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Abstract 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the etiological agent 

responsible for the coronavirus disease of 2019 (COVID-19) pandemic, which has infected 

millions of people worldwide. To date, several vaccines and antivirals have been developed against 

SARS-CoV-2; however, its tendency to mutate rapidly poses a continued threat to human health. 

As such, the development of better pan-coronavirus therapeutics is still required. Recently, the 

SARS-CoV-2 non-structural protein 13 (Nsp13) helicase has been shown to be an attractive 

therapeutic target given its high conservation rate among coronaviruses and indispensable role in 

viral replication. Based on this, we sought to further study the biochemical mechanisms behind 

Nsp13’s binding and unwinding activities, along with its interactions with host cells, to provide 

further insight for future therapeutic development. 

 

To study the binding and unwinding activity of Nsp13, we site-specifically incorporated 

the non-canonical amino acid (ncAA) p-azido-L-phenylalanine (AzF) into Nsp13 to act as a 

bioorthogonal handle for fluorescent labelling. We identified five potential sites for AzF 

incorporation in Nsp13 and assessed their reactivities towards a conjugated Cy5 fluorophore 

through strain-promoted alkyne-azide cycloaddition (SPAAC). Further experiments were also 

performed to ensure that the unwinding activity was not adversely affected before these Nsp13-

AzF constructs were utilized in fluorescence resonance energy transfer (FRET)-based binding 

assays. Ultimately, the F81AzF construct was identified to be the most suitable for monitoring the 

binding of Nsp13 to a series of nucleic acid substrates in a distance-dependent manner by FRET. 

The next steps of this project would be to implement F81AzF in single-molecule FRET (smFRET) 

experiments to directly monitor the positioning and dynamics of this helicase on its substrate. 
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In addition, interactions between Nsp13 and host cellular and biological processes were 

investigated to provide further insight into potential mechanisms that can be exploited for novel 

therapeutic development. From transcriptomic profiling analyses of A549 cells, we uncovered that 

Nsp13 influences microRNA (miRNA) expression and signalling pathways; in particular, miR-

146a, a potent mediator of inflammation and immune responses, was found to be induced upon 

Nsp13-overexpression. Further experiments revealed that this may lead to the inhibition of NF-κB 

signalling, through the repression of the upstream targets TRAF6 and IRAK1, to suppress the 

production of proinflammatory cytokines and facilitate viral infection. Collectively, from this 

work, we propose that further exploration of these miR-146a-mediated signalling pathways may 

present alternative strategies for antiviral investigations. 
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Chapter 1 

General Introduction 

1.1 The COVID-19 Pandemic 

The newly emerged human coronavirus (HCoV), named severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2), is the causative agent responsible for the recent coronavirus disease 

of 2019 (COVID-19) pandemic1–3. Originating from Wuhan, China in late 2019, this virus has 

infected over 671 million people and caused over 6.8 million deaths across 229 countries as of 

February 4, 20234,5. While some COVID-19 patients remain asymptomatic or present with mild 

flu-like symptoms, others develop severe respiratory distress, cardiac complications, renal failure, 

septic shock, other long-term health complications, and even death6. In addition to acute infection, 

a phenomenon known as "long covid" has been observed, whereby, recovered individuals continue 

to present symptoms several months after clearance of the initial infection7. Over the past few 

years, several vaccines have been developed and approved for use, with over 13 billion vaccine 

doses having been administered worldwide to date8,9. There have also been significant 

advancements in the development of antiviral therapeutics against SARS-CoV-2 infection, 

expedited through the employment of previous research on coronaviruses10–13. Early in the 

pandemic, the initial strategy for developing antivirals centred around drug repurposing as it was 

a timely and cost-effective strategy against the imminent threat14. Since then, the strategies for 

developing new drugs include blocking viral entry into host cells, inhibiting viral replication, and 

mediating cytokine signalling14–16. However, despite the development of vaccines and therapeutics 

against SARS-CoV-2, this virus remains a significant threat to human health, highlighting the need 
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to better understand this virus’ mechanism of pathogenesis and interactions with host signalling 

pathways to develop more effective therapeutics against novel SARS-CoV-2 variants. 

 

1.2 SARS-CoV- 2 Genome and Life Cycle 

Coronaviruses are a group of pathogenic enveloped viruses that belong to the family 

Coronaviridae in the order Nidovirales17,18. They are divided into four genera with Alpha- and 

Betacoronavirus being the only ones that infect humans18. Previous highly pathogenic HCoVs 

include the severe acute respiratory syndrome coronavirus (SARS-CoV) identified in 2002 and the 

Middle East respiratory syndrome coronavirus (MERS-CoV) identified 201318–21. SARS-CoV-2 

presents high sequence similarity with SARS-CoV (around 80%) and similar cell tropism in the 

lower respiratory tract by infecting pulmonary epithelial alveolar type II cells22,23. Notably, both 

these coronaviruses gain entry to the cell through the interactions of their spike glycoprotein with 

the angiotensin-converting enzyme 2 (ACE2) receptor of the host24,25. This interaction, along with 

other host factors such as the transmembrane protease serine 2 (TMPRSS2), the lysosomal 

cathepsins B/L, and neuropilin-1, promote viral uptake and fusion at the cellular or endosomal 

membrane 24,26,27. 

 

Following entry into host cells, the viral genome is released into the cell cytoplasm where 

it starts its replicative cycle. SARS-CoV-2 possesses a large single-stranded positive-sense RNA 

genome estimated to be around 26-31 kb in length17. The genome is organized into 11 open reading 

frames (ORF) surrounded by a 5′ and 3′ untranslated region (UTR) (Figure 1.1)17,28. The 5′ 

frameshifted polyprotein (ORF1a/ORF1b) is proteolytically cleaved by virus-encoded proteases 

(i.e., the papain-like protease (PLpro) and the 3C-like cysteine protease (3CLpro) or main protease 
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Figure 1.1 Organization of the SARS-CoV-2 Genome. 

Structural organization of the SARS-CoV-2 genome, which encodes 16 non-structural proteins (Nsp1-

Nsp16), 4 structural proteins (spike (S), envelope (E), membrane (M), nucleocapsid (N)) and several 

accessory proteins. Figure generated with BioRender.com. 

 

(Mpro)) into 16 non-structural proteins (Nsp1-Nsp16) that are involved in genome replication and 

transcription, four structural proteins (spike (S), envelope (E), membrane (M), nucleocapsid (N)), 

which are common to all coronaviruses, and several accessory proteins that may be important in 

the virus’ pathogenicity29,30. Several of these Nsps assemble to form the replication-transcription 

complex (RTC), namely the RNA binding protein (Nsp9), the RNA-dependent RNA polymerase 

(RdRp; Nsp12) along with its cofactors Nsp7 and Nsp8 (a primase), and the viral helicase 

(Nsp13)31,32. This initiates viral replication and transcription of the genome that then assembles 

with the structural proteins to form the mature virion, which can subsequently be released through 

exocytosis to propel further infection33. 

 

1.3 Nsp13 Helicase 

RNA viruses, such as SARS-CoV-2, often encode their own RNA helicase as they play 

important roles in viral replication34,35. The SARS-CoV-2 Nsp13 helicase (67.5 kDa) is a multi-
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functional protein encoded by ORF1b. It possesses an N-terminal zinc-binding domain (ZBD) and 

C-terminal nucleoside triphosphatase (NTPase) domains36–38 (Figure 1.2 A). It is a member of the  

superfamily 1 (SF1) helicases, sharing several conserved motifs and similar unwinding activity to 

other SF1 helicases39–41. Previous studies have shown that Nsp13 hydrolyzes nucleoside 

triphosphates (NTPs) to unwind double-stranded (ds) nucleic acids (both DNA and RNA) in a 5′ 

to 3′ direction36,42–45. This allows Nsp13 to preprocess the highly ordered structure of the viral 

genome before replication and unwind the dsRNA products generated during viral replication, 

making it an indispensable component in viral replication46. Additionally, there is growing 

evidence demonstrating that Nsp13 may play a pivotal role in the 5′-capping of viral messenger 

RNA (mRNA) through its RNA 5′-triphosphatase activity38,44,47–50, as well as RdRp backtracking, 

which allows for template switching and proofreading of the viral genome51,52. 

 

Similar to other Nidovirus helicases, Nsp13 adopts a triangular pyramid architecture 

consisting of five domains53,54. This includes two “RecA-like” ATPase domains (1A and 2A) that 

possess residues involved in nucleotide (nt) binding and hydrolysis, an N-terminal ZBD, which 

coordinates three structural zinc ions, a helical stalk domain, and a beta-barrel domain (1B)38,41,55 

(Figure 1.2 B). The NTPase binding pocket of Nsp13 is located in a cleft between domains 1A 

and 2A and consists of six important residues (Lys288, Ser289, Asp374, Glu375, Gln404, 

Arg567)38,41,56 (Figure 1.2 C). Recent studies have identified that the ZBD and stalk domain also 

play crucial roles in ATPase activity; however, their specific roles is still unclear41,57. The nucleic 

acid binding groove is formed with the 1A and 2A domains on one side, which makes contact with 

the 5′ end of the nucleic acid, and the 1B and stalk domains on the other, which makes contact 

with the 3′ end of the nucleic acid32,38. Four basic residues (Arg337, Arg339, Lys345, Lys347) are  
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Figure 1.2 Sequence and Structure of SARS-CoV-2 Nsp13 Helicase. 

(A) Nsp13 is a multi-functional protein that possesses an N-terminal zinc-binding domain (ZBD; grey), a 

helical stalk domain (S; orange), a beta-barrel domain (1B; magenta), and two “RecA-like” 

ATPase/helicase domains (1A; yellow, 2A; green). (B) A modelled Nsp13 with ADP and ssRNA (blue) 

was adapted from Perez-Lemus et. al58 and shows a triangular pyramid architecture consisting of five 

domains. The single amino acid substitution between SARS-CoV and SARS-CoV-2 (I570V) is shown as 

sticks in red. (C) The putative ATP binding site residues are shown between domains 1A and 2A. 

 



 

6 

 

located at the entrance of the nucleic acid binding channel and have been found to be crucial for 

helicase unwinding activity41. Furthermore, recent cryo-electron microscopy studies have 

demonstrated that two Nsp13 molecules associate with the viral RTC59. It was identified that 

Nsp13 makes contact with the thumb domain of the RdRp and that the N-terminal domains of each 

Nsp13 interact with the N-terminal extension of each Nsp8. This places the nucleic acid-binding 

ATPase domains of the helicase directly in front of the replicating-transcribing RdRp, thereby 

facilitating genomic replication and potentially even the backtracking activity of the complex59. 

 

1.3.1 Nsp13 as a Therapeutic Target 

Unlike the high level of variability observed in the structural proteins of SARS-CoV-2, 

such as the S protein that is commonly mutated in emerging COVID-19 variants60, Nsp13 is one 

of the most conserved proteins in the SARS-CoV-2 genome38,61. More specifically, the SARS-

CoV-2 Nsp13 remarkably shares a 99.8% and 72% sequence identity with the SARS-CoV and 

MERS-CoV Nsp13, respectively62–64. The single amino acid difference from I570 in SARS-CoV 

to V570 in SARS-CoV-2 (Figure 1.2. B) highlights how previous research, solved crystal 

structures, and drugs discovered against SARS-CoV Nsp13 were important resources early in the 

pandemic. Given that this viral helicase is both essential for viral replication and highly conserved, 

Nsp13 is often considered a promising therapeutic target against both SARS-CoV-2 and other 

HCoVs38,65. Unfortunately, while the targeting of viral helicases for drug discovery has been 

previously explored66–69, it remains quite challenging in practice, with helicase research often 

lagging behind other therapeutic strategies such as inhibiting viral polymerases and proteases10–13. 

One major challenge for developing clinically effective helicase inhibitors is the need for highly 

specific therapeutics that can localize to their desired cellular compartment for targeting of the 
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viral helicase without inhibiting cellular proteins such as host helicases involved in nucleic acid 

metabolism and/or cellular homeostasis70. 

 

Two common methods for discovering Nsp13 helicase inhibitors include “virtual” in silico 

screening and docking studies of the ATP-binding pocket and in vitro characterization studies of 

the ATPase and unwinding activity36,64,71–73. Recently, a comprehensive review written by Halma 

et al. summarized the potential SARS-CoV-2 helicase inhibitors identified in the literature to 

date65. Some promising helicase inhibitors include Ranitidine Bismuth Citrate (a metallodrug 

commonly used against Helicobacter pylori infection)72,74, SSYA10-001 (a synthetic 

pharmaceutical drug that inhibits the unwinding activity of a broad range of CoVs)75–78, and natural 

flavonoids like myricetin and quercetin63,77–79. However, despite some of these helicase inhibitors 

having entered clinical trials, none have currently been approved for use against COVID-1965. As 

such, while vaccines remain imperative for preventing serious disease, more targeted therapeutics 

against conserved viral proteins like Nsp13 are also essential and relies on comprehensive 

understanding of the protein’s mechanism of action and interactions with host signalling pathways.   

 

1.4 The Innate Immune Response 

Akin to other viruses, SARS-CoV-2 infection has been shown to activate innate immune 

responses, the host’s first line of defence against invading pathogens80,81. Upon infection, viral 

RNA and surface glycoproteins can act as pathogen-associated molecular patterns (PAMPs) to 

activate host innate immune responses through recognition by host pattern recognition receptors 

(PRRs) such as retinoic acid-inducible gene I-like receptors (RLRs) and toll-like receptors 

(TLRs)82–84. The detection of dsRNA by the cytosolic RLRs retinoic acid-inducible gene I (RIG-
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I) and melanoma differentiation-associated factor 5 (MDA5) activates the mitochondrial antiviral 

signalling protein (MAVS). In turn, this recruits the tumor necrosis factor receptor-associated 

factor 3 (TRAF3) to phosphorylate NF-κB activator (TANK)-binding kinase 1 (TBK1) and 

inhibitor of nuclear factor κB (IκB) kinase-ε (IKKε). This leads to the subsequent phosphorylation 

and dimerization of interferon (IFN) regulatory factor 3 (IRF3) and 7 (IRF7), which initiates the 

transcription of type I and type III IFNs85,86. These released IFNs can then bind to their receptors 

on neighbouring cells initiating the Janus kinase (JAK)/ signal transducer and activator of 

transcription (STAT) signalling pathway whereby phosphorylated STAT1 and STAT2 dimerize 

and associate with IRF9 to form a complex that localizes to the nucleus and facilitates the 

transcription of antiviral IFN-stimulated genes (ISGs)87,88 (Figure 1.3). 

 

Similarly, signalling through TLRs can also initiate the production of type I IFNs and 

proinflammatory cytokines to modulate inflammatory and immune responses82,83. In the context 

of infection by RNA viruses, intracellular TLRs (e.g., TLR3, TLR7, TLR8), that are localized in 

the endosome, recognize viral nucleic acids and initiate signalling cascades through the 

recruitment of various adapter proteins such as myeloid differentiation primary response protein 

88 (MyD88) or TIR domain-containing adaptor-inducing IFN-β (TRIF)84,89. There are also cell 

surface TLRs, such as TLR4, which have previously been shown to recognize viral 

glycoproteins90. The association of TLRs (e.g., TLR4, TLR7, TLR8) with MyD88 recruits 

members of the interleukin-1 receptor-associated kinase (IRAK) family, which ultimately activate 

TNF receptor-associated factor 6 (TRAF6). This in turn results in downstream activation of the 

IKK complex (composed of NEMO, IKKα and IKKβ) that phosphorylates and subsequently 

degrades IκB, an inhibitory protein, resulting in the release of NF-κB (p65/p50) to the nucleus 
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where it can mediate the transcription of various pro-inflammatory genes83,91–94. When dsRNA is 

detected by TLR3, the adaptor protein TRIF is used to interact with TBK1 and mediate the 

phosphorylation of IRF3, leading to the transcription of IFNs82,89. TLR4 can also signal through 

TRIF leading to the activation of TRAF6 and its associated NF-κB activation as previously 

discussed92 (Figure 1.3). NF-κB signalling pathways can be stimulated by a diverse array of 

external stimuli including inflammatory cytokines, growth factors, as well as bacterial and viral 

stressors94. In the context of COVID-19, there is accumulating evidence suggesting that the 

dysregulation of NF-κB signalling pathways, and its associated increase in cytokine and 

chemokine levels, plays a central role in acute disease severity95. 
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Figure 1.3 Innate Immune Responses. 

Upon viral infection, various TLRs (TLR3, TLR4, TLR7, TLR8) and RLRs (RIG-I, MDA5) initiate 

signalling cascades leading to the activation of transcription factors such as NF-κB, IRF3 and IRF7. In turn, 

this stimulates the production of pro-inflammatory cytokines and type I and III IFNs, respectively. These 

IFNs are then secreted in an autocrine and/or paracrine fashion to induce the expression of ISGs through 

the JAK/STAT signalling pathway. Figure generated with BioRender.com. 
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1.4.1 Nsp13 Antagonizes Host Immune Responses 

Coronaviruses, like SARS-CoV-2, have evolved several mechanisms to evade host innate 

immune responses. This includes strategies to minimize the detection of viral RNA by host cells, 

inhibit IFN signalling, and antagonize IFN production96–100. Several SARS-CoV-2 proteins, 

including but not limited to M101,102, Nsp697, Nsp3103,104, and ORF6105, have been reported to 

antagonize type I IFN responses by targeting various effector proteins of the innate immune 

response. In particular, the SARS-CoV-2 Nsp13 has been identified as a potent immune antagonist 

that can act in multiple mechanisms for immune escape. To start, its role in the capping of viral 

RNA helps to enhance its translation by host cells and avoid detection by host PRRs96,106. In terms 

of modulating or blocking IFN signalling cascades, Nsp13 can reduce the expression of the IFN 

Alpha and Beta Receptor Subunit 1 (IFNAR1)107 and even interact with STAT1 to prevent its 

phosphorylated-mediated activation97,108. Furthermore, the production of type I IFNs can also be 

hindered as Nsp13 has been shown to bind to TBK1, the kinase responsible for IRF3 activation, 

preventing its p62-dependent phosphorylation and degradation. As a result, nuclear localization of 

IRF3 is inhibited leading to a decrease in type I IFN transcription97,105,109–111. Nsp13 has also been 

suggested to downregulate NF-κB signalling, leading to the inhibition of proinflammatory 

responses111. Altogether, the conserved nature of Nsp13 and its extensive role in immune evasion 

highlight how further investigation into this viral helicase could offer new insight to facilitate the 

development of better pan-coronavirus therapeutics. 

1.5 MicroRNAs 

In addition to the interactions between SARS-CoV-2 proteins and host signalling 

pathways, such as immune responses, microRNAs (miRNAs) have also been shown to interact 

with various signalling pathways during viral infection112. miRNAs are small non-coding RNA 
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molecules, approximately 22 nts in length, that regulate gene expression, cell signalling, and host 

cell environment113–115. Acting as post-transcriptional gene regulators, miRNAs base-pair with the 

3′ UTR of complementary mRNA sequences to induce translational repression, mRNA 

deadenylation, and decapping116. Non-canonical miRNA-mRNA interactions, such as those that 

interact with the 5′ UTR and coding region of target genes, have also been reported to be 

functional117,118. Research on miRNAs has implicated these molecules as important regulators of 

numerous biological functions including regulating cell growth and differentiation, inflammation, 

and immune responses114,116,119–121. As such, it is no surprise that there is growing evidence of their 

involvement in human diseases and cancer122,123. In the context of viral infection, miRNAs can 

serve as critical regulators of viral pathogenesis by acting through direct interactions with the viral 

genome124–127. Up- or down-regulation of various host miRNAs during viral infection can also 

induce either proviral responses to evade the host’s immune system or antiviral responses that 

enable host cell defense mechanisms to fight against the infection 113,128,129 

 

1.6 The Expanded Genetic Code and Non-Canonical Amino Acids 

As previously discussed, understanding the role Nsp13 plays in regulating host responses 

is important for developing therapeutics; however, comprehensive characterization of Nsp13’s 

structure and function is also essential for developing potent helicase inhibitors. Current techniques 

to study the structure of a protein include crystallization, x-ray diffraction, and nuclear magnetic 

resonance analysis130. In contrast, the function of a protein can be examined through the analysis 

of proteins with similar sequences or through tracking its localization in cells using fluorescent 

tags130. Further investigations into a protein’s interactions with other proteins or molecules, as 

determined through affinity chromatography or co-immunoprecipitation techniques, can also be 
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valuable for understanding the role of a protein in the cell130. While these are all important 

techniques for the characterization of both host and viral proteins, advances in the field of protein 

engineering, such as the rise of expanded genetic code techniques, have provided additional tools 

to study protein structure and function.  

 

Advances in molecular biology have allowed for the site-specific substitution of any amino 

acid to another in a protein sequence. While this remains a common and useful practice to study 

protein structure and function to date, the potential applications of this technique are restricted by 

the 20 amino acids and 64 unique codons that synthesize all proteins in nature, with the exception 

of selenocysteine and pyrrolysine131,132. Fortunately, over the past few decades, there has been an 

emergence in the development and incorporation of unnatural or non-canonical amino acids 

(ncAAs) into proteins, which has provided chemical biologists and protein engineers alike, the 

potential to introduce novel functionalities and reactivities into proteins131,133,134. Importantly, 

these developed ncAAs are often metabolically stable in their cellular environment and well 

tolerated by the ribosome, making them valuable tools for studying biological systems135,136. To 

date, over 200 ncAAs have been developed, providing a diverse array of applications such as 

photo-crosslinking proteins to other biomolecules, serving as fluorescent probes, acting as 

bioorthogonal handles for click chemistry, and selectively introducing post-translational 

modifications and structural elements137–141. Methods to robustly introduce these ncAAs into 

proteins have also been well developed135,136,142 (Figure 1.4). Briefly, these genetic code expansion 

techniques involve an evolved orthogonal tRNA/aminoacyl tRNA synthetase pair (tRNA/aaRS) 

that can site-specifically incorporate the specified ncAA into the protein of interest by recognizing 

“non-sense” stop codons in the mRNA sequence, as they are not recognized by endogenous 
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tRNAs135. The amber stop codon, UAG, is the most commonly used as it is found in only 9% of 

the E.coli genome and rarely terminates essential genes135. 

 

One commonly used ncAA is the tyrosine analogue p-azido-L-phenylalanine (AzF). It was 

first developed in 2002143 and since then, AzF has been successfully incorporated into the 

tombusvirus’ viral suppressor protein p19144 and the human serotonin transporter (hSERT)145 for 

its ultraviolet (UV) induced crosslinking capabilities. Moreover, the azide group on AzF can 

provide additional functionalities such as serving as a reactive bioorthogonal handle for different 

substrate conjugation through click chemistry146–148. Two commonly used azide-alkyne 

cycloaddition reactions include the copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) and 

strain-promoted alkyne-azide cycloaddition (SPAAC)149–151. While both are bioorthogonal and do 

not interfere with normal biological chemistries, SPAAC reactions have the added advantage of 

not needing a copper catalyst and therefore are less cytotoxic151.  
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Figure 1.4 Incorporation of ncAAs into Proteins. 

An orthogonal tRNA/aminoacyl tRNA synthetase (aaRS) is evolved to produce mature tRNA conjugated 

with the ncAA of interest. Site-directed mutagenesis is used to introduce the amber stop codon (TAG) into 

the coding sequence of the target protein. Co-expression of both plasmids will allow the orthogonal tRNA 

to recognize the amber stop codon and incorporate the ncAA into the growing polypeptide chain. Figure 

generated with BioRender.com. 
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1.6.1 Using ncAAs for FRET 

Fluorescence (or Förster) resonance energy transfer (FRET) is a physical process that is 

commonly used in many biomedical and drug discovery applications152,153. It relies on the 

nonradiative concomitant transfer of energy between two suitable fluorophores only when there is 

a significant overlap of the emission spectrum of the donor with the absorption spectrum of the 

acceptor154,155. The strong distance dependence of FRET has warranted its use in investigating both 

inter- and intramolecular interactions156. This includes monitoring dynamic changes in protein 

structure and interactions both in vivo and in vitro 156–158. As the utility of this method is contingent 

on the site-specific incorporation of these fluorophores on their target molecule, ncAAs have been 

widely used as bioorthogonal handles for FRET fluorophores to monitor changes in protein 

conformation159,160, protein-protein interactions161,162, as well as protein-nucleic acid 

interactions144,148,163. 

 

1.7 Outline of Work 

The SARS-CoV-2 Nsp13 helicase is not only important for the life cycle of the virus, as 

evident by its nucleic acid unwinding activity that allows for genome replication, it also has 

important secondary roles in viral infectivity, as demonstrated by its interactions with host 

signalling pathways. Therefore, to better inform the development of Nsp13-based therapeutics 

against COVID-19, the objective of this work was to further characterize the enzymatic activities 

of the SARS-CoV-2 Nsp13 helicase and investigate its role in modulating host responses. First, 

we sought to examine the binding and unwinding activities of Nsp13 through the use of expanded 

genetic code techniques. The ncAA AzF was site-specifically incorporated into Nsp13 at five 

different sites to act as a bioorthogonal handle for the fluorescent labelling of the enzyme. To 



 

17 

 

identify the best Nsp13-AzF construct, we assessed these constructs for labelling efficiency and 

unaltered helicase unwinding activity. Next, FRET-based assays were conducted to monitor the 

binding of Nsp13 to a series of nucleic acid substrates in a distance-dependent manner. Moving 

forward, the successful Nsp13-AzF constructs can be implemented in single-molecule FRET 

(smFRET) studies to monitor the positioning and dynamics of Nsp13 binding with its nucleic acid 

substrates. 

 

The second objective of this work was to investigate the potential role of Nsp13 in 

modulating cellular host processes. Using global transcriptomic analyses, we identified that Nsp13 

modulates pathways involved in post-transcriptional gene silencing and translational repression by 

RNAs, such as miRNAs. To further explore potential miRNA-mediated signalling pathways 

influenced by Nsp13, we utilized bioinformatic techniques and identified miR-146a to be of 

interest. From the known role of miR-146a in inflammatory and innate immune responses, we 

conducted preliminary analyses to propose mechanisms by which Nsp13 may be modulating these 

cellular processes through miR-146a-mediated signalling. 
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Chapter 2 

Monitoring SARS-CoV-2 Nsp13 Helicase Binding Activity Using Expanded 

Genetic Code Techniques 

2.1 Abstract 

The SARS-CoV-2 Nsp13 helicase is a multi-functional protein that can unwind dsDNA 

and dsRNA in an NTP-dependent manner. Given that this viral helicase is both essential for viral 

replication and highly conserved among coronaviruses, a thorough understanding of the helicase’s 

unwinding and binding activity may allow for the development of more effective antiviral 

therapeutics against HCoV infections. Herein, we describe the use of genetic code expansion 

techniques to site-specifically incorporate the ncAA AzF into Nsp13 for fluorescent labelling of 

the enzyme with a conjugated Cy5 fluorophore. This Cy5-labelled Nsp13-AzF can then be used in 

FRET and smFRET experiments to investigate the dynamics of enzyme translocation during 

binding and unwinding. Five sites (F81, F90, Y205, Y246, and Y253) were identified for AzF 

incorporation in Nsp13 and assessed for fluorescent labelling efficiency. We then verified that the 

unwinding activity of the Nsp13-AzF constructs was not affected by the incorporation of AzF, 

before monitoring the binding activity between fluorescently labelled Nsp13-AzF and nucleic 

acids by FRET. Overall, this approach not only allows for the direct monitoring of Nsp13’s binding 

activity on its substrate, it may also introduce a novel method to screen for compounds that can 

inhibit this essential enzymatic activity during viral replication. 
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2.2 Introduction 

SARS-CoV-2 is the etiological agent responsible for the COVID-19 pandemic, which has 

caused extensive economic and health-related hardships worldwide1–3. Despite the rapid 

development of vaccines and antiviral therapeutics, SARS-CoV-2 remains a significant threat to 

human health as novel variants continue to emerge and evade developed therapeutics4,5. As a result, 

further investigations into the virus’ pathogenic mechanisms remain essential in our quest to 

develop better pan-coronavirus therapeutics. In particular, the virally-encoded Nsp13 helicase has 

been identified to be essential for SARS-CoV-2 replication6–8. Since this helicase shares extremely 

high sequence conservation among coronaviruses9,10, Nsp13 is often thought to be an ideal 

therapeutic target11–13. However, despite this therapeutic potential, its specific mechanism of 

binding and unwinding has yet to be fully characterized. 

 

Many approaches have been used to study the catalytic mechanisms by which the Nsp13 

helicase unwinds nucleic acids. For instance, recent cryo-electron microscopy studies uncovered 

that Nsp13 directly interacts with the RTC, acting together to facilitate the unwinding of the viral 

genome and allow for its replication14,15. This Nsp13-RTC interaction appears to go both ways as 

Nsp13 unwinding activity has been proposed to be force-dependent, requiring mechanoregulation 

by the RdRp16,17. High-resolution X-ray crystal structures and hydrogen-deuterium (H/D) 

exchange assays have also been used to monitor changes in the different conformational states of 

Nsp1318,19. From these studies, an inchworm-type model for Nsp13 translocation along ssRNA in 

the 5′ to 3′ direction was suggested, whereby ATP hydrolysis triggers a conformational change 

from the “closed” ATP-bound state to the more “open” product state by having the 1A domain 

slide 1 nt towards the 3′ end of the RNA18,19. Results from the H/D exchange assay also revealed 
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that the β19–β20 loop on the 1A domain may be involved in the unwinding process rather than 

binding19.  

 

In addition to these structural investigations, in vitro biochemical assays also account for a 

large portion of our mechanistic understanding of Nsp13. Previous studies have identified that 

SARS-CoV Nsp13 unwinding is enhanced with longer 5′-overhangs and that cooperative 

translocation of multiple Nsp13 molecules can enhance the processivity of DNA unwinding20. A 

later study found this cooperative translocation to be related to the amount of ATP present21. 

Interestingly, several of these biochemical assays showed robust enzymatic activity with DNA in 

vitro, despite Nsp13 often being thought to act on RNA in vivo6,20,22. This contrasts with another 

study which found that the SARS-CoV Nsp13 preferred dsRNA for its helicase activity rather than 

dsDNA at high ATP concentrations21. Recent analysis of the SARS-CoV-2 Nsp13 found that 

continuity of the helicase-translocating strand is essential for its unwinding activity22. Altogether, 

while these conventional biochemical methods provide enormous insight into Nsp13 binding and 

unwinding activities, they are limited by only reporting the average activities of a heterogenous 

population and cannot distinguish the activity of a single Nsp13 molecule. This poses a great 

limitation for multi-domain and multi-functional enzymes such as Nsp13, which cycles through 

different catalytic states during nucleotide binding and unwinding18. Therefore, to gain a detailed 

understanding of a single Nsp13’s enzymatic activity, single-molecule experiments are warranted 

to capture the fast and transient dynamics involved in Nsp13 and nucleic acid binding and 

unwinding interactions.  

 

Only a handful of single-molecule experiments have been done to explore the mechanistic 
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regulation of Nsp13 with its nucleic acid substrate. In one recent study, optical tweezer 

experiments uncovered that Nsp13 may be an intrinsically weak helicase that not only requires 

one ATP for every base pair unwound, but is also force-dependent, requiring a destabilizing force 

from external factors such as its substrate or complexed RdRp for unwinding16. Moreover, 

smFRET experiments have also been used to characterize a DNA unwinding step size of 4-9 base 

pairs for the MERS-CoV Nsp1323. While both studies provide useful characterizations of the 

unwinding dynamics of individual enzyme-substrate complexes, they remain limited in their 

ability to monitor the positioning of an enzyme bound to a nucleic acid substrate in real time. This 

is because previous smFRET experiments are often limited to tracking the hybridization state of 

the nucleic acid substrate as specific monitoring of the enzyme is often difficult. Since the ability 

to directly observe transient interactions and movements along a catalytic pathway is an invaluable 

method to gain a comprehensive understanding of an enzyme’s activity, we sought to fluorescently 

label Nsp13 and observe its binding activity with fluorescently labelled nucleic acid substrates 

through FRET. Similar approaches have been successfully used for the characterization of other 

enzymes24,25, including the hepatitis C virus helicase known as the non-structural protein 326.  

 

In this work, we utilized genetic code expansion techniques to site-specifically 

incorporated the ncAA AzF into Nsp13 to act as a bioorthogonal handle for fluorescent 

labelling27,28. Next, we assessed the labelling efficiency of our Nsp13-AzF constructs with a Cy5-

dibenzocyclooctyne (DBCO) conjugated dye and confirmed that helicase unwinding activity was 

not altered with the addition of AzF. After identifying suitable Nsp13-AzF constructs, these 

constructs were then used to characterize Nsp13 binding interactions with nucleic acids through 
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FRET. Ultimately, we aim to use our Nsp13-AzF constructs in smFRET experiments to monitor 

the positioning and dynamics of Nsp13 binding with its nucleic acid substrates.  

 

2.3 Results 

2.3.1 Identifying and Screening Potential Sites for the Incorporation of AzF into Nsp13  

First, we sought to identify potential sites for AzF incorporation in Nsp13 that would be 

suitable to serve as a reactive site-specific bioorthogonal handle for fluorescent labelling. Using 

published crystal structures of the SARS-CoV-2 Nsp13 helicase, we first identified all the Tyr (Y) 

and Phe (F) residues in the structure as these two residues most closely resemble the structure of 

AzF. The goal here was to attempt to minimize any structural or functional changes to the enzyme. 

Structures of the SARS-CoV-2 RTC with Nsp13 bound (PDB: 6XEZ)15, Nsp13 modelled with 

ADP and ssRNA29, along with X-ray crystal structures of Nsp13 in APO form (PDB: 7NIO), 

phosphate-bound form (PDB: 6ZSL), and nucleotide-bound form using the ATP analog AMP-

PNP (PDB: 7NN0)18 were evaluated to visualize sidechain rotamers. To further narrow down 

potential candidates, we selected residues that were within FRET distance (10–100 Å) to the 

modelled RNA in the structure, were solvent or surface accessible for subsequent click chemistry 

reactions (e.g., had aromatic rings oriented towards the protein surface), and were not contained 

in any ordered secondary structures such as alpha helices and beta sheets. Furthermore, catalytic 

residues, such as those involved in ATP hydrolysis and nucleotide binding, were avoided to 

prevent altering the enzymatic activities of this helicase. In the end, residues F81, F90, Y205, 

Y246, and Y253 were selected for further analysis (Figure 2.1 A and Supplemental Figure 2.1). 
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To determine if AzF was successfully incorporated into Nsp13, we assessed for full-length 

wild type (WT) and Nsp13-AzF protein expression in bacterial cell lysates by western blot. In the 

absence of AzF in the growth media, the protein sequence was prematurely terminated at the 

mutated TAG site, as it is a canonical stop codon, and therefore no protein was detected by western 

blot probing against the C-terminal His-tag of the Nsp13 helicase. However, when AzF was 

supplemented to the growth media, AzF was incorporated at the mutated TAG site allowing for 

full-length protein expression (Figure 2.1 B). Full-length expression of all five Nsp13-AzF 

constructs was observed. No canonical amino acids were incorporated into our specified sites of 

interest in the absence of added AzF as no protein expression was observed (Figure 2.1 C). 

 

2.3.2 Screening Nsp13-AzF Constructs for Site-specific Fluorescent Labelling with Cy5-

DBCO 

WT Nsp13 and Nsp13-AzF constructs were purified from bacterial cell lysates and labelled 

with a Cy5-DBCO conjugated dye through a SPAAC reaction (Figure 2.2 A). The labelling 

efficiencies of these Nsp13-AzF constructs were analyzed by western blot. Despite unequal Nsp13 

protein abundance between samples, as observed when probing against the C-terminal His-tag on 

Nsp13, we observed minimal background Cy5 labelling of WT Nsp13. Normalizing the Cy5 

fluorescence signal to the total protein abundance demonstrated that all Nsp13-AzF constructs 

yielded higher labelling efficiencies compared to WT ranging from 7-fold greater with Y205AzF; 

15 to 16-fold greater with F90AzF, Y246AzF and Y253AzF; and 18-fold greater with F81AzF 

(Figure 2.2 B, C). 
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Figure 2.1 Site-specific Incorporation of AzF into Nsp13.  

(A) Five sites were identified for AzF incorporation in SARS-CoV-2 Nsp13 (PDB: 6XEZ). Phe (F, purple) 

and Tyr (Y, red) residues that are within FRET distance to modelled RNA in the crystal structure, have 

their aromatic rings oriented towards the protein surface, and are not contained in ordered secondary 

structures were selected for AzF incorporation. (B) Schematic depicting the incorporation of AzF into C-

terminal His-tag Nsp13 constructs. (C) Western blot showing full-length protein expression of Nsp13-AzF 

constructs in bacterial lysates in the presence of AzF in the growth media.  
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Figure 2.2 Site-specific Fluorescent Labelling of Nsp13-AzF Constructs with Cy5-DBCO. 

(A) Schematic depicting the fluorescent labelling of Nsp13-AzF constructs through SPAAC reactions with 

a Cy5-DBCO conjugated dye. (B) Purified WT Nsp13 and Nsp13-AzF constructs were incubated with Cy5-

DBCO at a molar ratio of 1:2 protein to dye in 1X PBS (pH 7.4). A Cy5 fluorescence scan was used to 

assess the labelling efficiency of the constructs. (C) Densitometry analysis was performed by normalizing 

the Cy5 intensity with the total protein abundance. The adjusted intensity is presented relative to the WT 

control. 
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2.3.3 The Unwinding Activity of F81AzF and Y253AzF were not affected by the 

Incorporation of AzF  

After confirming that Nsp13-AzF constructs could be efficiently labelled with Cy5-DBCO, 

we wanted to ensure that the unwinding activity of these constructs was not affected by the 

incorporation of AzF. An unwinding assay was performed to monitor the rate each Nsp13-AzF 

construct unwinds a dsDNA substrate containing a black hole quencher and Cy3 fluorophore on 

opposite strands30. In this assay, as the dsDNA is unwound by Nsp13, the Cy3 strand is released 

generating a corresponding increase in Cy3 fluorescence (Figure 2.3 A). The unwinding activity 

of F81AzF, F90AzF, and Y253AzF were found to be the most similar to WT Nsp13, demonstrating 

unwinding rates of 0.42 ± 0.06 nM/min, 0.25 ± 0.03 nM/min, and 0.33 ± 0.05 nM/min, 

respectively, compared to the unwinding rate of 0.59 ± 0.14 nM/min observed with the WT 

(Figure 2.3 B). The other two Nsp13-AzF constructs, Y205AzF and Y246AzF, demonstrated a 

more gradual unwinding activity with rates of 0.04 ± 0.003 nM/min and 0.06 ± 0.005 nM/min, 

respectively (Figure 2.3 B). Altogether, F81AzF and Y253AzF were the two Nsp13-AzF 

constructs with the best labelling efficiency and unwinding rates most similar to WT Nsp13. 
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Figure 2.3 F81AzF and Y253AzF Demonstrate Similar Unwinding Rates to WT Nsp13. 

(A) Schematic depicting the Nsp13 helicase unwinding assay. As Nsp13 unwinds a dsDNA substrate 

containing a black hole quencher and Cy3 fluorophore on opposite strands, the Cy3 strand is released 

generating a corresponding increase in Cy3 fluorescence. The competitor DNA captures the free Cy3 strand 

to prevent the substrate from re-annealing. (B) The unwinding activity of purified WT Nsp13 and Nsp13-

AzF constructs was monitored. 5 nM of purified protein was incubated with 50 nM of dsDNA substrate 

and the reaction was initiated with the addition of 0.1 mM ATP. The graph is presented as the fraction of 

substrate unwound over time. Data is presented as mean ± SD (n=3). Fluorescence values were fitted using 

a one-phase association on PRISM-GraphPad (v9.4.1) to determine unwinding rates. 
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2.3.4 Monitoring the Binding of Nsp13-AzF to dsDNA Substrates by FRET  

After determining that Nsp13 F81AzF and Y253AzF both showed efficient Cy5-labelling 

and similar unwinding rates to WT Nsp13, a FRET-based assay was conducted to monitor the 

binding of these constructs to Cy3-labelled substrates. While the Cy3 fluorophore (the donor) was 

placed on the nucleic acid substrates and the Cy5 fluorophore (the acceptor) was placed on Nsp13, 

we would expect to see similar FRET results if the fluorophores were reversed. This assay was 

done in the absence of ATP to observe Nsp13 substrate binding activity as opposed to helicase 

unwinding activity. A series of 20 nt long Cy3-labelled DNA substrates (S20-Cy3) with varying 

duplex lengths, denoted as “Xn” where “n” refers to the length of the duplex region, were designed 

to assess the distance-dependent relationship of FRET efficiency (S20-Cy3/X5, S20-Cy3/X8, S20-

Cy3/X10, S20-Cy3/X12, S20-Cy3/X15, S20-Cy3/X17, S20-Cy3/X20) (Supplemental Figure 2.2 

A). As the length of the duplex region increases, the ss-overhang region shortens, and the distance 

between the bound Cy5-labelled Nsp13 and the Cy3 dye on the 3′ terminus of the substrate would 

also increase thereby reducing FRET efficiency (Figure 2.4 A). 

  

First, we determined the ratiometric intensity-based FRET proximity ratio (EPR), or FRET 

value, for the binding of Cy5-labelled WT Nsp13, F81AzF, and Y253AzF to a series of Cy3-

labelled dsDNA substrates of varying duplex lengths. With the WT Nsp13, an EPR value of ~0.08 

was observed with the fully duplexed substrate (S20-Cy3/X20). The EPR values for WT Nsp13 

remained low and constant (~0.12-0.13) as the substrate’s duplex length increased (X5-X17) 

(Supplemental Figure 2.2 B). The EPR value of F81AzF and Y253AzF decreased in a distance-

dependent manner as the length of the duplex region increased. With F81AzF, we determined a 

maximal EPR value of ~0.35 with the S20-Cy3/X5 substrate as compared to the residual EPR of 
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~0.14 with the fully duplexed substrate (S20-Cy3/X20) (Supplemental Figure 2.2 B). With 

Y253AzF, we determined a maximal EPR value of ~0.28 with the S20-Cy3/X5 substrate as 

compared to the residual EPR of ~0.12 with the fully duplexed substrate (S20-Cy3/X20) 

(Supplemental Figure 2.2 B). 

 

Next, we evaluated how the FRET signal changes with varying protein concentrations. For 

all substrates, the EPR value increased in a protein concentration-dependent manner for both 

F81AzF and Y253AzF, with a consistently higher EPR value observed with F81AzF (Figure 2.4. 

B). The corresponding fluorescence emission spectra corroborate these findings and show that the 

F81AzF construct generates a protein concentration-dependent decrease in the Cy3 signal at 565 

nm with a corresponding increase in the Cy5 signal at 670 nm, which is indicative of FRET (Figure 

2.4 C and Supplemental Figure 2.3). Altogether, the F81AzF construct demonstrated the best 

distance-dependent FRET efficiency, making it a viable candidate for future smFRET experiments 

to monitor the direct binding and positioning of a Nsp13 molecule on its substrate. 
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Figure 2.4 Monitoring the Binding of Cy5-labelled Nsp13 F81AzF and Y253AzF to Cy3-labelled 

dsDNA by FRET. 

(A) Schematic representation of the binding of Cy5-labelled Nsp13-AzF to dsDNA substrates. Upon 

excitation at 520 nm, if Nsp13 is bound to the ss-overhang of the substrate at a close enough distance to the 

Cy3 dye on the dsDNA substrate, FRET will be observed through emission of the Cy5 signal at 670 nm. 

(B) The ratiometric intensity-based FRET proximity ratio (EPR) for the binding of Cy5-labelled WT Nsp13, 
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F81AzF, and Y253AzF to dsDNA substrates with varying duplex lengths shows an increase in FRET with 

increasing protein concentration. Data are presented as mean ± SD (n=3). (C) The emission spectra for the 

binding of Cy-5 labelled WT Nsp13 and F81AzF to the S20-Cy3/X12 substrate shows a Cy3 peak at 565 

nm and a Cy5 peak at 670 nm. 

 

2.4 Discussion 

The incorporation of ncAAs, such as AzF, into proteins requires some optimization; 

however, when successfully done, they can provide numerous potential applications. One of these 

highly useful applications includes the ability to serve as a site-specific bioorthogonal reactive 

handle for fluorescent labelling31,32. This is especially useful for studying the transient dynamics 

of enzyme and nucleic acid interactions as the site-specific labelling of each molecule with 

corresponding FRET-pair fluorophores allows for the direct monitoring of the enzyme along its 

bound substrate. 

 

First, five potential sites for incorporating AzF into the SARS-CoV-2 Nsp13 helicase were 

investigated (F81, F90, Y205, Y246, and Y253) (Figure 2.1 A and Supplemental Figure 2.1). 

To minimize alterations to the structure and function of this highly conserved helicase, Tyr and 

Phe residues were selected as they most closely resemble the structure of AzF. The AzF handle 

was also selected to be solvent accessible and in an orientation and location suitable for generating 

FRET with nucleic substrates. Consequently, this resulted in residues within loops often being 

selected in order to not restrict the rotational freedom of the attached dye. Additionally, as the 

ultimate goal is to use these Nsp13-AzF constructs in functional enzymatic assays, we chose sites 

that were not involved in catalytic functions, such as nucleotide binding and unwinding. Two of 

the selected residues, F81 and F90, were located in the fairly flexible ZBD of SARS-CoV-2 and 

have been shown to be on the interface involved with interactions between Nsp13 and Nsp8a in 
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the RTC15. Y205 is found in the 1B domain and has been recently hypothesized to engage with 

residue W178 to form a platen that aids in the conformation-specific recognition of Z-RNA, the 

left-handed conformer of normal dsDNA33. Y246 and Y253 are both found on an exterior flexible 

loop in the 1B domain, next to the RecA-like 1A domain but away from conserved helicase motifs 

I, II, and III that make contact to bound nucleotides18. Full-length expression of all five Nsp13-

AzF constructs was observed, but not to the same level as WT Nsp13 (Figure 2.1 C). This was to 

be expected since these evolved tRNAs conjugated with AzF may compete with release factors 

that facilitate the termination of protein synthesis at the amber stop codon, TAG28,34. Additionally, 

changes to the folding competency of these Nsp13-AzF constructs may account for some of the 

variability in protein abundance observed. 

 

After confirming the recombinant protein expression of all five Nsp13-AzF constructs, we 

then assessed the reactivity of the azido group of AzF for a strained alkyne-conjugated dye, Cy5-

DBCO. Since SPAAC click reactions have been shown to be slower and less selective compared 

to CuAAC35, we needed to confirm both the efficiency and specificity of the fluorescent labelling 

of Nsp13-AzF constructs. When purified Nsp13-AzF was reacted with two-molar excess Cy5-

DBCO, without the removal of unincorporated dye, we observed some background labelling of 

the unmodified WT Nsp13 (Figure 2.2 B). This unspecific labelling may be attributed to the fact 

that strained-alkynes can sometimes cross-react with nucleophiles, such as free thiols, via a 

Michael addition36. Therefore, as there are 26 cysteine residues in Nsp13, most of which are 

solvent accessible, these thiol side chains may react with the strained alkyne leading to some 

unspecific background labelling as the unreacted dye was not removed37. Further optimization of 

the labelling conditions (e.g., time, concentration etc.) and subsequent removal of unreacted dye 
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may help mitigate this concern. Additionally, we observed inconsistent protein concentrations 

between samples due to the instability of our purified proteins. During the protein purification 

process, reducing agents were avoided to prevent the reduction of the AzF azide group to an amine. 

While this was necessary for preserving the integrity of AzF, it became detrimental in Nsp13 

protein stability and storage as the free cysteines may have formed artificial disulfide bonds, which 

can lead to aggregation of the protein38. This is why moving forward to in vitro helicase unwinding 

and binding assays, freshly purified protein was used. Despite this, it is evident that the Nsp13-

AzF constructs can be efficiently and specifically labelled with Cy5-DBCO, with F81AzF showing 

the best labelling efficiency. 

 

Another important aspect we needed to evaluate before using these Nsp13-AzF constructs 

for in vitro characterization studies was to ensure that the helicase unwinding activity of Nsp13-

AzF constructs was not hindered. We found that F81AzF and Y253AzF, with unwinding rates of 

0.42 ± 0.06 nM/min and 0.33 ± 0.05 nM/min respectively, were the only constructs to have 

unwinding rates within a two-fold difference compared to the WT (Figure 2.3 B). While F90AzF 

also demonstrated similar unwinding to the WT, we decided to not conduct FRET binding assays 

with this construct as the F81AzF mutation was located in the same region and had a more 

comparable unwinding rate to the WT. Interestingly, the Y246AzF showed a substantially lowered 

unwinding activity despite this mutation being located in the same region as Y253AzF. Both of 

these residues are not currently known to be directly involved in the unwinding process18,19,39; 

however, it may be interesting to further evaluate the kinetic implications of this Y246 residue on 

helicase activity in the future and see if the addition of AzF at this site changes the overall fold of 

the protein. Y205AzF demonstrated the lowest unwinding rate, which may correspond to its 
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hypothesized role in binding dsRNA33. Altogether, we showed that unwinding activity is not 

compromised with the incorporation of AzF at sites F81, F90 and Y253.   

 

After screening for suitable Nsp13-AzF constructs, F81AzF and Y253AzF were selected 

for use in FRET-based binding assays. We were interested in evaluating FRET for both of these 

constructs as they were located in very different domains with F81 being in the ZBD and Y253 

being in the catalytic Rec1A domain located relatively closer to the nucleic acid binding channel 

of Nsp13. When comparing the EPR values of F81AzF and Y253AzF with varying substrate duplex 

lengths and protein concentrations, we found that F81AzF consistently showed higher FRET 

efficiency (Figure 2.4 B and Supplemental Figure 2.2 B). Despite the F81 site being further 

away from the nucleic acid binding site relative to Y253, this result was not entirely surprising as 

a previous study was able to measure FRET with more distant AzF sites as well26. In order to 

observe FRET, the donor and acceptor transition dipoles must be aligned40–42. As such, the higher 

EPR values observed with F81AzF may suggest that the Cy5 fluorophore at this site is attached at 

a more suitable position/orientation for FRET with the Cy3 fluorophore located on the DNA 

substrate, as compared to Y253AzF. Overall, we found that as the length of the duplex increased, 

the EPR value decreased, indicating that Nsp13 bound on average farther from the Cy3 fluorophore 

(Figure 2.4 B and Supplemental Figure 2.2 B). As expected, the greatest EPR value for both 

Nsp13-AzF constructs was observed with the S20-Cy3/X5 substrate as it had the shortest duplex 

region. Previous studies have reported that the optimal footprint length of Nsp13 is 5 nt43; however, 

a 10 nt overhang is thought to allow one copy of Nsp13 to bind at a time20. This may explain why 

although we see a decrease in FRET efficiency with increasing duplex length, it is a relatively 

small change as we do not get enhanced cooperativity with multiple Nsp13 molecules binding the 
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substrate within this range. With the fully duplexed substrate (S20-Cy3/X20), the resulting EPR 

was reduced to ~0.14 with F81AzF and ~0.12 with Y235AzF (Supplemental Figure 2.2 B). This 

residual EPR may be due to the bleed-through of the Cy3 signal into the Cy5 channel, which is 

observed with the Cy3-labelled dsDNA substrate alone. Since the bleed-through for Cy3/Cy5 pairs 

has been reported to be between 8 and 15%44, additional bandpass filters could be employed to 

correct for this signal. It is also important to note that this assay measures the average FRET of a 

heterogeneous population. Therefore, variations in the FRET efficiencies observed may reflect 

heterogeneity in the protein population (i.e., unlabelled or reduced Nsp13-AzF constructs in 

solution), as well as the dynamics and kinetics of the Nsp13 binding to its substrate. It is also 

possible that these FRET measurements reflect the presence of multiple protein binding modes 

and not solely the desired binding of Nsp13 at the ss/ds junction on the Cy3-labelled substrate. 

Since previous studies have demonstrated that some HCoV helicases can have basal ATPase 

activities stimulated by ss nucleic acids45, our results may reflect the average FRET efficiency of 

Nsp13 as it slides along the ss-overhang of the substrates in the absence of ATP.  

 

Another variable that may further convolute conclusions drawn from our ensemble FRET 

results is the presence of protein-induced fluorescence enhancement (PIFE) events. This 

photophysical effect refers to the enhancement in emission intensity of fluorescent dyes, including 

cyanine dyes like Cy3, when there is an increase in viscosity of their local molecular 

environment46,47. These events can be caused by the steric constraint of a protein binding near a 

Cy3 fluorophore, which reduces trans-cis photoisomerization of the dye46–49. In our FRET-based 

binding assay, we observed an increase in the baseline Cy3 signal at 565 nm when Cy5-labelled 

Nsp13-AzF is bound, which is not observed with the WT (Figure 2.4 C and Supplemental Figure 
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2.3). For the F81AzF construct specifically, as protein concentration increases, we observed an 

increase in the Cy5 signal at 670 nm by FRET, along with the expected concomitant decrease in 

the donor Cy3 signal at 565 nm. However, with the Y253AzF construct, we observed an increase 

in the Cy5 signal, with increasing protein concentration, but it was not anti-correlated with the 

donor Cy3 signal. This may be due to the fact that previous reports have indicated that PIFE can 

influence low FRET situations and cause the intensity of the dye on the protein (Cy5) to increase 

without the anti-correlated decrease exhibited by the other dye46. 

 

Collectively, these results show that we can fluorescently label Nsp13 through genetic code 

expansion techniques and use it to detect DNA binding by FRET. This approach in using ncAAs 

as a bioorthogonal handle for fluorescent labelling provides many advantages over other common 

methods of protein labelling, such as labelling through the cysteines or amine groups in the 

protein50. To start, this method enables the site-selective modification of a single residue, 

consequently minimizing alterations to the native protein structure and function. This starkly 

contrasts the relatively large size of many fluorescent proteins (typically ~25 kDa), such as the 

commonly used green fluorescent protein (GFP)51, which can compromise the function of co-

expressed biomolecules. Also, by attaching the fluorophore to a single position, we can improve 

the chances that the generated FRET observed in ensemble assays is specific to a given binding 

mode or conformation. The flexibility to label any residue on a protein is also imperative for 

ensuring that the fluorophore is in an agreeable position and orientation for FRET. However, 

despite this specific labelling of Nsp13, the FRET-based binding assays we have conducted here 

still report on the average of a heterogeneous population. Therefore, in order to delineate the 

specific mechanism by which this helicase interacts with its substrate, conducting further smFRET 
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experiments will help attribute the measured FRET efficiency to changes in the helicase position 

and/or orientation on the nucleic acid substrate during binding and unwinding. 

 

2.5 Conclusion 

Overall, we identified two Nsp13-AzF constructs, F81AzF and Y253AzF, that can be 

efficiently labelled with a Cy5-DBCO dye through SPAAC reactions. We confirmed that these 

mutations had little effect on its helicase unwinding activity and therefore were ideal candidates 

for FRET-based in vitro characterization of Nsp13 binding activity. Ultimately, F81AzF was 

identified to be the best Nsp13-AzF construct for use in future smFRET experiments to study the 

dynamics of Nsp13 translocation on its substrate during binding and unwinding. 
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2.6 Materials and Methods 

2.6.1 Nucleic Acids 

All subcloning and site-directed mutagenesis primers were purchased from Sigma-Aldrich 

(Darmstadt, Germany). All DNA oligonucleotides for the helicase unwinding assay and FRET 

assay were purchased from Integrated DNA Technologies (Coralville, IA, USA). 

 

2.6.2 Subcloning and Site-directed Mutagenesis of Nsp13 

The full-length coding sequence of the SARS-CoV-2 Nsp13 helicase was subcloned into 

the pET-21(a)+ vector for bacterial expression. Briefly, a bacterial codon-optimized sequence for 

SARS-CoV-2 Nsp13 helicase (Addgene, plasmid #159614) was subcloned by PCR into the 

pET21(a)+ bacterial expression vector using forward and reverse PCR primers (Supplemental 

Table 2.1). The PCR products were then digested with BamHI (New England Biolabs, Cat. 

#R0136S) and HindIII (New England Biolabs, Cat. #R0104S) and inserted into the multiple 

cloning site of pET21(a)+, keeping the C-terminal 6X-His-tag in frame. The resulting Nsp13 

bacterial expression vector (pET21-Nsp13) was confirmed by sequencing performed at Genome 

Quebec (Montreal, QC). 

 

Site-directed mutagenesis was performed to introduce an amber stop codon (TAG) 

mutation into pET21-Nsp13 at the following positions: F81, F90, Y205, Y246, and Y253. 

Reactions were carried out in PCR tubes consisting of 20 ng of pET21-Nsp13 plasmid DNA, 1X 

Xtremebuffer, 0.4 mM dNTPs, 0.3 µM each of the corresponding forward and reverse site-directed 

mutagenesis primers (Supplemental Table 2.1), and 0.02 U/µL KOD polymerase (Novagen, Cat. 

#71975-3) in a total reaction volume of 50 µL in water. Reactions were placed in a thermocycler 
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and run at 98ºC for 2 minutes, 95ºC for 30 seconds, 55ºC for 1 minute, 72ºC for 7 minutes (1 

minute/KB), repeating steps 2-4 for a total of 18 cycles before a final extension at 72ºC for 5 

minutes. The resulting Nsp13-AzF plasmid sequences were confirmed by sequencing performed 

at Genome Quebec (Montreal, QC). 

 

2.6.3 Small-scale Bacterial Expression and Screening of AzF Incorporation 

To assess the bacterial expression of Nsp13-AzF constructs, E. coli strain BL21 (DE3) 

(Thermofisher Scientific) cells were transformed with Nsp13-AzF plasmids along with an 

orthogonal tRNA/aminoacyl tRNA synthetase pair (tRNA/aaRS) gifted from the lab of Dr. Peter 

Schultz52. The transformed cells were then grown in 2 mL cultures of LB media supplemented 

with 100 µg/mL ampicillin and 50 µL/mL spectinomycin at 37ºC to an OD of 0.5-0.6. Expression 

of the Nsp13-AzF constructs was induced with the addition of 1 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) (Teknova, Cat. #I3325) and 1 mM AzF (MedChemExpress LLC, 

#HY-16714) to the media. Cultures were then allowed to grow at 18ºC overnight. The cells were 

pelleted by centrifugation, resuspended in 100 µL of 2X Laemmli Buffer (Biorad, Cat. 

#1610737EDU), and heated at 95ºC for 15 minutes. The samples were resolved on a 10% stain-

free SDS-PAGE gel (Bio-Rad, Cat. #1610183) and scanned on a ChemiDoc MP imager (Bio-Rad) 

before the proteins were transferred to a PDVF membrane and probed for Nsp13-AzF expression 

using a 6X-His Tag monoclonal antibody (Thermofisher Scientific, Cat. #MA1-21315-HRP). 

 

2.6.4 WT Nsp13 and Nsp13-AzF Protein Purification 

 Large-scale bacterial expression of WT and Nsp13-AzF were prepared as described under 

“Small-scale Bacterial Expression and Screening of AzF Incorporation”. Briefly, transformed E. 
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coli strain BL21 (DE3) cells containing the Nsp13-AzF plasmids were grown in 600 mL of LB 

supplemented with 100 µg/mL ampicillin and 50 µL/mL spectinomycin at 37ºC to an OD of 0.5-

0.6. Protein expression was induced with the addition of 1 mM IPTG (Teknova, Cat. #I3325) and 

1 mM AzF (MedChemExpress LLC, #HY-16714) to the media before allowing the cultures to 

grow at 18ºC overnight. Cells were harvested by centrifugation at 5000 x g for 5 minutes. The 

pellet was resuspended in lysis buffer (50 mM Tris (pH 8.0), 300 mM NaCl, 10 mM imidazole 

(pH 8.0)) supplemented with cOmplete™ Protease Inhibitor Cocktail (Roche, Cat. #11697498001) 

and subsequently lysed by sonication (50% amplitude) for 2 minutes cycling between 1 second off 

and 1 second on ice. The cells were then centrifuged at 20,000 x g for 20 minutes at 4ºC to obtain 

the soluble fraction. WT Nsp13 and Nsp13-AzF constructs were purified using HisTrap HP 

columns (Sigma, Cat. #GE17-5319-01) and washed with wash buffer (500 mM Tris (pH 8.0), 600 

mM NaCl, 60 mM imidazole (pH 8.0)). Purified protein was eluted using elution buffer (50 mM 

Tris (pH 8.0), 300 mM NaCl, 300 mM imidazole (pH 8.0)) and concentrated using 30 kDa MWCO 

ultra-centrifugation tubes (Amicon, Cat. #UFC903024) before buffer-exchanged into a buffer 

containing 50 mM Tris (pH 8.0), and 100 mM NaCl. Size-exclusion fast protein liquid 

chromatography (FPLC) was then performed using a S75 column (GE Healthcare Life Sciences). 

Purified protein concentrations were determined both by the absorbance at 280 nm on a NanoDrop 

2000 (Thermo Scientific) and using the calculated extinction coefficient of 68,785 M-1cm-1 11. 

 

2.6.5 Fluorescent Labelling of Nsp13-AzF with Cy5-DBCO 

5 µM of purified WT Nsp13 or Nsp13-AzF constructs were allowed to react with 10 µM 

Cy5-DBCO (Sigma Aldrich, Cat. #777374) in 1X PBS (pH 7.4) at room temperature for 30 

minutes. To remove excess dye, the labelled proteins were run through a P30 gel microspin column 
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(Bio-Rad, Cat. #7326250) according to the manufacturer’s protocol. SDS-PAGE loading buffer 

was added to the samples and heated at 95ºC for 10 minutes before being resolved on a 10% stain-

free SDS-PAGE gel (Bio-Rad, Cat. #1610183). The gel was scanned for Cy5 fluorescence and 

stain-free protein visualization on a ChemiDoc MP imager (Bio-Rad). The labelled proteins were 

then transferred to a PDVF membrane and probed for Nsp13-AzF expression using a 6X-His Tag 

monoclonal antibody (Thermofisher Scientific, Cat. #MA1-21315-HRP). 

 

2.6.6 Helicase Unwinding Assay 

The helicase unwinding assay was adapted from a previous publication with some 

modifications30. Briefly, the Cy3-DNA strand and Black Hole Quencher-2 (BHQ-2) 

(Supplemental Table 2.2) were annealed at a 1:1.1 ratio with concentrations of 20 µM:22 µM, 

respectively, in a thermocycler by heating to 75ºC for 5 minutes followed by a gradual cooling to 

4ºC over 50 minutes. In a 96-well black bottom plate, a 2X enzyme solution containing 5 nM of 

purified WT Nsp13 or Nsp13-AzF in reaction buffer (20 mM HEPES (pH 7.6), 20 mM NaCl, 5 

mM MgCl2, and 0.1 mg/mL BSA) was added in triplicate. To start the reaction, a 2X solution 

containing 50 nM duplex substrate, 250 nM competitor strand DNA, and 100 µM ATP in reaction 

buffer was added to the enzyme solution in the plate. Samples were excited at 530 nm (9 nm slit 

width) and emission was recorded at 570 nm (15 nm slit width) using a SpectraMax i3 plate reader 

(Molecular Devices) every minute for 60 minutes. Fluorescence values were fitted using a one-

phase association on PRISM-GraphPad (v9.4.1) to determine unwinding rates. 
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2.6.7 Fluorescent Resonance Energy Transfer Assay  

A 20 nt long DNA strand was ordered with a Cy3 dye attached to the 3′ terminus (S20-

Cy3). A series of complementary DNA sequences were designed to form partial duplexes of 

varying lengths with the S20-Cy3 strand. These sequences are denoted as “Xn”, where “n” refers 

to the length of the duplex region (Supplemental Table 2.3). For the FRET assay, the substrates 

were prepared by annealing the S20-Cy3 strand with the Xn strands at a 1:2 ratio with 

concentrations of 20 µM:40 µM, respectively, by heating to 75ºC for 5 minutes followed by 

gradual cooling to 4ºC over 50 minutes in a thermocycler.  

 

The FRET assay was performed in a total volume of 40 µL in 96-well black bottom plates. 

Purified and Cy5-DBCO labelled WT Nsp13, F81AzF and Y253AzF Nsp13 constructs (50-400 

nM) were serially diluted in FRET reaction buffer (25 mM MOPS (pH 6.0), 10 mM NaCl, 3 mM 

MgCl2, and 0.1% Tween-20) and incubated with 100 nM of corresponding Cy3-DNA substrate 

(S20-Cy3/X20, S20-Cy3/X17, S20-Cy3/X15, S20-Cy3/X12, S20-Cy3/X10, S20-Cy3/X8, S20-

Cy3/X5) for 30 minutes at room temperature. Samples were excited at 520 nm and the fluorescence 

spectra were recorded from 555 to 700 nm using a SpectraMax i3 plate reader (Molecular Devices). 

The ratiometric intensity-based FRET proximity ratio (EPR) was defined as IA/(IA +ID), where IA 

and ID are the emission maximum intensities of the Cy5 acceptor at 670 nm and the Cy3 donor at 

565 nm, respectively53. 
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Chapter 3 

Investigations into the Role of the SARS-CoV-2 Nsp13 Helicase in Modulating 

Cellular Host Processes 

3.1 Abstract 

SARS-CoV-2 has caused millions of deaths worldwide and has been the subject of 

considerable global research efforts in recent years. Despite the successful development of 

vaccines and antiviral therapeutics against this virus, its tendency to mutate rapidly has emphasized 

the need for continued research to better understand this virus’ mechanism of pathogenesis and 

interactions with host signalling pathways. In this study, we sought to explore how the SARS-

CoV-2 Nsp13 helicase, a highly conserved coronavirus protein that is essential for viral replication, 

influences host biological and cellular processes. Global transcriptomic analyses of Nsp13-

transfected A549 cells identified changes in pathways involved in post-transcriptional gene 

silencing and translational repression by RNA, such as miRNA. Upon further bioinformatic 

analyses, we identified miR-146a-mediated signalling pathways to be of interest as this miRNA 

has been previously linked to the regulation of host inflammation and innate immune responses, 

similar to Nsp13. We found that miR-146a was induced in Nsp13-transfected cells and observed 

a corresponding decrease in the gene expression of two miR-146a targets, TRAF6 and IRAK1, 

which are important upstream regulators of NF-kB activation and IFN signalling. From these 

results, we propose that a more in-depth evaluation of potential Nsp13-induced miR-146a 

signalling cascades, namely NF-kB activation and SMAD4 signalling, may provide valuable 

insight for the development of novel therapeutics against COVID-19. 
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3.2 Introduction 

Despite the successful development of COVID-19 vaccines, the continued emergence of 

more infectious SARS-CoV-2 variants has left individuals susceptible to re-infection. As a result, 

there is a need for more effective broad coronavirus antivirals and inhibitors to combat serious 

disease1. Many viral proteins are considered potential therapeutic targets; however, the Nsps 

encoded by the SARS-CoV-2 genome are of particular interest as they are generally highly 

conserved among coronaviruses and have been shown to interact with host processes and 

pathways2. Oftentimes, these viral Nsps can antagonize host interferon production and signalling 

cascades to allow the virus to evade host immune responses, which leads to more serious disease 

3–5.  

 

To develop more effective therapeutic approaches against COVID-19, a good 

understanding of the molecular mechanisms behind SARS-CoV-2 pathogenesis and host-virus 

interactions is required. Previous proteomic studies have characterized the direct interactions 

between SARS-CoV-2 viral proteins and host proteins by affinity purification coupled with mass 

spectrometry to identify druggable host protein targets2,6,7. Proximity-dependent biotin labelling 

(BioID) coupled with mass spectrometry methods have also been implemented to further expand 

our knowledge of host-virus interactions and reveal potential pathogenic strategies of the virus8–

12. While both these interaction mapping methods are useful for identifying biologically 

meaningful interactions13, there is oftentimes little overlap between these results8,14. As well, their 

reliance on direct or nearby protein interactions may limit the ability to capture downstream targets 

influenced by these Nsps. To assemble a complete picture of how these Nsps modify and influence 

host signalling pathways and environments, a more global, genome-wide approach is needed. 
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The SARS-CoV-2 Nsp13 helicase is one of the most highly conserved proteins among 

coronaviruses and has been reported to antagonize host innate immune responses3,5,15,16. It is a 

viral protein that can be both nuclear and cytoplasmic meaning that Nsp13 can interact with both 

nucleic acids and host proteins to modulate host responses to infection17. As a result of its 

important implications in infection, Nsp13 is often considered a promising therapeutic target16,18–

20. Previous studies have identified that Nsp13 interacts with TBK1 to disrupt IRF3 

phosphorylation, as well as suppress STAT1 and STAT2 phosphorylation to impede IFN 

production21–24. However, aside from its role in immune responses, other interactions between 

Nsp13 and host cellular processes are not well known. 

 

In this study, we use genome-wide transcriptomic profiling techniques to investigate the 

role of Nsp13 in modifying host cellular processes. Polyinosinic: polycytidylic acid (poly(I:C)), a 

commonly used synthetic dsRNA analog, was used as an immunostimulant to study inflammatory 

and immune responses to infection25. We uncovered that, in addition to influencing immune 

responses, Nsp13 may also modulate host miRNA expression and signalling pathways. As Nsp13 

is an RNA-binding protein that is essential for unwinding the viral genome during replication, we 

hypothesized that Nsp13 may influence host immune responses and other pathways through the 

regulation of miRNA expression. In particular, we explore how in A549 cells, Nsp13 

overexpression led to an increase in miR-146a, a known inflammatory regulator26–29. We 

investigated how this miRNA may impact inflammation and other immune responses through the 

repression of key miR-146a targets such as TRAF6, IRAK1, and SMAD4. Collectively, we 

propose that further investigation into the relationship between Nsp13 and miRNA regulation may 

present an alternative strategy for developing better pan-coronavirus therapeutics. 
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3.3 Results 

3.3.1 Identifying Host Biological and Cellular Processes Modified by Nsp13 

To gain insight into the global effects of Nsp13 on host biological and cellular processes, 

we performed microarray gene expression analyses to assess for changes in the transcriptomic 

profiles of Nsp13-transfected A549 lung adenocarcinoma cells. These experiments were 

conducted both with naive non-treated cells and cells treated with poly (I:C) to simulate immune 

responses to viral infection. After confirming the overexpression of Nsp13 in A549 cells (Figure 

3.1 A), microarray analysis was performed. Profiling results revealed over 1400 differentially-

expressed genes (≤ -1.5 or ≥ 1.5 fold change between the mock- and Nsp13-transfected sample) in 

each of the two conditions, with 181 genes in common (Figure 3.1 B) (microarray results will be 

deposited online). To identify pathways that may be modulated by Nsp13, we performed candidate 

gene prioritization or gene ontology enrichment analyses of these differentially-expressed genes. 

From this, we found that pathways involved in post-transcriptional gene silencing and translational 

repression by RNA, namely miRNA, were affected by Nsp13 overexpression, both with and 

without poly (I:C) stimulation (Table 3.1). Additionally, the detection of stimuli involved in 

sensory perception (e.g., olfactory) along with immunity (innate and adaptive) and other host 

defense response pathways were also altered with Nsp13 overexpression (Table 3.1). When the 

cells were treated with poly (I:C), antigen and receptor binding, phagocytosis (recognition and 

engulfment), and membrane invagination processes were found to be down-regulated with Nsp13 

overexpression (Table 3.1). A complete list of the molecular functions and biological processes 
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Figure 3.1 Nsp13 Overexpression Modulates Cellular Processes in A549 Cells. 

(A) A549 cells were transfected with either a mock or Nsp13 plasmid and protein expression was confirmed 

by western blot analysis. (B) Microarray analysis identified differentially-expressed genes (≤ -1.5 or ≥ 1.5 

fold change) between mock- and Nsp13-transfected A549 cells in two conditions: with and without poly 

(I:C) treatment. The number of gene hits is presented in a Venn Diagram. (C) Heat map showing the top 20 

up- and down-regulated microarray hits from each experimental condition.  
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modified by Nsp13 expression can be found in Supplemental Tables 3.1 and 3.2. When looking 

at the highest fold change hits in each condition, numerous miRNAs were identified to be highly 

dysregulated (Figure 3.1 C), further confirming this trend in altered miRNA expression and 

signalling pathways. From these results, we hypothesized that a novel mechanism by which Nsp13 

alters host pathways and processes may be through the modulation of miRNA expression and 

signalling. 

 

Table 3.1 Gene Ontology Analysis of Nsp13 Overexpression in A549 Cells.  

Gene ontology (GO) analysis of the differentially-expressed genes (≤ -1.5 or ≥ 1.5 fold change) was 

performed using ToppGene30 to show the molecular functions and biological processes that were up- or 

down-regulated with Nsp13 overexpression. A summary of the altered GO molecular functions and 

biological processes are presented here and the full results can be found in Supplemental Tables 3.1 and 

3.2. 

 

Sample Regulation Altered GO: Molecular Function and Biological Process 

Nsp13  

(Non-treated) 

 
• N/A 

 

• Post-transcriptional gene silencing and translational repression by 

RNA (e.g., miRNA) 

• Detection of stimulus in sensory perception and receptor activity 

• Adaptive immune response 

Nsp13 

(Poly (I:C) 

treated) 

 

• Post-transcriptional gene silencing and translational repression by 

RNA (e.g., miRNA) 

• Detection of stimulus in sensory perception and receptor activity 

 

• Immunity and other host defense responses (innate and adaptive) 

• Antigen and receptor binding 

• Phagocytosis, recognition and engulfment 

• Membrane invagination 
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3.3.2 Investigating Nsp13’s Potential Role in Modulating miRNA Expression and Signalling 

To address our hypothesis that host pathways and processes altered by Nsp13 may be 

mediated through the action of miRNAs, we first needed to identify specific miRNA signalling 

pathways that may be potentially modulated by Nsp13 overexpression. To do this, we first 

identified all the differentially-expressed miRNAs in our microarray (≤ -1.5 or ≥ 1.5 fold change). 

Next, we generated a list of their predicted targets using online software (TargetScan31 and 

microRNA.org32). We then assessed for any overlap between this list of predicted targets and all 

the differentially-expressed genes found in our microarray (Figure 3.2). Since miRNA binding 

leads to repression of its target gene, we further filtered our results for negatively-correlated 

miRNA-gene pairs (e.g., increased miRNA expression and decreased expression of its predicted 

target genes) using miRTarVis33. Ultimately, we identified 27 and 26 miRNAs in the non-treated 

and poly (I:C) treated samples, respectively, to have corresponding negatively-correlated predicted 

gene targets in our dataset (Table 3.2 and Supplemental Tables 3.3 and 3.4). Through extensive 

review of the literature, we noticed that several of these miRNAs (e.g., miR-21, miR-196a, let-7 

family) have been previously implicated in viral infection26,34,35. This includes miR-146a whose 

expression has been reported to be upregulated during many viral infections to modulate 

inflammatory and innate immune responses36–39. As Nsp13 has also been suggested to modulate 

several effector proteins in innate immune signalling pathways21–23, we wanted to further evaluate 

if Nsp13 could be influencing these inflammatory and immune responses through miR-146a-

mediated signalling. 
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Table 3.2 Summary of Potentially Altered miRNA Signalling Pathways with Nsp13 Overexpression. 

Sample Correlation miRNA 

Nsp13 

(Non-treated) 

Up miRNA-Down Gene 
miR-23a, miR-23b, miR-30a, miR-133b, miR-141, miR-191, 

miR-200c, miR-378i, miR-494, miR-4295, miR-4500 

Down miRNA-Up Gene 

let-7f-2, miR-21, miR-23c, miR-30d, miR-33b, miR-130a, 

miR-135b, miR-152, miR-196a-1, miR-320d-1, miR-370, 

miR-376a-2, miR-381, miR-495, miR-3529, miR-4306 

Nsp13 

(Poly (I:C) 

treated) 

Up miRNA-Down Gene 

let-7a-1, miR-7-2, miR-16-2, miR-29c, miR-34a, miR-141, 

miR-146a, miR-196a-1, miR-197, miR-300, miR-329-1, miR-

429, miR-448, miR-495, miR-758 

Down miRNA-Up Gene 
miR-23c, miR-30c-1, miR-31, miR-96, miR-181b-1, miR-194-

2hg, miR-200a, miR-329-2, miR-374a, miR-874, miR-4500 

 

 

Figure 3.2 Identification of Potentially Altered miRNA Signalling Pathways with Nsp13 

Overexpression. 

From the microarray results, 171 and 147 differentially-expressed miRNAs (≤ -1.5 or ≥ 1.5 fold change) 

were identified in the non-treated and poly (I:C) treated samples, respectively. Next, online software 

(TargetScan and microRNA.org) was used to predict targets for these miRNAs before we assessed the 

overlap between this list of predicted targets and all the differentially-expressed genes found in our 

microarray. The results were further filtered to identify negatively-correlated miRNA-gene hits (e.g., up-

regulated miRNA expression and down-regulated expression of its corresponding predicted target genes). 
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3.3.3 Nsp13-induced miR-146a Potentially Regulates Host Inflammatory and Immune 

Responses 

To investigate the relationship between Nsp13 and miR-146a, we first evaluated the levels 

of miR-146a expression in our cells. We observed that both with and without poly (I:C) treatment, 

there was an approximately 3-fold increase in miR-146a levels when Nsp13 is overexpressed 

(Figure 3.3 A). Next, given that miR-146a is a known inflammatory regulator, we sought to 

investigate how miR-146a targets involved in host innate immune responses were influenced by 

Nsp13 overexpression. Using RT-qPCR, we assessed the mRNA expression of two miR-146a 

targets, TRAF6 and IRAK1. TRAF6 was observed to be down-regulated in both non-treated and 

poly (I:C) treated A549 cells while IRAK1 expression was only found to be down-regulated in 

poly (I:C) treated cells (Figure 3.3 B). The downstream effects on NF-κB activation by TRAF6 

and IRAK1 were then assessed by western blot where a decrease in the level of phosphorylated 

NF-κB was observed in Nsp13-transfected cells. No significant changes in NF-κB protein level 

was observed with Nsp13 overexpression (Figure 3.3 C and Supplemental Figure 3.1). We also 

explored other potential host pathways mediated by miR-146a and found that SMAD4 gene 

expression was down-regulated in Nsp13 overexpressed cells (Figure 3.4).  
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Figure 3.3 Nsp13 may Regulate NF-κB Activation through miR-146a-mediated Signalling. 

(A) A549 cells were transfected with either a mock or Nsp13 plasmid under two conditions, with and 

without poly (I:C) treatment for 24 hours. Forty-eight hours post-transfection, cells were lysed and the level 

of miR-146a was evaluated by TaqMan miRNA assay. (B) RT-qPCR analysis of these Nsp13 

overexpressed samples showed a decrease in relative TRAF6 and IRAK1 gene expression. On the right, 

the sequence complementary between the 3′ UTR of TRAF6 and IRAK1 with the miR-146a seed site (nt 

2-7) are shown. (C) A representative western blot and densitometric analysis of the level of phosphorylated 

NF-κB and NF-κB is shown. β-tubulin was used as a loading control. Data is presented as mean ± SEM of 

three independent biological replicates. *P < 0.05, **P < 0.01.  
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Figure 3.4 Nsp13 may Modulate SMAD4-related Signalling Pathways. 

A549 cells were transfected with either a mock or Nsp13 plasmid under two conditions, with and without 

poly (I:C) treatment for 24 hours. Forty-eight hours post-transfection, cells were lysed and RT-qPCR 

analysis showed a decrease in relative SMAD4 gene expression with Nsp13 overexpression. Data is 

presented as mean ± SEM of three independent biological replicates. *P < 0.05, **P < 0.01.  
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3.4 Discussion 

As we surpass the third year since the emergence of SARS-CoV-2, immense global efforts 

have generated a wealth of knowledge on the molecular mechanisms behind SARS-CoV-2 

infection and pathogenesis40. Despite this, the rapid emergence of more infectious variants 

continues to pose a significant global threat, highlighting the need for continued research on this 

virus for the development of better pan-coronavirus therapeutics1. Notably, Nsp13 is often 

considered a promising pan-coronavirus therapeutic target16,19,20,41,42. In this study, we sought to 

investigate the interactions between the SARS-CoV-2 Nsp13 helicase and host cellular processes 

and pathways. Previous reports have found that Nsp13 plays a role in regulating innate immune 

responses21–23, but beyond this, the role of Nsp13 in other host processes is not well-known. As 

such, we reasoned that further exploration of Nsp13’s influence on host pathways and processes 

may provide insight into novel mechanisms that can be exploited in the development of drugs and 

antivirals against this virus. 

 

To begin investigating the global effect of Nsp13 on host biological and cellular processes, 

we conducted microarray gene expression analyses of A549 lung cells transfected with Nsp13 

(Figure 3.1 B). We examined the transcriptomic profiles of these cells with and without the 

treatment of poly (I:C) to assess for changes in host processes when immune responses are 

stimulated. From gene ontology analyses of these transcriptomic profiles, we detected a down-

regulation of innate and adaptive immune responses with Nsp13 overexpression, something that 

has been previously reported21–23, as well as alterations to post-transcriptional gene silencing and 

translational repression pathways by RNA, namely miRNAs (Table 3.1 and Supplemental 

Tables 3.1 and 3.2). While direct interactions between miRNAs and Nsp13 have not been 
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previously explored, it has been suggested that the SARS-CoV Nsp13 can interact directly with 

DDX5, a host helicase involved in RNA metabolism including miRNA biogenesis43–45, to enhance 

viral genome transcription and proliferation46,47. Despite needing further experimental validation 

to determine the mechanism of this interaction, we began to consider if the SARS-CoV-2 Nsp13 

may be influencing miRNA biogenesis through interactions with this host helicase during 

infection. Alternatively, with Nsp13 being a helicase that can unwind dsRNA, it is also plausible 

that Nsp13 may be post-transcriptionally regulating miRNA processing. Recently, several factors 

have been identified to regulate miRNA processing post-transcriptionally including adenosine 

deaminase acting on RNA (ADAR)35. It was found that the expression of ADAR is upregulated 

during inflammation leading to the regulation of primary miRNA (pri-miRNA) processing through 

mutations to the miRNA stem sequence48. Therefore, in the same vein, we hypothesized that Nsp13 

may selectively unwind various dsRNA structures in both pri-miRNA and pre-miRNA resulting 

in alterations to mature miRNA production and targeted signalling. To the best of our knowledge, 

the specific regulation of miRNA transcription and processing by Nsp13 has not yet been studied; 

however, we propose this to be a fascinating area for future research as its implications could be 

important for understanding SARS-CoV-2 infection. 

 

While the mechanistic characterization of how Nsp13 influences miRNA expression is 

beyond the scope of this work, we did elect to investigate how Nsp13 may modulate miRNA 

signalling pathways to alter cellular host processes. To address this hypothesis, we first needed to 

identify miRNA signalling pathways that may be altered by Nsp13 expression and could be of 

interest for future investigations. To start, we generated a list of predicted gene targets for all the 

differentially-expressed miRNAs and then assessed the overlap between these predicted targets 
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and the genes identified in the microarray. As miRNA binding is typically associated with 

repression of the target gene49,50, we further filtered our results to isolate negatively-correlated 

miRNA-gene hits (Figure 3.2 and Supplemental Tables 3.3 and 3.4). This approach, however, 

is not without its limitations as firstly, some miRNAs, like those that bind the 5' UTR, can lead to 

the activation and translation of its mRNA target51–53. In looking solely at negatively-correlated 

miRNA-gene associations, we may miss these miRNA-mediated pathways. Additionally, the 

complexity of miRNA regulation and signalling makes identifying specific miRNA-mediated 

effects difficult. For instance, miRNAs can have one or several direct targets, but they can also 

have even more indirect and downstream effects that may not be captured in our analysis looking 

at direct miRNA-gene targeting50. Moreover, a single mRNA may be targeted by multiple different 

miRNAs making it hard to identify which miRNA is regulating each gene using microarray 

analysis alone54. Collectively, these microarray analyses provide valuable insight into global 

cellular changes and patterns; however, more poignant experimental investigations still need to be 

conducted to identify specific relationships. 

 

From our miRNA-gene analyses (Table 3.2), we identified miR-146a to be of interest as 

this miRNA has been previously implicated in viral infections and is involved in the regulation of 

innate immune responses26–29,35,55. Since Nsp13 is also a well-known modulator of host innate 

immune responses21–23, we thought it would be interesting to explore if Nsp13 may be mediating 

these inflammatory responses through miR-146a regulation and targeting. In our study, we showed 

an upregulation of miR-146a expression in A549 cells when Nsp13 is overexpressed (Figure 3.3 

A), corroborating the known induction of this miRNA in response to cytokines (e.g., TNF-α and 

IL-1β), bacterial components (e.g., lipopolysaccharide; LPS), and viral infections27,36,56–58. The 
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fact that the relative induction of miR-146a in non-treated and poly (I:C) treated cells were similar 

may reflect how activation of TLR3, an intracellular receptor localized on the endosome that 

detects dsRNA, such as poly (I:C)), often has little effect on miR-146a expression27,59. Instead, 

miR-146a is often considered an endotoxin-responsive gene whose induction is triggered by cell 

surface receptors such as TLR4 and TLR560–62. This may suggest that Nsp13, without viral 

infection, may be enough to induce miR-146a expression, but the mechanism by which this occurs 

still needs to be further explored. Altogether, these results demonstrate that Nsp13 in host cells 

can induce miR-146a expression; however, the subsequent signalling and targeting of miR-146a 

still needs to be further investigated. 

 

As miR-146a is known to modulate host inflammatory and innate immune responses in 

response to viral infection29,37,39,63,64, we sought to explore how these pathways may be influenced 

by Nsp13. Previous reports have established that miR-146a directly targets and represses TRAF6 

and IRAK1, two key adaptor proteins involved in inflammatory-related TLR and NF-κB 

signalling, resulting in the inhibition of NF-κB activation27,36,57,65–67. This is particularly interesting 

as NF-κB plays an essential role in many aspects of innate and adaptive immune signalling68,69. 

Through RT-qPCR, we observed a downregulation of TRAF6 and IRAK1 expression in Nsp13-

transfected cells (Figure 3.3 B). Despite demonstrating that miR-146a is induced in these A549 

cells, these results do not definitively show whether this decrease is mediated by direct miR-146a 

binding or by other unknown Nsp13-mediated effects. Therefore, performing additional 

experiments whereby cellular miR-146a levels are inhibited or using miR-146a mimics may help 

to elucidate this mechanism of action and delineate Nsp13 protein-mediated effects against miR-

146a-mediated effects. Moreover, western blot analysis will also need to be done to assess and 
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validate if we see a corresponding decrease in the protein expression levels of these targets. Next, 

we wanted to explore if this potential miR-146a-mediated repression of TRAF6 and IRAK1 

resulted in the known downstream inhibition of NF-κB activation and inflammatory responses. 

From preliminary western blot results, we observed a slight decrease in the level of phosphorylated 

NF-κB with no significant changes in overall NF-κB levels between the mock and Nsp13-

transfected samples (Figure 3.3 C); however, additional experiments are still needed to evaluate 

if this corresponds to a decrease in NF-κB nuclear localization and activation. Another potential 

approach to assessing changes to NF-κB activation could involve the assessment of 

proinflammatory cytokine and chemokine expression. With less phosphorylation of NF-κB, a 

decrease in the transcription of key proinflammatory genes such as IL-1, IL-6 and TNF-α would 

be expected65,69,70. In addition to repressing upstream signalling molecules of NF-κB activation, 

miR146a has also been shown to be transcriptionally induced by NF-κB in response to activation 

of innate immune responses27. This suggests that Nsp13 may be acting pro-virally to modulate this 

miR-146a negative feedback loop, consequently enhancing the observed effect in the cell71. 

Collectively, these results start to suggest a mechanism of action by which Nsp13 may induce the 

expression of miR-146a to repress TRAF6 and IRAK1 expression in order to impede NF-κB 

activation and consequently, the production of proinflammatory cytokines and type I IFNs to 

facilitate viral infection.  

 

Moreover, from our microarray results, we noticed that several type I IFNs (e.g., IFNA4, 

IFNA13, IFNA16) were downregulated in Nsp13-transfected A549 cells treated with poly (I:C) 

(data not shown; microarray results will be deposited online). While additional experiments will 

need to be conducted to verify these observations, this parallels previous studies in which 
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enterovirus 71 (EV71) and vesicular stomatitis virus (VSV)-induced miR-146a expression was 

found to be pro-viral by suppressing type I IFN production36,72. Coupling this with the fact that 

miR-146a dysregulation is involved with several human diseases73–76, we believe that a more 

complete understanding of this miRNA signalling pathway during SARS-CoV-2 infection could 

aid in the development of novel therapeutic interventions. 

 

In addition to the potential effects on innate immune responses, miR-146a has also been 

reported to mediate other cellular processes including cell differentiation and adaptive immune 

responses29,55,77–79. Since adaptive immune responses were found to be downregulated in the 

Nsp13-transfected cells (Table 3.1), further investigations on how miR-146a could modulate these 

pathways may be warranted. Another interesting miR-146a target is SMAD4, a member of the 

SMAD family, which is important in the TGF-β signalling pathway80–82. For both non-treated and 

poly (I:C) treated samples, a decrease in SMAD4 gene expression was observed with Nsp13-

overexpression (Figure 3.4). SMAD4 is an important co-mediator SMAD that complexes with 

various receptor-activated SMADs to regulate the transcription of many types of cell signals83 and 

is frequently mutated in cancer84–87. While additional experiments will need to be carried out, such 

as assessing SMAD4 protein expression levels, this dysregulation of SMAD4 could allude to 

alterations in proliferation, cell differentiation, and fibrosis pathways82. Previous reports have 

demonstrated that the SARS-CoV N protein associates with SMAD3 to interfere with 

SMAD3/SMAD4 complex formation and consequently modulates TGF-β signalling, blocks 

apoptosis, and promotes tissue fibrosis88. Therefore, the idea that Nsp13 directly, or through its 

induction of miR-146a expression, may contribute to COVID-19-related fibrosis and other 

associated pathology is yet another interesting avenue to investigate. 
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3.5 Conclusions 

In summary, the SARS-CoV-2 Nsp13 was identified to potentially modulate miRNA 

expression and signalling pathways to regulate inflammatory and immune responses, a mechanism 

of action that has not been previously proposed. In particular, it was identified that Nsp13 induces 

miR-146a expression in A549 cells leading to the repression of its direct targets TRAF6 and 

IRAK1, which are involved in NF-κB activation and IFN production. We propose that further 

investigation into these miR-146a-mediated signalling pathways may present novel avenues for 

antiviral therapeutic development; however, acknowledge that future work with infectious models 

and in vivo studies is still required. 
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3.6 Methods 

3.6.1 Cell Culture and Transfection 

Adherent A549 lung adenocarcinoma epithelial cancer cells (CCL-185) were purchased 

from ATCC. The SARS-CoV-2 mammalian expression vector pTwist-CMV-Nsp13-3xFlag 

(pGBW-m4133197; plasmid #152383) was purchased from Addgene. The empty pTwist-CMV 

control vector was generated by restriction digest of the coding sequence of the pTwist-CMV-

Nsp2-3xFlag (pGBW-m4134143; plasmid #152022) expression vector followed by subsequent re-

ligation. The plasmid was verified by sequencing at Genome Quebec (Montreal, QC). Low-

molecular-weight (LMW) poly (I:C) complexed with LyoVec was purchased from Invivogen. 

 

A549 cells were cultured in Dulbecco’s Modification Eagle’s Medium (DMEM; Wisent 

Inc.) supplemented with 10% fetal bovine serum (FBS; Wisent Inc.) and maintained at 37ºC and 

5% CO2. For western blot and RT-qPCR analysis, plasmid DNA was transfected into A549 cells 

using Lipofectamine 2000 (Life Technologies, Carlsbad, CA) according to the manufacturer’s 

protocol. Briefly, 750,000 cells per well were reversed-transfected into six-well plates with either 

2 µg of pTwist-CMV control vector or Nsp13 plasmid DNA. After 24 hours, cells were treated 

with 500 ng/mL poly (I:C) and lysed 48 hours post-transfection for downstream analysis. Cells 

were lysed with 1X sodium dodecyl sulfate (SDS) lysis buffer (50 mM Tris−HCl (pH 6.8), 2% 

SDS, and 10% glycerol) for western blot analysis and RLT Plus lysis buffer (RNeasy Plus kit, 

Qiagen, Mississauga, ON) for RT-qPCR analysis. 
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3.6.2 Microarray Analysis 

A549 cells were cultured and transfected as previously described under “Cell Culture and 

Transfection”. Forty-eight hours post-transfection, RNA isolation from pTwist-CMV mock- and 

Nsp13-transfected samples, both with and without poly (I:C) treatment, was performed using the 

RNeasy RNA isolation kit (Qiagen, Mississauga, ON) according to the manufacturer’s protocol. 

Microarray gene profiling was performed using the Affymetrix Human Gene ST.2.0 array by The 

Centre for Applied Genomics (TCAG) (The Hospital for Sick Children, Toronto, ON). The results 

were analyzed and normalized using the Affymetrix Expression Console (Thermo Fisher 

Scientific) and the Transcriptome Analysis Console (v4.0) (Thermo Fisher Scientific). Pathway 

enrichment and gene ontology analysis were conducted using ToppGene Suite30. Bonferroni 

correction was utilized to adjust P-values with P < 0.05 deemed significant.  

 

3.6.3 TaqMan and Quantitative Real-Time PCR 

Relative miR-146a levels were quantified using TaqMan miRNA Assay (Thermo Fisher 

Scientific; Assay ID: 000468). miRNA cDNA was synthesized using the TaqMan MicroRNA 

Reverse Transcription Kit (Thermo Fisher Scientific), according to the manufacturer’s protocol, 

with 10 ng of total RNA. RT-qPCR was performed with 1X TaqMan Universal PCR Master Mix 

No AmpErase UNG (Thermo Fisher Scientific), 1X TaqMan Small RNA Assay for miR-146a 

(Thermo Fisher Scientific; Assay ID: 000468) and RNU6B (Thermo Fisher Scientific; Assay ID: 

001093) in a reaction volume of 20 µL. The reactions were run on a CFX Connect Real-Time PCR 

Detection System (Bio-Rad) and analyzed using the 2−ΔΔCt method89. miRNA expression levels 

were reported relative to pTwist-CMV mock control with RNU6B levels being used for 

normalization. 
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For RT-qPCR analyses, total RNA isolation was performed using RNeasy Plus Kits 

(Qiagen, Mississauga, ON) according to the manufacturer’s protocol. The isolated RNA was 

quantified on a NanoDrop 2000 (Thermo Scientific) and reverse transcribed (250 ng) using the 

iScript Reverse Transcription Supermix (Bio-Rad) according to the manufacturer’s protocol. RT-

qPCR was performed using the SSOAdvanced Universal SYBR Green Supermix (Bio-Rad), 

according to the manufacturer’s protocol with a final concentration of 500 nM of each primer in a 

reaction volume of 20 µL. A list of the qPCR primers used in this study can be found in 

Supplemental Table 3.5. The reactions were run on a CFX Connect Real-Time PCR Detection 

System (Bio-Rad) and analyzed using the 2−ΔΔCt method89. mRNA expression levels were reported 

relative to pTwist-CMV mock control with 18S rRNA levels being used for normalization. 

 

3.6.4 Immunoblotting 

Transfected A549 samples were lysed in 1X SDS lysis buffer with cOmplete™ Protease 

Inhibitor Cocktail (Roche, Cat. #11697498001) and sheared using a 21 G needle (BD Biosciences). 

The protein concentration of each sample was determined by DC assay (Bio-Rad) according to the 

manufacturer’s protocol. SDS-PAGE was performed with 30 µg of protein loaded onto a 10% 

stain-free SDS-PAGE gel (Bio-Rad, Cat. #1610183). Protein bands were visualized on a 

ChemiDoc MP imager (Bio-Rad) before being transferred to a PVDF membrane by using a Trans-

Blot turbo transfer system (Bio-Rad). Membranes were blocked with 3% BSA in TBS-Tween-20 

(pH 7.4, 0.05%) and subsequently incubated with the appropriate primary antibody 

(Supplemental Table 3.6) overnight at 4ºC with agitation. Afterward, donkey anti-rabbit or goat 

anti-mouse secondary antibodies conjugated with horseradish peroxidase (1:20,000; Jackson 

ImmunoResearch Laboratories, Inc.) was added to the blot and incubated for an hour at room 
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temperature, with agitation, before blots were visualized with Clarity Western ECL Substrate 

solution (Bio-Rad) on a ChemiDoc MP imager (Bio-Rad). Image Lab (Bio-Rad) was used to 

perform densitometry analysis with β-tubulin levels used as the loading control. 

 

3.6.5 Statistical Analysis 

Data are presented as the mean with error bars representing the standard error of the mean. 

Statistical significance was assessed using a two-tailed, unpaired student’s t-test where P-values 

less than 0.05 are deemed significant.  
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Chapter 4 

Future Directions 

The SARS-CoV-2 Nsp13 helicase is an attractive therapeutic target for COVID-19. Its high 

conservation rate among coronaviruses and SARS-CoV-2 variants, along with its indispensable 

role in viral replication and host cell immune evasion emphasize why a more comprehensive 

characterization of this viral helicase may be important for developing therapeutic interventions 

against COVID-19. In this work, two different approaches were used to study Nsp13. First, we 

sought to gain a greater understanding of the mechanisms by which Nsp13 unwinds and binds 

nucleic acids through the use of genetic code expansion techniques. Secondly, we employed 

various bioinformatics techniques to identify potential host processes modulated by Nsp13 as an 

alternative method to inform therapeutic strategies.  

 

In chapter 2, we used genetic code expansion techniques to site-specifically incorporate the 

ncAA AzF into Nsp13 for fluorescent labelling. We demonstrated that the Nsp13 F81AzF 

construct maintained its helicase unwinding activity and that its DNA binding activity could be 

detected by ensemble FRET experiments in a distance-dependent manner. Moving forward, we 

believe that this fluorescently labelled construct could be a powerful tool for monitoring the 

dynamics of enzyme translocation during ATP-fueled unwinding and nucleic acid binding by 

smFRET. We propose that by delivering Cy5-labelled Nsp13 F81AzF to surface-anchored Cy3- 

labelled DNA substrates in smFRET experiments, the transient binding of the Nsp13 to the 

substrate can be recorded through an increase in Cy5 signal with the concomitant decrease in Cy3 

signal. By testing substrates with different overhang lengths and/or locations of the Cy3 

fluorophore, we may be able to uncover the kinetics of this enzymatic activity along with different 
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binding conformations. These single-molecule investigations will not only provide enormous 

insight into Nsp13’s mechanistic properties at all stages of its catalytic cycle, but can also be used 

to explore how external factors, such as its association with the RTC or the RdRp in particular, 

influences this activity. Altogether, these detailed characterizations of Nsp13 may contribute to 

the development of clinically relevant helicase inhibitors, an area of research that is trailing behind 

other COVID-19 drug discoveries. Currently, molecular docking investigations are a common 

practice for identifying helicase inhibitors; however, experimental validation is often still required. 

As such, our developed fluorescent-based unwinding and binding assays may also present 

convenient methods to screen and characterize these potential helicase inhibitors in vitro. 

 

In chapter 3, we highlight the important role of Nsp13 in regulating host responses to 

infection. Through transcriptomic profiling analyses, we proposed the novel role of Nsp13 in 

modulating miRNA expression and signalling as a mechanism to facilitate inflammatory and 

innate immune responses. More specifically, our findings suggest that Nsp13 induces miR-146a 

expression to downregulate upstream activators of NF-κB signalling. However, further work is 

still required to validate this proposed inhibition of NF-κB activation, as well as the resulting 

regulation of IFN signalling. Like many mammalian miRNAs, miR-146a can target a wide array 

of genes involved in the regulation of multiple cellular processes. In this work we introduce the 

role of miR-146a in innate immune responses, adaptive immune responses, and SMAD4 

signalling; however, further evaluation of these pathways is needed to identify viable therapeutic 

targets. Alternatively, the use of miR-146a mimics and inhibitors is yet another plausible 

therapeutic strategy. With the growing interest in investigating miRNAs that modulate host-virus 

interactions and the recent advancements in RNA-based therapeutics, we believe that a more 
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exhaustive interrogation of these miR-146a-mediated pathways may be instrumental to introduce 

novel avenues for antiviral therapies against COVID-19.  
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Appendix A 

Supplemental Figures and Tables for Chapter 2 

 

Supplemental Figure 2. 1 Surface Accessible Sites for AzF Incorporation in the SARS-CoV-2 

Nsp13. 

Surface representation of the crystal structure of Nsp13 (PDB: 6ZSL) where the selected sites for AzF 

incorporation, shown in red (Y205, Y246, Y253) and pink/purple (F81, F90), were observed to be surface 

accessible.  
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Supplemental Figure 2.2 Monitoring the Binding of Nsp13-AzF Constructs to dsDNA Substrates with 

Varying Duplex Lengths by FRET. 

(A) A series of DNA substrates with duplex lengths varying from 5 to 20 nt were used in FRET-based 

binding assays. (B) The ratiometric intensity-based FRET proximity ratio (EPR) was calculated to assess the 

binding of Cy5-labelled WT Nsp13 and Nsp13-AzF to a series of dsDNA substrates. Data is presented as 

mean ± SD (n=3). 
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Supplemental Figure 2.3 Binding of Cy5-labelled Nsp13-AzF to Cy3-labelled dsDNA measured by 

FRET.  

The emission spectra for the binding of Cy5-labelled WT Nsp13, F81AzF, and Y253AzF to (A) S20-

Cy3/X20, (B) S20-Cy3/X15, (C) S20-Cy3/X12, and (D) S20-Cy3/X5 shows a Cy3 peak at 565 nm and a 

Cy5 peak at 670 nm.  
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Supplemental Table 2.1 List of Primers used for Subcloning and Site-directed Mutagenesis. 

 

Oligonucleotide Sequence (5′ – 3′) 

Nsp13 Fwd primer with BamHI GTGTATGGATCCATGGCTGTTGGTGCATGCGTTTTG 

Nsp13 Rev primer with HindIII ATTTATAAGCTTTTGAAGGGTTGCCACGTTACGGCG 

F81AzF Fwd CATTCGCGCAGAGAGGCTATGAAATCGGCGGCTTATG 

F81AzF Rev CATAAGCCGCCGATTTCATAGCCTCTCTGCGCGAATG 

F90AzF Fwd GGTGTTTTTATACAAACCCTACACCTGGCCATTCGCGCAGA 

F90AzF Rev TCTGCGCGAATGGCCAGGTGTAGGGTTTGTATAAAAACACC 

Y205AzF Fwd ATACTACGGCATCACCCTAGTCGCCTTTCTCAAAG 

Y205AzF Rev CTTTGAGAAAGGCGACTAGGGTGATGCCGTAGTAT 

Y246AzF Fwd AAACCCGTGATACGTACCTAGTGTTCCTGCGGTAC 

Y246AzF Rev GTACCGCAGGAACACTAGGTACGTATCACGGGTTT 

Y253AzF Fwd GTTCAGCGTCGGCTATAAACCCGTGATACGTACATA 

Y253AzF Rev TATGTACGTATCACGGGTTTATAGCCGACGCTGAAC 
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Supplemental Table 2.2 List of Oligonucleotides used for the Helicase Unwinding Assay. 

 

Helicase Assay Substrates Sequence (5′ – 3′) 

Cy3 DNA strand (Cy3)-GGTAGTAATCCGCTC 

BHQ-2 DNA strand TTTTTTTTTTTTTTTTTTTTGAGCGGATTACTACC-(BHQ-2) 

Competitor strand GAGCGGATTACTACC 
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Supplemental Table 2.3 List of Oligonucleotides used for the FRET Binding Assay. 

 

FRET Assay Substrates Sequence (5′ – 3′) 

S20-Cy3 GAGCGGATTACTATACTACC-(Cy3) 

X20 GGTAGTATAGTAATCCGCTC 

X17 GGTAGTATAGTAATCCG 

X15 GGTAGTATAGTAATC 

X12 GGTAGTATAGTA 

X10 GGTAGTATAG 

X8 GGTAGTAT 

X5 GGTAG 
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Appendix B 

Supplemental Figures and Tables for Chapter 3 

 

 

Supplemental Figure 3.1 Western Blot Replicates of p-NF-κB and NF-κB Protein Levels in Nsp13-

transfected Cells. 

A549 cells were transfected with either a mock or Nsp13 plasmid under two conditions, with and without 

poly (I:C) treatment for 24 hours. Forty-eight hours post-transfection, cells were lysed and western blot 

analysis was used to assess the level of phosphorylated NF-κB and total NF-κB in the cells. β-tubulin was 

used as a loading control. 
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Supplemental Table 3.1 Gene Ontology Analysis of Molecular Functions and Biological Processes 

altered by Nsp13 overexpression in A549 cells without poly (I:C) treatment. 

General 

Pathway 

Regulation ID Name p-value* 

Post-

transcriptional 

gene silencing 

and 

translational 

repression by 

RNA 

 

GO:0035194 post-transcriptional gene silencing by RNA 2.13E-11 

GO:0016441 post-transcriptional gene silencing 2.66E-11 

GO:0035195 miRNA-mediated gene silencing 5.02E-11 

GO:0031047 gene silencing by RNA 2.50E-10 

GO:1903231 mRNA base-pairing post-transcriptional repressor activity 1.29E-08 

GO:0030371 translation repressor activity 7.79E-08 

GO:0045182 translation regulator activity 1.52E-06 

GO:0003730 mRNA 3'-UTR binding 5.86E-06 

GO:0003729 mRNA binding 6.81E-05 

Detection of 

stimulus in 

sensory 

perception and 

receptor 

activity 

 

GO:0004984 olfactory receptor activity 4.27E-09 

GO:0050907 detection of chemical stimulus involved in sensory perception 1.31E-08 

GO:0009593 detection of chemical stimulus 7.56E-08 

GO:0050906 detection of stimulus involved in sensory perception 8.39E-08 

GO:0007606 sensory perception of chemical stimulus 3.04E-07 

GO:0007608 sensory perception of smell 6.25E-07 

GO:0050911 detection of chemical stimulus involved in sensory perception of 

smell 

7.23E-07 

GO:0004888 transmembrane signalling receptor activity 1.67E-06 

GO:0004930 G protein-coupled receptor activity 1.78E-06 

Immunity 
 

GO:0002250 adaptive immune response 1.58E-06 

* p-value adjusted with Bonferroni correction 
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Supplemental Table 3.2 Gene Ontology Analysis of Molecular Functions and Biological Processes 

altered by Nsp13 overexpression in A549 cells with poly (I:C) treatment. 

General 

Pathway 

Regulation ID Name p-value* 

Post-

transcriptional 

gene silencing 

and 

translational 

repression by 

RNA 

 

GO:0035195 miRNA-mediated gene silencing 3.54E-09 

GO:0035194 post-transcriptional gene silencing by RNA 5.64E-09 

GO:0016441 post-transcriptional gene silencing 6.83E-09 

GO:0031047 gene silencing by RNA 4.57E-08 

GO:1903231 mRNA base-pairing post-transcriptional repressor activity 6.95E-08 

GO:0030371 translation repressor activity 4.01E-07 

GO:0045182 translation regulator activity 2.63E-05 

Detection of 

stimulus in 

sensory 

perception and 

receptor 

activity 

 

GO:0007608 sensory perception of smell 1.98E-10 

GO:0007600 sensory perception 2.19E-10 

GO:0007606 sensory perception of chemical stimulus 5.47E-10 

GO:0004930 G protein-coupled receptor activity 1.05E-09 

GO:0050907 detection of chemical stimulus involved in sensory perception 3.94E-09 

GO:0050911 detection of chemical stimulus involved in sensory perception of 

smell 

5.99E-09 

GO:0050906 detection of stimulus involved in sensory perception 6.14E-09 

GO:0004888 transmembrane signalling receptor activity 8.29E-09 

GO:0004984 olfactory receptor activity 8.38E-09 

GO:0007186 G protein-coupled receptor signalling pathway 1.39E-08 

GO:0009593 detection of chemical stimulus 2.48E-08 

GO:0051606 detection of stimulus 1.43E-07 

Immunity and 

other host 

defense 

responses 

 

GO:0045087 innate immune response 8.44E-11 

GO:0098542 defense response to other organism 1.50E-08 

GO:0042742 defense response to bacterium 5.50E-08 

GO:0002250 adaptive immune response 2.14E-07 

GO:0006959 humoral immune response 6.22E-07 

GO:0009617 response to bacterium 8.89E-07 

GO:0002252 immune effector process 1.21E-06 

GO:0002449 lymphocyte mediated immunity 2.34E-06 

GO:0002443 leukocyte mediated immunity 3.51E-06 

GO:0001911 negative regulation of leukocyte mediated cytotoxicity 4.10E-06 

GO:0001909 leukocyte mediated cytotoxicity 4.32E-06 
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GO:0002526 acute inflammatory response 4.65E-06 

GO:0002768 immune response-regulating cell surface receptor signalling pathway 7.75E-06 

Other 

molecular 

functions and 

biological 

processes 

 

GO:0034987 immunoglobulin receptor binding 1.92E-07 

GO:0003823 antigen binding 2.06E-07 

GO:0099024 plasma membrane invagination 3.73E-07 

GO:0006910 phagocytosis, recognition 5.57E-07 

GO:0010324 membrane invagination 7.59E-07 

GO:0006911 phagocytosis, engulfment 8.15E-07 

GO:0005102 signalling receptor binding 7.36E-06 

* p-value adjusted with Bonferroni correction 
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Supplemental Table 3.3 Predicted miRNA-gene Interactions from Nsp13-transfected A549 Cells.  

miRNA Gene Target Predicted in 

TargetScan? 

Predicted in 

microRNA.org? 

hsa-let-7F-2 ABCA8 No Yes 

hsa-let-7F-2 BLK No Yes 

hsa-let-7F-2 CACNB2 No Yes 

hsa-let-7F-2 CBFA2T3 Yes Yes 

hsa-let-7F-2 CFP No Yes 

hsa-let-7F-2 CLEC4M No Yes 

hsa-let-7F-2 CSRNP3 Yes No 

hsa-let-7F-2 FOXD4L6 No Yes 

hsa-let-7F-2 GLIS3 No Yes 

hsa-let-7F-2 GRAMD1C No Yes 

hsa-let-7F-2 ITGA11 Yes No 

hsa-let-7F-2 KLHDC8A No Yes 

hsa-let-7F-2 KLK2 No Yes 

hsa-let-7F-2 KRTAP24-1 No Yes 

hsa-let-7F-2 LCE2B No Yes 

hsa-let-7F-2 MTUS1 Yes Yes 

hsa-let-7F-2 NOS1 Yes No 

hsa-let-7F-2 NPR 2.00 No Yes 

hsa-let-7F-2 NTRK3 Yes Yes 

hsa-let-7F-2 PDK4 No Yes 

hsa-let-7F-2 PEG10 Yes No 

hsa-let-7F-2 PMFBP1 No Yes 

hsa-let-7F-2 POU2F3 No Yes 

hsa-let-7F-2 RARRES1 No Yes 

hsa-let-7F-2 RTP1 No Yes 

hsa-let-7F-2 SELP No Yes 

hsa-let-7F-2 SESN3 No Yes 

hsa-let-7F-2 SLAMF6 Yes Yes 

hsa-let-7F-2 SYT2 Yes No 

hsa-let-7F-2 TCEANC No Yes 
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hsa-let-7F-2 TP63 No Yes 

hsa-let-7F-2 TRPC5 No Yes 

hsa-let-7F-2 ZNF443 No Yes 

hsa-let-7F-2 ZNF738 No Yes 

hsa-let-7F-2 ZNF763 No Yes 

hsa-let-7F-2 ZNF806 No Yes 

hsa-mir-130A ABLIM1 No Yes 

hsa-mir-130A ADAMTS18 Yes Yes 

hsa-mir-130A ADCY1 Yes No 

hsa-mir-130A ADRA2A No Yes 

hsa-mir-130A ATXN1 Yes Yes 

hsa-mir-130A BMP8B No Yes 

hsa-mir-130A CHST1 Yes Yes 

hsa-mir-130A CLEC4M No Yes 

hsa-mir-130A COL4A4 No Yes 

hsa-mir-130A CREB5 Yes Yes 

hsa-mir-130A FGB No Yes 

hsa-mir-130A FLJ42393 No Yes 

hsa-mir-130A HEY2 No Yes 

hsa-mir-130A IQGAP2 No Yes 

hsa-mir-130A IRF4 No Yes 

hsa-mir-130A ITGA11 Yes Yes 

hsa-mir-130A ITPKB Yes No 

hsa-mir-130A KLHDC8A Yes Yes 

hsa-mir-130A KRT38 No Yes 

hsa-mir-130A LCE2B No Yes 

hsa-mir-130A LOC145474 No Yes 

hsa-mir-130A MAGEB2 No Yes 

hsa-mir-130A MMP19 No Yes 

hsa-mir-130A NOS1 No Yes 

hsa-mir-130A OMG No Yes 

hsa-mir-130A PABPC4L No Yes 

hsa-mir-130A PEG10 No Yes 
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hsa-mir-130A SLC12A2 No Yes 

hsa-mir-130A SNX20 No Yes 

hsa-mir-130A SOD2 No Yes 

hsa-mir-130A ST3GAL6 No Yes 

hsa-mir-130A SYT2 Yes No 

hsa-mir-130A TMEM40 No Yes 

hsa-mir-130A TMTC1 No Yes 

hsa-mir-130A TNF Yes Yes 

hsa-mir-130A TP63 Yes Yes 

hsa-mir-130A WFDC13 No Yes 

hsa-mir-130A ZFYVE9 Yes Yes 

hsa-mir-130A ZNF738 No Yes 

hsa-mir-133B ALPI No Yes 

hsa-mir-133B CCDC30 No Yes 

hsa-mir-133B CCT6P1 No Yes 

hsa-mir-133B CCT6P3 No Yes 

hsa-mir-133B CXCL11 No Yes 

hsa-mir-133B FAM71D No Yes 

hsa-mir-133B FCAR No Yes 

hsa-mir-133B FGF7 No Yes 

hsa-mir-133B GEM No Yes 

hsa-mir-133B GOLGA8B No Yes 

hsa-mir-133B HNRNPA3 No Yes 

hsa-mir-133B MKRN3 No Yes 

hsa-mir-133B PBOV1 No Yes 

hsa-mir-133B PPIP5K1 Yes No 

hsa-mir-133B SIGLEC11 No Yes 

hsa-mir-133B SLC30A7 Yes No 

hsa-mir-133B SNORD114-14 No Yes 

hsa-mir-133B SNORD114-3 No Yes 

hsa-mir-133B ZEB2 No Yes 

hsa-mir-135B ADCY1 Yes No 

hsa-mir-135B ADRA2A Yes Yes 
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hsa-mir-135B ANGPT1 No Yes 

hsa-mir-135B BCL11B No Yes 

hsa-mir-135B BLK No Yes 

hsa-mir-135B C16orf82 No Yes 

hsa-mir-135B CDH9 No Yes 

hsa-mir-135B CLEC3A No Yes 

hsa-mir-135B CPLX2 Yes Yes 

hsa-mir-135B CREB5 Yes No 

hsa-mir-135B DIRAS2 Yes No 

hsa-mir-135B FGA No Yes 

hsa-mir-135B FOXR1 No Yes 

hsa-mir-135B HHLA3 No Yes 

hsa-mir-135B KIR2DS4 No Yes 

hsa-mir-135B KRTAP24-1 No Yes 

hsa-mir-135B LDHC No Yes 

hsa-mir-135B LTB4R2 No Yes 

hsa-mir-135B MTUS1 Yes Yes 

hsa-mir-135B OMG No Yes 

hsa-mir-135B OTUD7A No Yes 

hsa-mir-135B PABPC4L No Yes 

hsa-mir-135B PIP5K1A No Yes 

hsa-mir-135B PLXNA2 Yes No 

hsa-mir-135B POM121L9P No Yes 

hsa-mir-135B POU2F3 Yes Yes 

hsa-mir-135B RPL23P8 No Yes 

hsa-mir-135B SYT2 Yes Yes 

hsa-mir-135B WFDC13 No Yes 

hsa-mir-135B ZNF430 No Yes 

hsa-mir-141 BACH1 No Yes 

hsa-mir-141 CAMK1G No Yes 

hsa-mir-141 CGNL1 No Yes 

hsa-mir-141 FGF7 No Yes 

hsa-mir-141 GEM No Yes 
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hsa-mir-141 GRHL1 No Yes 

hsa-mir-141 HCAR2 Yes No 

hsa-mir-141 HNRNPA3 No Yes 

hsa-mir-141 KBTBD6 No Yes 

hsa-mir-141 LOC284023 No Yes 

hsa-mir-141 LOC344887 No Yes 

hsa-mir-141 MAGEA4 No Yes 

hsa-mir-141 MATN3 No Yes 

hsa-mir-141 MKRN3 No Yes 

hsa-mir-141 MXD1 No Yes 

hsa-mir-141 OR7E5P No Yes 

hsa-mir-141 PF4V1 No Yes 

hsa-mir-141 PLCL1 No Yes 

hsa-mir-141 PNMAL2 No Yes 

hsa-mir-141 PPP2R5C No Yes 

hsa-mir-141 PRB4 No Yes 

hsa-mir-141 RBM43 No Yes 

hsa-mir-141 RSAD2 No Yes 

hsa-mir-141 SCG3 No Yes 

hsa-mir-141 SHISA2 No Yes 

hsa-mir-141 SIM1 No Yes 

hsa-mir-141 SLC13A3 No Yes 

hsa-mir-141 SLC30A7 No Yes 

hsa-mir-141 TMEM154 No Yes 

hsa-mir-141 VSNL1 No Yes 

hsa-mir-141 ZEB2 Yes Yes 

hsa-mir-141 ZNF225 No Yes 

hsa-mir-141 ZNF420 No Yes 

hsa-mir-141 ZNF544 No Yes 

hsa-mir-152 ABLIM1 No Yes 

hsa-mir-152 ADAMTS18 Yes Yes 

hsa-mir-152 ADRA2A No Yes 

hsa-mir-152 ARMCX2 No Yes 
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hsa-mir-152 ATXN1 Yes No 

hsa-mir-152 CABP7 Yes Yes 

hsa-mir-152 CBFA2T3 No Yes 

hsa-mir-152 CHST1 Yes Yes 

hsa-mir-152 CSRNP3 No Yes 

hsa-mir-152 CYP2B6 No Yes 

hsa-mir-152 GOLGA7B No Yes 

hsa-mir-152 GRAMD1C No Yes 

hsa-mir-152 HEY2 No Yes 

hsa-mir-152 INE1 No Yes 

hsa-mir-152 IRF4 No Yes 

hsa-mir-152 ITGA11 Yes Yes 

hsa-mir-152 KLK2 No Yes 

hsa-mir-152 LOC145474 No Yes 

hsa-mir-152 MMP19 No Yes 

hsa-mir-152 NR1H4 No Yes 

hsa-mir-152 PABPC4L No Yes 

hsa-mir-152 PDK4 Yes Yes 

hsa-mir-152 RTP1 No Yes 

hsa-mir-152 SELE No Yes 

hsa-mir-152 ST3GAL6 No Yes 

hsa-mir-152 SYT2 Yes Yes 

hsa-mir-152 TC2N No Yes 

hsa-mir-152 TNF No Yes 

hsa-mir-152 TRPC5 No Yes 

hsa-mir-152 TSPY2 No Yes 

hsa-mir-152 ZFYVE9 No Yes 

hsa-mir-152 ZNF806 No Yes 

hsa-mir-191 ADAM7 No Yes 

hsa-mir-191 FCGR1C No Yes 

hsa-mir-191 NPM1 No Yes 

hsa-mir-191 ZEB2 No Yes 

hsa-mir-196A-1 ANGPT1 No Yes 
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hsa-mir-196A-1 BMP4 No Yes 

hsa-mir-196A-1 CACNB2 No Yes 

hsa-mir-196A-1 CBFA2T3 Yes Yes 

hsa-mir-196A-1 CDH17 No Yes 

hsa-mir-196A-1 CFP No Yes 

hsa-mir-196A-1 COL4A4 No Yes 

hsa-mir-196A-1 FGA No Yes 

hsa-mir-196A-1 GDPD2 No Yes 

hsa-mir-196A-1 INHBC No Yes 

hsa-mir-196A-1 KRTAP24-1 No Yes 

hsa-mir-196A-1 NEUROD2 No Yes 

hsa-mir-196A-1 NPR 2.00 No Yes 

hsa-mir-196A-1 PEG10 Yes Yes 

hsa-mir-196A-1 PPP1R2P3 No Yes 

hsa-mir-196A-1 RARRES1 No Yes 

hsa-mir-196A-1 SAMD3 No Yes 

hsa-mir-196A-1 SERPINI1 No Yes 

hsa-mir-196A-1 SLC2A4 No Yes 

hsa-mir-196A-1 TMTC1 No Yes 

hsa-mir-196A-1 TRPC5 No Yes 

hsa-mir-196A-1 WFDC13 No Yes 

hsa-mir-196A-1 ZNF763 No Yes 

hsa-mir-200C ACSM2A No Yes 

hsa-mir-200C ADAMDEC1 No Yes 

hsa-mir-200C ANKRD62 No Yes 

hsa-mir-200C ARHGEF1 Yes Yes 

hsa-mir-200C ARMC3 No Yes 

hsa-mir-200C ASB5 No Yes 

hsa-mir-200C BTBD18 No Yes 

hsa-mir-200C CCT6P1 No Yes 

hsa-mir-200C CCT6P3 No Yes 

hsa-mir-200C ELL Yes Yes 

hsa-mir-200C GATA2 Yes Yes 
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hsa-mir-200C GEM Yes Yes 

hsa-mir-200C GLUD1 No Yes 

hsa-mir-200C GOLGA8B No Yes 

hsa-mir-200C GOLGA8DP No Yes 

hsa-mir-200C GRHL1 No Yes 

hsa-mir-200C HNRNPA3 No Yes 

hsa-mir-200C HSPA9 Yes Yes 

hsa-mir-200C IBSP No Yes 

hsa-mir-200C IL24 No Yes 

hsa-mir-200C KBTBD6 Yes Yes 

hsa-mir-200C KLF8 No Yes 

hsa-mir-200C LOC284023 No Yes 

hsa-mir-200C MATN3 No Yes 

hsa-mir-200C MKRN3 No Yes 

hsa-mir-200C NPM1 No Yes 

hsa-mir-200C PCDHB14 No Yes 

hsa-mir-200C PCDHB15 No Yes 

hsa-mir-200C PLCL1 Yes Yes 

hsa-mir-200C PPP2R5C Yes Yes 

hsa-mir-200C RBM43 No Yes 

hsa-mir-200C RSAD2 No Yes 

hsa-mir-200C SHISA2 No Yes 

hsa-mir-200C SLC13A3 No Yes 

hsa-mir-200C SLC30A7 No Yes 

hsa-mir-200C SMAD4 No Yes 

hsa-mir-200C SPCS2 No Yes 

hsa-mir-200C TMEM154 No Yes 

hsa-mir-200C TMEM236 Yes No 

hsa-mir-200C VSNL1 No Yes 

hsa-mir-200C ZEB2 Yes Yes 

hsa-mir-21 ADAMTS18 No Yes 

hsa-mir-21 ARMCX2 No Yes 

hsa-mir-21 BCL11B Yes No 
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hsa-mir-21 CREB5 Yes No 

hsa-mir-21 CSRNP3 Yes No 

hsa-mir-21 CYP2B6 No Yes 

hsa-mir-21 DSG4 No Yes 

hsa-mir-21 FGB No Yes 

hsa-mir-21 GLRA2 No Yes 

hsa-mir-21 HEY2 No Yes 

hsa-mir-21 KGFLP1 No Yes 

hsa-mir-21 LCE2B No Yes 

hsa-mir-21 LOC285556 No Yes 

hsa-mir-21 LRRC32 No Yes 

hsa-mir-21 LRRC55 No Yes 

hsa-mir-21 NWD1 No Yes 

hsa-mir-21 PABPC4L No Yes 

hsa-mir-21 PAX9 No Yes 

hsa-mir-21 RIPPLY1 No Yes 

hsa-mir-21 SELE No Yes 

hsa-mir-21 SERPINI1 No Yes 

hsa-mir-21 SIGLEC7 No Yes 

hsa-mir-21 SLC12A2 No Yes 

hsa-mir-21 SLCO1B1 No Yes 

hsa-mir-21 ST3GAL6 Yes Yes 

hsa-mir-21 TC2N No Yes 

hsa-mir-21 TP63 No Yes 

hsa-mir-21 ZFYVE9 No Yes 

hsa-mir-21 ZNF608 No Yes 

hsa-mir-23A ACSM2A No Yes 

hsa-mir-23A ACTBL2 No Yes 

hsa-mir-23A ADAM7 No Yes 

hsa-mir-23A ANKRD62 No Yes 

hsa-mir-23A BACH1 No Yes 

hsa-mir-23A CD1B No Yes 

hsa-mir-23A CENPL No Yes 
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hsa-mir-23A CLEC2A No Yes 

hsa-mir-23A DKFZP434L187 No Yes 

hsa-mir-23A EPGN No Yes 

hsa-mir-23A EXOC4 No Yes 

hsa-mir-23A FAM71D No Yes 

hsa-mir-23A FGF7 No Yes 

hsa-mir-23A FRMPD4 No Yes 

hsa-mir-23A GOLGA8B No Yes 

hsa-mir-23A GOLGA8DP No Yes 

hsa-mir-23A GRHL1 No Yes 

hsa-mir-23A IBSP No Yes 

hsa-mir-23A KLF8 No Yes 

hsa-mir-23A LOC284023 No Yes 

hsa-mir-23A LOC344887 No Yes 

hsa-mir-23A MATN3 No Yes 

hsa-mir-23A MKRN3 No Yes 

hsa-mir-23A NEFH No Yes 

hsa-mir-23A NPM1 No Yes 

hsa-mir-23A P2RY10 No Yes 

hsa-mir-23A POTEC No Yes 

hsa-mir-23A PPP2R5C No Yes 

hsa-mir-23A SHISA2 No Yes 

hsa-mir-23A SIM1 No Yes 

hsa-mir-23A SMAD4 No Yes 

hsa-mir-23A SPCS2 Yes Yes 

hsa-mir-23A SPDYE1 No Yes 

hsa-mir-23A VPS37D Yes Yes 

hsa-mir-23A VSNL1 No Yes 

hsa-mir-23A WDR7 No Yes 

hsa-mir-23A ZEB2 No Yes 

hsa-mir-23A ZNF420 Yes Yes 

hsa-mir-23A ZNF544 No Yes 

hsa-mir-23A ZNF546 No Yes 
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hsa-mir-23A ZNF572 Yes Yes 

hsa-mir-23B ACSM2A No Yes 

hsa-mir-23B ACTBL2 No Yes 

hsa-mir-23B ADAM7 No Yes 

hsa-mir-23B ANKRD62 No Yes 

hsa-mir-23B BACH1 No Yes 

hsa-mir-23B CD1B No Yes 

hsa-mir-23B CENPL No Yes 

hsa-mir-23B CLEC2A No Yes 

hsa-mir-23B DKFZP434L187 No Yes 

hsa-mir-23B EPGN No Yes 

hsa-mir-23B EXOC4 No Yes 

hsa-mir-23B FAM71D No Yes 

hsa-mir-23B FGF7 No Yes 

hsa-mir-23B FRMPD4 No Yes 

hsa-mir-23B GOLGA8B No Yes 

hsa-mir-23B GOLGA8DP No Yes 

hsa-mir-23B GRHL1 No Yes 

hsa-mir-23B IBSP No Yes 

hsa-mir-23B KLF8 No Yes 

hsa-mir-23B KRT34 No Yes 

hsa-mir-23B LOC284023 No Yes 

hsa-mir-23B LOC344887 No Yes 

hsa-mir-23B MATN3 No Yes 

hsa-mir-23B MKRN3 No Yes 

hsa-mir-23B MUC15 No Yes 

hsa-mir-23B NEFH No Yes 

hsa-mir-23B NPM1 No Yes 

hsa-mir-23B P2RY10 No Yes 

hsa-mir-23B POTEC No Yes 

hsa-mir-23B PPP2R5C No Yes 

hsa-mir-23B SHISA2 No Yes 

hsa-mir-23B SIM1 No Yes 
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hsa-mir-23B SMAD4 No Yes 

hsa-mir-23B SPCS2 Yes Yes 

hsa-mir-23B SPDYE1 No Yes 

hsa-mir-23B VPS37D Yes Yes 

hsa-mir-23B VSNL1 No Yes 

hsa-mir-23B WDR7 No Yes 

hsa-mir-23B ZEB2 No Yes 

hsa-mir-23B ZNF420 Yes Yes 

hsa-mir-23B ZNF544 No Yes 

hsa-mir-23B ZNF546 No Yes 

hsa-mir-23B ZNF572 Yes Yes 

hsa-mir-23C ADCY1 Yes No 

hsa-mir-23C ADRA2A Yes No 

hsa-mir-23C ATXN1 Yes No 

hsa-mir-23C CBFA2T3 Yes No 

hsa-mir-23C COL4A4 Yes No 

hsa-mir-23C DIRAS2 Yes No 

hsa-mir-23C FAM46C Yes No 

hsa-mir-23C MAGEB2 Yes No 

hsa-mir-23C NLGN4Y Yes No 

hsa-mir-23C NUDT3 Yes No 

hsa-mir-23C PAX9 Yes No 

hsa-mir-23C SLC12A2 Yes No 

hsa-mir-23C TRIL Yes No 

hsa-mir-30A ACSM2A No Yes 

hsa-mir-30A ACTBL2 No Yes 

hsa-mir-30A ADAM7 No Yes 

hsa-mir-30A ADRB2 No Yes 

hsa-mir-30A ANKRD62 No Yes 

hsa-mir-30A BACH1 Yes No 

hsa-mir-30A CDH13 Yes No 

hsa-mir-30A CLSTN2 No Yes 

hsa-mir-30A CSN1S1 No Yes 
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hsa-mir-30A CXCL11 No Yes 

hsa-mir-30A DKFZP434L187 No Yes 

hsa-mir-30A ELAVL3 Yes Yes 

hsa-mir-30A ELL Yes Yes 

hsa-mir-30A ELOVL7 No Yes 

hsa-mir-30A EXOC4 No Yes 

hsa-mir-30A FAM126A Yes Yes 

hsa-mir-30A FAM133B No Yes 

hsa-mir-30A FAM71D No Yes 

hsa-mir-30A FLJ26850 No Yes 

hsa-mir-30A FRMPD4 No Yes 

hsa-mir-30A GBP5 No Yes 

hsa-mir-30A GLUD1 Yes Yes 

hsa-mir-30A GOLGA8B No Yes 

hsa-mir-30A GRHL1 Yes Yes 

hsa-mir-30A HNRNPA3 Yes Yes 

hsa-mir-30A IL24 No Yes 

hsa-mir-30A KBTBD6 No Yes 

hsa-mir-30A KLF8 No Yes 

hsa-mir-30A MATN3 No Yes 

hsa-mir-30A MKRN3 Yes Yes 

hsa-mir-30A NPM1 No Yes 

hsa-mir-30A OR7E5P No Yes 

hsa-mir-30A P2RY10 No Yes 

hsa-mir-30A PBOV1 No Yes 

hsa-mir-30A PPP2R5C No Yes 

hsa-mir-30A RBM43 No Yes 

hsa-mir-30A RSAD2 No Yes 

hsa-mir-30A SNORA11B No Yes 

hsa-mir-30A TTPA Yes No 

hsa-mir-30A UBE2E1 No Yes 

hsa-mir-30A WDR7 Yes Yes 

hsa-mir-30A ZEB2 Yes Yes 
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hsa-mir-30A ZNF334 No Yes 

hsa-mir-30A ZNF544 No Yes 

hsa-mir-30D ABCA8 No Yes 

hsa-mir-30D ADRA2A Yes Yes 

hsa-mir-30D ATXN1 Yes No 

hsa-mir-30D BCL11B Yes Yes 

hsa-mir-30D CABP7 No Yes 

hsa-mir-30D CACNB2 Yes Yes 

hsa-mir-30D CHST1 Yes Yes 

hsa-mir-30D CLEC3A No Yes 

hsa-mir-30D CSRNP3 Yes No 

hsa-mir-30D FAM46C Yes Yes 

hsa-mir-30D FAM47A No Yes 

hsa-mir-30D FAM83F Yes Yes 

hsa-mir-30D FGB No Yes 

hsa-mir-30D FLJ42393 No Yes 

hsa-mir-30D FSTL4 No Yes 

hsa-mir-30D GATS No Yes 

hsa-mir-30D GRID1 No Yes 

hsa-mir-30D HEY2 No Yes 

hsa-mir-30D HNRNPA3P1 No Yes 

hsa-mir-30D IQGAP2 No Yes 

hsa-mir-30D IRF4 Yes Yes 

hsa-mir-30D LEP No Yes 

hsa-mir-30D MAGEB2 No Yes 

hsa-mir-30D MMP19 No Yes 

hsa-mir-30D NKX2-2 Yes Yes 

hsa-mir-30D NOX1 No Yes 

hsa-mir-30D NR1H4 No Yes 

hsa-mir-30D NTRK3 No Yes 

hsa-mir-30D OMG Yes Yes 

hsa-mir-30D PAX9 No Yes 

hsa-mir-30D PCDHB12 No Yes 
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hsa-mir-30D PDK4 No Yes 

hsa-mir-30D PEG10 No Yes 

hsa-mir-30D PLXNA2 Yes Yes 

hsa-mir-30D PPP1R2P3 No Yes 

hsa-mir-30D RARRES1 No Yes 

hsa-mir-30D S100A7A No Yes 

hsa-mir-30D SERPINI1 No Yes 

hsa-mir-30D SH3GL2 No Yes 

hsa-mir-30D SLCO1B1 No Yes 

hsa-mir-30D SOD2 No Yes 

hsa-mir-30D SSTR1 No Yes 

hsa-mir-30D TC2N No Yes 

hsa-mir-30D TM4SF20 No Yes 

hsa-mir-30D TMTC1 No Yes 

hsa-mir-30D TP63 No Yes 

hsa-mir-30D TRIL Yes Yes 

hsa-mir-30D ZNF608 Yes Yes 

hsa-mir-320D-1 ARMCX2 Yes Yes 

hsa-mir-320D-1 CFP No Yes 

hsa-mir-320D-1 CREB5 Yes Yes 

hsa-mir-320D-1 CSRNP3 Yes No 

hsa-mir-320D-1 DCC Yes No 

hsa-mir-320D-1 FGB No Yes 

hsa-mir-320D-1 FGL1 No Yes 

hsa-mir-320D-1 FOXR1 No Yes 

hsa-mir-320D-1 GDPD2 No Yes 

hsa-mir-320D-1 GLIS3 Yes Yes 

hsa-mir-320D-1 GRAMD1C No Yes 

hsa-mir-320D-1 HHLA3 No Yes 

hsa-mir-320D-1 HSPA7 No Yes 

hsa-mir-320D-1 IRF4 No Yes 

hsa-mir-320D-1 KCNC3 No Yes 

hsa-mir-320D-1 KGFLP1 No Yes 
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hsa-mir-320D-1 KRTAP24-1 No Yes 

hsa-mir-320D-1 LOC728208 No Yes 

hsa-mir-320D-1 MMP19 Yes No 

hsa-mir-320D-1 NWD1 No Yes 

hsa-mir-320D-1 NXPH4 No Yes 

hsa-mir-320D-1 PABPC4L No Yes 

hsa-mir-320D-1 PAX9 No Yes 

hsa-mir-320D-1 PIP5K1A No Yes 

hsa-mir-320D-1 RTP1 No Yes 

hsa-mir-320D-1 SESN3 No Yes 

hsa-mir-320D-1 SIGLEC7 No Yes 

hsa-mir-320D-1 SLC11A1 No Yes 

hsa-mir-320D-1 SLC26A9 No Yes 

hsa-mir-320D-1 ST3GAL6 No Yes 

hsa-mir-320D-1 TC2N Yes Yes 

hsa-mir-320D-1 TCEANC No Yes 

hsa-mir-320D-1 TDRD5 No Yes 

hsa-mir-320D-1 TMTC1 No Yes 

hsa-mir-320D-1 TNF No Yes 

hsa-mir-320D-1 TRPC5 No Yes 

hsa-mir-320D-1 ULBP2 No Yes 

hsa-mir-320D-1 USH1C No Yes 

hsa-mir-320D-1 USP50 No Yes 

hsa-mir-320D-1 WNT8B No Yes 

hsa-mir-320D-1 XAGE3 No Yes 

hsa-mir-320D-1 ZFYVE9 No Yes 

hsa-mir-320D-1 ZNF738 No Yes 

hsa-mir-33B ABCA8 No Yes 

hsa-mir-33B ADRA2A Yes Yes 

hsa-mir-33B AMELX No Yes 

hsa-mir-33B BAGE2 Yes Yes 

hsa-mir-33B BCL11B Yes No 

hsa-mir-33B BMP8B No Yes 
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hsa-mir-33B CABP7 No Yes 

hsa-mir-33B CACNB2 No Yes 

hsa-mir-33B CCL11 No Yes 

hsa-mir-33B CCL8 No Yes 

hsa-mir-33B CDH9 No Yes 

hsa-mir-33B CEACAM3 No Yes 

hsa-mir-33B CLEC3A No Yes 

hsa-mir-33B CREB5 Yes No 

hsa-mir-33B CSRNP3 Yes Yes 

hsa-mir-33B DIRAS2 No Yes 

hsa-mir-33B DSG4 No Yes 

hsa-mir-33B FAM46C Yes Yes 

hsa-mir-33B FGA No Yes 

hsa-mir-33B GLIS3 No Yes 

hsa-mir-33B GLRA2 No Yes 

hsa-mir-33B KGFLP1 No Yes 

hsa-mir-33B KLK2 No Yes 

hsa-mir-33B LOC399900 No Yes 

hsa-mir-33B LOC728660 No Yes 

hsa-mir-33B OMG No Yes 

hsa-mir-33B S100A7A No Yes 

hsa-mir-33B SAMD3 No Yes 

hsa-mir-33B SH3GL2 No Yes 

hsa-mir-33B SLAMF6 No Yes 

hsa-mir-33B SLC12A2 No Yes 

hsa-mir-33B SOD2 No Yes 

hsa-mir-33B SUN3 No Yes 

hsa-mir-33B TNF No Yes 

hsa-mir-33B TP63 No Yes 

hsa-mir-33B TSPY2 No Yes 

hsa-mir-33B ZNF492 No Yes 

hsa-mir-3529 ARRB1 Yes No 

hsa-mir-370 ACBD7 Yes Yes 
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hsa-mir-370 ACP5 No Yes 

hsa-mir-370 ANKRD33 No Yes 

hsa-mir-370 CACNB2 No Yes 

hsa-mir-370 CLEC4M No Yes 

hsa-mir-370 FSTL4 No Yes 

hsa-mir-370 HNRNPA3P1 No Yes 

hsa-mir-370 KIR2DS4 No Yes 

hsa-mir-370 KLHDC8A No Yes 

hsa-mir-370 MAGEC2 No Yes 

hsa-mir-370 NLGN4Y No Yes 

hsa-mir-370 NLRP9 No Yes 

hsa-mir-370 NR1H4 No Yes 

hsa-mir-370 POU2F3 No Yes 

hsa-mir-370 RARRES1 No Yes 

hsa-mir-370 SELE No Yes 

hsa-mir-370 SLAMF6 Yes Yes 

hsa-mir-370 SLC2A4 No Yes 

hsa-mir-370 TCEANC No Yes 

hsa-mir-370 TMEM130 No Yes 

hsa-mir-370 TMEM40 Yes Yes 

hsa-mir-370 TRIL No Yes 

hsa-mir-370 XCR1 No Yes 

hsa-mir-376A-2 ADAMTS18 No Yes 

hsa-mir-376A-2 ANGPT1 No Yes 

hsa-mir-376A-2 CACNB2 No Yes 

hsa-mir-376A-2 CBFA2T3 No Yes 

hsa-mir-376A-2 CDH9 No Yes 

hsa-mir-376A-2 CEACAM3 No Yes 

hsa-mir-376A-2 CMTM5 No Yes 

hsa-mir-376A-2 CT47B1 No Yes 

hsa-mir-376A-2 DIRAS2 No Yes 

hsa-mir-376A-2 HEY2 No Yes 

hsa-mir-376A-2 HSPA7 No Yes 
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hsa-mir-376A-2 IL1RN No Yes 

hsa-mir-376A-2 IQGAP2 No Yes 

hsa-mir-376A-2 ITPKB No Yes 

hsa-mir-376A-2 KLF15 Yes Yes 

hsa-mir-376A-2 LDHC No Yes 

hsa-mir-376A-2 LRRC32 No Yes 

hsa-mir-376A-2 NLRP7 No Yes 

hsa-mir-376A-2 NOS1 No Yes 

hsa-mir-376A-2 OTUD7A No Yes 

hsa-mir-376A-2 PABPC4L No Yes 

hsa-mir-376A-2 PAX9 No Yes 

hsa-mir-376A-2 PCDHB12 No Yes 

hsa-mir-376A-2 SLCO1B1 No Yes 

hsa-mir-376A-2 ST3GAL6 No Yes 

hsa-mir-376A-2 TMTC1 No Yes 

hsa-mir-376A-2 TP63 No Yes 

hsa-mir-376A-2 ZFYVE9 No Yes 

hsa-mir-376A-2 ZNF492 No Yes 

hsa-mir-376A-2 ZNF608 No Yes 

hsa-mir-378I FRMPD4 Yes No 

hsa-mir-378I GSDMC Yes No 

hsa-mir-381 ADRA2A No Yes 

hsa-mir-381 ARMCX2 No Yes 

hsa-mir-381 BCL11B Yes Yes 

hsa-mir-381 CACNA2D2 No Yes 

hsa-mir-381 CACNB2 Yes Yes 

hsa-mir-381 CD207 No Yes 

hsa-mir-381 CDH17 No Yes 

hsa-mir-381 CDH9 No Yes 

hsa-mir-381 CEACAM3 No Yes 

hsa-mir-381 CLEC3A No Yes 

hsa-mir-381 CSRNP3 Yes No 

hsa-mir-381 DCC Yes Yes 
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hsa-mir-381 FSTL4 No Yes 

hsa-mir-381 GPX2 No Yes 

hsa-mir-381 HNRNPA3P1 No Yes 

hsa-mir-381 HSPA7 No Yes 

hsa-mir-381 IL1RN No Yes 

hsa-mir-381 KGFLP1 No Yes 

hsa-mir-381 KRT38 No Yes 

hsa-mir-381 LRRC55 No Yes 

hsa-mir-381 MAGEB2 No Yes 

hsa-mir-381 NOTCH3 Yes Yes 

hsa-mir-381 NR1H4 No Yes 

hsa-mir-381 PDCL3 No Yes 

hsa-mir-381 PDK4 No Yes 

hsa-mir-381 PPP1R2P3 No Yes 

hsa-mir-381 SAMD3 No Yes 

hsa-mir-381 SELE Yes Yes 

hsa-mir-381 SERPINI1 No Yes 

hsa-mir-381 SOD2 No Yes 

hsa-mir-381 SSTR1 No Yes 

hsa-mir-381 TCEANC No Yes 

hsa-mir-381 TDRD5 No Yes 

hsa-mir-381 TMEM150B No Yes 

hsa-mir-381 TMPRSS7 No Yes 

hsa-mir-381 ZNF443 No Yes 

hsa-mir-381 ZNF608 No Yes 

hsa-mir-381 ZNF738 No Yes 

hsa-mir-4295 ELL Yes No 

hsa-mir-4295 MXD1 Yes No 

hsa-mir-4295 SCRT1 Yes No 

hsa-mir-4295 SHANK2 Yes No 

hsa-mir-4295 SMAD4 Yes No 

hsa-mir-4295 WDR7 Yes No 

hsa-mir-4295 ZEB2 Yes No 
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hsa-mir-4306 CACNA2D2 Yes No 

hsa-mir-4306 CHRNA10 Yes No 

hsa-mir-4306 NEUROD2 Yes No 

hsa-mir-4306 SYT2 Yes No 

hsa-mir-4306 VWA5B2 Yes No 

hsa-mir-4500 ADRB2 Yes No 

hsa-mir-4500 BACH1 Yes No 

hsa-mir-4500 CGNL1 Yes No 

hsa-mir-4500 KLF8 Yes No 

hsa-mir-4500 MXD1 Yes No 

hsa-mir-4500 SLC30A7 Yes No 

hsa-mir-4500 VSNL1 Yes No 

hsa-mir-494 ADAM7 No Yes 

hsa-mir-494 ANKRD62 No Yes 

hsa-mir-494 BACH1 Yes Yes 

hsa-mir-494 CCDC30 No Yes 

hsa-mir-494 CCT6P3 No Yes 

hsa-mir-494 CDH13 No Yes 

hsa-mir-494 CXCL6 No Yes 

hsa-mir-494 DDR1 No Yes 

hsa-mir-494 DKFZP434L187 No Yes 

hsa-mir-494 ELL No Yes 

hsa-mir-494 ELOVL7 No Yes 

hsa-mir-494 FAM133B No Yes 

hsa-mir-494 FCAR No Yes 

hsa-mir-494 FGF7 Yes Yes 

hsa-mir-494 FLT3 No Yes 

hsa-mir-494 FRMPD4 No Yes 

hsa-mir-494 GATA2 No Yes 

hsa-mir-494 GEM No Yes 

hsa-mir-494 GLUD1 No Yes 

hsa-mir-494 GRHL1 No Yes 

hsa-mir-494 HNRNPA3 Yes Yes 
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hsa-mir-494 KBTBD6 No Yes 

hsa-mir-494 KLF8 No Yes 

hsa-mir-494 KRT6C No Yes 

hsa-mir-494 MAGEA4 No Yes 

hsa-mir-494 MATN3 No Yes 

hsa-mir-494 MKRN3 No Yes 

hsa-mir-494 MUC15 No Yes 

hsa-mir-494 MXD1 No Yes 

hsa-mir-494 NPM1 No Yes 

hsa-mir-494 PEX10 No Yes 

hsa-mir-494 PF4V1 No Yes 

hsa-mir-494 PRB4 No Yes 

hsa-mir-494 RPRM No Yes 

hsa-mir-494 RSAD2 No Yes 

hsa-mir-494 SCG3 No Yes 

hsa-mir-494 SDC4 No Yes 

hsa-mir-494 SHANK2 Yes Yes 

hsa-mir-494 SHISA2 Yes Yes 

hsa-mir-494 SPCS2 No Yes 

hsa-mir-494 SSX3 No Yes 

hsa-mir-494 TMEM154 No Yes 

hsa-mir-494 TPI1P3 No Yes 

hsa-mir-494 TTPA No Yes 

hsa-mir-494 WDR7 No Yes 

hsa-mir-494 ZEB2 No Yes 

hsa-mir-494 ZNF544 No Yes 

hsa-mir-495 ABCA8 No Yes 

hsa-mir-495 ACBD7 No Yes 

hsa-mir-495 ADAMTS18 Yes Yes 

hsa-mir-495 ARMCX2 No Yes 

hsa-mir-495 BCL11B Yes Yes 

hsa-mir-495 CABP7 No Yes 

hsa-mir-495 CACNB2 No Yes 
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hsa-mir-495 CLEC3A No Yes 

hsa-mir-495 CPS1 No Yes 

hsa-mir-495 CREB5 Yes No 

hsa-mir-495 CSNK1A1L No Yes 

hsa-mir-495 CST11 No Yes 

hsa-mir-495 CT47B1 No Yes 

hsa-mir-495 DIRAS2 No Yes 

hsa-mir-495 FGB No Yes 

hsa-mir-495 GLIS3 Yes Yes 

hsa-mir-495 GLRA2 No Yes 

hsa-mir-495 GRAMD1C No Yes 

hsa-mir-495 GRID1 No Yes 

hsa-mir-495 HAL No Yes 

hsa-mir-495 HEY2 No Yes 

hsa-mir-495 HSPA7 No Yes 

hsa-mir-495 IQGAP2 No Yes 

hsa-mir-495 IRF4 No Yes 

hsa-mir-495 KCNQ2 No Yes 

hsa-mir-495 KGFLP1 No Yes 

hsa-mir-495 KLK2 No Yes 

hsa-mir-495 KRTAP24-1 No Yes 

hsa-mir-495 KRTAP6-3 No Yes 

hsa-mir-495 LEP No Yes 

hsa-mir-495 LIPE No Yes 

hsa-mir-495 LOC285556 No Yes 

hsa-mir-495 MAGEC2 No Yes 

hsa-mir-495 MMP19 No Yes 

hsa-mir-495 MTUS1 No Yes 

hsa-mir-495 NKX2-2 No Yes 

hsa-mir-495 NOS1 No Yes 

hsa-mir-495 NR1H4 No Yes 

hsa-mir-495 PABPC4L No Yes 

hsa-mir-495 PAX9 No Yes 
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hsa-mir-495 PIP5K1A No Yes 

hsa-mir-495 PLXNA2 Yes No 

hsa-mir-495 PPP1R2P3 No Yes 

hsa-mir-495 RPRML No Yes 

hsa-mir-495 S100A7A No Yes 

hsa-mir-495 SESN3 No Yes 

hsa-mir-495 SLC12A2 Yes Yes 

hsa-mir-495 SNX20 No Yes 

hsa-mir-495 SOD2 No Yes 

hsa-mir-495 SSTR1 No Yes 

hsa-mir-495 ST3GAL6 No Yes 

hsa-mir-495 TCEANC No Yes 

hsa-mir-495 TDRD5 No Yes 

hsa-mir-495 TNF No Yes 

hsa-mir-495 TP63 No Yes 

hsa-mir-495 TRPC5 No Yes 

hsa-mir-495 WFDC13 No Yes 

hsa-mir-495 ZFYVE9 Yes Yes 

hsa-mir-495 ZNF16 No Yes 

hsa-mir-495 ZNF443 No Yes 

hsa-mir-495 ZNF608 No Yes 

hsa-mir-495 ZNF649 No Yes 

hsa-mir-495 ZNF738 No Yes 
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Supplemental Table 3.4 Predicted miRNA-gene Interactions from Nsp13-transfected A549 Cells 

treated with poly (I:C). 

miRNA Gene Target Predicted in 

TargetScan? 

Predicted in 

microRNA.org? 

hsa-let-7A-1 AK7 No Yes 

hsa-let-7A-1 ARHGAP25 No Yes 

hsa-let-7A-1 CCL3 Yes Yes 

hsa-let-7A-1 CCT6P1 No Yes 

hsa-let-7A-1 CD209 No Yes 

hsa-let-7A-1 HMGCLL1 No Yes 

hsa-let-7A-1 ISLR Yes Yes 

hsa-let-7A-1 ITIH1 No Yes 

hsa-let-7A-1 LDB3 Yes No 

hsa-let-7A-1 LOC100270804 No Yes 

hsa-let-7A-1 MSX2P1 No Yes 

hsa-let-7A-1 MXD1 Yes Yes 

hsa-let-7A-1 OOSP1 No Yes 

hsa-let-7A-1 P2RY1 No Yes 

hsa-let-7A-1 PAAF1 No Yes 

hsa-let-7A-1 RABL2B No Yes 

hsa-let-7A-1 RARRES1 No Yes 

hsa-let-7A-1 RGS21 No Yes 

hsa-let-7A-1 RGSL1 No Yes 

hsa-let-7A-1 RORC Yes No 

hsa-let-7A-1 SLC27A3 No Yes 

hsa-let-7A-1 SLC32A1 No Yes 

hsa-let-7A-1 SLC6A14 No Yes 

hsa-let-7A-1 SLCO2A1 No Yes 

hsa-let-7A-1 SMAD4 No Yes 

hsa-let-7A-1 SNORD11B No Yes 

hsa-let-7A-1 SP140L No Yes 

hsa-let-7A-1 TBC1D8B No Yes 

hsa-let-7A-1 TMEM25 No Yes 
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hsa-let-7A-1 TNFSF10 No Yes 

hsa-let-7A-1 TRIM2 No Yes 

hsa-mir-141 APOLD1 Yes No 

hsa-mir-141 ATP6V1C2 Yes Yes 

hsa-mir-141 CALCRL No Yes 

hsa-mir-141 CDH17 No Yes 

hsa-mir-141 CEACAM8 No Yes 

hsa-mir-141 CHRDL1 No Yes 

hsa-mir-141 DEFB132 No Yes 

hsa-mir-141 ESYT3 No Yes 

hsa-mir-141 FAM84A No Yes 

hsa-mir-141 FBXO43 No Yes 

hsa-mir-141 FGA No Yes 

hsa-mir-141 FGB No Yes 

hsa-mir-141 FPR3 No Yes 

hsa-mir-141 GPRASP1 No Yes 

hsa-mir-141 HCG27 No Yes 

hsa-mir-141 HLA-L No Yes 

hsa-mir-141 KCNJ15 No Yes 

hsa-mir-141 LDB3 No Yes 

hsa-mir-141 MXD1 No Yes 

hsa-mir-141 OOSP1 No Yes 

hsa-mir-141 P2RY1 No Yes 

hsa-mir-141 PAAF1 No Yes 

hsa-mir-141 PAX3 Yes Yes 

hsa-mir-141 PCMTD1 No Yes 

hsa-mir-141 PCMTD2 No Yes 

hsa-mir-141 PDGFRA No Yes 

hsa-mir-141 PPP2R2B No Yes 

hsa-mir-141 PRB4 No Yes 

hsa-mir-141 PRH2 No Yes 

hsa-mir-141 PSMF1 Yes Yes 

hsa-mir-141 RALYL No Yes 
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hsa-mir-141 RGSL1 No Yes 

hsa-mir-141 SCIN No Yes 

hsa-mir-141 SLC38A4 No Yes 

hsa-mir-141 SNTN No Yes 

hsa-mir-141 SP140L No Yes 

hsa-mir-141 STAT4 Yes Yes 

hsa-mir-141 SULT1C2 No Yes 

hsa-mir-141 TBC1D8B No Yes 

hsa-mir-141 TESK2 No Yes 

hsa-mir-141 TLX1 No Yes 

hsa-mir-141 TRIM2 Yes No 

hsa-mir-141 WDR31 Yes Yes 

hsa-mir-141 ZNF22 No Yes 

hsa-mir-146A AK7 No Yes 

hsa-mir-146A AMBN No Yes 

hsa-mir-146A ATP6V1C2 No Yes 

hsa-mir-146A C15orf62 No Yes 

hsa-mir-146A CALCRL No Yes 

hsa-mir-146A CDH8 No Yes 

hsa-mir-146A CYP2J2 No Yes 

hsa-mir-146A DEFB132 No Yes 

hsa-mir-146A DKFZP434L187 No Yes 

hsa-mir-146A DNAJC15 No Yes 

hsa-mir-146A DPPA4 No Yes 

hsa-mir-146A DPY19L2P4 No Yes 

hsa-mir-146A FGA No Yes 

hsa-mir-146A FGFBP3 No Yes 

hsa-mir-146A GBP3 No Yes 

hsa-mir-146A GBP6 No Yes 

hsa-mir-146A GDNF Yes No 

hsa-mir-146A GPR158 No Yes 

hsa-mir-146A HEY2 No Yes 

hsa-mir-146A HLA-L No Yes 
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hsa-mir-146A HMGCLL1 No Yes 

hsa-mir-146A KRT6B No Yes 

hsa-mir-146A KRTAP1-5 No Yes 

hsa-mir-146A LAIR2 No Yes 

hsa-mir-146A LDB3 No Yes 

hsa-mir-146A NHLH1 No Yes 

hsa-mir-146A PDGFRA No Yes 

hsa-mir-146A PLCXD1 No Yes 

hsa-mir-146A PRH2 No Yes 

hsa-mir-146A PSMF1 No Yes 

hsa-mir-146A SCIN No Yes 

hsa-mir-146A SLC25A2 No Yes 

hsa-mir-146A SLC27A3 No Yes 

hsa-mir-146A SLC2A3 Yes Yes 

hsa-mir-146A SMAD4 Yes Yes 

hsa-mir-146A SPDYA No Yes 

hsa-mir-146A WDR31 No Yes 

hsa-mir-146A ZNF529 No Yes 

hsa-mir-146A ZNF76 No Yes 

hsa-mir-16-2 ARHGEF1 No Yes 

hsa-mir-16-2 ATP6V1C2 No Yes 

hsa-mir-16-2 BCO2 No Yes 

hsa-mir-16-2 BEST4 No Yes 

hsa-mir-16-2 CEACAM7 No Yes 

hsa-mir-16-2 CTH No Yes 

hsa-mir-16-2 DRP2 Yes No 

hsa-mir-16-2 FBXO43 No Yes 

hsa-mir-16-2 FLRT3 No Yes 

hsa-mir-16-2 GPRASP1 No Yes 

hsa-mir-16-2 HEY2 No Yes 

hsa-mir-16-2 HLA-L No Yes 

hsa-mir-16-2 HPCAL4 Yes No 

hsa-mir-16-2 ISLR Yes Yes 
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hsa-mir-16-2 ITIH1 No Yes 

hsa-mir-16-2 KIR2DS4 No Yes 

hsa-mir-16-2 KRTAP4-4 Yes Yes 

hsa-mir-16-2 LMOD1 Yes Yes 

hsa-mir-16-2 LOC401463 No Yes 

hsa-mir-16-2 MMP3 No Yes 

hsa-mir-16-2 NHLH1 No Yes 

hsa-mir-16-2 NPM1 No Yes 

hsa-mir-16-2 PAAF1 No Yes 

hsa-mir-16-2 PAK7 Yes Yes 

hsa-mir-16-2 PNRC2 Yes Yes 

hsa-mir-16-2 SCIN No Yes 

hsa-mir-16-2 SLC25A2 No Yes 

hsa-mir-16-2 SLC2A14 Yes Yes 

hsa-mir-16-2 SLC2A3 Yes Yes 

hsa-mir-16-2 SLC38A4 No Yes 

hsa-mir-16-2 SPRY3 Yes Yes 

hsa-mir-16-2 SULT1C2 No Yes 

hsa-mir-16-2 TMPRSS3 No Yes 

hsa-mir-16-2 TPI1P2 No Yes 

hsa-mir-16-2 TRIM2 Yes Yes 

hsa-mir-16-2 VTCN1 No Yes 

hsa-mir-181B-1 ACAN Yes Yes 

hsa-mir-181B-1 ADH1A No Yes 

hsa-mir-181B-1 ANGPT2 No Yes 

hsa-mir-181B-1 ASXL3 No Yes 

hsa-mir-181B-1 BACH2 Yes Yes 

hsa-mir-181B-1 BTNL8 No Yes 

hsa-mir-181B-1 C3orf35 No Yes 

hsa-mir-181B-1 CCDC144NL No Yes 

hsa-mir-181B-1 CCDC150 No Yes 

hsa-mir-181B-1 CCL8 Yes Yes 

hsa-mir-181B-1 CD69 Yes Yes 
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hsa-mir-181B-1 CNP No Yes 

hsa-mir-181B-1 DMTF1 No Yes 

hsa-mir-181B-1 DRD2 No Yes 

hsa-mir-181B-1 ELAVL2 Yes Yes 

hsa-mir-181B-1 EYA1 No Yes 

hsa-mir-181B-1 FABP7 No Yes 

hsa-mir-181B-1 FAM92A1 No Yes 

hsa-mir-181B-1 FLJ22763 No Yes 

hsa-mir-181B-1 GAB2 No Yes 

hsa-mir-181B-1 GABRA1 Yes Yes 

hsa-mir-181B-1 GAL3ST4 No Yes 

hsa-mir-181B-1 GBA3 No Yes 

hsa-mir-181B-1 GNAT1 No Yes 

hsa-mir-181B-1 GNGT2 No Yes 

hsa-mir-181B-1 GPR85 No Yes 

hsa-mir-181B-1 GRAMD1C No Yes 

hsa-mir-181B-1 KCNA4 Yes No 

hsa-mir-181B-1 KCNE2 No Yes 

hsa-mir-181B-1 KLHL5 Yes Yes 

hsa-mir-181B-1 KRTAP13-2 No Yes 

hsa-mir-181B-1 LRRC18 No Yes 

hsa-mir-181B-1 LRRC7 No Yes 

hsa-mir-181B-1 MPP7 Yes Yes 

hsa-mir-181B-1 NRXN3 No Yes 

hsa-mir-181B-1 OR51E1 No Yes 

hsa-mir-181B-1 OXTR No Yes 

hsa-mir-181B-1 PCDH11Y No Yes 

hsa-mir-181B-1 PCID2 No Yes 

hsa-mir-181B-1 PLA2G3 No Yes 

hsa-mir-181B-1 PODXL Yes No 

hsa-mir-181B-1 POTEA No Yes 

hsa-mir-181B-1 PSG1 No Yes 

hsa-mir-181B-1 PXT1 No Yes 
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hsa-mir-181B-1 SLC12A5 Yes Yes 

hsa-mir-181B-1 SLC24A4 No Yes 

hsa-mir-181B-1 SLC7A11 Yes Yes 

hsa-mir-181B-1 SLITRK2 No Yes 

hsa-mir-181B-1 SNAI2 No Yes 

hsa-mir-181B-1 SNRPN No Yes 

hsa-mir-181B-1 SP5 No Yes 

hsa-mir-181B-1 TPD52L3 No Yes 

hsa-mir-181B-1 VGLL2 No Yes 

hsa-mir-181B-1 WDR7 No Yes 

hsa-mir-181B-1 ZNF83 Yes Yes 

hsa-mir-194-2HG ARHGAP6 No Yes 

hsa-mir-194-2HG BACH1 No Yes 

hsa-mir-194-2HG C3orf35 No Yes 

hsa-mir-194-2HG CCDC144NL No Yes 

hsa-mir-194-2HG CCDC150 No Yes 

hsa-mir-194-2HG CHORDC1 No Yes 

hsa-mir-194-2HG CIITA No Yes 

hsa-mir-194-2HG ENTPD4 No Yes 

hsa-mir-194-2HG EYA1 No Yes 

hsa-mir-194-2HG FAM92A1 No Yes 

hsa-mir-194-2HG GABRA1 No Yes 

hsa-mir-194-2HG GRAMD1C No Yes 

hsa-mir-194-2HG KCNA4 No Yes 

hsa-mir-194-2HG KLHL5 No Yes 

hsa-mir-194-2HG MED27 No Yes 

hsa-mir-194-2HG MEI1 No Yes 

hsa-mir-194-2HG PCDH11Y No Yes 

hsa-mir-194-2HG RAB3B Yes Yes 

hsa-mir-194-2HG ROR2 No Yes 

hsa-mir-194-2HG RPS6KA5 No Yes 

hsa-mir-194-2HG SLC30A8 Yes Yes 

hsa-mir-194-2HG SNRPN No Yes 
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hsa-mir-194-2HG WDR7 No Yes 

hsa-mir-194-2HG WNK3 No Yes 

hsa-mir-196A-1 AGBL3 No Yes 

hsa-mir-196A-1 APOLD1 No Yes 

hsa-mir-196A-1 ATP6V1C2 No Yes 

hsa-mir-196A-1 BCL2L15 No Yes 

hsa-mir-196A-1 CD209 No Yes 

hsa-mir-196A-1 CDH17 No Yes 

hsa-mir-196A-1 CDH8 No Yes 

hsa-mir-196A-1 CTSO No Yes 

hsa-mir-196A-1 ESYT3 No Yes 

hsa-mir-196A-1 FGA No Yes 

hsa-mir-196A-1 GJB2 No Yes 

hsa-mir-196A-1 GPRASP1 No Yes 

hsa-mir-196A-1 GYS2 No Yes 

hsa-mir-196A-1 HMGCLL1 No Yes 

hsa-mir-196A-1 HPCAL4 No Yes 

hsa-mir-196A-1 LOC641367 No Yes 

hsa-mir-196A-1 NUDT4 No Yes 

hsa-mir-196A-1 P2RY1 No Yes 

hsa-mir-196A-1 PCMTD2 No Yes 

hsa-mir-196A-1 PDGFRA Yes Yes 

hsa-mir-196A-1 RARRES1 No Yes 

hsa-mir-196A-1 RGSL1 No Yes 

hsa-mir-196A-1 SLC38A4 No Yes 

hsa-mir-196A-1 SNORD11B No Yes 

hsa-mir-196A-1 TCHH No Yes 

hsa-mir-196A-1 TRIM2 No Yes 

hsa-mir-197 CALCA No Yes 

hsa-mir-197 CCDC144B No Yes 

hsa-mir-197 CCDC30 No Yes 

hsa-mir-197 CDH17 No Yes 

hsa-mir-197 CDH8 No Yes 
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hsa-mir-197 CNGB1 No Yes 

hsa-mir-197 CX3CR1 No Yes 

hsa-mir-197 DEFB132 No Yes 

hsa-mir-197 EXOC4 No Yes 

hsa-mir-197 FGFR1OP2 No Yes 

hsa-mir-197 GCSH No Yes 

hsa-mir-197 GPRASP1 No Yes 

hsa-mir-197 GYS2 No Yes 

hsa-mir-197 H3F3C No Yes 

hsa-mir-197 HLA-L No Yes 

hsa-mir-197 IFNA4 No Yes 

hsa-mir-197 LOC401463 No Yes 

hsa-mir-197 PAAF1 No Yes 

hsa-mir-197 PAX3 No Yes 

hsa-mir-197 PDGFRA Yes Yes 

hsa-mir-197 SCIN No Yes 

hsa-mir-197 SLC32A1 Yes Yes 

hsa-mir-197 SLC47A2 No Yes 

hsa-mir-197 SLC6A14 No Yes 

hsa-mir-197 SLCO2A1 No Yes 

hsa-mir-197 SPDYA No Yes 

hsa-mir-197 SPRY3 No Yes 

hsa-mir-197 SUPT5H No Yes 

hsa-mir-197 TCEANC2 Yes No 

hsa-mir-197 TMEM169 No Yes 

hsa-mir-197 TNFSF10 No Yes 

hsa-mir-197 ZNF529 No Yes 

hsa-mir-197 ZNF675 No Yes 

hsa-mir-197 ZNF69 No Yes 

hsa-mir-197 ZNF726 No Yes 

hsa-mir-200A ADORA1 No Yes 

hsa-mir-200A ANGPT2 No Yes 

hsa-mir-200A ARHGAP6 No Yes 
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hsa-mir-200A BACH1 No Yes 

hsa-mir-200A BACH2 Yes Yes 

hsa-mir-200A BAGE2 No Yes 

hsa-mir-200A BMX No Yes 

hsa-mir-200A C11orf68 No Yes 

hsa-mir-200A C9orf152 No Yes 

hsa-mir-200A CCDC144NL No Yes 

hsa-mir-200A CCDC150 No Yes 

hsa-mir-200A CNP Yes Yes 

hsa-mir-200A CRMP1 Yes Yes 

hsa-mir-200A CSNK1E Yes Yes 

hsa-mir-200A CYP2B6 No Yes 

hsa-mir-200A CYP3A43 No Yes 

hsa-mir-200A DRD2 Yes No 

hsa-mir-200A ELAVL2 Yes Yes 

hsa-mir-200A EYA1 No Yes 

hsa-mir-200A FAM161A No Yes 

hsa-mir-200A FLJ22763 No Yes 

hsa-mir-200A FLJ26245 No Yes 

hsa-mir-200A FSIP2 No Yes 

hsa-mir-200A GABRA1 No Yes 

hsa-mir-200A GPR55 No Yes 

hsa-mir-200A HTR2A No Yes 

hsa-mir-200A KLHL5 No Yes 

hsa-mir-200A LOC730668 No Yes 

hsa-mir-200A LRRC7 No Yes 

hsa-mir-200A MEI1 No Yes 

hsa-mir-200A MPP7 No Yes 

hsa-mir-200A NPY5R No Yes 

hsa-mir-200A NRG3 No Yes 

hsa-mir-200A NRXN3 No Yes 

hsa-mir-200A OR51E1 No Yes 

hsa-mir-200A OTX2 No Yes 
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hsa-mir-200A PCDH11Y No Yes 

hsa-mir-200A PPP1R3A No Yes 

hsa-mir-200A PXT1 No Yes 

hsa-mir-200A RPL23AP82 No Yes 

hsa-mir-200A SLITRK2 No Yes 

hsa-mir-200A SNRPN No Yes 

hsa-mir-200A TCP10L2 No Yes 

hsa-mir-200A TPD52L3 No Yes 

hsa-mir-200A USP49 No Yes 

hsa-mir-200A ZNF83 No Yes 

hsa-mir-23C BACH2 Yes No 

hsa-mir-23C HIC1 Yes No 

hsa-mir-23C KLHL5 Yes No 

hsa-mir-23C NRXN3 Yes No 

hsa-mir-23C NT5DC3 Yes No 

hsa-mir-23C RXRG Yes No 

hsa-mir-23C VGLL2 Yes No 

hsa-mir-23C WNK3 Yes No 

hsa-mir-29C ARSF No Yes 

hsa-mir-29C BCO2 No Yes 

hsa-mir-29C C18orf42 Yes No 

hsa-mir-29C CTSO No Yes 

hsa-mir-29C DCAF4L1 No Yes 

hsa-mir-29C DKFZP434L187 No Yes 

hsa-mir-29C DRP2 Yes No 

hsa-mir-29C FGA Yes Yes 

hsa-mir-29C GCSH Yes Yes 

hsa-mir-29C H3F3C No Yes 

hsa-mir-29C HCG27 No Yes 

hsa-mir-29C HEY2 No Yes 

hsa-mir-29C HMGCLL1 No Yes 

hsa-mir-29C HPCAL4 Yes Yes 

hsa-mir-29C KIR2DS4 No Yes 
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hsa-mir-29C LAIR2 No Yes 

hsa-mir-29C LILRA4 No Yes 

hsa-mir-29C MOG Yes Yes 

hsa-mir-29C MXD1 Yes Yes 

hsa-mir-29C N4BP2L1 Yes Yes 

hsa-mir-29C P2RY1 No Yes 

hsa-mir-29C PAX3 No Yes 

hsa-mir-29C PCMTD2 No Yes 

hsa-mir-29C PDGFRA No Yes 

hsa-mir-29C PGAP1 Yes Yes 

hsa-mir-29C PSMF1 No Yes 

hsa-mir-29C RORC No Yes 

hsa-mir-29C SCIN No Yes 

hsa-mir-29C SLC27A3 No Yes 

hsa-mir-29C SLC2A3 No Yes 

hsa-mir-29C SLC6A14 Yes Yes 

hsa-mir-29C SNORA30 No Yes 

hsa-mir-29C SNTN No Yes 

hsa-mir-29C SP140L No Yes 

hsa-mir-29C SPRY3 No Yes 

hsa-mir-29C SUPT5H No Yes 

hsa-mir-29C TBC1D8B No Yes 

hsa-mir-29C TMEM169 Yes Yes 

hsa-mir-29C TMPRSS3 No Yes 

hsa-mir-29C TRIM2 No Yes 

hsa-mir-300 AADACL4 No Yes 

hsa-mir-300 BCL2L15 No Yes 

hsa-mir-300 C8orf46 No Yes 

hsa-mir-300 CCDC110 No Yes 

hsa-mir-300 CCDC30 Yes Yes 

hsa-mir-300 CCT6P1 No Yes 

hsa-mir-300 CD209 No Yes 

hsa-mir-300 CDH17 No Yes 
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hsa-mir-300 CFHR3 No Yes 

hsa-mir-300 CHRDL1 No Yes 

hsa-mir-300 COX6A1 No Yes 

hsa-mir-300 CSRP3 No Yes 

hsa-mir-300 CTH No Yes 

hsa-mir-300 CX3CR1 No Yes 

hsa-mir-300 CYP2J2 No Yes 

hsa-mir-300 ESYT3 No Yes 

hsa-mir-300 FBXO43 No Yes 

hsa-mir-300 FLRT3 Yes Yes 

hsa-mir-300 GJB2 No Yes 

hsa-mir-300 GPR158 Yes Yes 

hsa-mir-300 GYS2 No Yes 

hsa-mir-300 HMGCLL1 No Yes 

hsa-mir-300 HNRNPA1L2 No Yes 

hsa-mir-300 IL1RN No Yes 

hsa-mir-300 KCNJ15 No Yes 

hsa-mir-300 LOC401463 No Yes 

hsa-mir-300 MXD1 No Yes 

hsa-mir-300 N4BP2L1 No Yes 

hsa-mir-300 NPFF No Yes 

hsa-mir-300 NUDT4 Yes No 

hsa-mir-300 OOSP1 No Yes 

hsa-mir-300 PAAF1 No Yes 

hsa-mir-300 PAX3 No Yes 

hsa-mir-300 PDGFRA No Yes 

hsa-mir-300 PNRC2 No Yes 

hsa-mir-300 PRH2 No Yes 

hsa-mir-300 SLC6A14 No Yes 

hsa-mir-300 SMAD4 Yes No 

hsa-mir-300 SNCA Yes No 

hsa-mir-300 SNORA33 No Yes 

hsa-mir-300 SPDYA No Yes 
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hsa-mir-300 SPRY3 Yes Yes 

hsa-mir-300 TBC1D8B No Yes 

hsa-mir-300 TESK2 No Yes 

hsa-mir-300 TLX1 No Yes 

hsa-mir-300 TRIM2 No Yes 

hsa-mir-300 ZNF22 No Yes 

hsa-mir-300 ZNF529 No Yes 

hsa-mir-300 ZNF680 No Yes 

hsa-mir-30C-1 ADH1A No Yes 

hsa-mir-30C-1 ARHGAP6 No Yes 

hsa-mir-30C-1 ARL 14.00 No Yes 

hsa-mir-30C-1 BACH1 Yes No 

hsa-mir-30C-1 BACH2 Yes No 

hsa-mir-30C-1 CCDC144NL No Yes 

hsa-mir-30C-1 CHORDC1 Yes Yes 

hsa-mir-30C-1 CRMP1 No Yes 

hsa-mir-30C-1 DMTF1 No Yes 

hsa-mir-30C-1 ELAVL2 No Yes 

hsa-mir-30C-1 ENTPD1 No Yes 

hsa-mir-30C-1 EYA1 No Yes 

hsa-mir-30C-1 FABP7 No Yes 

hsa-mir-30C-1 FAM161A No Yes 

hsa-mir-30C-1 FAM47A No Yes 

hsa-mir-30C-1 FAM47C No Yes 

hsa-mir-30C-1 FLJ22763 No Yes 

hsa-mir-30C-1 FLJ26245 No Yes 

hsa-mir-30C-1 IFNA21 No Yes 

hsa-mir-30C-1 KCNA4 Yes No 

hsa-mir-30C-1 KLHL5 No Yes 

hsa-mir-30C-1 LAMC3 No Yes 

hsa-mir-30C-1 LOC340074 No Yes 

hsa-mir-30C-1 LRRC7 No Yes 

hsa-mir-30C-1 LRRTM1 No Yes 
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hsa-mir-30C-1 MED27 No Yes 

hsa-mir-30C-1 MEI1 No Yes 

hsa-mir-30C-1 MPP7 No Yes 

hsa-mir-30C-1 MYL1 No Yes 

hsa-mir-30C-1 NPY5R No Yes 

hsa-mir-30C-1 NRG3 Yes Yes 

hsa-mir-30C-1 NRXN3 Yes Yes 

hsa-mir-30C-1 PCDH11Y No Yes 

hsa-mir-30C-1 PODXL No Yes 

hsa-mir-30C-1 PXT1 No Yes 

hsa-mir-30C-1 RPL23AP82 No Yes 

hsa-mir-30C-1 RPS6KA5 No Yes 

hsa-mir-30C-1 SCN1A Yes Yes 

hsa-mir-30C-1 SLC12A5 Yes No 

hsa-mir-30C-1 SLC24A4 No Yes 

hsa-mir-30C-1 SLC30A8 No Yes 

hsa-mir-30C-1 SLC7A11 Yes No 

hsa-mir-30C-1 SLITRK3 No Yes 

hsa-mir-30C-1 SNAI2 Yes Yes 

hsa-mir-30C-1 SNRPN No Yes 

hsa-mir-30C-1 TKTL2 No Yes 

hsa-mir-30C-1 WDR7 Yes Yes 

hsa-mir-30C-1 WNK3 Yes Yes 

hsa-mir-30C-1 ZNF208 No Yes 

hsa-mir-30C-1 ZNF214 No Yes 

hsa-mir-30C-1 ZSCAN12P1 No Yes 

hsa-mir-31 BACH2 Yes Yes 

hsa-mir-31 C3orf35 No Yes 

hsa-mir-31 C6orf10 No Yes 

hsa-mir-31 C9orf152 No Yes 

hsa-mir-31 CCL25 No Yes 

hsa-mir-31 CHORDC1 No Yes 

hsa-mir-31 CNP Yes No 
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hsa-mir-31 CRISPLD2 No Yes 

hsa-mir-31 CSNK1E No Yes 

hsa-mir-31 CYP4A11 No Yes 

hsa-mir-31 DMTF1 No Yes 

hsa-mir-31 ELAVL2 Yes Yes 

hsa-mir-31 ENPP6 No Yes 

hsa-mir-31 FABP7 No Yes 

hsa-mir-31 FAM47A No Yes 

hsa-mir-31 FAM47C No Yes 

hsa-mir-31 FLJ22763 No Yes 

hsa-mir-31 GOLGA6L6 No Yes 

hsa-mir-31 GRAMD1C No Yes 

hsa-mir-31 LOC340074 No Yes 

hsa-mir-31 LOC653786 No Yes 

hsa-mir-31 MEI1 No Yes 

hsa-mir-31 MTMR7 No Yes 

hsa-mir-31 NBPF22P No Yes 

hsa-mir-31 NRG3 No Yes 

hsa-mir-31 PCDH11Y No Yes 

hsa-mir-31 PPP1R3A No Yes 

hsa-mir-31 PSG1 No Yes 

hsa-mir-31 RPL23AP82 No Yes 

hsa-mir-31 SLC12A5 No Yes 

hsa-mir-31 SLC30A8 No Yes 

hsa-mir-31 SNRPN No Yes 

hsa-mir-31 VGLL2 No Yes 

hsa-mir-329-1 ABCC6P2 No Yes 

hsa-mir-329-1 ARHGEF35 No Yes 

hsa-mir-329-1 BCL2L15 No Yes 

hsa-mir-329-1 CALCRL No Yes 

hsa-mir-329-1 CCDC30 No Yes 

hsa-mir-329-1 CHRDL1 Yes Yes 

hsa-mir-329-1 DKFZP434L187 No Yes 
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hsa-mir-329-1 FAM66D No Yes 

hsa-mir-329-1 GFI1 No Yes 

hsa-mir-329-1 HLA-L No Yes 

hsa-mir-329-1 IVL No Yes 

hsa-mir-329-1 LDB3 No Yes 

hsa-mir-329-1 LOC645752 No Yes 

hsa-mir-329-1 MXD1 No Yes 

hsa-mir-329-1 NHLH1 No Yes 

hsa-mir-329-1 PAAF1 No Yes 

hsa-mir-329-1 PAX3 No Yes 

hsa-mir-329-1 PDGFRA No Yes 

hsa-mir-329-1 PGAP1 Yes No 

hsa-mir-329-1 PLA2G4A No Yes 

hsa-mir-329-1 PLCXD1 No Yes 

hsa-mir-329-1 PLEKHG1 No Yes 

hsa-mir-329-1 PRDM9 No Yes 

hsa-mir-329-1 SLC32A1 No Yes 

hsa-mir-329-1 SNORD114-31 No Yes 

hsa-mir-329-1 TCHH No Yes 

hsa-mir-329-1 TNFSF10 No Yes 

hsa-mir-329-1 TRIM48 No Yes 

hsa-mir-329-1 ZCCHC16 No Yes 

hsa-mir-329-1 ZNF596 No Yes 

hsa-mir-329-2 ACAN No Yes 

hsa-mir-329-2 ATAD3B No Yes 

hsa-mir-329-2 BACH1 No Yes 

hsa-mir-329-2 C9orf62 No Yes 

hsa-mir-329-2 CCDC144NL No Yes 

hsa-mir-329-2 CCDC150 No Yes 

hsa-mir-329-2 CDYL2 No Yes 

hsa-mir-329-2 CRMP1 Yes Yes 

hsa-mir-329-2 CSNK1E No Yes 

hsa-mir-329-2 ENPP6 No Yes 
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hsa-mir-329-2 FAM92A1 No Yes 

hsa-mir-329-2 FGD2 No Yes 

hsa-mir-329-2 GNAT1 No Yes 

hsa-mir-329-2 GRIK1 No Yes 

hsa-mir-329-2 HRNR No Yes 

hsa-mir-329-2 KLK11 No Yes 

hsa-mir-329-2 MED27 No Yes 

hsa-mir-329-2 MEI1 No Yes 

hsa-mir-329-2 MPP7 No Yes 

hsa-mir-329-2 NBPF22P No Yes 

hsa-mir-329-2 NRG3 No Yes 

hsa-mir-329-2 OTX2 No Yes 

hsa-mir-329-2 PCDH11Y No Yes 

hsa-mir-329-2 SNRPN No Yes 

hsa-mir-329-2 SPDYE5 No Yes 

hsa-mir-329-2 TMEM201 Yes No 

hsa-mir-329-2 VGLL2 No Yes 

hsa-mir-329-2 ZNF285 No Yes 

hsa-mir-329-2 ZNF876P No Yes 

hsa-mir-34A ANKRD33 No Yes 

hsa-mir-34A ARHGAP25 No Yes 

hsa-mir-34A BCO2 No Yes 

hsa-mir-34A CALCA No Yes 

hsa-mir-34A CNGB1 No Yes 

hsa-mir-34A CSRP3 No Yes 

hsa-mir-34A DGCR6L No Yes 

hsa-mir-34A DKFZP434L187 No Yes 

hsa-mir-34A DMGDH No Yes 

hsa-mir-34A ESYT3 Yes Yes 

hsa-mir-34A FGB No Yes 

hsa-mir-34A FLJ40288 No Yes 

hsa-mir-34A FLRT3 No Yes 

hsa-mir-34A GCSH No Yes 
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hsa-mir-34A GOLGA6L4 No Yes 

hsa-mir-34A GPR158 Yes Yes 

hsa-mir-34A HLA-L No Yes 

hsa-mir-34A HPCAL4 No Yes 

hsa-mir-34A IL1RN No Yes 

hsa-mir-34A ITIH1 No Yes 

hsa-mir-34A KIR2DS4 No Yes 

hsa-mir-34A KIR3DL2 No Yes 

hsa-mir-34A LOC644554 No Yes 

hsa-mir-34A MOV10L1 No Yes 

hsa-mir-34A PAK7 No Yes 

hsa-mir-34A PAX3 No Yes 

hsa-mir-34A PDGFRA Yes Yes 

hsa-mir-34A PIPOX No Yes 

hsa-mir-34A RBP5 No Yes 

hsa-mir-34A SLC27A3 No Yes 

hsa-mir-34A SLC6A14 No Yes 

hsa-mir-34A SLCO2A1 No Yes 

hsa-mir-34A SMAD4 Yes Yes 

hsa-mir-34A SNCA No Yes 

hsa-mir-34A SPRY3 Yes Yes 

hsa-mir-34A TMEM25 No Yes 

hsa-mir-34A VTCN1 Yes Yes 

hsa-mir-374A ACAN No Yes 

hsa-mir-374A ANGPT2 No Yes 

hsa-mir-374A ARHGAP6 No Yes 

hsa-mir-374A ASPA No Yes 

hsa-mir-374A BACH2 Yes Yes 

hsa-mir-374A C3orf79 No Yes 

hsa-mir-374A C6orf10 No Yes 

hsa-mir-374A CCDC150 No Yes 

hsa-mir-374A CCL8 Yes Yes 

hsa-mir-374A CD69 No Yes 
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hsa-mir-374A CELA2B No Yes 

hsa-mir-374A CIITA No Yes 

hsa-mir-374A CYP3A43 No Yes 

hsa-mir-374A DMTF1 No Yes 

hsa-mir-374A ELAVL2 No Yes 

hsa-mir-374A ENPP6 No Yes 

hsa-mir-374A EYA1 No Yes 

hsa-mir-374A FABP7 No Yes 

hsa-mir-374A FAM161A No Yes 

hsa-mir-374A FLG2 No Yes 

hsa-mir-374A GABRA1 No Yes 

hsa-mir-374A GABRP No Yes 

hsa-mir-374A GBA3 No Yes 

hsa-mir-374A GPR85 No Yes 

hsa-mir-374A GRAMD1C No Yes 

hsa-mir-374A HRNR No Yes 

hsa-mir-374A IFNA21 No Yes 

hsa-mir-374A KCNA4 No Yes 

hsa-mir-374A KLHL5 No Yes 

hsa-mir-374A LRRC18 No Yes 

hsa-mir-374A LRRC7 No Yes 

hsa-mir-374A MPP7 No Yes 

hsa-mir-374A MS4A4A No Yes 

hsa-mir-374A NBPF22P No Yes 

hsa-mir-374A NLRP11 No Yes 

hsa-mir-374A NRXN3 No Yes 

hsa-mir-374A OTX2 No Yes 

hsa-mir-374A OVOS No Yes 

hsa-mir-374A PCDH11Y No Yes 

hsa-mir-374A PXT1 No Yes 

hsa-mir-374A RPL23AP82 No Yes 

hsa-mir-374A RPS6KA5 No Yes 

hsa-mir-374A SCN1A No Yes 
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hsa-mir-374A SLC12A5 Yes Yes 

hsa-mir-374A SLC7A11 No Yes 

hsa-mir-374A SLITRK3 No Yes 

hsa-mir-374A SNRPN No Yes 

hsa-mir-374A SP5 Yes Yes 

hsa-mir-374A SPDYE5 No Yes 

hsa-mir-374A SRD5A2 No Yes 

hsa-mir-374A SYCP3 No Yes 

hsa-mir-374A TPD52L3 No Yes 

hsa-mir-374A USP49 No Yes 

hsa-mir-374A VGLL2 No Yes 

hsa-mir-374A VNN 1.00 No Yes 

hsa-mir-374A WDR7 No Yes 

hsa-mir-374A ZNF214 No Yes 

hsa-mir-374A ZNF876P No Yes 

hsa-mir-429 AMBN No Yes 

hsa-mir-429 ARHGEF1 Yes Yes 

hsa-mir-429 BCO2 No Yes 

hsa-mir-429 C18orf63 Yes No 

hsa-mir-429 CCT6P1 No Yes 

hsa-mir-429 CDH17 No Yes 

hsa-mir-429 CHRDL1 Yes Yes 

hsa-mir-429 CNGB1 No Yes 

hsa-mir-429 CTSO No Yes 

hsa-mir-429 DEFB132 No Yes 

hsa-mir-429 DNAJC15 No Yes 

hsa-mir-429 ESYT3 No Yes 

hsa-mir-429 FLRT3 No Yes 

hsa-mir-429 GFI1 Yes Yes 

hsa-mir-429 GOLGA8DP No Yes 

hsa-mir-429 GPR158 Yes Yes 

hsa-mir-429 GPR183 No Yes 

hsa-mir-429 GPRASP1 No Yes 
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hsa-mir-429 GSTA1 No Yes 

hsa-mir-429 GYS2 No Yes 

hsa-mir-429 HLA-L No Yes 

hsa-mir-429 HMGCLL1 No Yes 

hsa-mir-429 IVL No Yes 

hsa-mir-429 KCNJ15 No Yes 

hsa-mir-429 LDB3 No Yes 

hsa-mir-429 LOC401463 No Yes 

hsa-mir-429 LOC641367 No Yes 

hsa-mir-429 LPAR5 No Yes 

hsa-mir-429 NPM1 No Yes 

hsa-mir-429 NUDT4 Yes Yes 

hsa-mir-429 P2RY1 No Yes 

hsa-mir-429 PAK7 Yes Yes 

hsa-mir-429 PCMTD1 Yes Yes 

hsa-mir-429 PDGFRA No Yes 

hsa-mir-429 PGAP1 No Yes 

hsa-mir-429 PNRC2 No Yes 

hsa-mir-429 PSMF1 No Yes 

hsa-mir-429 R3HDML No Yes 

hsa-mir-429 RALYL No Yes 

hsa-mir-429 RARRES1 No Yes 

hsa-mir-429 RASSF9 No Yes 

hsa-mir-429 SCARNA1 No Yes 

hsa-mir-429 SLC2A3 No Yes 

hsa-mir-429 SLC38A4 Yes Yes 

hsa-mir-429 SMAD4 No Yes 

hsa-mir-429 SNCA No Yes 

hsa-mir-429 SNTN No Yes 

hsa-mir-429 SPDYA No Yes 

hsa-mir-429 SPRY3 No Yes 

hsa-mir-429 TESK2 No Yes 

hsa-mir-429 TMEM191C No Yes 
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hsa-mir-429 TMEM25 No Yes 

hsa-mir-429 TNFSF10 No Yes 

hsa-mir-429 TRIM2 No Yes 

hsa-mir-429 TUBAL3 No Yes 

hsa-mir-429 ZNF529 No Yes 

hsa-mir-429 ZNF680 No Yes 

hsa-mir-429 ZNF724P No Yes 

hsa-mir-429 ZNF76 No Yes 

hsa-mir-448 ABCC6P2 No Yes 

hsa-mir-448 AGBL3 No Yes 

hsa-mir-448 ANXA13 No Yes 

hsa-mir-448 ARHGAP25 No Yes 

hsa-mir-448 CALCRL Yes Yes 

hsa-mir-448 CCDC110 No Yes 

hsa-mir-448 CCDC144B No Yes 

hsa-mir-448 CYP2J2 No Yes 

hsa-mir-448 CYS1 No Yes 

hsa-mir-448 DCAF4L1 No Yes 

hsa-mir-448 DPY19L2P4 No Yes 

hsa-mir-448 EXOC4 No Yes 

hsa-mir-448 F7 No Yes 

hsa-mir-448 FGFR1OP2 No Yes 

hsa-mir-448 FLRT3 No Yes 

hsa-mir-448 GPR158 Yes No 

hsa-mir-448 GSTA1 No Yes 

hsa-mir-448 H3F3C No Yes 

hsa-mir-448 HEY2 Yes Yes 

hsa-mir-448 HLA-L No Yes 

hsa-mir-448 ITIH1 No Yes 

hsa-mir-448 LDB3 No Yes 

hsa-mir-448 LOC401463 No Yes 

hsa-mir-448 MSX2P1 No Yes 

hsa-mir-448 N4BP2L1 No Yes 
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hsa-mir-448 NUDT4 No Yes 

hsa-mir-448 PDGFRA No Yes 

hsa-mir-448 PLA2G4A No Yes 

hsa-mir-448 RGSL1 No Yes 

hsa-mir-448 SCIN No Yes 

hsa-mir-448 SLC38A4 No Yes 

hsa-mir-448 SLC6A14 No Yes 

hsa-mir-448 SLCO2A1 No Yes 

hsa-mir-448 SNTN No Yes 

hsa-mir-448 SPDYA No Yes 

hsa-mir-448 SPRY3 No Yes 

hsa-mir-448 STAR No Yes 

hsa-mir-448 STAT4 No Yes 

hsa-mir-448 TBC1D8B No Yes 

hsa-mir-448 TESK2 Yes No 

hsa-mir-448 ZNF724P No Yes 

hsa-mir-4500 BACH1 Yes No 

hsa-mir-4500 CDH22 Yes No 

hsa-mir-4500 GAB2 Yes No 

hsa-mir-4500 GNAT1 Yes No 

hsa-mir-4500 HIC1 Yes No 

hsa-mir-4500 PLA2G3 Yes No 

hsa-mir-4500 PXT1 Yes No 

hsa-mir-4500 WNK3 Yes No 

hsa-mir-495 APOLD1 No Yes 

hsa-mir-495 ARHGAP25 No Yes 

hsa-mir-495 BCL2L15 No Yes 

hsa-mir-495 BEST4 No Yes 

hsa-mir-495 C12orf56 No Yes 

hsa-mir-495 C8orf46 No Yes 

hsa-mir-495 CALCRL No Yes 

hsa-mir-495 CCDC110 No Yes 

hsa-mir-495 CCDC144B No Yes 
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hsa-mir-495 CCDC30 No Yes 

hsa-mir-495 CTH No Yes 

hsa-mir-495 CTSO No Yes 

hsa-mir-495 CYS1 No Yes 

hsa-mir-495 DEFB132 No Yes 

hsa-mir-495 DKFZP434L187 No Yes 

hsa-mir-495 DNAJC15 No Yes 

hsa-mir-495 DPPA4 No Yes 

hsa-mir-495 DRP2 Yes No 

hsa-mir-495 FAM66D No Yes 

hsa-mir-495 FGB No Yes 

hsa-mir-495 FGFR1OP2 Yes No 

hsa-mir-495 FPR3 No Yes 

hsa-mir-495 GBP6 No Yes 

hsa-mir-495 GFI1 Yes Yes 

hsa-mir-495 GJB2 No Yes 

hsa-mir-495 GK2 No Yes 

hsa-mir-495 GPR158 No Yes 

hsa-mir-495 GPR183 No Yes 

hsa-mir-495 GSTA1 No Yes 

hsa-mir-495 HEY2 No Yes 

hsa-mir-495 HLA-L No Yes 

hsa-mir-495 HMGCLL1 Yes Yes 

hsa-mir-495 LOC100270804 No Yes 

hsa-mir-495 MAGEB10 No Yes 

hsa-mir-495 MOG No Yes 

hsa-mir-495 MOV10L1 No Yes 

hsa-mir-495 MSX2P1 No Yes 

hsa-mir-495 MXD1 No Yes 

hsa-mir-495 NAB2 Yes Yes 

hsa-mir-495 NPM1 No Yes 

hsa-mir-495 OCA2 No Yes 

hsa-mir-495 PAAF1 No Yes 



 

151 

 

hsa-mir-495 PAX3 No Yes 

hsa-mir-495 PCMTD1 No Yes 

hsa-mir-495 PDGFRA No Yes 

hsa-mir-495 PGAP1 No Yes 

hsa-mir-495 PIPOX No Yes 

hsa-mir-495 PLA2G4A No Yes 

hsa-mir-495 PLEKHG1 No Yes 

hsa-mir-495 PRDM9 No Yes 

hsa-mir-495 PRR23B No Yes 

hsa-mir-495 RABL2B No Yes 

hsa-mir-495 RASSF9 No Yes 

hsa-mir-495 SCIN No Yes 

hsa-mir-495 SLC2A14 No Yes 

hsa-mir-495 SLC2A3 No Yes 

hsa-mir-495 SMAD4 No Yes 

hsa-mir-495 SNCA Yes Yes 

hsa-mir-495 STAT4 No Yes 

hsa-mir-495 SUPT5H No Yes 

hsa-mir-495 TCHH No Yes 

hsa-mir-495 TLX1 No Yes 

hsa-mir-495 TRIM2 No Yes 

hsa-mir-495 ZCCHC16 No Yes 

hsa-mir-495 ZNF22 No Yes 

hsa-mir-495 ZNF680 No Yes 

hsa-mir-495 ZNF726 No Yes 

hsa-mir-7-2 AGBL3 No Yes 

hsa-mir-7-2 APOLD1 No Yes 

hsa-mir-7-2 BCO2 No Yes 

hsa-mir-7-2 C8orf46 Yes Yes 

hsa-mir-7-2 CCDC30 No Yes 

hsa-mir-7-2 CDH8 No Yes 

hsa-mir-7-2 CHRNA10 No Yes 

hsa-mir-7-2 CX3CR1 No Yes 
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hsa-mir-7-2 DEFB132 No Yes 

hsa-mir-7-2 DNAJC15 No Yes 

hsa-mir-7-2 DRP2 No Yes 

hsa-mir-7-2 FBXO43 No Yes 

hsa-mir-7-2 FGA No Yes 

hsa-mir-7-2 FGG No Yes 

hsa-mir-7-2 HPCAL4 Yes Yes 

hsa-mir-7-2 IFNA16 No Yes 

hsa-mir-7-2 IFNA4 No Yes 

hsa-mir-7-2 KRT27 No Yes 

hsa-mir-7-2 KRTAP1-5 No Yes 

hsa-mir-7-2 LAIR2 No Yes 

hsa-mir-7-2 MOG No Yes 

hsa-mir-7-2 MRAP2 No Yes 

hsa-mir-7-2 NPM1 No Yes 

hsa-mir-7-2 PAAF1 No Yes 

hsa-mir-7-2 PPP2R2B No Yes 

hsa-mir-7-2 PRR23B No Yes 

hsa-mir-7-2 RGS21 No Yes 

hsa-mir-7-2 SCARNA23 No Yes 

hsa-mir-7-2 SCTR No Yes 

hsa-mir-7-2 SLC38A4 Yes Yes 

hsa-mir-7-2 SLC7A9 No Yes 

hsa-mir-7-2 SNCA Yes Yes 

hsa-mir-7-2 SNORA33 No Yes 

hsa-mir-7-2 TBC1D8B No Yes 

hsa-mir-7-2 TCHH No Yes 

hsa-mir-7-2 ZNF214 No Yes 

hsa-mir-758 AIF1 No Yes 

hsa-mir-758 CALCA No Yes 

hsa-mir-758 CCDC30 No Yes 

hsa-mir-758 CEACAM7 No Yes 

hsa-mir-758 CHRDL1 No Yes 
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hsa-mir-758 DPPA4 No Yes 

hsa-mir-758 ESYT3 No Yes 

hsa-mir-758 EXOC4 No Yes 

hsa-mir-758 FGB No Yes 

hsa-mir-758 FGFBP3 No Yes 

hsa-mir-758 FLRT3 No Yes 

hsa-mir-758 FPR3 No Yes 

hsa-mir-758 GFI1 No Yes 

hsa-mir-758 GPR158 No Yes 

hsa-mir-758 HLA-L No Yes 

hsa-mir-758 HMGCLL1 No Yes 

hsa-mir-758 MXD1 Yes Yes 

hsa-mir-758 NAB2 No Yes 

hsa-mir-758 PAAF1 No Yes 

hsa-mir-758 PAK7 No Yes 

hsa-mir-758 PCMTD2 No Yes 

hsa-mir-758 PDGFRA No Yes 

hsa-mir-758 PGAP1 Yes Yes 

hsa-mir-758 RGS21 No Yes 

hsa-mir-758 SAA1 No Yes 

hsa-mir-758 SLC2A3 No Yes 

hsa-mir-758 SLC47A2 No Yes 

hsa-mir-758 SMAD4 No Yes 

hsa-mir-758 SPDYA No Yes 

hsa-mir-758 STAT4 No Yes 

hsa-mir-758 TBC1D8B No Yes 

hsa-mir-758 TRIM2 No Yes 

hsa-mir-874 ARHGAP6 No Yes 

hsa-mir-874 C1orf132 No Yes 

hsa-mir-874 C20orf85 No Yes 

hsa-mir-874 C3orf35 No Yes 

hsa-mir-874 CCDC150 No Yes 

hsa-mir-874 CIITA No Yes 
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hsa-mir-874 CNP No Yes 

hsa-mir-874 KLK11 No Yes 

hsa-mir-874 LILRB1 No Yes 

hsa-mir-874 LOC340074 No Yes 

hsa-mir-874 PCDH11Y Yes Yes 

hsa-mir-874 SLC12A5 Yes Yes 

hsa-mir-874 SLC30A8 Yes Yes 

hsa-mir-96 ARHGAP6 Yes Yes 

hsa-mir-96 BACH1 No Yes 

hsa-mir-96 BACH2 Yes No 

hsa-mir-96 CCDC150 No Yes 

hsa-mir-96 CD69 No Yes 

hsa-mir-96 CIITA No Yes 

hsa-mir-96 DNAJB8 No Yes 

hsa-mir-96 ELAVL2 Yes No 

hsa-mir-96 ENTPD4 No Yes 

hsa-mir-96 FAM92A1 No Yes 

hsa-mir-96 FGD2 No Yes 

hsa-mir-96 FLJ22763 No Yes 

hsa-mir-96 FSIP2 No Yes 

hsa-mir-96 GIPR No Yes 

hsa-mir-96 GOLGA6L6 No Yes 

hsa-mir-96 GPR85 Yes Yes 

hsa-mir-96 GRAMD1C No Yes 

hsa-mir-96 HRNR No Yes 

hsa-mir-96 LRRC7 Yes Yes 

hsa-mir-96 MOGAT2 No Yes 

hsa-mir-96 NRXN3 No Yes 

hsa-mir-96 NT5DC3 Yes No 

hsa-mir-96 PCDH11Y Yes Yes 

hsa-mir-96 PODXL Yes No 

hsa-mir-96 SCN1A Yes No 

hsa-mir-96 SLC12A5 Yes Yes 
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hsa-mir-96 SLC24A4 Yes Yes 

hsa-mir-96 SLITRK3 No Yes 

hsa-mir-96 SNAI2 No Yes 

hsa-mir-96 SNRPN No Yes 

hsa-mir-96 TPD52L3 No Yes 
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Supplemental Table 3.5 List of qPCR Primers used. 

Gene Forward Sequence (5' – 3') Reverse Sequence (5' – 3') 

18S GCGATGCGGCGGCGTTATTC CAATCTGTCAATCCTGTCCGTGTCC 

TRAF6 TTTGCTCTTATGGATTGTCCCC CATTGATGCAGCACAGTTGTC 

IRAK1 AGGTTTCGTCACCCAAACATT CGGGCTGTACCCAGAAGGA 

SMAD4 ACGAACGAGTTGTATCACCTGG TGCACGATTACTTGGTGGATG 
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Supplemental Table 3.6 List of Primary Antibodies used. 

Primary Antibody Dilution Manufacturer (Catalog Number) 

FLAG M2 1:2000 Sigma-Aldrich (F1804) 

p-NF-κB (p65) (Ser-536) 1:1000 Cell Signalling Technology (3033) 

NF-κB (p65) (D14E12) XP 1:1000 Cell Signalling Technology (8242) 

β-tubulin 1:5000 Abcam (610621) 

 


	Chapter 1
	General Introduction
	1.1 The COVID-19 Pandemic
	1.2 SARS-CoV- 2 Genome and Life Cycle
	1.3 Nsp13 Helicase
	1.3.1 Nsp13 as a Therapeutic Target

	1.4 The Innate Immune Response
	1.4.1 Nsp13 Antagonizes Host Immune Responses

	1.5 MicroRNAs
	1.6 The Expanded Genetic Code and Non-Canonical Amino Acids
	1.6.1 Using ncAAs for FRET

	1.7 Outline of Work
	1.8 References

	Chapter 2  Monitoring SARS-CoV-2 Nsp13 Helicase Binding Activity Using Expanded Genetic Code Techniques
	2.1 Abstract
	2.2 Introduction
	2.3 Results
	2.3.1 Identifying and Screening Potential Sites for the Incorporation of AzF into Nsp13
	2.3.2 Screening Nsp13-AzF Constructs for Site-specific Fluorescent Labelling with Cy5-DBCO
	2.3.3 The Unwinding Activity of F81AzF and Y253AzF were not affected by the Incorporation of AzF
	2.3.4 Monitoring the Binding of Nsp13-AzF to dsDNA Substrates by FRET

	2.4 Discussion
	2.5 Conclusion
	2.6 Materials and Methods
	2.6.1 Nucleic Acids
	2.6.2 Subcloning and Site-directed Mutagenesis of Nsp13
	2.6.3 Small-scale Bacterial Expression and Screening of AzF Incorporation
	2.6.4 WT Nsp13 and Nsp13-AzF Protein Purification
	2.6.5 Fluorescent Labelling of Nsp13-AzF with Cy5-DBCO
	2.6.6 Helicase Unwinding Assay
	2.6.7 Fluorescent Resonance Energy Transfer Assay

	2.7 References

	Chapter 3
	3.1 Abstract
	3.2 Introduction
	3.3 Results
	3.3.1 Identifying Host Biological and Cellular Processes Modified by Nsp13
	3.3.2 Investigating Nsp13’s Potential Role in Modulating miRNA Expression and Signalling
	3.3.3 Nsp13-induced miR-146a Potentially Regulates Host Inflammatory and Immune Responses

	3.4 Discussion
	3.5 Conclusions
	3.6 Methods
	3.6.1 Cell Culture and Transfection
	3.6.2 Microarray Analysis
	3.6.3 TaqMan and Quantitative Real-Time PCR
	3.6.4 Immunoblotting
	3.6.5 Statistical Analysis

	3.7 References

	Chapter 4  Future Directions
	Appendix A  Supplemental Figures and Tables for Chapter 2
	Appendix B  Supplemental Figures and Tables for Chapter 3

