 (the position 2101), HA (the position 98), and NP (the 

position 617). For IAV subtype H3N2, in silico target prediction demonstrated that cfa-

miR-197 could target two locations on the PB2 gene including the positions of 865 

and 1447. 

4.5. MicroRNA Target Sites Validation 

 To confirm whether the predicted sites on influenza viral genomes were 

putative targets of candidate microRNAs in MDCK cells, luciferase reporter assays 

were conducted at 48 hours after co-transfection of pmirGLO containing viral 

sequences and pSilencer encoding microRNA mimic (Figure 21). For silencing 

control, pSilencer_siLuc2 was constructed to inhibit the expression of Luc2 gene 

which is the reporter gene in pmiRGLO. On the other hand, pSilencer_Scramble was 

used as a non-targeting control. All constructed vectors were confirmed by Sanger 

sequencing.  
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Figure 21 Schematic diagram of luciferase reporter assay for target site validation. 

pSilencer and pmiRGLO were co-transfected into the cells for encoding microRNA 

and viral genome target tagged with firefly luciferase, respectively. Silencing 

luciferase activity indicates that microRNA could specifically bind to its target, and 

negatively control gene expression. 

 According to in silico analysis of microRNA targets, cfa-miR-146b had 

three target sites on IAV pH1N1 (Figure 22A-C). In addition, pH1N1 also contained 

two positions which could be targeted by cfa-miR-215 (Figure 22D-E). As can be 

seen in Figure 22B, relative luciferase activity was significantly decreased (p ≤ 0.05) 

when the pmirGLO containing PB1 gene was co-transfected with silencing vectors 

encoding for cfa-miR-146b. Although luciferase activity involved in the other two 

target sites on PB2 (Figure 22A) and NA (Figure 22C) were also significantly reduced 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

87 

, luciferase activity of pSilencer_SiLuc2 was not significantly decreased. As a result, 

PB1 gene of IAV pH1N1 was a putative target of cfa-miR-146b. Besides, cfa-miR-

215 targeted the PB1 (Figure 22D), but not the NP gene (Figure 22E) of IAV pH1N1 

since a significant decrease in luciferase activity was observed (p ≤ 0.01). 

 For IAV subtype H3N2, the computational analysis showed that there were 

two binding sites on PB2 gene which might be targeted by cfa-miR-197. The results 

showed that relative luciferase activity was substantially decreased (p ≤ 0.01) when 

silencing vectors encoding for cfa-miR-197 were co-transfected with the pmirGLO 

containing PB2 at the position 865 (Figure 23A), but not the position 1447 (Figure 

23B).  
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Figure 22 Luciferase assay was assessed for microRNA targets on IAV pH1N1                      

(p ≤ 0.05 is designated as *; p ≤ 0.01 is designated as **). 
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Figure 23 Luciferase assay was assessed for microRNA targets on IAV H3N2                       

(p ≤ 0.05 is designated as *; p ≤ 0.01 is designated as **). 

 Furthermore, cfa-miR-215 and cfa-miR-146b were predicted to target 

different three positions on IBV Victoria (Figure 24A-C) and Yamagata (Figure 24A-

C) lineages, respectively. More specifically, silencing vectors encoding for cfa-miR-

215 significantly decreased the luciferase activity (p ≤ 0.001) when co-transfected 

with pmirGLO containing PB1 gene of IBV Victoria lineage (Figure 24A). On the 

other hand, luciferase activities related to other predicted sites including HA (Figure 

24B) and NP (Figure 24C) genes were not markedly declined.  

 On the other hand, a significant decrease (p ≤ 0.05) in luciferase activity 

was revealed when pmirGLO containing PA gene of IBV Yamagata lineage (Figure 

25A) was co-transfected with cfa-miR-146b. Even though the luciferase activity was 

significantly reduced (p ≤ 0.05) in the reporter vectors containing the NP gene at the 

position 973 (Figure 25B), luciferase activity of pSilencer_SiLuc2 was not 
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significantly decreased. Moreover, there was no significant decrease in luciferase 

activity when pmirGLO containing the position 617 of NP gene (Figure 25C). 

Therefore, only PA gene of IBV Yamagata was the direct target of cfa-miR-146b. 

 

Figure 24 Luciferase assay was assessed for microRNA targets on IBV Victoria                       

(p ≤ 0.05 is designated as *; p ≤ 0.001 is designated as ***). 
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Figure 25 Luciferase assay was assessed for microRNA targets on IBV Yamagata                       

(p ≤ 0.05 is designated as *). 
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4.6. Effect of MicroRNA Inhibitor Manipulation on microRNA Binding Sites and 

Antigenic Sequences 

 Due to the unavailability of seed vaccine strains, the strains tested in this 

study, except Yamagata lineage, were not the same strains used in vaccine 

manufacturing. However, the sequences of viral seed strains retrieved from NCBI or 

GISAID were observed with respect to the sequences of the experimental strains. 

According to the luciferase results, cfa-miR-146b and cfa-miR-215 could target the 

PB1 gene of IAV pH1N1. As shown in Figure 26A, the seed region of cfa-miR-146b 

could bind with the PB1 of other pH1N1 seed strains. However, a nucleotide change 

from G to A was found in the seed strains A/Michigan/45/2015 and 

A/Brisbane/02/2018 (Figure 26B). As a result, this mutation interfered with the 

binding between the seed sequence of cfa-miR-215 and the PB1 of the pH1N1 seed 

strains. In addition, microRNA binding sites of IAV H3N2 and IBV Victoria were 

observed. The results showed that cfa-miR-197 could bind to the PB2 gene of other 

H3N2 seed strains (Figure 26C), while cfa-miR-215 could target the PB1 gene of 

Victoria seed viral strains (Figure 26D). For microRNA binding site of the IBV 

Yamagata lineage, a nucleotide alteration from C to T was exhibited in the PA gene of 

the seed strain B/Phuket/3073/2013 (Figure 26E). Although this mutation resided in 

the microRNA-binding site, it was located outside the positions which the seed 

sequence of cfa-miR-146b bound with. Therefore, this mutation might not influence 

the pairing between the seed region of cfa-miR-146b and the PA of the Yamagata 

seed strain. As a result, the manipulation of microRNA inhibitor might be affected 

when viral mutation occurred in microRNA-binding sites, particularly the positions 

which bound to the seed region of microRNAs. 
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 Besides microRNA-binding sites, antigenic changes are crucial for vaccine 

production. Previous studies demonstrated that MDCK cells-based production could 

reduce the occurrence of HA mutations from the selective pressures found in egg-

based manufacturing (137). For vaccine production, candidate vaccine viruses 

(CVVs) are inoculated into the cells and incubated for a few days to allow virus to 

replicate. Therefore, different strains of influenza viruses were propagated for two 

days in MDCK cells transfected with microRNA inhibitors or negative control 

inhibitor. To determine the effect of microRNA inhibitors on antigenic alterations, the 

nucleotides of HA and NA genes were sequenced with respect to parental strains. The 

sequences of HA and NA were obtained from IAV pH1N1, IBV Victoria, and IBV 

Yamagata viruses. Unfortunately, those of IAV H3N2 could not be retrieved from gel 

electrophoresis. This might be because of the low amount and quality of the viruses. 

However, there were no nucleotide changes in both HA and NA genes found in the 

IAV pH1N1 viruses in the presence of cfa-miR-146b and cfa-miR-215 inhibitors 

(Figure 27). In addition, no antigenic alterations of HA and NA genes were shown in 

the IBV Victoria viruses grown in the cells treated with cfa-miR-215 inhibitor (Figure 

28). For IBV Yamagata propagated in the cells treated with cfa-miR-146b inhibitor, 

HA and NA sequence changes were not found as can be seen in Figure 29. 
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Figure 26 MicroRNA binding sites of the experimental strains (top sequences) and 

other seed viral strains (lower sequences) used for influenza vaccine manufacturing                          

during 2011-2019. 
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Figure 27 (A) HA and (B) NA sequences of the IAV pH1N1 viruses in the presence 

of microRNA inhibitors (compared with the parental strain shown in the first row). 
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Figure 28 (A) HA and (B) NA sequences of the IBV Victoria viruses in the presence 

of microRNA inhibitors (compared with the parental strain shown in the first row). 
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Figure 29 (A) HA and (B) NA sequences of the IBV Yamagata viruses in the presence of 

microRNA inhibitors (compared with the parental strain shown in the first row).



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER V  

DISCUSSION AND CONCLUSIONS 

Influenza A and B viruses cause seasonal epidemics which affect millions of 

people each year. Vaccination is the most effective intervention for reduction of 

mortality and morbidity associated with seasonal influenza. Currently, the majority of 

influenza vaccines are manufactured using embryonated chicken eggs, and this 

method of vaccine virus production has remained the major vaccine production 

strategy over decades (122, 123). Although egg-based vaccine production confers 

many advantages, there are several disadvantages. This manufacturing method, for 

instance, requires the antigenicity screening of isolated virus strains, thereby 

increasing the production time (124). In addition, not all influenza strains 

recommended for seasonal vaccines grow equally well in eggs (79, 125). Moreover, 

egg-adapted strains could have a negative impact on vaccine effectiveness (79, 126, 

127). Differences in sialic acids from human cells, avian cells exhibit different 

conformation for recognition by the viral HA protein (128, 129).  As a result, poor 

binding between human influenza viruses and avian receptor leads to lower viral 

growth in eggs, resulting in a selective pressure on these viruses to adapt their HA 

proteins.  

To address these issues related to the egg-based vaccine production, novel 

methods have been developed to improve seasonal influenza vaccine production. 

Since Madin-Darby Canine Kidney (MDCK) cells are known to be permissive to 

influenza virus infection and replication, this cell line has been widely used for 

identification and diagnosis of influenza viruses from clinical specimens (130). In 
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November 2012, the approval of Flucelvax®, the first non-egg based influenza vaccine 

alternative in the US, was announced by the FDA (131). More recently, this cell-

based vaccine was also approved by the European Medicines Agency in December 

2018 (132). Flucelvax® is developed by Novartis and now owned by Seqirus, wherein 

influenza viruses are grown in Madin-Darby Canine Kidney (MDCK) cells (133). 

This strategy has several benefits over the egg-based counterpart. Principally, the 

possible constraints of shortages in egg supply could be minimized by the utilization 

of cell-based manufacturing method. Sometimes egg-based production time is slow, 

dependent on their availability. By contrast, cell-based production is reliant on the 

capacity of bioreactors, offering a more flexible lead time (134). Additionally, recent 

evidence showed that viruses propagated in avian cells exhibit a significant difference 

in glycosylation profiles, which dramatically affect immunogenicity (126, 135, 136). 

Another advantage is that there is no special consideration regarding egg allergy in 

cell-based production strategy. FDA approved the use of cell-isolated candidate 

vaccine viruses in the production of Flucelvax® in August 2016 (131). An attractive 

benefit is that this strategy could reduce the occurrence of HA mutations from the 

selective pressures found in egg-based production (137). As a result, this cell-based 

strategy has been used to produce quadrivalent influenza vaccines, composed of two 

subtypes of influenza A viruses (H1N1 and H3N2) and two lineages of influenza B 

viruses (Yamagata and Victoria). 

The knowledge that host factors are essential for viral replication has provided 

targets for disease intervention. Among the host components, it has been shown that 

virus infection can mediate alterations in cellular microRNA expression, thus leading 

to the regulation of various biological processes within an infected cell. As a result, 
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microRNAs could be utilized for studies on infectious disease treatments (138, 139), 

biomarkers (140-142), and vaccine developments (143, 144). Thus far, investigations 

of influenza viruses, particularly influenza A viruses, have used human cell lines as a 

study model. Nonetheless, studies of microRNAs in MDCK infected with seasonal 

influenza A and B viruses are still limited. This study has investigated microRNA 

profiles of MDCK cells in response to seasonal influenza virus infection. To date, 453 

mature microRNAs have been predicted throughout the canine genome (145). Based 

on our microRNA profile data, dysregulated microRNAs were considered when 

changes in microRNA expression were greater than 2-fold as compared to mock-

infected groups. In this study, 3 upregulated microRNAs and 22 down-regulated 

microRNAs were found in MDCK cells infected with A/pH1N1. Moreover, 19 

microRNAs were overexpressed and 13 microRNAs were down-regulated upon 

infection of A/H3N2. On the other hand, upregulation of 27 microRNAs and 

downregulation of 14 microRNAs were expressed in the B/Victoria-infected cells. 

Lastly, 14 overexpressed microRNAs and 5 downregulated microRNAs were found in 

the B/Yamagata-infected cells. After the profiles were validated by RT-qPCR, some 

microRNAs of our interest were reliant on common overexpression upon infection 

with different subtypes. Although no microRNAs were universally upregulated 

among four strains, the four most common microRNAs including cfa-miR-146b, cfa-

miR-197, cfa-miR-215, cfa-miR-340 were upregulated in this study. In agreement 

with our study, cfa-miR-146b were overexpressed in canine lung and tracheal cells 

infected with canine influenza H3N2 virus (146).  

In addition to those four microRNAs which were commonly upregulated by 

different strains of seasonal influenza viruses, other microRNA expressions obtained 
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from this study were compared to previous studies which were performed in various 

subtypes of influenza viruses and cellular models. For instance, the current 

investigation demonstrated overexpression of cfa-miR-17, cfa-miR-122, cfa-miR-132 

in H3N2-infected cells. The finding of upregulated cfa-miR-17 is consistent with 

previous studies using pH1N1-infected human lung epithelial cells (112), and serum 

of H7N9-infected patients (147). However, some studies showed downregulation of 

hsa-miR-17-3p in H1N1 (PR8)-infected lung epithelial cells (148). Moreover, cfa-

miR-122 was over-expressed, which is in line with the study of avian influenza 

infection in the lungs of broiler chickens (149). Additionally, upregulation of cfa-

miR-132 were revealed in this study, which concurs well with the previous results 

shown in human lung and bronchial epithelial cells infected with H1N1 (PR8) (150) 

and H3N2 (112). On the other hand, this study found overexpression of cfa-miR-320 

in influenza B/Victoria-infected cells, which is in agreement with a previous result of 

H7N9-infected serum (151). Conversely, the microRNA profiles in this study 

demonstrated down-expression of cfa-miR-30e, cfa-miR-18a, and cfa-miR-374a in 

pH1N1- and H3N2-infected cells. It is controversial whether hsa-miR-30e is 

downregulated (152) or upregulated (112) upon infection of influenza A viruses. 

However, previous investigations also revealed the down-expression of hsa-miR-18a 

(27, 153) and hsa-miR-374a (27, 152). Moreover, this study showed that the 

expression of cfa-miR-15b was decreased in the cells infected with A/pH1N1 or 

B/Victoria virus. This finding corroborates with a recent study of human cells infected 

with influenza A viruses (27). 

Interestingly, direct binding between host microRNAs and viral RNAs 

appeared to take place, leading to changes in the pathogenesis or in their translation 
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and replication processes. Accumulating evidence demonstrates that microRNAs 

could directly bind to a wide range of viruses such as eastern equine encephalitis virus 

(EEEV), human T cell leukemia virus type I (HTLV-1), primate foamy retrovirus type 

1 (PFV-1), enterovirus 71 (EV71), porcine reproductive and respiratory syndrome 

virus (PRRSV), hepatitis C virus (HCV)  (103, 154-158). The scope of this 

investigation was focused on microRNA targets on seasonal influenza genomes. 

Recently, it has been shown that microRNAs could directly interact with influenza A 

viruses. For instance, hsa-miR-584-5p and hsa-miR-1249 dramatically inhibited 

replication of H5N1 and pH1N1 (A/Beijing/501/2009) IAVs in A549 cells through 

matched with the PB2 binding sequence (159). Among the eight segments of 

influenza A viruses, PB1 was reported most frequently.  Our previous study 

demonstrated that hsa-miR-3145 could also trigger silencing of viral PB1 genes of 

influenza A viruses (pH1N1, H3N2, H5N1), resulted in inhibition of influenza viral 

replication in human lung epithelial cell line A549 (26). Upon infection of highly 

pathogenic avian influenza H5N1 in human cells, hsa-miR-324-5p and hsa-miR-485 

inhibited viral replication by targeting the PB gene (160, 161). In addition to viral 

polymerases PB2 and PB1, hsa-let-7c bound to the 3' UTR of the H1N1 M1 gene, 

resulted in the regulation of viral replication in A549 cell lines (25).  However, these 

previous studies demonstrated the effect of human microRNAs in human cells 

infected with influenza A viruses. So far there have been only a few studies reporting 

canine microRNAs targeting viral genomes in response to infection of influenza A 

viruses (24). Song and colleagues indicated that cfa-miRNA-323, cfa-miRNA-491, 

and cfa-miRNA-654 inhibited replication of the H1N1 (A/WSN/33) viruses in MDCK 

cells through binding to the viral PB1 gene (24).  
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Unlike the earlier investigation of Song et al. (24), the present study 

demonstrated canine microRNAs profiles in MDCK cells infected with the current 

subtypes of seasonal influenza A viruses. This study found that cfa-miR-146b and 

cfa-miR-215 could directly bind to the pH1N1 PB1 gene, whilst cfa-miR-197 could 

interact with H3N2. Moreover, this study also investigated canine microRNAs 

targeting influenza B viruses, which have not been reported previously. The 

investigation found that the PB1 of B/Victoria virus could be targeted by cfa-miR-

215, while cfa-miR-146b could bind to the PA of the B/Yamagata virus. Interestingly, 

our microRNA profile data demonstrated that cfa-miR-1249 was down-regulated 

upon influenza A/pH1N1 virus infection, which is consistent with previous findings 

(159). Wang and colleagues revealed that hsa-miR-1249-3p which bound to the PB2 

binding sequence dramatically inhibited replication of influenza H5N1 and pH1N1 

viruses in A549 cells (159). While the current study demonstrated overexpression of 

cfa-miR-1307 and down-expression of cfa-miR-486 in the B/Victoria-infected cells, 

other previous studies found that both microRNAs targeted viral genomes in human 

cells.  Specifically, hsa-miR-1307 could target the NS1 gene of pH1N1 (162), while 

hsa-miR-486-5p bound to several segments of H1N1 (PR8) or H3N2 (163).  

Naturally, microRNA-binding sites are located in the 3'-untranslated regions 

(UTR) of mRNAs. However, cellular microRNAs could bind to various regions of 

viral RNAs including the 3'-UTR (154), 5'-UTR (103), and the coding regions of viral 

proteins (24, 157). Generally, the interactions between microRNA and viral genome 

lead to inhibition of translation of the viral genome, preventing viral replication. In 

some circumstances, however, the direct binding could stabilise the virus RNA, 

thereby enhancing replication (103, 104, 164). It is intriguing that synergistic effort 
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between two or more miRNA-binding sites within the gene enhanced repression of 

mRNA translation (165). Therefore, the location and number of miRNA-binding sites 

within a viral genome can influence the function of microRNAs. Although individual 

microRNA mimics/ inhibitors were treated in the present study, we found that cfa-

miR-146b and cfa-miR-215 could bind to the same PB1 gene of pH1N1 virus at the 

position of 2191 and 2155, respectively. Furthermore, some investigations reported 

that the combined effort of multiple microRNAs targeting different gene segments 

had a higher suppressive effect on some strains of influenza A viruses than that of 

individual microRNA treatment (163). However, the synergistic effect of microRNA 

mixtures has yet to experimentally validated. Returning to the hypothesis posed at the 

beginning of this study, it is now possible to state that canine microRNAs could 

inhibit the replication of seasonal influenza viruses through direct binding to viral 

RNAs. Conversely, treatment of microRNA inhibitors could antagonize the 

suppressive effect of the microRNAs, resulted in enhanced propagation yields of the 

viruses. 

In addition to direct binding with viral RNAs, the alteration of host microRNA 

expression could affect downstream transcriptomic profiles which can be either 

beneficial or deleterious to influenza viruses (110, 166-170). However, the effect of 

influenza virus-mediated microRNAs has been largely investigated in human cells as 

shown in most of the previous studies.  Although Zhou et al. demonstrated that cfa-

miR-143 promoted apoptosis via the p53 pathway in canine influenza virus H3N2-

infected MDCK cells (166), investigations of canine cells infected with seasonal 

human influenza viruses are still limited. According to our validated microRNAs 

expression, cfa-miR-146b, cfa-miR-197, cfa-miR-215, and cfa-miR-340 were most 
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commonly upregulated microRNAs upon infection of seasonal influenza A and B 

viruses. Cfa-miR-340 was overexpressed during infection of influenza viruses 

A/pH1N1 and A/H3N2. Previous studies found that the 3'-UTR of Rho-associated, 

coiled-coil containing protein kinase 1 (ROCK1) and Janus Kinase 1 (JAK1) was 

identified as a target of hsa-miR-340 (171, 172). ROCK1 participates in the 

internalization of influenza A virus via RhoA-PIP5K signalling (173), while 

inhibition of JAK1/STAT3 leads to apoptosis in H5N1 infection (174). To predict 

whether dog ROCK1 and JAK1 could be a target of cfa-miR-340, TargetScan was 

utilised (175). As can be shown in Table 13, cfa-miR-340 might bind to the 3'-UTR of 

dog ROCK1 as well as that of JAK1. Most recently, hsa-miR-340-5p was found to 

target retinoic acid-inducible gene I (RIG-I) and 2'-5'-Oligoadenylate Synthetase 2 

(OAS2), thus inhibiting replication of influenza A viruses (176). However, the target 

site of cfa-miRNA-340 on dog RIG-I and OAS2 could not be found by TargetScan 

and miRDB. 

 The present study showed that infections of A/H3N2 and B/Yamagata 

mediated the upregulation of cfa-miR-146b. It has been documented previously that 

hsa-miR-146b could target TNF receptor associated factor 6 (TRAF6) proteins, 

resulted in the regulation of cell apoptosis and cytokine production (177). 

Interestingly, hsa-miR-146a was also shown to regulate TRAF6 levels during 

infection of various viruses including influenza A/H3N2 virus (178), enterovirus 71 

(179), dengue virus (180), and Japanese encephalitis virus (181). According to in 

silico target prediction (Table 13), the seed region of cfa-miR-146b is similar to that 

of hsa-miR-146b. Therefore, it is possible that cfa-miR-146b may interact with dog 

TRAF6, related to interferon production during seasonal influenza virus infection. 
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Furthermore, this investigation demonstrated that the over-expressions of cfa-

miR-197 and cfa-miR-215 were present in the cells infected with A/H3N2, B/Victoria 

and B/Yamagata influenza viruses. Previously, hsa-miR-197 and hsa-miR-215 were 

altered upon virus infection, influencing gene expressions in their host organisms. For 

instance, hsa-miR-197 was downregulated by Enterovirus 71 (EV71) to maintain Ras-

related Nuclear protein (RAN), leading to nuclear transport of viral proteins (182). 

Besides, RAN-GTP also involves in transport of influenza genome (183). 

Additionally, microRNA-197 was reported to suppress the expression of lysine 63 

deubiquitinase (CYLD) (184).  Interestingly, this tumour suppressor CYLD is a 

negative regulator of RIG-I-mediated antiviral response. Viral RNAs are detected in 

cytoplasm by RIG-1, leading to the activation of tank-binding kinase-1 (TBK1) and 

IκB kinase-ε (IKKε). These protein kinases activate IFN regulatory factor 3 (IRF3) 

and IRF7, thereby inducing interferon expression (185). Recently, it has been 

demonstrated that CYLD removed polyubiquitin chains from RIG-I and TBK1, 

concomitant with an inhibition of the IRF3 signalling pathway (186, 187). Like 

hybridisation found in human genes, TargenScan showed that cfa-miR-197 could bind 

to the 3'-UTRs of dog RAN and CYLD (Table 13). 

Besides, X-chromosome-linked inhibitor of apoptosis (XIAP) could be 

targeted by microRNA-215 (188, 189). Therefore, it is possible that both microRNAs 

may involve in influenza virus-mediated apoptosis. XIAP is known to be an anti-

apoptotic protein, which directly inhibits the proteolytic activity of caspases through 

binding with caspase-3 (190). It is intriguing that activation of caspase 3 during the 

onset of apoptosis is an essential event for efficient influenza virus propagation (191, 

192). Mechanistically, retention of the viral RNP complexes in the nucleus appears 
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due to the inhibition of caspase-3, impeding virus progeny formation (191, 193). 

Similar to the complementary pairing in human genes, computational prediction 

demonstrated that the seed region of cfa-miR-215 might interact with the 3'-UTRs of 

dog XIAP (Table 13). 

 

Table 13 Predicted host genes targeted by candidate microRNAs. 

MicroRNAs 3'UTR position of 

dog genes 

Hybridization pattern between 

miRNA (bottom strand) and target 

gene (top strand) 

Seed type 

Cfa-miR-197 111-117 of CYLD 

 

7mer-m8 

Cfa-miR-197 279-286 of RAN  

 

8mer 

Cfa-miR-215 3270-3276 of XIAP 

 

7mer-m8 

Cfa-miR-146b 478-485 of TRAF6 

 

8mer 

Cfa-miR-146b 39-46 of IRAK1 

 

8mer  

Cfa-miR-146b 55-62 of IRAK1 

 

8mer  

Cfa-miR-146b 1073-1079 of JAK1 

 

7mer-m8 

Cfa-miR-340 1153-1160 of ROCK1 

 

8mer 

Cfa-miR-340 1347-1353 of ROCK1 

 

7mer-A1 
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MicroRNAs 3'UTR position of 

dog genes 

Hybridization pattern between 

miRNA (bottom strand) and target 

gene (top strand) 

Seed type 

Cfa-miR-340 1073-1079 of JAK1 

 

7mer-m8 

  

As stated earlier, viral genomes of influenza viruses are the main target of 

candidate microRNAs in this study. Although other previous studies in the human 

model together with in silico prediction (Table 13) lend support to possible targets on 

canine transcripts, the indirect effect of such microRNAs on phenotypic outcomes 

awaits further elucidation in canine cell lines. Regarding microRNAs targeting viral 

RNAs, the following points deserve particular attention. Firstly, maintenance of 

microRNA-binding sites within the viral genome could pause a challenging issue. It is 

well documented that the RNA polymerase of influenza viruses lacks the function of 

proofreading. Therefore, the incorporation of incorrect nucleotides usually happens 

during the influenza viral replication (194-196). Since viral seed strains were not 

available, most of the strains represented in this experiment were derived from 

clinical specimens obtained from the Centre of Excellence in Clinical Virology, 

Faculty of Medicine, Chulalongkorn University, Thailand. Nevertheless, the 

microRNA-binding sites of several viral seed strains obtained from NCBI or GISAID 

were observed with respect to the sequences of the experimental strains. 

Unfortunately, this study found that some microRNA-binding sites of vaccine strains, 

particularly the PB1 gene of pH1N1 viruses A/Michigan/45/2015 and 

A/Brisbane/02/2018, could not be targeted by cfa-miR-215. This observation is in 

agreement with most recent investigation by Bavagnoli and team, which demonstrated 
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that a mutation in the NS1 gene of A/pH1N1 strains present in Italy during 2010-2011 

enabled the virus to escape the inhibitory effect of hsa-miR-1307-3p (162). Another 

example is that the expeditious loss of RISC-binding sites was found in the in vitro 

treatment of human immunodeficiency virus with siRNAs, which function similarly 

to microRNAs when they perfectly complementary bind to RNAs (197, 198). Whilst 

this investigation suggests negative regulation of influenza virus replication through 

host microRNAs, the ability of RNA viruses to evolve away from repression by 

specific microRNAs should be a concern.  

Secondly, the effect of such microRNA inhibitor treatments on antigenic 

sequence changes should be taken into consideration. To our knowledge, acquired 

mutations in influenza virus HA and NA surface glycoproteins leads to immune 

evasion of viruses from protective neutralising antibody responses (199). In addition, 

influenza viruses could develop mutations in the HA and NA proteins after serial 

passaging in cell culture, eventually impacting vaccine efficacy (200). Some studies 

demonstrated that viral isolates spontaneously developed antigenic HA mutations 

after three passages in MDCK cells without any treatments (201). However, vaccine 

production does not require a longer period of culture or passage. In general, 

candidate vaccine viruses (CVVs) are inoculated into MDCK cells and incubated for 

two or three days to allow virus to replicate. To investigate the effect of microRNA 

inhibitor treatments on antigenic changes, different strains of seasonal influenza 

viruses were propagated for two days in MDCK cells transfected with microRNA 

inhibitors or negative control inhibitor. In this study the sequences of HA and NA 

obtained from the microRNA inhibitor-treated groups were determined, as compared 

with their parental populations. Fortunately, the results showed that there were no 
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mutations found in both HA and NA even though the viruses were grown in the cells 

treated with microRNA inhibitors. This may be inferred that the manipulation of 

microRNA inhibitors may not be a selection pressure on influenza viruses. Thirdly, 

this strategy might be concerned with production costs. Due to transient effect, the 

utilisation of microRNA inhibitors may be an impractical strategy for mass 

manufacturing. A recent breakthrough in CRISPR/Cas technology has paved the way 

for genetic engineering. This gene-editing technique has been proved to knockout or 

knockdown microRNAs in vitro (202-204) and in vivo (205). Moreover, this notion 

has been supported by a recent study of Waring and colleagues, identifying that 

microRNA-21 targets various regions of viral H1N1 (PR8) genome. The microRNA-

21 deficient MDCK cells have the potential to be used as a vaccine platform to 

propagate viruses targeted by microRNA-21 and replace the conventional egg-based 

vaccine manufacturing (206). 

In conclusion, this study provides the feasibility of host microRNA 

manipulation to enhance viral replication in MDCK cell-based production system. It 

is the first study to report canine microRNA profiles in response to seasonal influenza 

A and B viruses. According to the results, microRNAs tend to target viral genes in a 

strain-specific manner. Therefore, the candidate microRNAs might target viral 

genomes, resulted in suppression of viral replication. Conversely, the utilisation of 

microRNA inhibitors may antagonise the effect of candidate microRNAs, leading to 

an increase in viral yields. However, the strategy of microRNA targeting viral 

genomes might have some points to consider such as maintenance of microRNA-

binding sites within the viral genome and transient effect of microRNA inhibitor 

transfection. 
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APPENDIX A 

 

Figure S1 Map of pSilencer 3.0-H1 (Ambion) (207). 
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APPENDIX B 

 

 

Figure S2 Map of pmirGLO (Promega) (208).
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