
ABSTRACT 

JOHN, KRISTEN IRENE. Functional Characterization of Human Long Non-coding RNAs 

within Influenza Infection and the Interferon Response (Under the direction of Dr. Xinxia Peng) 

 

Respiratory viral infections remain a constant burden to public health and medicine. As high 

mutation rates make it difficult to predict the circulating viral strains, there is a need to better 

understand host responses during viral infection to develop novel therapeutics. Host-pathogen 

interactions during viral infection have historically focused on protein coding genes in the human 

host. However, as protein coding genes only account for less than 2% of the human genome, this 

leaves a large percentage that is unexplored. The discovery of over 35,000 long non-coding 

RNAs (lncRNAs) in the human genome presents a new area of potential host interactions with 

respiratory viruses. While once thought to be “junk” transcription, lncRNAs are now known to 

have important regulatory functions in gene expression and other biological processes. Relatedly, 

there is increasing evidence to support a major role for lncRNAs in antiviral and innate responses 

within the human host, yet their functions within these contexts remain largely unknown. In this 

work, we aimed to identify novel lncRNA targets that play critical roles in major human 

respiratory viral infections in order to provide new host therapeutic targets for viral intervention. 

In Chapter 1, we begin by introducing lncRNAs and our motivation in studying their functions 

within respiratory viral infection. In Chapter 2, we describe our identification of a novel 

lncRNA that we named virus-inducible lncRNA modulator of interferon response (VILMIR). We 

used both large-scale transcriptomic analysis and experimental approaches to determine that 

VILMIR is an interferon-stimulated gene (ISG) that regulates the host transcriptional response to 

interferon-beta (IFN-β) treatment and influenza A virus infection. In Chapter 3, we investigate 

the mechanisms by which VILMIR regulates the host interferon response by identifying protein 

interactions and gene regulatory networks of VILMIR. We proposed several possible mechanisms 



by which VILMIR may interact with the identified proteins in the nucleus and the cytoplasm to 

activate host transcription as well as regulate translation during an interferon response. In 

Chapter 4, we summarize the main findings of this work, broader applications to public health, 

and future directions.   
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Background 

The first draft of the human genome in 2000 (1) led researchers to discover that less than 2% of 

the genome accounted for protein-coding genes. Before sequencing technologies, little was 

known about the functional significance of non-coding sequence which was often referred to as 

“junk DNA.” The discoveries of ribosomal RNA (rRNA) in 1955 (2), transfer RNA (tRNA) in 

1958 (3), and microRNA (miRNA) in 1993 (4) provided evidence for effector and regulatory 

functions of non-coding RNAs (ncRNAs), however it was not until advancements were made in 

next generation sequencing technologies that researchers discovered in 2012 that about 80% of 

the genome is transcribed, of which the majority is long non-coding RNAs (lncRNAs) (5, 6). 

Very few lncRNAs had been investigated up until this point, including the first eukaryotic 

lncRNA, H19, found to play an important role in embryonic development in mice and humans 

(7), as well as Xist, critical for X-chromosome inactivation in mammals (8). With the knowledge 

that thousands of lncRNAs were being actively transcribed (6), this raised questions regarding 

the significance of lncRNAs and opened a new field of scientific research.  

Today, lncRNAs are defined as transcripts greater than 500 nucleotides in length with low 

translational potential (9) and are the largest class of ncRNAs with 35,934 human lncRNA genes 

annotated in the recent GENCODE V47 release (10). LncRNAs have historically been 

challenging to study due to their generally low expression levels and poor annotation (11, 12), 

low conservation at the sequence level (13), and cell-type or context specificity (14). Most 

lncRNAs are similar to messenger RNA (mRNA) in that they are transcribed by RNA 

polymerase II (Pol II), undergo splicing, and have 5’-end 7-methyl guanosine (m7G) caps and 3’-

end polyadenylated (polyA) tails (9, 15). However, some lncRNAs are transcribed by other 
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polymerases such as Pol IV and Pol V in plants (16), have inefficient splicing (17), or lack 5’ 

caps and polyA tails (18, 19). 

LncRNAs have typically been grouped into five main classes – antisense, bidirectional, intronic, 

enhancer-associated, and intergenic (20). Antisense lncRNAs overlap with a protein-coding 

gene, however they are transcribed from the opposite strand of the protein-coding gene. 

Similarly, bidirectional lncRNAs also transcribe from the opposite strand of a protein-coding 

gene, but they share a promoter. As the name suggests, intronic lncRNAs are located within an 

intron of a protein-coding gene. On the other hand, intergenic and enhancer lncRNAs are distinct 

from protein-coding genes and contain their own promoters (20, 21). Hence, an understanding of 

the genomic location of a lncRNA can help guide an initial hypothesis on how it may function. 

While many lncRNAs have been found to act as cis regulators by regulating the expression of 

neighboring protein-coding genes (22), lncRNAs have also been found to function as trans 

regulators by regulating transcription on different chromosomes (23).  

Despite the various challenges in ascribing function, lncRNAs have been found to play 

significant roles in biological processes, such as transcription, mRNA stabilization, and protein 

translation by acting as guides for transcription factors, scaffolds for protein interactions, and 

decoys for miRNAs, among other regulatory functions (15). The location of a lncRNA plays a 

major role in its function. LncRNAs in the nucleus typically regulate gene transcription (24), 

while lncRNAs in the cytoplasm have been found to control mRNA stability and regulate 

translation (25). Many lncRNAs are now known to be involved in cell differentiation and 

development (26), cancer (27), inflammation (28), metabolism (29), cellular signaling (30), and 

much more (9). More recently, lncRNAs have been identified in host antiviral and immune 

responses (31, 32), yet their functions within these contexts remain largely unknown.  
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In 2010, Peng et al. first suggested that lncRNAs may regulate host responses to viral infection 

when they were found to be differentially expressed after both severe acute respiratory syndrome 

coronavirus (SARS-CoV) and influenza infections in mice (33). A later study in 2014 identified 

that over 5,000 lncRNAs were differentially expressed after these viral infections through RNA-

sequencing (RNA-seq) analysis, yet their individual functions were not explored (34). Today, 

individual lncRNAs have been found to have significant outcomes on viral infections (32). For 

example, lncRNA MALAT1, previously studied in the context of cancer, was found to promote 

HIV-1 transcription and infection in human cells by associating with the chromatin modulator 

polycomb repressive complex 2 (PRC2) and preventing it from binding with the HIV-1 long 

terminal repeat (LTR) promoter and repressing transcription (35). Another lncRNA, Lnczc3h7a, 

was found to inhibit influenza A virus (IAV) infection in mice by serving as a molecular scaffold 

for the RIG-I-TRIM25 complex and promoting RIG-I downstream signaling (36). Thus, while 

progress has been made in elucidating the mechanisms of lncRNAs within viral infection, only a 

small fraction of lncRNAs have been explored in detail, leaving a large percentage of lncRNAs 

that have yet to be studied.  

Motivation 

Global pandemics, such as the 2009 IAV H1N1 pandemic and the 2019 SARS-COV-2 

pandemic, remain a constant threat to public health. In addition, according to the World Health 

Organization (WHO), seasonal influenza causes between 290,000 to 650,000 respiratory deaths a 

year. With the high mutation rates of viruses, it is difficult to predict the circulating viral strains, 

which limits vaccine efficacy (37). In addition, viral resistance to conventional antiviral drugs is 

a major concern of treating viral infections (38). There are currently four Federal Drug 

Administration (FDA)-approved antiviral drugs recommended by the Centers for Disease 
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Control (CDC) to treat influenza infection and prevent further complications, such as pneumonia. 

However, these antiviral drugs work by blocking or interfering with influenza viral functions, 

therefore they cannot be used to treat other infections such as SARS-CoV-2. Alternatively, since 

viruses rely on host functions to replicate, a more effective therapeutic approach may be 

targeting host factors that regulate virus replication (39). Therapeutics that target the host could 

also in theory be used to treat similar viral symptoms, such influenza and SARS-CoV-2 

respiratory infections.  

While most studies that investigate virus-host interactions primarily focus on protein-coding 

genes, much less is known about the relevance of lncRNAs within viral infection. Because of 

their often cell-type or disease-specific expression patterns (12), they present the opportunity to 

target specific processes in disease progression as opposed to targeting a protein-coding gene 

that could have many unintended deleterious effects. In addition, lncRNAs could be easier to 

manipulate compared to proteins using oligonucleotide-based drugs (40). While 11 RNA-based 

therapeutics have been approved by the FDA and/or the European Medicines Agency (EMA), 

there are currently no lncRNA-targeting therapeutics that have reached clinical trials (41). 

However, a recent study in 2023 delivered antiviral LncRNA#61 in mice using a lipid 

nanoparticle (LNP)-encapsulated strategy and found that LNP-LncRNA#61 decreased influenza 

H5N1 viral titers in the lung (42). Therefore, lncRNAs may present promising new targets for 

therapeutic intervention during viral infection.   

Several lncRNAs have been identified to have major impacts on influenza virus replication by 

regulating the host immune response to infection (43, 44). For example, lncRNA TSPOAP1-AS1 

promoted IAV replication in human cell lines by negatively regulating type I IFN signaling (45). 

On the other hand, lncRNA IVRPIE inhibited IAV replication in human cell lines by positively 
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regulating interferon-beta (IFN-β) and interferon-stimulated genes (ISGs) (46). However, many 

of the characterized lncRNAs thus far were identified using specific influenza strains and human 

cell lines, meaning their biological significance could be context dependent. Therefore, we aimed 

to identify and characterize lncRNAs that robustly responded to influenza infection across 

multiple human epithelial cell lines and influenza A virus strains. In addition, we prioritized 

lncRNAs that were responsive to other major respiratory viral infections including SARS-CoV-2 

and RSV as well as interferon-beta (IFN-β) treatment, to include lncRNAs that may have broader 

impacts in the host immune response.  

Contributions 

In Chapter 2, we mined large-scale human transcriptomic datasets to identify novel lncRNA 

targets that may play critical roles in human respiratory viral infections. Specifically, we 

identified a previously uncharacterized lncRNA that we termed as virus-inducible lncRNA 

modulator of interferon response (VILMIR), that was robustly upregulated after influenza, 

SARS-CoV-2, and RSV infections in human epithelial cells. In addition, we demonstrated that 

VILMIR is an interferon-stimulated gene (ISG) in multiple cell types, including several immune 

cells. Further, we found that knockdown of VILMIR expression broadly dampened the host 

transcriptional response to interferon treatment and influenza infection in human epithelial cells. 

This work represents the first in-depth study characterizing VILMIR and suggests that VILMIR, 

as a novel ISG, may function by regulating the host interferon response to respiratory viral 

infections. 

In Chapter 3, we investigated the mechanism by which VILMIR regulates the host interferon 

response by identifying protein binding partners and gene regulatory networks of VILMIR. 

Through an RNA pull-down assay, we found that VILMIR interacted with both nuclear and 
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cytoplasmic proteins in vitro, including the transcriptional regulator FUBP1, as well as the 

antiviral proteins IFIT1 and IFIT3. In addition, we found that overexpression of VILMIR in A549 

cells resulted in an overall enhancement of host interferon response genes and identified a core 

set of ISGs that are consistently regulated by VILMIR perturbation. Finally, we proposed several 

possible mechanisms by which VILMIR may interact with the identified proteins in the nucleus 

and the cytoplasm to activate host transcription as well as regulate translation during an 

interferon response.  
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ABSTRACT 

Long noncoding RNAs (lncRNAs) are a newer class of noncoding transcripts identified as key 

regulators of biological processes. Here, we aimed to identify novel lncRNA targets that play 

critical roles in major human respiratory viral infections by systematically mining large-scale 

transcriptomic data sets. Using bulk RNA-sequencing (RNA-seq) analysis, we identified a 

previously uncharacterized lncRNA, named virus-inducible lncRNA modulator of interferon 

response (VILMIR), that was consistently upregulated after in vitro influenza infection across 

multiple human epithelial cell lines and influenza A virus subtypes. VILMIR was also 

upregulated after severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and 

respiratory syncytial virus (RSV) infections in vitro. We experimentally confirmed the response 

of VILMIR to influenza infection and interferon-beta (IFN-β) treatment in the A549 human 

epithelial cell line and found the expression of VILMIR was robustly induced by IFN-β treatment 

in a dose- and time-specific manner. Single-cell RNA-seq analysis of bronchoalveolar lavage 

fluid samples from coronavirus disease 2019 (COVID-19) patients uncovered that VILMIR was 

upregulated across various cell types, including at least five immune cells. The upregulation 

of VILMIR in immune cells was further confirmed in the human T cell and monocyte cell lines, 

SUP-T1 and THP-1, after IFN-β treatment. Finally, we found that knockdown  

of VILMIR expression reduced the magnitude of host transcriptional responses to both IFN-β 

treatment and influenza A virus infection in A549 cells. Together, our results show 

that VILMIR is a novel interferon-stimulated gene (ISG) that regulates the host interferon 

response and may be a potential therapeutic target for human respiratory viral infections upon 

further mechanistic investigation. 
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IMPORTANCE 

Identifying host factors that regulate the immune response to human respiratory viral infection is 

critical to developing new therapeutics. Human long noncoding RNAs (lncRNAs) have been 

found to play key regulatory roles during biological processes; however, the majority of lncRNA 

functions within the host antiviral response remain unknown. In this study, we identified that a 

previously uncharacterized lncRNA, virus-inducible lncRNA modulator of interferon response 

(VILMIR), is upregulated after major respiratory viral infections including influenza, severe 

acute respiratory syndrome coronavirus 2, and respiratory syncytial virus. We demonstrated 

that VILMIR is an interferon-stimulated gene that is upregulated after interferon-beta (IFN-β) in 

several human cell types. We also found that knockdown of VILMIR reduced the magnitude of 

host transcriptional responses to IFN-β treatment and influenza A infection in human epithelial 

cells. Our results reveal that VILMIR regulates the host interferon response and may present a 

new therapeutic target during human respiratory viral infections. 

INTRODUCTION 

With the first draft of the human genome, researchers discovered that protein-coding genes only 

account for less than 2% of the genome (1). At first glance, the remaining 98% of intergenic 

sequence was considered “junk DNA.” However, advances in next-generation sequencing 

technology revealed that about 80% of the genome may be transcribed, the majority of which is 

noncoding RNAs (ncRNAs) (2). While some ncRNAs are well characterized, such as 

microRNAs, much less is known about the function of long noncoding RNAs (lncRNAs). 

LncRNAs are transcripts greater than 500 nucleotides in length that have low translational 

potential (3). They are the largest class of ncRNAs with 20,424 human lncRNA genes annotated 

in the recent GENCODE V45 release (4); however, identifying their functions has been 
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challenging due to their low expression levels and low evolutionary conservation at the sequence 

level (5, 6). Despite these challenges, lncRNAs have emerged as key regulators of biological 

processes, such as transcription, mRNA stabilization, and protein translation (7). More recently, 

multiple lncRNAs have been identified in host antiviral and immune responses (8–10). 

LncRNAs were first suggested to regulate viral infections when they were differentially 

expressed in mice after both severe acute respiratory syndrome coronavirus (SARS-CoV) and 

influenza infections (11). While RNA-sequencing (RNA-seq) analysis identified over 5,000 

lncRNAs related to these viral infections, their specific roles in infection were not explored (12). 

Since then, individual lncRNAs have been studied in more detail and found to significantly alter 

influenza infection in human epithelial cells by either inhibiting or promoting viral infection 

(13). For example, lncRNA lnc-MxA was found to promote influenza A virus (IAV) infection by 

forming an RNA-DNA triplex at the interferon-beta (IFN-β) promoter and inhibiting the 

transcription of IFN-β (14). Lnc-ISG20 was found to inhibit IAV infection by competitively 

binding to microRNA 326 and reducing its inhibition of ISG20 translation (15). While a few 

IFN-independent lncRNAs have been identified in influenza infection (16–19), many of the 

identified lncRNAs within influenza infection are regulated by the IFN pathway to either 

promote the host immune response or control the immune response through negative feedback 

mechanisms (13). 

In this study, we mined large-scale public RNA-seq data and identified a previously 

uncharacterized human lncRNA that we found was consistently upregulated after IAV infection 

across multiple human epithelial cell lines and influenza A virus subtypes. We showed that this 

lncRNA, virus-inducible lncRNA modulator of interferon response (VILMIR), was also 

upregulated after SARS-CoV-2 infection, respiratory syncytial virus (RSV) infection, and after 



 

16 

 

IFN-β treatment. In addition, we analyzed single-cell RNA-seq data from bronchoalveolar lavage 

fluid (BALF) samples from coronavirus disease 2019 (COVID-19) patients and demonstrated 

that VILMIR was upregulated in multiple cell types including epithelial cells and at least five 

immune cell types. Finally, we found that knockdown (KD) of VILMIR in human epithelial A549 

cells broadly dampened the host response to IFN-β treatment and IAV infection. Our results 

show that lncRNA VILMIR is a novel IFN-stimulated gene (ISG) responding to major respiratory 

viral infections and may play a broad role in antiviral and innate immunity requiring further 

mechanistic investigation. 

MATERIALS AND METHODS 

RNA-sequencing data analysis 

From public influenza infection experiments made available through the Gene Expression 

Omnibus (20, 21), we collected 121 bulk RNA-seq samples. These samples included four human 

epithelial cell lines from the respiratory tract and 10 different influenza strains, and they ranged 

from 1 to 48 hours post influenza infection (summarized in Table 1). Infected and control 

samples were selected from experiments GSE97949 (22), GSE75699 (23, 24), GSE89008 (25), 

GSE68673 (26), GSE61517 (27), and GSE104168 (28). Samples were mapped using STAR 

version 2.5.2b (29) to the human genome assembly 38 (Hg38) with GENCODE V25. Custom 

STAR parameters were set as follows: twopassMode: Basic and alignIntronMax: 100,000; 

otherwise, default STAR parameters were used. Raw gene counts were filtered, requiring at least 

one sample with greater than 50 reads. Remaining gene counts were normalized using the voom 

quantile normalization method (30) from the R package Limma (31). Each unique infected 

condition was compared to the time, strain, and cell type-matched controls defined in their public 

experiment, for a total of 32 contrasts or comparisons. A gene was considered significantly 
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differentially expressed for a comparison if its unadjusted P-value was less than 0.05 and the 

absolute value of the log2 fold change (log2FC) was greater than 0.58, i.e., a minimum change of 

1.5-fold. 

Table 1. Summary of the collection of RNA-seq data from influenza infections in human 

epithelial cells as seen in Figure 1. 

Epithelial cell line IAV 

subtype 

Strain Abbr. MOIa Time 

points 

Ref. 

A549 

(adenocarcinomic 

human alveolar basal 

epithelial cells) 

H1N1*b A/Wisconsin/33 *b 3 1 (26) 

H1N1 A/Puerto Rico/8/1934 PR8 0.5 2 (28) 

H3N2 A/New York/238/2005 NY05 2 

H7N9 A/Anhui/1/2013 A13 1 3 (22) 

BEAS-2B (epithelial 

cells from normal 

human lung 

epithelium) 

H3N2 A/Brisbane/10/07 B07 1 3 (27) 

H3N2 A/Perth/16/09 P09 

H3N2 A/Udorn/307/72 U72 

Human 

tracheobronchial 

epithelial (HTBE) cells 

H1N1 A/California/04/09 CA09 5 5 (25) 

H3N2 A/Wyoming/03/03 WY03 4 

H5N1 A/Vietnam/1203/04c V04 4 

Primary normal human 

bronchial epithelial 

(NHBE) cells 

H1N1 A/Puerto Rico/8/1934 PR8 1 2 (23, 

24) 

aMOI, multiplicity of infection. 
bUnclear from reference 26 which one of the three viruses was used: A/Wisconsin/33 (WSN), A/New 

Caledonia/20/99, or a recombinant virus. 
cMutant H5N1 as described in reference 32. 

 

To select lncRNAs that were more relevant to IAV infection, we applied three major selection 

criteria. (i) Genes were consistently detected across all but one of the human epithelial cell lines 

(i.e., one count per million reads mapped in all the uninfected control groups or one of the 

infection groups for at least one time point). (ii) The same gene consistently exhibited large 

expression changes when the overall host response peaked during infection (upregulation or 

downregulation of fourfold or more in at least 5 of 10 peak time points). (iii) The same gene 

exhibited significant expression changes early after infection (6–7 hours after infection) with a 
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fold change of 1.5 or more in at least six of nine early time points (to account for smaller and 

more variable expression changes at earlier time points). 

To investigate if VILMIR was differentially expressed under additional conditions, we separately 

analyzed 78 single-end RNA-seq samples (120 to 140 bp read length) from GSE147507 (33, 34). 

For this analysis, reads were mapped using STAR version 2.7.10b (29) to the Hg38 with 

GENCODE version 44. Lowly expressed genes were filtered out using the filterByExpr function 

in edgeR version 3.40.2 (35) with default parameters. Counts were normalized using the trimmed 

mean of M values (TMM) normalization method via the calcNormFactors function in edgeR. 

Differentially expressed genes (DEGs) were identified using the voom method (30) of the 

Limma R package version 3.54.2 (31). To calculate gene log fold changes in response to 

infection, we adopted the same sample comparisons previously defined by Blanco-Melo et al. 

(33). 

Cell culture 

The human cancer cell lines, A549 lung epithelial (CCL-185), SUP-T1 T lymphoblast (CRL-

1942), and THP-1 monocyte (TIB-202), were purchased from American Type Culture Collection 

(ATCC, Manassas, VA, USA). Madin-Darby canine kidney (MDCK) cells (London Line, FR-

58) were obtained through the International Reagent Resource, Influenza Division, WHO 

Collaborating Center for Surveillance, Epidemiology and Control of Influenza, Centers for 

Disease Control and Prevention, Atlanta, GA, USA. Human embryonic kidney (HEK) epithelial 

293FT cells were ordered from Invitrogen. Human wild-type (WT) and IFNAR1 knockout (KO) 

Huh7 tumorigenic liver cells were a gift from Ram Savan, University of Washington (36). A549 

cell lines were maintained in F-12K media with 10% fetal bovine serum (FBS). MDCK cells 

were maintained in Dulbecco’s modified Eagle medium (DMEM) plus 100 U/mL penicillin and 
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100 µg/mL streptomycin (P/S), 0.2% bovine albumin fraction V, 25 mM HEPES buffer, and 5% 

FBS. SUP-T1 cells were maintained in RPMI 1640 media with 1% glutamax, P/S, and 10% FBS. 

THP-1 cells were maintained in the same media as SUP-T1 except for an additional supplement 

of 0.05 mM 2-mercaptoethanol. HEK 293FT cells were maintained in DMEM plus 1% glutamax 

and 10% FBS. Huh7 cells were maintained in DMEM plus P/S and 10% FBS. All cell lines were 

kept at 37°C in a 5% CO2 incubator. 

Influenza virus stocks 

Influenza A/California/04/2009 (H1N1) virus was ordered from BEI Resources (NR-13658) and 

propagated in MDCK cells as previously described by the World Health Organization (37). 

Briefly, MDCK cells at about 95% confluency were washed twice with 1× Dulbecco’s 

phosphate-buffered saline (DPBS) and once with serum-free media and then infected with viral 

inoculum at a multiplicity of infection (MOI) of 0.0001 in serum-free media for 1 hour at 37°C, 

5% CO2. After 1 hour, additional serum-free media containing 0.2% bovine albumin fraction V 

and 2 µg/mL N-tosyl-L-phenylalanyl chloromethyl ketone (TPCK)-trypsin was added, and the 

cells were incubated at 37°C, 5% CO2 until cytopathic effect reached at least 75%. The cell 

culture supernatant was harvested, centrifuged at 500 × g for 10 min, and stored at −80°C. 

Virus titer was determined by tissue culture infectious dose (TCID50) assay using an enzyme-

linked immunosorbent assay (ELISA) as described previously (38). Briefly, MDCK cells were 

incubated with 1/2-log dilutions of virus in serum-free media for 18 hours at 37°C, 5% CO2. The 

next day, the cells were washed with DPBS and fixed in cold 80% acetone for 10 min. Viral 

nucleoprotein (NP) was detected by ELISA as described using a 1/1,000 dilution of the anti-NP 

antibody (Millipore cat. #MAB8257) and a 1/2,000 dilution of the horseradish peroxidase-

labeled goat anti-mouse IgG (SeraCare cat. #52200460). Freshly prepared substrate (10 mg of σ-
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phenylenediamine dihydrochloride [Sigma-Aldrich, cat. # P8287] per 20 mL of 0.05 M 

phosphate citrate buffer, pH 5.0, containing 0.03% sodium perborate) was added to each well, 

and the reaction was stopped with an equal volume of 0.5 M sulfuric acid. Absorbance was 

measured at 490 nm using a Tecan Spark microplate reader, and the TCID50 was calculated using 

the Reed-Muench method (39). 

Virus infection 

A549 cells were seeded overnight at 150,000 or 175,000 cells per well in 12-well plates in 1.5 

mL media to reach ~80%–90% confluency the next day. The cell monolayer was washed twice 

with 1× DPBS and then incubated with virus at MOI 0.1 or mock inoculum in serum-free media 

for 1 hour at 37°C, 5% CO2. After 1 hour, the inoculum was removed, and the cells were washed 

again with 1× DPBS. Additional serum-free media containing 0.2% bovine albumin fraction V 

and 0.5 µg/mL TPCK-trypsin was added, and the cells were incubated at 37°C, 5% CO2. At the 

indicated time points post-infection, RNA was extracted for analysis following the TRIzol RNA 

isolation method (Invitrogen). 

Interferon treatment 

A549 cells were seeded overnight at 150,000 cells per well in 12-well plates in 1.5 mL media to 

reach ~80% confluency the next day. The media was then removed, and the cell monolayer was 

washed with 1× DPBS prior to interferon treatment. Cells were treated with fresh A549 media 

with or without human IFN-β recombinant protein (R&D Systems 8499IF010) at the indicated 

concentrations. Cells were harvested at the indicated time points after treatment following the 

TRIzol RNA isolation method (Invitrogen). Huh7 cells were seeded between 200,000 and 

250,000 cells in 12-well plates in 1.5 mL and incubated in media with or without human IFN-β 

at 10 ng/mL for 6 hours and then harvested by TRIzol. SUP-T1 and THP-1 cells were seeded at 
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1 million cells per well in 12-well plates in 1 mL and incubated in media with or without human 

IFN-β at 10 ng/mL for 6 hours and then harvested by TRIzol. 

RNA isolation and quantitative PCR 

Total RNA was isolated from cells following the TRIzol isolation method (Invitrogen) and 

quantified using Nanodrop spectrophotometry. One microgram of RNA was reverse-transcribed 

into cDNA using the QuantiTect Reverse Transcription Kit (Qiagen) containing both oligo-dT 

and random primers. Quantitative PCR (qPCR) was performed on the cDNA using PowerUp 

SYBR Green Master Mix (Applied Biosystems). Relative expression of the indicated RNAs was 

determined using the ΔΔCt method with GAPDH or 18S as an endogenous control. Statistical 

analysis of significance was performed in JMP Pro 16 software (SAS Institute Inc., Cary, NC). 

The primer sequences used in this study are as 

follows: GAPDH F: GGTATCGTGGAAGGACTCATGAC; GAPDH R: ATGCCAGTGAGCTT

CCCGTTCAG (16); 18S F: GAACGTCTGCCCTATCAACTTTC; 

18S R: GATGTGGTAGCCGTTTCTCAG; VILMIR F: GCTCCACCCTGAAAGTC; VILMIR R:

 CTACACAGTGCTGAGGAAA; IFN-β F: GCTCTCCTGTTGTGCTTCTCCAC; IFN-

β R: CAATAGTCTCATTCCAGCCAGTGC (40); STAT1 F: ATGCTTGCTTGGATCAGCTG; 

STAT1 R: TAGGGTCATGTTCGTAGGTG; GPB1 F: cgctcttaaacttcaggaacag; GBP1 R: 

cgtcgtctcattttcgtctgg; MALAT1 F: TCCCCACAAGCAACTTCTCT; MALAT1 R: CCTCGACAC

CATCGTTACCT; DANCR F: CGGAGGTGGATTCTGTTAGG; DANCR R: TCGGTGTAGCA

AGTCTGGTG; RHOT1 F: GCTCTGGAGGATGTCAAGAATG; RHOT1 R: CGTGTCTCCCT

CTCTGGATAA; LRRC37B F: GGACCTGGAGCTTAGCATAAC; LRRC37B R: GTCCAATC

TCTGTAGTGGGTTC. 
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5´ and 3´ rapid amplification of cDNA ends (RACE) 

5´ RACE of lncRNA VILMIR was performed using the SMARTer RACE 5´/3´ Kit (Takara, 

USA) according to the manufacturer’s instructions. To ensure a high level of expression 

of VILMIR, RNA from IFN-β-treated A549 cells was used for first-strand cDNA synthesis. 5´ 

RACE PCR was then performed using the 5′-RACE-ready cDNA and a gene-specific primer 

(GSP) with the sequence GCTCACCACCTGTAATCCCAGTAT. The 5´ RACE product was 

cloned into the pRACE vector provided by the RACE kit and sequenced with Sanger 

sequencing. 

As obtaining a 3´ RACE product using the SMARTer RACE kit was not successful, a different 

protocol was used for this purpose. cDNA for 3´ RACE was generated using RNA from IFN-β-

treated A549 cells using the Template Switch RT Enzyme Mix (NEB, #M0466) and anchored 

primers. PCR was performed in two rounds using a nested primer design to enrich 

for VILMIR with forward GSPs (first round: ACGGTTTGGCTGATGGAAGATG, second 

round: CTCTGTGCTTCTAAACTCACTA) and a reverse primer to the 3´ anchor sequence 

introduced in RT. PCR was performed using Titanium Taq (Takara, #639208) with an extension 

time of 90 s for 30 (first round) or 20 (second round) cycles of amplification. PCR products were 

purified by PAGE using an overnight elution in 0.1× Tris-acetate-EDTA (TAE) on an orbital 

shaker. Purified round 2 PCR products were cloned using the NEB PCR Cloning Kit (NEB, 

#E1202) and sequenced with Sanger sequencing. 

Isolation of cytoplasmic and nuclear RNAs 

Cytoplasmic, nuclear, and total RNA fractions were prepared from A549 cells according to the 

RNA Subcellular Isolation Kit (Active Motif, Cat. #25501). cDNA was prepared as described 

above, and qPCR was performed to analyze VILMIR expression in both cellular fractions. Total 
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RNA was used for normalization to calculate the percentage of total RNA by the equation % of 

Input = 100 × [2^ (Ct total RNA – Ct RNA fraction)]. MALAT1 and DANCR were used as 

nuclear and cytoplasmic lncRNA controls, respectively. 

Protein extraction and Western blotting 

To collect protein lysate for Western blotting, confluent T75 flasks of A549 knockdown cell 

lines were washed with DPBS and treated with fresh A549 media with or without 10 ng/mL 

human IFN-β recombinant protein for 6 hours. Approximately 500,000 cells were removed for 

TRIzol RNA isolation. Nuclear and cytoplasmic protein lysate of the remaining cells was 

extracted using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific) 

according to the manufacturer’s instructions. Relative protein quantification was determined 

using absorbance at 280 nm by comparison with a bovine serum albumin standard curve. 

Protein lysate was loaded into 10% SDS-PAGE gels at 50 µg per sample and transferred to 

polyvinylidene difluoride (PVDF) membranes (Invitrogen). Membranes were blocked overnight 

at 4°C in 1× Tris-buffered saline (TBS) with 1% (wt/vol) casein and then incubated in primary 

antibody diluted in blocking buffer for 1 hour at room temperature. The following primary 

antibodies were used: anti-STAT1 1:2,000 (Proteintech, 10144-2-AP), anti-Phospho-STAT1 

(Tyr701) (58D6) 1:1,000 (Cell Signaling Technology, #9167), anti-PCNA 1:10,000 (Proteintech, 

10205-2-AP), and anti-GAPDH 1:10,000 (Proteintech, 10494-1-AP). Membranes were rinsed 2× 

and washed 2× for 5 min each in TBS buffer with 0.05% Tween 20 (TBS-T) and then incubated 

in Goat anti-Rabbit IgG (H + L) secondary antibody, horseradish peroxidase (HRP) conjugate 

(Invitrogen #31460) diluted 1:2,000 in blocking buffer for 30 min at room temperature. 

Membranes were rinsed 3× and washed 3× for 5 min each in TBS-T buffer and then detected by 

chemiluminescence using Pierce ECL Substrate (Thermo Scientific). The blots were visualized 
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using a Bio-Rad ChemiDoc MP Imaging System. Densitometry analysis was performed using 

ImageJ software. Briefly, the background was subtracted, and the signal intensity of each band 

was measured. The signal of the target protein (STAT1 or p-STAT1) was normalized to the 

loading control signal from each lane (GAPDH for cytoplasmic and PCNA for nuclear lysate 

samples). The normalized signal was averaged for three independent replicates. 

Plasmids and cloning 

The dCas9-KRAB construct was ordered from Addgene (#89567). The green fluorescent protein 

(GFP) construct for overexpression was constructed from a pSico lentiviral backbone with a 

bidirectional minimal EF1A-minimal CMV promoter expressing T2A flanked genes: zeocin-

resistant (Zeo) and GFP. The gRNA construct was published previously (41). Guide RNA 

(gRNA) sequences targeting the transcription start site of STAT1 and VILMIR were designed 

using the web-based tool, CRISPick by Broad Institute (42, 43). Two highly ranked gRNAs were 

selected for each gene. The sequences of the gRNAs are as follows: 

STAT1g1, GGTCGCCTCTGCTCGGTCTG; STAT1g2, GGAGGGGCTCGGCTGCACCG; 

VILMIRg1, GTCATGCGGAGGACAAGGAA; VILMIRg2, CCTCCGCATGACGCCCGTGC. 

The sequence of the control gRNA targeting GFP was TGGTGGGCTAGCGGATCTGA. Each 

pair of gRNA spacer forward/reverse oligos were annealed and ligated into the gRNA construct 

via the AarI site. 

dCas9-KRAB cell line construction and validation 

To produce lentivirus, HEK-293FT cells were co-transfected with each construct described 

above and lentiviral vectors, psPAX2 (Addgene #12260) and pMD2.G (Addgene #12259) using 

the Lipofectamine 3000 Reagent (Invitrogen). A549 cells were first lentivirally infected with the 

dCas9-KRAB construct (described above) and were selected using blasticidin (10 µg/mL) for 1 
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week to obtain dCas9-KRAB-expressing cells. The same cells were lentivirally infected with the 

GFP construct and selected using zeocin (200 µg/mL–300 µg/mL) for 1 week. Next, the dCas9-

KRAB-GFP-expressing cells were clonally expanded and infected with a GFP-targeting gRNA 

and selected with puromycin (2 µg/mL–5 µg/mL) for 1 week to establish efficient GFP 

knockdown using flow cytometry as a readout. STAT1 and VILMIR gRNAs were then inserted 

into the most efficient dCas9-KRAB-GFP cells and selected to assay the effects of knockdown. 

Single-cell RNA-seq data analysis 

We collected nine SARS-CoV-2-infected 5´ single cell RNA-seq samples and three uninfected 5´ 

single cell RNA-seq samples from Liao et al. (GSE145926) (44). The Cell Ranger Software 

Suite version 7.0.1 (45) was used to align sequencing reads and generate feature-barcode 

matrices. Reads were mapped to the Hg38 with GENCODE V45 annotation provided by 

Ensembl (46). The Seurat R package version 4.3.0 (47) was used to join the cell type annotations 

from the final barcode-cell type mapping matrix published by Liao et al. (44) to the 

corresponding cells in the feature-barcode matrices produced by Cell Ranger. Cells that were not 

assigned an identity by Liao et al. (44) were excluded from downstream analysis. Additionally, 

cell types that had low relative abundance (<0.15% of annotated infected cells) in the infected 

samples were removed from the analysis. Cell types that were considered abundant in the 

infected samples but had low relative abundance in control samples (<0.15% of annotated 

control cells) were retained but had their control data excluded from the analysis. For cell types 

with sufficient cell counts in each infected and control sample (>50 cells), a Wilcoxon rank sum 

test was conducted comparing the percentages of VILMIR positive cells in infected vs uninfected 

samples, separately for each cell type. 
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cDNA library construction, RNA-sequencing, and Ingenuity Pathway Analysis (IPA) 

mRNA sequencing was performed in biological triplicate in A549 STAT1 KD, VILMIR KD, and 

control cell lines treated with mock or either 1 ng/mL or 10 ng/mL human IFN-β for 6 hours. A 

separate experiment was performed in A549 with mock or IAV CA/04/09 H1N1 MOI 0.1 

infection for 18 hours. For each experiment, total RNA was isolated from cells following the 

TRIzol isolation method (Invitrogen). All samples were quantified and assayed to confirm a 

minimum RNA integrity number of at least 9.4 using an Agilent Bioanalyzer or TapeStation 

4150. Next, 500 ng of total RNA per sample underwent mRNA capture and was then fragmented 

at 94°C for 6 min. Sequencing libraries were prepared according to the manufacturer’s protocol 

using 11 cycles of final amplification (KAPA mRNA HyperPrep Kit, catalog no. KK8580 and 

KAPA UDI Adapter Kit, catalog no. KK8727). Libraries underwent QC prior to sequencing 

using an Agilent Bioanalyzer or TapeStation 4150. Next-generation sequencing was performed 

on an Illumina NextSeq500 (75 bp paired end) or Complete Genomics DNBSEQ-G400C (150 bp 

paired end) to a targeted depth of ~20 million reads per sample. 

Illumina or Complete Genomics RNA-seq reads were mapped against the Hg38 using STAR 

version 2.7.9 a (29). Custom STAR parameters were set as follows: limitOutSAMoneReadBytes: 

1,000,000, outSAMprimaryFlag: AllBestScore, outFilterType: BySJout, alignSJoverhangMin: 8, 

alignSJDBoverhangMin: 3, outFilterMismatchNmax: 999, alignIntronMin: 20, alignIntronMax: 

1,000,000, alignMatesGapMax: 1,000,000, outFilterMultimapNmax: 20; otherwise, default 

STAR parameters were used. Following read mapping, a count matrix was generated from the 

STAR results using R. Genes were removed from the matrix if they did not have at least 30 reads 

in a minimum of three samples from either the knockdown or control group. Counts were 
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normalized using the TMM normalization method via the calcNormFactors function in edgeR 

version 3.40.2 (35). 

To conduct our differential gene expression analysis, we utilized the limma-trend approach from 

Limma version 3.54.2 (31). For the IFN-β treatment, our analysis probed the differential gene 

expression of each of the two interferon treatments for each gene knockdown (including the GFP 

control) against their respective mock treatments, resulting in a total of eight contrasts. We then 

contrasted the differential expression results of each knockdown (STAT1g1/1 ng IFN-β vs 

STAT1g1/Mock, VILMIRg1/1 ng IFN-β vs VILMIRg1/Mock, etc.) against that of the 

corresponding control (Ctrl/1 ng IFN-β vs Ctrl/Mock, Ctrl/10 ng IFN-β vs Ctrl/Mock), resulting 

in a total of six additional contrasts. The H1N1 infection was analyzed similarly. Significantly 

differentially expressed genes were defined using two different threshold criteria. For our first 

cutoff, genes were considered differentially expressed in a given contrast if their unadjusted P-

value was less than 0.05 with no fold change requirement. Our second, stricter threshold required 

an adjusted P-value of less than 0.05 with a minimum fold change of 1.25 (absolute value of 

log2 fold change >~0.32) for a gene to be considered differentially expressed. The results of our 

differential gene expression analysis were then plotted using the ComplexHeatmap R package 

version 2.14.0 (48). Locally estimated scatterplot smoothing curves of each contrast were plotted 

using the ggplot2 R package version 3.4.3 (49). 

Pathway enrichment analysis and disease and function enrichment analysis were generated using 

QIAGEN Ingenuity Pathway Analysis (IPA) (50). A raw P-value cutoff of <0.05 was used to 

define genes with significant expression changes after VILMIR KD in each cell line and IFN-β 

treatment or H1N1 infection. Canonical pathways analysis identified the pathways from the 

QIAGEN IPA library of canonical pathways that were most significant to the data set, and the 
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Diseases & Functions Analysis identified the biological functions and/or diseases that were most 

significant from the data set. Differentially expressed genes from the data set that met the P-

value cutoff of 0.05 (−log10 P-value 1.3) and were associated with a canonical pathway or 

function and/or disease in the QIAGEN Knowledge Base were considered for the pathway and 

disease/function analysis. A right-tailed Fisher’s exact test was used to calculate a P-value 

determining the probability that the association between the genes in the data set and the 

canonical pathways or functions/disease is explained by chance alone. 

RESULTS 

Human lncRNA VILMIR is consistently upregulated after influenza infection by a 

compendium of bulk RNA-seq analysis 

We started with identifying lncRNAs consistently differentially expressed during human 

influenza infections. To do so, we first compiled a large-scale RNA-seq compendium of 

influenza infections in four human epithelial cell lines including primary and immortalized cell 

lines and 10 different IAV strains covering both seasonal IAV subtypes (H1N1 and H3N2) and 

highly pathogenic avian IAV viruses (H5N1 and H7N9), totaling 121 RNA-seq samples, 

summarized in Table 1 (22–28). To select lncRNAs that were more relevant to IAV infection, we 

searched for genes that were consistently differentially expressed across different infection 

conditions (described in Materials and Methods). Briefly, we searched for genes that (i) were 

consistently detected across each of the human epithelial cell lines, (ii) consistently exhibited 

large expression changes when the overall host response peaked during infection, and (iii) 

exhibited significant expression changes early after infection. Applying these criteria to all 

genes, we obtained a list of 15 candidate ncRNA genes: 13 lncRNAs, 1 small nucleolar RNA 

(snoRNA), and 1 vault RNA, as well as 98 protein-coding genes including those well known to 
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be involved in influenza infection such as ISG15, IRF7, and MX1, validating our selection 

strategy. Here, we report one of the candidate lncRNAs that met the criteria described above, 

ENSG00000277511 or VILMIR, and showed robust upregulation after influenza infection across 

all RNA-seq conditions (Fig. 1A), as well as after other respiratory viral infections and IFN-β 

treatment, detailed below. We reasoned that this robust transcriptional response after viral 

infection indicated that VILMIR may play an important functional role during viral infection. 
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Figure 1. VILMIR identified as an lncRNA upregulated after influenza A infection in 

human epithelial cells. (A) Temporal expression changes of lncRNA VILMIR in four human 

epithelial cell lines infected with various IAV strains in 121 RNA-seq samples (see Materials and 

Methods for data collection). The x-axis indicates human epithelial cell line, IAV strain, and 

hours post-infection (HPI). The bars are colored by IAV subtype according to the legend. 

Detailed strain information and MOI are displayed in Table 1. The y-axis represents log2FC 

of VILMIR between infected samples and mock-treated control samples in each experiment. (B) 

UCSC Genome Browser view of Sanger sequencing results of the 5´ and 3´ end sequences of 

lncRNA VILMIR determined by 5´ and 3´ RACE (black RACE results track) aligned to the Hg38 

GENCODE V45 annotation (ENSG00000277511 in green). In addition, Transcription Factor 

ChIP-seq Clusters from ENCODE 3 showing RELB, IRF1, STAT1, STAT2, and STAT3 binding 

sites near the 5´ end. Gray boxes represent the peak cluster of each transcription factor, and the 

darkness of the box is proportional to the maximum signal strength observed in any cell type. 

Labels to the right of the box represent cell types contributing to that cluster, with the darkness of 

the letters proportional to the signal strength in that cell line (ENCODE cell types are 

abbreviated as K = K562; G = GM12878; m = MCF_10A, MM.1S, mammary epithelial cell, 

medulloblastoma, myotube) (http://genome.ucsc.edu). (C) Expression of VILMIR, a nuclear 

control (MALAT1), and a cytoplasmic control (DANCR) was analyzed by RT-qPCR in 

cytoplasmic and nuclear fractions from A549 cells. Data were normalized to the total RNA 

fraction and expressed as % of total RNA (means ± SE; n = 3). (D) Relative expression 

of VILMIR was determined by RT-qPCR after IAV H1N1 CA/04/09 MOI 0.1 infection in A549 

cells at the indicated time points and normalized to the mean of mock-treated cells at 6 hours. 

Data were normalized to 18S using the ΔΔCt method and expressed as means ± SE with 

individual replicates shown (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t-test of 

H1N1 vs mock at each time point). 
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VILMIR is a long noncoding RNA transcript computationally annotated in Ensembl release 77 

2014 (51). It is a single exon gene located on chromosome 17, 14 kilobases upstream of its 

closest neighboring protein-coding gene, RHOT1, and 74.083 kilobases downstream of its next 

closest protein-coding neighbor, LRRC37B. As the annotations of lncRNAs tend to be less 

accurate than those of protein-coding genes, we first validated the accuracy of the 

existing VILMIR annotation for its transcript boundaries, novel isoforms, and coding potential. 

We used 5´ and 3´ RACE in the human epithelial cell line A549 to confirm the Hg38 

GENCODE V45 annotation of this gene (4). 5´ and 3´ RACE PCR fragments were Sanger 

sequenced and aligned to the GENCODE annotation in UCSC Genome Browser (52, 53). The 

analysis of 5´ and 3´ RACE products revealed that lncRNA VILMIR matches closely with the 

Hg38 GENCODE V45 annotation with a slightly shorter transcript of 877 nucleotides instead of 

885, with no indication of additional novel isoforms (Fig. 1B). 

In addition to sequence, determining subcellular localization of lncRNAs is also important in 

investigating function, as lncRNAs have been found to regulate transcription in the nucleus or 

translation and signaling in the cytoplasm, among other functions (54). We performed RNA 

fractionation in A549 cells and found that VILMIR was distributed in both nuclear and 

cytoplasmic fractions, suggesting it could function in or cycle between both compartments (Fig. 

1C). As VILMIR was distributed in the cytoplasm, we investigated its coding potential by using 

the coding potential prediction tool, CPPRED (55). The tool used a support vector machine 

trained on known human coding and noncoding genes and reported only 1.07% probability 

that VILMIR had coding potential. In addition, since ribosome profiling (Ribo-seq) can 

experimentally uncover open reading frames (ORFs) within lncRNAs, we searched a recent 

publication cataloguing 7,264 ORFs found in lncRNAs and untranslated regions of protein-
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coding genes in Ribo-seq data sets from seven different publications (56), and found 

that VILMIR was not one of the identified lncRNAs that contains an ORF. These results indicate 

that VILMIR likely does not code for proteins. 

Finally, as we relied on public RNA-seq data to prioritize VILMIR as a gene of interest, we 

sought to experimentally validate the response of VILMIR to influenza infection using RT-qPCR. 

We infected A549 epithelial cells with the commonly circulating H1N1 CA/09 IAV strain at an 

MOI of 0.1 and collected total RNA at various time points after infection to analyze expression. 

Our RT-qPCR results confirmed that VILMIR was significantly upregulated after H1N1 IAV 

infection at the earliest collected time point of 6 hours post-infection and increased up to 16-fold 

at 18 hours post-infection (Fig. 1D). Expression of VILMIR began to plateau and drop at 24 

hours post-infection, which is also when cytopathic effects on the cells were observed, indicating 

this drop is likely due to cell death. 

VILMIR expression is upregulated across multiple respiratory viral infections 

To investigate if the upregulation of VILMIR was unique to influenza infection, we collected 

additional RNA-seq data (33, 34) and calculated VILMIR expression changes during several 

respiratory viral infections as well as IFN-β treatment in various human epithelial cell types 

including primary and immortalized cell lines. We observed that VILMIR was upregulated in 

infected or treated samples compared to mock-treated samples after RSV infection, SARS-CoV-

2 infection, additional influenza infections, and IFN-β treatment (Fig. 2A). As expected, the 

expression levels of genes in canonical interferon signaling such as interferon and JAK/STAT 

genes were also upregulated in these conditions (Fig. 2B). 



 

34 

 

 

Figure 2. VILMIR is upregulated in response to RSV, SARS-CoV-2, influenza A viruses, 

and interferon-β. (A) Horizontal barplot showing log2FC between infected or treated samples 

and their corresponding mock-treated control samples in each condition as indicated by the label 

on the left. The y-axis represents experimental conditions of RNA-seq samples 

from GSE147507 (33, 34). The color of the bars represents the virus and host cell line for each 

set of samples. From top to bottom: yellow color for samples treated with RSV A2 strain; pink, 

blue, and purple for samples infected with SARS-CoV-2 in the labeled cell types; salmon for 

samples treated with influenza A/Puerto Rico/8/1934 WT or an NS1-deleted strain (IAVdNS1); 

and red for samples treated with human IFN-β. (B) Heatmap showing the expression changes 

(log2FC) of selected IFN, JAK, and STAT genes in the same samples when compared to matched 

controls. Red: upregulation; blue: downregulation; gray: insufficient numbers of RNA-seq reads 

to produce a measure. **P < 0.01, ***P < 0.001 (unadjusted P-value of infected or treated vs 

mock). 

 

Interestingly, VILMIR upregulation decreased when host interferon responses were suppressed. 

For example, the upregulation of VILMIR decreased significantly ( (log2FC of 2 or a decrease of 

fourfold, unadjusted P-value <0.001) in normal human bronchial epithelial cells infected with 

wild-type IAV (log2FC 2.5, unadj. P-value <0.01) compared to cells infected with a mutant IAV 

lacking the NS1 protein (dNS1) (log2FC 4.5, unadj. P-value <0.001), a known inhibitor of the 

host interferon response (57) (Fig. 2A). This also aligned with decreased upregulation of 

multiple IFN signaling genes in the wild-type IAV-infected cells, such as IFNB1, IFNL1, STAT1, 
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and STAT2 (Fig. 2B). However, as the infection kinetics of these two viruses were not analyzed 

in this study, it is not clear whether the decrease in VILMIR expression was due solely to the 

presence of NS1 or from differences in the viral infection and subsequent replication. In SARS-

CoV-2 infection of ACE2-modified A549 cells, the upregulation of VILMIR also decreased 

significantly (log2FC of 1.7 or a decrease of 3.2-fold, unadj. P-value <0.001) in infected cells 

pretreated with ruxolitinib (log2FC 2.7, unadj. P-value <0.001), a JAK1 and JAK2 inhibitor, 

compared to infected cells not pretreated with ruxolitinib (log2FC 4.4, unadj. P-value <0.001) 

(Fig. 2A). As VILMIR upregulation decreased after each of these conditions but was not 

completely abolished, these results suggest that VILMIR may be regulated by multiple pathways. 

VILMIR is an interferon-stimulated gene and is associated with a type I IFN response 

The observations that VILMIR was induced after several respiratory viral infections as well as 

interferon treatment (Fig. 2A) indicated that VILMIR was likely an ISG. To evaluate whether the 

upregulation of VILMIR to interferon was dependent on the dose of interferon treatment, we 

treated A549 cells with increasing concentrations of human IFN-β from 0 to 10 ng/mL for 6 

hours and measured VILMIR expression by RT-qPCR. We observed a dose response 

of VILMIR with relative expression increasing as the IFN-β concentration increased (Fig. 3A). 
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Figure 3. VILMIR expression after IFN-β treatment in A549 cells. (A) Relative expression 

of VILMIR determined by RT-qPCR after treatment with the indicated concentrations of 0 

ng/mL–10 ng/mL human IFN-β at 6 hours post-treatment in A549 cells (n = 3). (B) Relative 

expression of VILMIR determined by RT-qPCR after treatment with 10 ng/mL human IFN-β at 

0, 0.5, 1, 2, 4, and 6 hours post-treatment in A549 cells. Individual replicates at each time point 

were plotted along with a regression line (black) and 95% CI (gray shadow) (n = 3, one-way 

analysis of variance post hoc Dunnett). (C–E) A549 cells expressing dCas9-KRAB were 

transduced with two guide RNAs targeting STAT1 (STAT1g1 and STAT1g2) along with a 

control gRNA. The cell lines were treated with mock or 10 ng/mL human IFN-β for 6 hours. 

Relative expression of (C) STAT1, (D) GBP1, and (E) VILMIR in the gRNA lines was 

determined by RT-qPCR and normalized to the mock-treated control cell line. The average of 

three independent experiments is shown. Unless otherwise stated, RT-qPCR data were 

normalized to GAPDH using the ΔΔCt method and expressed as means ± SE (n = 3). *P < 0.05, 

**P < 0.01, ***P < 0.001 (Student’s t-test vs 0 or the mock for each unless indicated). (F and G) 

In the same samples from panels C–E, STAT1 and p-STAT1 proteins were analyzed by Western 

blot in (F) cytoplasmic and (G) nuclear protein lysate. GAPDH and PCNA were used as loading 

controls for cytoplasmic and nuclear lysate, respectively. A representative blot of three 

independent experiments is displayed for each. Below each blot, densitometry analysis of 

STAT1 and p-STAT1 is shown by averaging the signal intensity of the target protein from three 

independent experiments. The target protein was normalized to the loading control on each blot. 

In the cytoplasmic lysate, p-STAT1 signal was too low to detect accurately. *P < 0.05, **P < 

0.01, ***P < 0.001 (Student’s t-test) 
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We also found that VILMIR expression was significantly correlated with hours of IFN-β 

treatment, showing an increase in expression over a 6 hour time course and an immediate 

response to interferon within 30 min (Fig. 3B). In addition, using Transcription Factor ChIP-seq 

Clusters from ENCODE 3 (58, 59), we found evidence for RELB (subunit of NF-κB), IRF1, 

STAT1, STAT2, and STAT3 binding sites near the 5´ end of VILMIR within several human cell 

lines (Fig. 1B), further supporting our hypothesis that this gene may be a novel ISG. 

To determine whether lncRNA VILMIR is directly induced by the canonical JAK/STAT 

signaling pathway or an independent pathway, the expression of VILMIR was analyzed by RT-

qPCR after the knockdown of STAT1 using a CRISPR interference system. Briefly, A549 cells 

expressing dCas9-KRAB and GFP were transduced with two different gRNAs 

targeting STAT1 along with a negative control gRNA targeting GFP expression and treated with 

human IFN-β. As expected, in the negative control gRNA cell line, STAT1 was upregulated after 

IFN-β treatment, whereas the STAT1g1 and STAT1g2 cell lines showed about a 93% 

knockdown of STAT1 gene expression in the IFN-treated samples compared to the control cell 

line (Fig. 3C). Successful knockdown of STAT1 was also confirmed by the inhibition of known 

ISGs, such as GBP1, which had about a 53 and 60% decrease in expression compared to the 

control (Fig. 3D). 

Interestingly, there was a 29 and 34% decrease in VILMIR expression in the STAT1g1 and 

STAT1g2 cell lines, respectively; however, this was not significant for STAT1g1 (Fig. 3E). This 

suggests that there may be some regulation of VILMIR expression by STAT1; however, 

expression was not completely abolished. As the STAT1 protein gets phosphorylated and 

translocated to the nucleus upon binding of type I IFNs to induce transcription of ISGs (60), we 

determined whether upregulation of VILMIR could be due to residual phosphorylated STAT1 (p-
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STAT1) in the STAT1 KD cell lines by Western blot analysis. Similarly to the RT-qPCR results, 

STAT1 protein was reduced between 85 and 95% in the KD cell lines compared to the control 

according to densitometry analysis in both cytoplasmic and nuclear compartments (Fig. 3F 

through G). However, p-STAT1 was still present in the nucleus and was only reduced by 44 and 

53% in the STAT1g1 and STAT1g2 KD lines compared to the control (Fig. 3F through G). 

Therefore, it is possible that residual STAT1 protein in the KD lines was still able to upregulate 

transcription of certain ISGs, including VILMIR. 

To provide more conclusive evidence that VILMIR expression is regulated by the type I IFN 

response, VILMIR expression was analyzed after KO of the IFNAR1. Type I IFN binding to 

IFNAR1 and IFNAR2 activates the JAK/STAT signaling cascade, which results in upregulation 

of ISGs during the interferon response (60). As the cellular components of the canonical type I 

IFN signaling pathway are widely expressed by most cell types (61), we obtained Huh7 WT 

and IFNAR1 KO cells (36), an epithelial-like liver cell line, and treated these with mock or IFN-

β. As expected, in the Huh7 WT cells, expression of both a canonical ISG, GBP1, as well 

as VILMIR was upregulated after IFN-β treatment (Fig. 4). However, after KO of IFNAR1, 

both GBP1 and VILMIR expressions were abolished (Fig. 4). These results support our 

hypothesis that VILMIR is a novel ISG and is strongly associated with the type I IFN response. 
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Figure 4. VILMIR expression is abolished after IFNAR1 knockout in Huh7 cells. Huh7 WT 

and IFNAR1 knockout (IFNAR1-/-) cell lines were treated with mock or 10 ng/mL human IFN-β 

for 6 hours. Relative expression of (A) GBP1 and (B) VILMIR was determined by RT-qPCR and 

normalized to the mean of the mock-treated WT cell line. Data were normalized to GAPDH 

using the ΔΔCt method and expressed as means ± SE (n = 3). ***P < 0.001 (Student’s t-test). 

VILMIR is upregulated in immune cell types during SARS-CoV-2 infection and interferon-

β treatment 

As our analysis of VILMIR was focused primarily on human epithelial cells, we were interested 

in whether VILMIR may be expressed in immune cell types. We obtained published single-cell 

RNA-seq data from BALF samples from COVID-19 patients and uninfected control samples 

(44). After confirming that VILMIR was detected in SARS-CoV-2-infected samples, we adopted 

the same cell type annotation as in reference 44 to investigate which cell types 

expressed VILMIR. We focused on a subset of nine annotated cell types that were relatively 

abundant in these samples (see Materials and Methods): macrophages, T cells, epithelial cells, 

natural killer cells, neutrophils, monocyte-derived dendritic cells (mDCs), plasma cells, B cells, 

and plasmacytoid dendritic cells (pDCs). Since for multiple cell types, the number of cells in 

individual samples was zero or very low, for each cell type, we calculated an overall percentage 

of cells where expression of VILMIR was detected by combining cells from individual samples, 

separately for infected and control samples (Fig. 5A). Excluding three cell types (plasma, 
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neutrophil, and pDC) which had extremely low numbers of cells in the uninfected control 

samples (15 cells in total for these three cell types, Table S1), we observed an increase in the 

overall percentage of cells expressing VILMIR in the SARS-CoV-2-infected samples when 

compared to uninfected control samples in the remaining six cell types (Fig. 5A). We also 

performed the same calculation for STAT1, representing the canonical innate immune response 

and observed similar trends as expected (Fig. 5B). 

 

Figure 5. VILMIR is expressed in immune cell types after SARS-CoV-2 infection and IFN-β 

treatment. (A) Overall percentage of cells expressing VILMIR from each cell type in SARS-

CoV-2-infected and uninfected BALF from GSE145926 (44). Red points represent the overall 

percentage by combining cells of nine SARS-CoV-2-infected samples. Blue points represent the 

overall percentage by combining cells of three uninfected control samples. Each cell type is 

labeled with the total number of cells across infected and control samples, as well as the 

percentage of infected cells to control cells that express VILMIR (infected/control). A dash is 

indicated for cell types that had low relative abundance in control samples (see methods). Cell 

types are abbreviated as NK = natural killer; mDC = monocyte-derived dendritic cells; and pDC 

= plasmacytoid dendritic cells. Sample-specific cell counts for each cell type can be found 

in Table S1. (B) Similarly, as in A, the overall percentage of cells expressing STAT1 from each 

cell type in SARS-CoV-2-infected and uninfected BALF. (C) Relative expression 

of VILMIR determined by RT-qPCR after treatment with 10 ng/mL human IFN-β for 6 hours in 

the human cell lines, SUP-T1 T cells and THP-1 monocytes. All RT-qPCR data were normalized 

to GAPDH using the ΔΔCt method and expressed as means ± SE (n = 3). ***P < 0.001 

(Student’s t-test vs the mock for each cell type). 

For T cells and macrophages, the top two most abundant cell types that also had a sufficient 

number of cells in individual samples, we performed statistical testing and found the changes in 
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percentage of cells expressing VILMIR to be statistically significant between the infected 

samples and the uninfected controls (Wilcoxon rank sum exact test unadjusted P-value <0.01 for 

both). 

To determine if upregulation of VILMIR could be related to the interferon response in T cells and 

macrophages, we treated the human T cell line SUP-T1 and the monocyte cell line THP-1 in 

vitro with 10 ng/mL human IFN-β for 6 hours. As expected, we observed significant 

upregulation of VILMIR in both cell lines after IFN-β treatment, confirming IFN-induced 

expression of VILMIR in human T cells and monocytes (Fig. 5C). Overall, these results indicate 

that VILMIR can be activated in response to SARS-CoV-2 infection and IFN treatment in at least 

two immune cell types, in addition to epithelial cells as described above. 

Knockdown of VILMIR dampens the host response to interferon-β treatment in A549 

epithelial cells 

To investigate the functional role of VILMIR during the host interferon response, we 

repressed VILMIR expression using CRISPRi interference, as described above. A549 cells 

expressing dCas9-KRAB and GFP were transduced with two gRNAs targeting the 5´ end 

of VILMIR along with a negative control gRNA targeting GFP expression and treated with or 

without two separate concentrations of human IFN-β. Compared to the control cell line with a 

gRNA targeting GFP, we observed about 96% KD of VILMIR expression (Fig. 6). We then 

performed RNA-seq analysis to identify the impact of VILMIR KD on the host transcriptional 

response to IFN-β treatment. In addition, a STAT1 KD cell line (STAT1g1) was included for 

comparison, as STAT1 is well-known to impact the host IFN response and served as a positive 

control for impact on host transcriptional response. 
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Figure 6. Knockdown efficiency of VILMIR expression after IFN-β treatment using 

CRISPRi. A549 cells expressing dCas9-KRAB were transduced with two gRNAs 

targeting VILMIR (VILMIRg1 and VILMIRg2) along with a control gRNA targeting GFP 

expression (Control) and treated with mock or 10 ng/mL human IFN-β for 6 hours. Relative 

expression of VILMIR was determined by RT-qPCR and normalized to the mean of the mock-

treated control cell line. Data were normalized to GAPDH using the ΔΔCt method and expressed 

as means ± SE (n = 3). ***P < 0.001 (Student’s t-test). 

We first examined the overall effects of VILMIR KD on the expression responses to IFN-β 

treatment using relatively relaxed criteria for differential expression analysis, i.e., raw P-value 

<0.05, to investigate the potentially broad regulatory roles of VILMIR. Using this criterion, we 

identified 2,325 genes that showed altered expression changes to IFN-β treatment 

after VILMIR KD in at least one KD cell line treated with one of two doses of IFN-β (Fig. 

7A; Table S2). However, the average magnitude of expression changes was relatively small, with 

gene expression changing between 1.26- and 1.29-fold after VILMIR KD compared to the 

control. While RHOT1 and LRRC37B, the two immediate neighboring protein-coding genes 

of VILMIR, were identified in this list of 2,325 genes, RHOT1 expression changes were only 

significantly affected in one out of the four conditions. Independent RT-qPCR analysis also 

showed the effect of VILMIR KD on the RHOT1 expression changes was not significant (Fig. 

S1A through C). In comparison, LRRC37B expression changes were significantly affected in 
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three out of the four conditions by RNA-seq analysis, and this effect on LRRC37B expression 

changes was also confirmed by RT-qPCR for both VILMIR KD lines in the 10 ng/mL IFN-β 

treatment (Fig. S1D and E). Since the observed magnitude of VILMIR KD effect 

on LRRC37B expression change was relatively small (average −ΔΔCt difference of −0.27 or a 

decrease of 0.83-fold by RT-qPCR) and LRRC37B was reported as a membrane receptor in 

neurons (62), the potential effect of VILMIR KD on LRRC37B needs to be further investigated. 
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Figure 7. Transcriptional and pathway analyses of the effect of VILMIR knockdown on 

IFN-β treatment in A549 cells. (A) Heatmap overview of the RNA-seq analysis 

of VILMIR knockdown (VILMIRg1 and VILMIRg2), STAT1 knockdown (STAT1g1), or control 

(Ctrl) A549 gRNA cell lines that were treated with mock or either 1 ng/mL or 10 ng/mL human 

IFN-β for 6 hours (n = 3). The heatmap displays 2,325 human genes that exhibited significant 

changes in their responses to IFN-β treatment after VILMIR KD in at least one KD cell line 

treated with one of two doses of IFN (raw P-value <0.05). Rows are genes and columns are 

conditions and comparisons. As shown by the labels at the bottom, the log2FC after IFN-β 

treatment in each cell line was first calculated (“IFN response”), and then the “KD effect” was 

calculated by comparing the “IFN response” log2FC of each KD line to the “IFN response” 

log2FC of the control cell line. Red color indicates positive log2FC value (i.e., upregulation) in 

columns above the label “IFN response,” or higher log2FC values in knockdown cells compared 

to that of control cells in columns above the label “KD effect.” The blue color indicates negative 

log2FC value (i.e., downregulation) in columns above the label “IFN response,” or lower log2FC 

values in knockdown cells compared to that of control cells in columns above the label “KD 

effect.” Genes are grouped into four clusters based on their expression patterns across 

conditions/comparisons (columns): C1. The expression of 958 genes was downregulated by IFN 

treatment as shown by the “Ctrl” column, but the magnitude of downregulation was decreased 

in VILMIR knockdown cells. C2. The expression of 846 genes was upregulated by IFN treatment 

as shown by the “Ctrl” column, but the magnitude of upregulation was decreased 

in VILMIR knockdown cells. C3. The expression of 306 genes was upregulated by IFN treatment 

as shown by the “Ctrl” column, but the magnitude of upregulation was increased 

in VILMIR knockdown cells. C4. The expression of 215 genes was downregulated by IFN 

treatment as shown by the “Ctrl” column, but the magnitude of downregulation was increased 

in VILMIR knockdown cells. The full list of genes and log2FC values is available in Table S2. 

(B) Scatterplots of the “KD effect,” i.e., the differences between log2FC values in each KD line 

to the log2FC values in control cell line, vs the “IFN response” log2FC values in control cell line 

for the same 2,325 genes shown in (A). The blue line represents the locally estimated scatterplot 

smoothing (LOESS) curve, and the black line at 0 on the y-axis represents if no change was 

observed after KD. Cutoffs were applied on the y-axis (−1.0–1.0) and x-axis (−0.5–1.0) for the 

data points. The full plots and mean squared error (MSE) can be seen in Fig. S2. (C) QIAGEN 

IPA was performed to identify canonical pathways significantly enriched in the DEGs impacted 

by VILMIR KD after 1 ng/mL or 10 ng/mL IFN-β treatment in A549 cells (Tables S3 to S5). 

Shown are the eight significant pathways shared between both VILMIR KD lines and IFN-β 

treatments. (D) In addition, diseases and biological functions categories significantly enriched in 

the DEGs were identified for both IFN-β treatments using IPA (cancer categories excluded). 

Enriched pathways and functional categories that met the raw enrichment P-value <0.05 

(−log10 P-value cutoff of 1.3) using a right-tailed Fisher’s exact test in both VILMIR KD lines 

and were associated with a canonical pathway or function and/or disease in the QIAGEN 

Knowledge Base were included here (*P < 0.05 included as reference). For visualization, a 

−log10 P-value cutoff of 9.9 was applied to the x-axis of panel D. The plot in D represents a 

subset of enriched functional categories found in Table S6. 
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To model the overall trend of the KD impact on host transcriptional response, a local regression 

analysis was performed by plotting the log2FC values in each KD line to the log2FC values in 

the control versus the log2FC values in the control cell line for the 2,325 genes identified in the 

RNA-seq data. Interestingly, we found that after VILMIR KD, the magnitudes of the expression 

changes induced by IFN-β treatment decreased in general, similarly as in the STAT1 KD line 

(Fig. 7B; Fig. S2). Generally, genes that were downregulated by IFN-β treatment also showed 

downregulation after VILMIR KD but with smaller fold changes (Fig. 7A, cluster 1). Likewise, 

genes that were upregulated by IFN-β treatment also showed upregulation after VILMIR KD but 

with smaller fold changes (Fig. 7A, cluster 2). In total, clusters 1 and 2 represented 78% of the 

2,325 genes identified. There were two smaller clusters of genes that were upregulated or 

downregulated with higher fold changes after VILMIR KD (Fig. 7A, clusters 3 and 4, 

respectively), representing 22% of the total genes identified. This indicates an overall opposite 

effect on host response between the KD of VILMIR and the IFN-β treatment. As KD 

of STAT1 showed a similar trend across the same genes (Fig. 7A), and STAT1 is known to be a 

key activator of the IFN response, these results also suggest VILMIR might play an activating 

role in the IFN response. 

To identify canonical pathways enriched in the DEGs impacted by VILMIR KD, QIAGEN 

Ingenuity Pathway Analysis (IPA) was performed (50). To account for differences in the dose of 

IFN-β, the two IFN-β treatments were separated for the pathway analysis. In addition, we only 

focused on significant pathways that were shared between both KD lines to control for any off-

target effects or variation between the KD lines. In the 1 ng/mL IFN-β treatment, 36 canonical 

pathways were significantly enriched in both KD lines with a raw enrichment P-value <0.05 

(−log10 P-value >1.3, Table S3), while 66 canonical pathways were significantly enriched in 
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both KD lines in the 10 ng/mL IFN-β treatment (Table S4). The longer list of 66 pathways 

enriched in the 10 ng/mL IFN-β treatment may be due to increased cellular stress caused by the 

higher dosage of IFN-β (63), as several of these pathways were specifically linked to cell death 

and survival functions, such as p53 Signaling, 14-3-3-mediated Signaling, and Death Receptor 

Signaling. When comparing the two doses of IFN-β, there were eight significantly enriched 

pathways shared between both KD lines and treatments (Fig. 7C; Table S5). Interestingly, these 

included several interferon-related pathways (Interferon alpha/beta signaling, Interferon 

Signaling, JAK/STAT Signaling), as well as pathways representing cell-mediated immunity 

(Class I MHC-mediated antigen processing and presentation) and cytokine signaling (Oncostatin 

M Signaling). In addition, pathways representing RNA post-transcriptional modification 

(Processing of Capped Intron-Containing Pre-mRNA), cellular degradation in response to stress 

(Autophagy), and proliferation mediated through the JAK/STAT pathway (Thrombopoietin 

Signaling) were significant. 

In addition, an enriched disease and biological function comparison was performed for DEGs 

impacted by VILMIR KD using IPA. While 296 diseases and functions classified by IPA were 

significantly represented in both KD lines and IFN-β treatments with a raw enrichment P-value 

<0.05 (−log10 P-value >1.3), this list decreased to 88 when cancer categories were excluded 

(Table S6). Significantly enriched diseases and functions of potential relevance included viral 

infection, apoptosis, cell survival, expression of RNA, and infection by RNA virus, among others 

(Fig. 7D). It was observed that VILMIRg1 had much lower P-values than VILMIRg2 in the 10 

ng/mL IFN-β treatment (Fig. 7D), which is likely due to a difference in the number of DEGs in 

VILMIRg1 compared to VILMIRg2 (1,265 and 508 DEGs, respectively). 
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To examine the more robust expression changes after VILMIR knockdown and to mitigate 

potential off-target effects, we applied additional filtering to the differential expression analysis 

and obtained a list of 78 genes that showed altered expression changes to IFN-β treatment in the 

same direction across both KD cell lines by 1.25-fold or greater in at least one IFN-β treatment 

(Fig. S3). The same observation was made for this subset of genes, with the majority of genes 

exhibiting smaller fold changes after VILMIR KD (Fig. S3, clusters 1 and 2). Again, a very small 

percentage of genes exhibited larger fold changes after VILMIR KD (Fig. S3, clusters 3 and 4). 

Two ISGs identified in this list of 78 were IFIT2 and IFI44L, which decreased in their responses 

to IFN-β treatment after VILMIR KD. IFIT2 decreased by twofold and 1.6-fold in the VILMIRg1 

and VILMIRg2 KD lines, respectively, after 10 ng/mL IFN-β treatment. 

Similarly, IFI44L decreased by 1.5-fold and 1.8-fold in the VILMIRg1 and VILMIRg2 KD lines, 

respectively. IFIT2 and IFI44L have previously been identified as ISGs during viral infection 

(64, 65), supporting our hypothesis that VILMIR may regulate the host interferon response. 

While the overall magnitude of observed changes after VILMIR KD was relatively small, these 

results indicate that VILMIR KD can broadly dampen the host response to interferon treatment in 

A549 epithelial cells. 

VILMIR knockdown also reduces the host response to influenza A infection in A549 

epithelial cells 

To determine the relevance of VILMIR in virus-host interactions, we further investigated the role 

of VILMIR during the host response to influenza A infection using a similar workflow as 

described above. We infected the same A549 VILMIR KD lines with IAV CA/09 H1N1 strain at 

an MOI of 0.1 for 18 hours since VILMIR expression was highest at 18 hours in our previous 
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H1N1 infection time course (Fig. 1D) and then performed RNA-seq analysis to identify the 

impact of VILMIR KD on the host transcriptional response to IAV infection. 

Using the same relaxed criteria as for the IFN-β treatment (raw P-value <0.05), we identified 

3,068 genes that showed altered expression changes to H1N1 infection after VILMIR KD in at 

least one KD cell line (Fig. 8A; Table S7). Again, the average magnitude of expression changes 

was small, with gene expression changing between 1.36- and 1.41-fold after VILMIR KD 

compared to the control. As the immediate neighboring protein-coding 

genes, RHOT1 and LRRC37B, were not identified in this round of RNA-seq, it seems unlikely 

that VILMIR regulates these genes during infection. 
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Figure 8. VILMIR knockdown reduces the host transcriptional response after IAV H1N1 

infection in A549 cells. (A) Heatmap overview of the RNA-seq analysis of VILMIR knockdown 

(VILMIRg1 and VILMIRg2), STAT1 knockdown (STAT1g1), or control (Ctrl) A549 gRNA cell 

lines that were treated with mock or IAV H1N1 CA/04/09 MOI 0.1 infection for 18 hours (n = 

3). The heatmap displays 3,068 human genes that exhibited significant changes in their responses 

to IAV H1N1 infection after VILMIR KD in at least one KD cell line (raw P-value <0.05). Rows 

are genes and columns are conditions and comparisons. As shown by the labels at the bottom, the 

log2FC after H1N1 infection in each cell line was first calculated (“H1N1 response”), and then 

the “KD effect” was calculated by comparing the “H1N1 response” log2FC of each KD line to 

the “H1N1 response” log2FC of the control cell line. Red color indicates positive log2FC value 

(i.e., upregulation) in columns above the label “H1N1 response,” or higher log2FC values in 

knockdown cells compared to that of control cells in columns above the label “KD effect.” The 

blue color indicates negative log2FC value (i.e., downregulation) in columns above the label 

“H1N1 response,” or lower log2FC values in knockdown cells compared to that of control cells 

in columns above the label “KD effect.” Genes are grouped into four clusters based on their 

expression patterns across conditions/comparisons (columns): C1. The expression of 1,359 genes 

was downregulated by H1N1 infection as shown by the “Ctrl” column, but the magnitude of 

downregulation was decreased in VILMIR knockdown cells. C2. The expression of 1,146 genes 

was upregulated by H1N1 infection as shown by the “Ctrl” column, but the magnitude of 

upregulation was decreased in VILMIR knockdown cells. C3. The expression of 212 genes was 

upregulated by H1N1 infection as shown by the “Ctrl” column, but the magnitude of 

upregulation was increased in VILMIR knockdown cells. C4. The expression of 351 genes was 

downregulated by H1N1 infection as shown by the “Ctrl” column, but the magnitude of 

downregulation was increased in VILMIR knockdown cells. The full list of genes and log2FC 

values is available in Table S7. (B) Scatterplots of the “KD effect,” i.e., the differences between 

log2FC values in each KD line to the log2FC values in control cell line, vs the “H1N1 response” 

log2FC values in control cell line for the same 3,068 genes shown in (A). The blue line 

represents the locally estimated scatterplot smoothing (LOESS) curve, and the black line at 0 on 

the y-axis represents if no change was observed after KD. Cutoffs were applied on the y-axis 

(−1.0–1.0) and x-axis (−1.5–1.5) for the data points. The full plots and mean squared error 

(MSE) can be seen in Fig. S4. (C) QIAGEN IPA was performed to identify canonical pathways 

significantly enriched in the DEGs impacted by VILMIR KD after both the 10 ng/mL IFN-β 

treatment and the H1N1 infection in A549 cells (Table S8). The pathways are grouped by 

common biological categories. (D and E) In addition, IPA was performed to identify (D) 

canonical pathways or (E) diseases and functions that were significantly enriched 

after VILMIR KD in H1N1 infection alone and none of the IFN-β conditions found in Fig. 7. 

Enriched pathways and functional categories that met the raw enrichment P-value <0.05 

(−log10 P-value cutoff of 1.3) using a right-tailed Fisher’s exact test in both VILMIR KD lines 

and were associated with a canonical pathway or function and/or disease in the QIAGEN 

Knowledge Base were included here (*P < 0.05 included as reference). Plots D and E represent a 

subset of enriched pathways and functional categories found in Tables S12 and S14. 
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Using a local regression analysis, we again found that after VILMIR KD, the magnitude of 

expression changes induced by H1N1 infection decreased in general (Fig. 8B; Fig. S4). In total, 

81.6% of the 3,068 genes were downregulated or upregulated with smaller fold changes 

after VILMIR KD compared to the control cell line during H1N1 infection (Fig. 8A, clusters 1 

and 2). The remaining 18.4% of genes showed higher fold changes after VILMIR KD (Fig. 8A, 

clusters 3 and 4). As KD of STAT1 showed a comparable trend across the same DEGs (Fig. 8A), 

these results suggest that VILMIR may play an activating role in the host antiviral response, 

similarly to STAT1. 

After applying additional criteria to this analysis to control for potential off-target effects or 

variation between KD lines, we filtered the 3,068 gene list down to 162 genes that showed 

altered expression changes to H1N1 infection in the same direction across both KD cell lines by 

1.25-fold or greater (Fig. S5). The same observation was made for this subset of genes, with the 

majority of genes exhibiting smaller fold changes after VILMIR KD (Fig. S5, clusters 1 and 2), 

and a small percentage of genes exhibiting larger fold changes after VILMIR KD (Fig. S5, 

clusters 3 and 4). Two genes identified in this list of 162 were IFI6 and CD274, which decreased 

in their responses to H1N1 infection after VILMIR KD. IFI6 decreased by 1.6-fold in both KD 

lines, and CD274 decreased by 4.5-fold and 1.9-fold in the VILMIRg1 and VILMIRg2 KD lines, 

respectively. IFI6 is an ISG previously found to impact production of IAV and SARS-CoV-2 

(66). CD274, also named programmed death-ligand 1, was found to negatively regulate cytokine 

expression during IAV infection (67). Therefore, as in the results of VILMIR KD after IFN-β 

treatment, this global trend indicates an opposite effect on the host response 

between VILMIR KD and H1N1 infection, suggesting that VILMIR may help to activate the host 

response to infection. 
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To predict common regulatory roles of VILMIR, we performed another pathway analysis using 

IPA (50) to identify canonical pathways significantly enriched after VILMIR KD in both the 

DEGs after IFN-β treatment (2,325 genes) and H1N1 infection (3,068 genes). As the H1N1 

infection included one treatment as opposed to the two IFN-β doses, we compared each IFN-β 

dosage to IAV infection separately. In the 10 ng/mL IFN-β and IAV infection comparison, there 

were 18 pathways that were significantly enriched in both KD lines and treatments with a raw 

enrichment P-value <0.05 (Fig. 8C; Table S8). These pathways included categories such as 

immunity (ISG15 antiviral mechanism), gene regulation (Histone Modification Signaling 

Pathway), and signal transduction and molecular transport (Mitochondrial protein degradation). 

As the 1 ng/mL IFN-β and IAV infection comparison had nine significant pathways that were 

shared (Table S9), we focused on the longer list of overlapping pathways in the 10 ng/mL 

treatment. There were only two pathways shared between both IFN-β doses and H1N1 infection, 

which were Class I MHC-mediated antigen processing and presentation and Processing of 

Capped Intron-Containing Pre-mRNA. In comparison, when performing a disease and biological 

function analysis, we found that 68 diseases and functions were significantly enriched in both 

IFN-β doses and IAV infection, such as apoptosis, viral infection, cell survival, expression of 

RNA, and infection by RNA virus (Table S10). It was observed that VILMIRg1 KD had 

lower P-values than VILMIRg2 KD during H1N1 infection, which was the same trend observed 

during IFN-β treatment. This difference is likely due to the number of DEGs in VILMIRg1 

compared to VILMIRg2 (2,238 and 1,166 DEGs, respectively). However, despite these 

differences, the significant pathways that were shared between both KD lines after IFN-β 

treatment and H1N1 infection indicate that VILMIR may play a common regulatory role across 

the interferon and antiviral responses. 
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Many viruses, including the influenza virus, antagonize a wide array of host cellular pathways in 

addition to interferon, such as proliferation, apoptosis, metabolism, and gene expression to create 

a more favorable environment for viral replication and evade the host immune response (68, 69). 

Therefore, we were also interested in what pathways were significantly enriched 

after VILMIR KD in only the H1N1 infection. We found that 130 canonical pathways were 

significantly enriched in both KD lines during H1N1 infection (Table S11), and 32 of these 

pathways were unique to H1N1 infection and not found in the IFN-β conditions (Fig. 8D; Table 

S12). These pathways included categories such as phospholipid metabolism 

(Glycerophospholipid biosynthesis), signaling by receptor tyrosine kinases (Signaling by 

ERBB2/4), gene expression (DNA Methylation and Transcriptional Repression Signaling), post-

translational protein modification (Phosphorylation), and cell cycle regulation (Cell Cycle 

Control of Chromosomal Replication), all of which have been associated with influenza infection 

previously (70–74). We also found that 267 diseases and functions classified by IPA were 

significantly represented in both KD lines, excluding cancer categories (Table S13). Out of these, 

44 were unique to H1N1 infection and none of the IFN-β conditions, such as proliferation of 

epithelial cells, metabolism of carbohydrates, apoptosis of epithelial cells, and inflammation of 

airway (Fig. 8E; Table S14). While future work is needed to narrow down which pathways are 

directly downstream of VILMIR, these results support our hypothesis that VILMIR is an ISG that 

not only plays an activating role in the interferon response but may also impact broader host 

responses during respiratory viral infection. 

DISCUSSION 

Here, through large-scale RNA-seq analysis, we identified a previously uncharacterized human 

lncRNA, VILMIR, that is significantly upregulated in response to major respiratory viral 
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infections such as influenza, SARS-CoV-2, and RSV in human epithelial cells. VILMIR is also 

upregulated in a dose- and time-dependent manner after human IFN-β treatment and is strongly 

associated with a type I IFN response. In addition, it responds to SARS-CoV-2 infection and 

IFN-β treatment in multiple immune cell types. Furthermore, knockdown of VILMIR expression 

broadly dampens the host transcriptional response to both IFN-β treatment and IAV H1N1 

infection in A549 cells. Similarly, a recent publication characterized a different lncRNA, USP30-

AS1, by identifying that USP30-AS1 is an ISG upregulated by multiple IAV subtypes and is 

important in modulating the inflammatory response during IAV infection (75). This study, as 

well as ours, highlights the importance of investigating lncRNAs within the antiviral response in 

order to identify potentially novel therapeutic targets for modulating the host response to 

infections. 

Interestingly, as shown in RNA-seq analysis, VILMIR expression was reduced but not abolished 

in conditions with suppressed host IFN responses, such as after treatment with ruxolitinib, a 

JAK1/2 inhibitor, or after infection with IAV with an intact NS1 protein. As expected, these 

conditions were also associated with decreased expression of IFN-signaling genes such 

as IFNB1, IFNL1, STAT1, and STAT2. The JAK proteins are phosphorylated upon binding of 

type I IFNs to IFN-α receptor 1 (IFNAR1) and IFNAR2, which then activate transcription factors 

such as STAT1 and STAT2 to induce transcription of ISGs that respond to viral infections (60). 

The influenza NS1 protein is a known antagonist of the host IFN response and has adapted 

multiple mechanisms to attenuate type I IFN production by disrupting cellular signaling (57). 

Other interferon-stimulated lncRNAs have been found to be affected by attenuation of the host 

immune response. For example, expression of the interferon-stimulated lncRNA BISPR was 

shown to be reduced after ruxolitinib treatment in human epithelial cells as well as in cells 
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with STAT1 knockdown or inhibition of IRF1, suggesting that BISPR can respond to multiple 

transcription factors during the IFN response (76). Additionally, BISPR had increased expression 

in Huh7 cells infected with influenza virus lacking NS1 compared to the WT virus (76), like the 

trend observed for VILMIR, suggesting that VILMIR could be regulated similarly as BISPR or 

other lncRNAs. 

Since after suppression of host IFN responses (IAV vs IAVdNS1 infection and pretreatment with 

ruxolitinib before SARS-CoV-2 infection, Fig. 2) there was a significant decrease 

in STAT1 upregulation as well as VILMIR upregulation, we predicted that VILMIR may be 

regulated by STAT1. In A549 CRISPRi cells with STAT1 knockdown, expression 

of VILMIR was slightly reduced; however, this was only significant in one of the two KD lines. 

While the STAT1 protein was reduced by 85%–95%, we observed a 44%–53% reduction of p-

STAT1 in the nucleus, suggesting that there may still be sufficient p-STAT1 available to 

upregulate ISGs such as VILMIR. Therefore, it appears that there may be at least partial 

regulation of VILMIR by STAT1. A STAT1 KO could help confirm whether VILMIR is fully 

regulated by STAT1, as it is also possible that VILMIR is not entirely dependent upon STAT1. 

The decrease in VILMIR upregulation after IAV with an intact NS1 protein as well as after 

pretreatment with ruxolitinib before SARS-CoV-2 infection (Fig. 2) may be STAT1-

independent, as NS1 is known to inhibit the IFN response through many different mechanisms 

(77), and ruxolitinib specifically binds JAK1 and JAK2 (78). The JAK proteins can also 

phosphorylate other STAT complexes, such as STAT3 homodimers or STAT2:STAT3 

heterodimers, which also have binding motifs within VILMIR. Additionally, while JAK/STAT 

represents the canonical IFN pathway, other non-canonical pathways exist such as MAP kinase 

and the phosphoinositide 3-kinases/mammalian target of rapamycin pathways that are activated 
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by JAK1/TYK2 and have effects on ISG transcription (60). Furthermore, the NF-κB and IRF 

pathways can induce ISGs independently of JAK signaling, such as RELB (subunit of NF-κB) 

and IRF1 which also had predicted binding motifs within VILMIR, and several lncRNAs have 

been found to be regulated by these pathways as well (79, 80). While future studies are needed to 

elucidate the exact pathway and mechanisms that 

regulate VILMIR expression, VILMIR expression was abolished after IFNAR1 KO in Huh7 cells, 

supporting our hypothesis that VILMIR is a novel ISG. 

Airway epithelial cells are the first line of defense against respiratory viruses and play an 

important role in recruiting immune cells to fight infection (81), which is why our initial analysis 

of VILMIR started in epithelial cells. As we have demonstrated, however, VILMIR upregulation 

in response to SARS-CoV-2-infected clinical samples was observed in five immune cell types 

including macrophages, T cells, mDCs, natural killer cells, and B cells, as well as epithelial cells. 

In addition to this, it was upregulated after IFN-β treatment in T cell and monocyte cell lines. 

While many lncRNAs are cell type-specific, the upregulation of VILMIR in multiple immune cell 

types suggests it may play a broader role in immune responses. This also indicates that immune 

cells need to be investigated to determine the functional impact of VILMIR in vivo. 

Through CRISPRi knockdown of VILMIR expression and RNA-seq-based transcriptome 

profiling in A549 cells, we found that VILMIR KD broadly dampened the host transcriptional 

response to both IFN-β treatment and IAV H1N1 infection, i.e., genes that were upregulated or 

downregulated by treatment/infection were still upregulated or downregulated, but with smaller 

fold changes. Interestingly, during IFN-β treatment, DEGs that were impacted 

by VILMIR knockdown were enriched in Interferon Signaling and JAK/STAT Signaling 

pathways, and several known ISGs such as IFIT2 and IFI44L were also identified. During H1N1 
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infection, we also identified known ISGs and immune regulators such as IFI6 and CD274, 

respectively, that were impacted by VILMIR KD. Among the DEGs impacted by VILMIR KD, 

there were several enriched pathways that were shared between IFN-β treatment and H1N1 

infection, such as Class I MHC-mediated antigen processing and presentation and ISG15 

antiviral mechanism, suggesting that VILMIR plays a common regulatory role across the 

interferon and antiviral response. As viral infection antagonizes many host response pathways 

apart from interferon, however, we also identified pathways impacted by VILMIR KD that were 

unique to H1N1 infection, such as phospholipid metabolism and cell cycle regulation. Future 

work is necessary to narrow down this list to genes and pathways directly regulated by or 

interacting with VILMIR. 

While the overall magnitude of differential expression changes induced by VILMIR KD was 

relatively small, it may not necessarily reflect less significant biological effect. For example, 

while lncRNAs generally have low expression levels, several have been found to have significant 

outcomes on viral replication (82). In addition, the redundancy of ISGs presents a challenge in 

identifying antiviral functions specific to individual genes, as substantial antiviral response can 

still be induced in the absence of a specific ISG or even IFN signaling itself (83–85). Another 

possibility for small fold change differences at the transcription level is that VILMIR may 

function mainly by regulating at the post-transcriptional level, since VILMIR was distributed in 

both the nucleus and the cytoplasm. For example, lncRNA lnc-ISG20 can competitively bind 

microRNA 326, which in turn decreases the amount of microRNA 326 bound to ISG20 mRNA 

and therefore enhances the translation of ISG20 (15). LncRNA PYCARD-AS1, also distributed 

in both nucleus and cytoplasm, can interact with PYCARD mRNA in the cytoplasm and 

therefore inhibit ribosome assembly for PYCARD translation (86). Finally, while the knockdown 
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of VILMIR expression was very efficient, it is important to note that VILMIR transcription was 

not completely abolished, meaning that a low level of the transcript could still have functioned. 

Alternative approaches such as gene knockout or overexpression may be required for a 

full VILMIR functional perturbation. 

Despite VILMIRg2 displaying a slightly higher KD efficiency than VILMIRg1 (Fig. 6), 

VILMIRg1 KD displayed a higher number of DEGs than VILMIRg2 KD in both the 10 ng/mL 

IFN-β treatment and H1N1 infection, which most likely also resulted in higher significance 

values for VILMIRg1 in the enriched pathway analysis. It is possible that this difference in the 

number of DEGs between VILMIRg1 and VILMIRg2 is due to off-target effects of guide RNAs 

and/or genetic variation established during the insertion of the guide RNA construct into the 

genome and subsequent selection. Variation in guide RNA targeting and potential off-target 

effects is a known challenge of CRISPR systems (87), which is why we exclusively focused on 

the commonalities between the two KD lines that could be attributed to VILMIR KD, including 

the overall trends and overlapping pathways. Therefore, while some of the changes in gene 

expression may be attributed to differences between the two KD lines, the observed trend in both 

KD lines after IFN-β treatment and H1N1 infection is robust, with VILMIR KD reducing the 

overall host transcriptional response to treatment. We also used relatively relaxed criteria for 

differential expression analysis to observe broader transcriptional impacts of VILMIR KD, while 

future studies would be needed to narrow down the specific genes and pathways directly 

regulated by VILMIR. 

In this study, we have identified a previously uncharacterized lncRNA, VILMIR, that shows a 

strong correlation to the host immune response to respiratory viral infection and whose 

expression impacts the interferon and antiviral response of host genes. We present this lncRNA 
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as a novel ISG that should be further investigated in functional studies. Understanding the 

regulation of this gene in response to infection and how it functions within the host response may 

provide new insights into host-pathogen interactions. 
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CHAPTER 3: LONG NONCODING RNA VILMIR LIKELY ENHANCES 

THE HOST INTERFERON RESPONSE THROUGH NUCLEAR AND 

CYTOPLASMIC PROTEIN INTERACTIONS IN HUMAN EPITHELIAL 

CELLS 
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ABSTRACT 

Long noncoding RNAs (lncRNAs) have been found to play significant regulatory roles within 

antiviral and immune responses. We previously identified the novel lncRNA virus-inducible 

lncRNA modulator of interferon response (VILMIR), that was found to regulate the host 

transcriptional response to interferon-beta (IFN-β) treatment in A549 human lung epithelial cells. 

Here, we investigated the mechanism by which VILMIR regulates the host interferon response by 

identifying interacting proteins and gene regulatory networks of VILMIR. Through an RNA pull-

down assay, we found that VILMIR interacted with both nuclear and cytoplasmic proteins in 

vitro, including the transcriptional regulator FUBP1, as well as the antiviral proteins IFIT1 and 

IFIT3. In addition, we found that overexpression of VILMIR in A549 cells resulted in an overall 

enhancement of host interferon response genes and identified a core set of interferon-stimulated 

genes that are consistently regulated by VILMIR perturbation. Finally, we proposed several 

possible mechanisms by which VILMIR may interact with the identified proteins in the nucleus 

and the cytoplasm to activate host transcription as well as regulate translation during an 

interferon response.  

INTRODUCTION 

Once considered “junk” transcription, noncoding RNAs are now known to be major regulators of 

cellular processes, such as ribosomal RNA (rRNA) and transfer RNAs (tRNA) which are critical 

for protein synthesis (1, 2), as well as small nuclear RNA (snRNA) and small nucleolar RNA 

(snoRNA) which are critical for splicing and RNA modification (3, 4). The largest class of the 

noncoding RNAs are long noncoding RNAs (lncRNAs), defined as transcripts greater than 500 

nucleotides in length with low translational potential (5). The recent GENCODE V47 release 
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estimates 35,934 lncRNA genes in the human genome (6). However, despite the large number of 

annotated lncRNAs, their functions are still widely unknown.  

Individual lncRNAs have been identified to have significant functions within biological 

processes such as cell development (7), cancer (8), and inflammation (9) by regulating processes 

such as gene transcription and protein translation (10). There is also growing evidence that 

lncRNAs play important roles within antiviral and immune responses (11). For example, a recent 

study in 2023 identified that the overexpression of a lncRNA, LncRNA#61, inhibited influenza 

A virus (IAV) replication in human cells and even reduced viral replication in vivo after lipid 

nanoparticle-encapsulated delivery of LncRNA#61 in mice (12). As regulatory RNAs such as 

lncRNAs have low translational potential, they often function by interacting with RNA-binding 

proteins (RBPs) to regulate transcription (13) or act as scaffolds for protein interactions (14). A 

single lncRNA can have multiple functions in different cellular compartments, such as 

PYCARD-AS1 that facilitates DNA methylation at the PYCARD promoter in the nucleus, as well 

as interacts with PYCARD mRNA in the cytoplasm to inhibit ribosome assembly (15). 

Therefore, understanding the RBP interactions of a lncRNA can help elucidate how it functions 

within the cell.   

Our lab previously identified a novel lncRNA named virus-inducible lncRNA modulator of 

interferon response (VILMIR) that was found to regulate the host transcriptional response to both 

interferon-beta (IFN-β) treatment and influenza A virus (IAV) infection in A549 human lung 

epithelial cells, however the exact mechanism of this regulation was not explored (16). 

Therefore, in this study, we aimed to identify interacting proteins and gene regulatory networks 

of VILMIR to better understand its molecular interactions and how it regulates the interferon 

response. Using an RNA-pull down assay, we found that VILMIR interacts with several proteins 
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in A549 nuclear and cytoplasmic lysate, including the transcriptional regulator FUBP1, as well 

as the antiviral proteins IFIT1 and IFIT3. In addition, we overexpressed VILMIR in A549 cells 

and found that overexpression resulted in an overall enhancement of host interferon response 

genes, supporting our hypothesis that VILMIR plays an activating role in the host interferon 

response. By combining RNA-seq analyses from both VILMIR knockdown and overexpression 

studies, we further identified a core set of genes that are consistently regulated by VILMIR 

perturbation. Finally, we proposed several potential models of VILMIR function, suggesting that 

VILMIR may function in both the nucleus and the cytoplasm to regulate host interferon 

responses.  

MATERIALS AND METHODS 

Cell culture 

The human cancer cell lines, A549 lung epithelial (CCL-185), SUP-T1 T lymphoblast (CRL-

1942), and THP-1 monocyte (TIB-202) were purchased from American Type Culture Collection 

(ATCC, Manassas, VA, USA). Human embryonic kidney (HEK) epithelial 293FT cells were 

ordered from Invitrogen. A549 cell lines were maintained in F-12K media with 10% fetal bovine 

serum (FBS). SUP-T1 cells were maintained in RPMI 1640 media with 1% glutamax, P/S, and 

10% FBS. THP-1 cells were maintained in the same media as SUP-T1 except for an additional 

supplement of 0.05 mM 2-mercaptoethanol (BME). HEK 293FT cells were maintained in 

DMEM media plus 1% glutamax and 10% FBS. All cell lines were kept at 37°C in a 5% CO2 

incubator. 

Protein extraction 

In order to collect protein lysate for subsequent RNA pull-down, confluent T182 flasks of A549 

cells were washed with 1X Dulbecco’s phosphate buffered saline (DPBS) and treated with fresh 
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A549 media containing 1 ng/mL human IFN-β recombinant protein (R&D Systems™ 

8499IF010) for six hours. Nuclear and cytoplasmic protein lysate of the cells was extracted using 

NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific) according to the 

manufacturer’s instructions. Relative protein quantification was determined using absorbance at 

280 nm by comparison with a Bovine Serum Albumin (BSA) standard curve.   

RNA pull-down assay and mass spectrometry 

Full-length VILMIR (Table S1) or its antisense sequence was cloned into the pGEM-3Z vector 

(Promega) downstream of the T7 promoter using EcoRI and BamHI restriction enzyme sites. 

The plasmids were linearized using BamHI on the 3’ end to use as template for in-vitro 

transcription. Biotinylated RNA was in-vitro transcribed by the T7 RNA polymerase using 

TranscriptAid T7 High Yield Transcription Kit (Thermo Scientific) and a 1:39 molar ratio of 

Biotin-16-UTP (ApexBio Technology) to standard UTP. Subsequent RNA was purified using the 

RNeasy Plus Mini Kit (Qiagen) with a genomic DNA eliminator column, and the size was 

confirmed with an Agilent Bioanalyzer.  

Pull-down assay was adapted from for RNA (17). Briefly, 1.5 mg of prewashed Dynabeads™ M-

280 Streptavidin (Invitrogen) was incubated with 25 µg of VILMIR sense or antisense RNA at 

room temperature with agitation for 30 minutes. The bead-RNA complex was washed several 

times with washing buffer. Approximately 3.6 mg of nuclear or 5.3 mg of cytoplasmic protein 

lysate from A549 cells were incubated with 12.5 ug of antisense RNA-bead complexes at 4°C 

with agitation for 30 minutes as a preclearing step. Precleared lysates were then incubated with a 

mixture of VILMIR sense or antisense bead-RNA complexes as well as 50 µg tRNA (Thermo 

Scientific) and 300 U of SUPERase·In™ RNase Inhibitor (Invitrogen) at 4°C with agitation for 

one hour. Complexes of RNA-protein beads were washed three times in washing buffer, eluted 
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in water at 70°C for 5 minutes, and boiled in Laemmli buffer at 95°C for 10 minutes. Pull-down 

assay was performed in triplicate for both sense and antisense reactions.  

The supernatant was run on a 6% SDS-PAGE gel for approximately 10 minutes, and then the gel 

was stained with Coomassie blue and destained to excise and prepare the samples for protein 

identification by mass spectrometry. Mass spectrometry was performed by the BIDMC-Harvard 

Mass Spectrometry Facility and Asara Laboratory using a QExactive HFx Orbitrap nano HR-

LC-MS/MS.   

To identify VILMIR sense-specific binding proteins in the nucleus or cytoplasm, we first 

averaged the peptide spectrum counts in the sense and antisense replicates and then calculated an 

approximate fold-change (FC) value by taking the difference between the sense and antisense 

peptide counts (sense/antisense). Proteins were eliminated that were evenly distributed between 

the sense and antisense samples (i.e. FC of 1), enriched in the antisense samples (FC < 1), or 

whose replicates had inconsistent counts. VILMIR sense-specific bound proteins were identified 

as those proteins that had protein peptide spectrum counts in all three replicates of the sense 

RNA but none in the antisense replicates (unique binding), or whose peptide spectrum counts 

were enriched (FC > 1) in the sense replicates over the antisense replicates (enriched binding). 

These remaining proteins were narrowed down further by removing proteins with a FC < 2 in the 

sense replicates, as well as focusing on proteins with known associations with interferon and 

antiviral responses. The identified proteins can be found in Tables 1 and 2.   

Western blotting 

Identified proteins from mass spectrometry were confirmed by Western blot after a pull-down 

assay as described above. Eluted protein from the VILMIR pull-down assay was loaded into 10% 

SDS-PAGE gels and transferred to PVDF membranes (Invitrogen). Membranes were blocked at 
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room temperature for 1 hour in 1X Tris Buffered Saline (TBS) with 1% (w/v) Casein and then 

incubated in primary antibody diluted in blocking buffer for 1 hour at room temperature. The 

following primary antibodies were used: anti-FUBP1 1:1000 (Proteintech, 24864-1-AP), anti-

PCNA 1:5000 (Proteintech, 10205-2-AP), anti-IFIT1 1:500 (Cell Signaling Technology, 

#14769), anti-IFIT3 1:2000 (Proteintech, 15201-1-AP), and anti-GAPDH 1:5000 (Proteintech, 

10494-1-AP). Membranes were rinsed 2X and washed 2X for 5 minutes each in TBS buffer with 

0.05% Tween 20 (TBS-T) and then incubated in Goat anti-Rabbit IgG (H+L) secondary 

antibody, HRP conjugate (Invitrogen #31460) diluted 1:5,000 in blocking buffer for 30 minutes 

at room temperature. Membranes were rinsed 3X and washed 3X for 5 minutes each in TBS-T 

buffer and then detected by chemiluminescence using either Pierce™ ECL Substrate (Thermo 

Scientific) for the FUBP1 blot (Fig 1B) or SuperSignal™ West Atto Ultimate Sensitivity 

Substrate (Thermo Scientific) for the IFIT blots (Fig 1C). The blots were visualized using a Bio-

Rad ChemiDoc MP Imaging System. Densitometry analysis was performed using ImageJ 

software. Briefly, the background was substracted and the density of each band was measured. 

The sense and antisense bands were then normalized to its input band and the average fold 

change of three independent replicates was calculated.   

Interferon treatment  

Following the same methods as (16), A549 cells were seeded overnight between 150,000-

175,000 cells per well in 12-well plates in 1.5 mL media. The following day, the cell monolayer 

was washed with 1X DBS and treated with fresh A549 media with or without human IFN-β 

recombinant protein at the indicated concentrations. All cells were harvested at six hours after 

treatment following the TRIzol RNA isolation method (Invitrogen).  
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RNA isolation and quantitative PCR 

Total RNA was isolated from cells following the TRIzol isolation method (Invitrogen) and 

quantified using Nanodrop spectrophotometry. One μg of RNA was reverse-transcribed into 

cDNA using the QuantiTect Reverse Transcription Kit (Qiagen) containing both oligo-dT and 

random primers. Quantitative PCR (qPCR) was performed on the cDNA using PowerUp SYBR 

Green Master Mix (Applied Biosystems). Relative expression of the indicated RNAs was 

determined using the ΔΔCt method with GAPDH as an endogenous control. Statistical analysis 

of significance was performed in JMP Pro 16 software (SAS Institute Inc., Cary, NC). The 

primer sequences used in this study are as follows: GAPDH F: 

GGTATCGTGGAAGGACTCATGAC; GAPDH R: ATGCCAGTGAGCTTCCCGTTCAG (18); 

VILMIR F: GCTCCACCCTGAAAGTC; VILMIR R: CTACACAGTGCTGAGGAAA (16). 

Plasmid Construction and Overexpression of VILMIR 

The pSico bidirectional expression vector was a gift from Susan Carpenter and described in (19). 

Full-length VILMIR was cloned into the pSico vector with an EF1a promoter expressing zeocin 

resistance and GFP as a selection marker, using PspXI and NotI restriction enzyme sites. The 

sequence was confirmed by Sanger sequencing. To produce lentivirus, HEK-293FT cells were 

co-transfected with the pSico vector expressing VILMIR and lentiviral vectors, psPAX2 

(Addgene #12260) and pMD2.G (Addgene #12259) using the Lipofectamine 3000 Reagent 

(Invitrogen). In addition, an empty pSico vector was transfected as a negative control. Viral 

supernatant was collected 72 hours post-transfection and filtered through a 0.22-µM syringe 

filter. A549 cells were transduced with lentivirus, and stable integrants were sorted based on 

GFP expression at the UNC Flow Cytometry Core Facility (Chapel Hill, North Carolina) using a 
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Becton Dickinson FACSAria II. The successful overexpression of VILMIR was confirmed by 

RT-qPCR.  

cDNA library construction, RNA-sequencing, and Ingenuity Pathway Analysis (IPA) 

mRNA sequencing was performed in biological triplicate in A549 VILMIR-overexpressing and 

control cell lines treated with mock or either 1 ng/mL or 10 ng/mL human IFN-β for 6 hours. 

Total RNA was isolated from cells following the TRIzol isolation method (Invitrogen). All 

samples were quantified and assayed to confirm a minimum RNA integrity number of at least 9.7 

using a TapeStation 4150. Next, 500 ng of total RNA per sample underwent mRNA capture and 

was then fragmented at 94°C for 6 min. Sequencing libraries were prepared according to the 

manufacturer’s protocol using 11 cycles of final amplification (KAPA mRNA HyperPrep Kit, 

catalog no. KK8580 and KAPA UDI Adapter Kit, catalog no. KK8727). Libraries underwent QC 

prior to sequencing using a TapeStation 4150. Next-generation sequencing was performed on a 

Complete Genomics DNBSEQ-G400C (150 bp paired end) to a targeted depth of ~20 million 

reads per sample. The sequencing data from VILMIR knockdown in (16) was also incorporated. 

Complete Genomics RNA-seq reads were mapped against the Hg38 using STAR version 2.7.9 a 

(20). Custom STAR parameters were set as follows: limitOutSAMoneReadBytes: 1,000,000, 

outSAMprimaryFlag: AllBestScore, outFilterType: BySJout, alignSJoverhangMin: 8, 

alignSJDBoverhangMin: 3, outFilterMismatchNmax: 999, alignIntronMin: 20, alignIntronMax: 

1,000,000, alignMatesGapMax: 1,000,000, outFilterMultimapNmax: 20; otherwise, default 

STAR parameters were used. Following read mapping, a count matrix was generated from the 

STAR results using R. Genes were removed from the matrix if they did not have at least 30 reads 

in a minimum of three samples from either the perturbation group (knockdown or 
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overexpression) or the control group. Counts were normalized using the TMM normalization 

method via the calcNormFactors function in edgeR version 3.40.2 (21). 

To conduct our differential gene expression analysis, we utilized the limma-trend approach from 

Limma version 3.54.2 (22). For each dose level of the IFN-β treatment, we assessed differential 

expression by comparing each knockdown or overexpression condition to its respective mock 

treatment. We then contrasted the differential expression results of each knockdown or 

overexpression (STAT1g1/1 ng IFN-β vs STAT1g1/Mock, VILMIRg1/1 ng IFN-β vs 

VILMIRg1/Mock, etc.) against that of its corresponding control (Ctrl/1 ng IFN-β vs Ctrl/Mock, 

Ctrl/10 ng IFN-β vs Ctrl/Mock). Genes were considered differentially expressed in a given 

contrast if their unadjusted P-value was less than 0.05 with no fold change requirement. To 

identify IFN-responsive genes, we further filtered these results by requiring a log2FC greater 

than 1.25 following IFN-β treatment in the control cell lines for each experiment. Differential 

expression results were visualized using the ComplexHeatmap R package version 2.14.0 (23).  

Pathway enrichment analysis was generated using QIAGEN Ingenuity Pathway Analysis (IPA) 

(24). A raw P-value cutoff of < 0.05 was used to define genes with significant expression 

changes after VILMIR overexpression in each IFN-β treatment. Canonical pathways analysis 

identified the pathways from the QIAGEN IPA library of canonical pathways that were most 

significant to the data set. Differentially expressed genes from the data set that met the P-value 

cutoff of 0.05 (−log10 P-value 1.3) and were associated with a canonical pathway in the 

QIAGEN Knowledge Base were considered for the pathway analysis. A right-tailed Fisher’s 

exact test was used to calculate a P-value determining the probability that the association 

between the genes in the data set and the canonical pathways is explained by chance alone. 
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RESULTS 

LncRNA VILMIR can interact with nuclear and cytoplasmic proteins from A549 epithelial 

cells in vitro, including FUBP1, IFIT1, and IFIT3 

To identify potential protein interactions of VILMIR, we performed an RNA pull-down assay. As 

VILMIR was localized in both nuclear and cytoplasmic compartments in A549 human lung 

epithelial cells (16), we investigated its potential protein interactions in both compartments. In 

vitro-transcribed biotinylated VILMIR as well as antisense VILMIR control RNA was incubated 

with nuclear or cytoplasmic lysates of A549 cells treated with IFN-β to mimic cellular 

interactions during a host interferon response. Interacting RBPs were then identified by mass 

spectrometry. The full list of identified proteins was narrowed down by prioritizing proteins that 

either uniquely interacted with VILMIR sense RNA compared to antisense RNA or were greater 

than two times enriched in the VILMIR sense RNA compared to antisense RNA according to 

peptide spectrum counts (see Materials and Methods). From these criteria, we identified 19 

proteins in each compartment that were either unique to or enriched in the VILMIR sense RNA 

(Tables 1 and 2). This suggests that VILMIR may have functions in both compartments.  
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Table 1. Mass spectrometry identification of VILMIR-interacting proteins in A549 nuclear 

cellular lysate treated with IFN-β as determined by RNA pull-down assay.  

Protein 

ID 

Mass 

(kDa) 

Sense VILMIR 

Peptide Count 

Antisense VILMIR 

Peptide Count 

Enrichment 

(Avg Sense/Avg Antisense) 
LRPPRC 158 19 15 15 0 0 0 N/A 

PCBP2 39 10 8 2 0 0 0 N/A 

CSTF3 83 10 9 10 0 0 0 N/A 

CELF1 52 11 9 7 0 0 0 N/A 

CSTF2 61 6 5 5 0 0 0 N/A 

TARDBP 45 6 5 3 0 0 0 N/A 

CPSF7 52 5 4 4 0 0 0 N/A 

FUBP1 68 24 24 23 5 2 2 7.9 

KHSRP 73 87 91 84 15 12 9 7.3 

FUBP3 62 8 7 5 0 0 1 6.7 

ELAVL1 36 6 3 3 0 0 2 6.0 

CSTF1 48 122 133 135 27 26 18 5.5 

SYMPK 141 4 7 5 1 0 0 5.3 

SF1 68 54 61 65 14 15 14 4.2 

HNRNPM 78 20 23 19 6 5 4 4.1 

PUF60 60 46 55 52 16 18 15 3.1 

CPSF1 161 29 28 35 10 10 10 3.1 

CPSF2 88 39 40 38 15 14 13 2.8 

SCAF11 165 85 89 72 36 37 33 2.3 
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Table 2. Mass spectrometry identification of VILMIR-interacting proteins in A549 cytoplasmic 

cellular lysate treated with IFN-β as determined by RNA pull-down assay.  

Protein 

ID 

Mass 

(kDa) 

Sense VILMIR 

Peptide Count 

Antisense VILMIR 

Peptide Count 

Enrichment 

(Avg Sense/Avg Antisense) 
IFIT3 56 4 7 4 0 0 0 N/A 

LARS1 134 16 16 9 1 0 0 13.7 

IFIT1 55 10 12 11 1 1 1 11.0 

QARS1 88 15 14 14 2 1 2 8.6 

AIMP1 34 8 9 5 1 0 1 7.3 

MARS1 101 17 16 10 2 2 3 6.1 

HNRNPK 51 22 22 17 5 5 3 4.7 

RARS1 75 23 13 15 3 3 5 4.6 

KARS1 68 48 35 45 12 9 9 4.3 

PCBP2 39 4 3 4 0 1 0 3.7 

FUBP1 68 31 38 37 12 10 11 3.2 

IARS1 145 36 40 34 13 10 13 3.1 

SART3 110 12 11 7 4 3 3 3.0 

PUF60 60 16 22 20 7 6 10 2.5 

U2AF2 54 13 11 11 6 6 2 2.5 

DARS1 57 21 19 20 9 7 10 2.3 

LRPPRC 158 138 141 141 68 62 55 2.3 

EPRS1 171 35 35 18 12 14 13 2.3 

SF3B3 136 8 11 7 3 4 5 2.2 

 

In nuclear A549 lysate, VILMIR sense RNA was found to significantly interact with several 

proteins involved in pre-mRNA splicing and processing (CSTF1, CSTF2, CSTF3, CELF1, 

CPSF7, SYMPK, SF1, HNRNPM, CPSF1, CPSF2, and SCAF11), as well as transcriptional 

regulation (TARDBP, FUBP1, KHSRP, FUBP3, and PUF60). Using Western blot analysis, we 

confirmed the interaction of VILMIR sense RNA with FUBP1 (Figure 1A-B). FUBP1, or Far 

Upstream Element Binding Protein 1, acts as a transcriptional regulator and is a well-known 

activator of the c-Myc oncogene (25). While FUBP1 is primarily located in the nucleus, it has 

been found to translocate to the cytoplasm (26) and was also identified in our cytoplasmic mass 

spectrometry results (Table 2).  
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In cytoplasmic A549 lysate, VILMIR sense RNA was found to significantly interact with eight 

aminoacyl-tRNA synthetases (ARSs), which are enzymes responsible for pairing tRNAs with 

amino acids during translation, as well as ARS-interacting multifunctional protein 1 (AIMP1), 

which helps form the multi-tRNA synthetase complex (27) (Table 2). Interestingly, VILMIR 

sense RNA also significantly interacted with  IFIT1 and IFIT3 proteins compared to the 

antisense RNA (Table 2). The IFIT protein family, or IFN-induced protein with tetratricopeptide 

repeats, are IFN-stimulated genes (ISGs) that get induced during antiviral immune responses and 

consist of IFIT1, IFIT2, IFIT3, and IFIT5 in humans (28). The IFIT proteins are well-known to 

inhibit translation of both cellular mRNA and viral RNA by either interacting with eukaryotic 

initiation factor 3 (eIF3) to block translation (29) or by binding directly to the 5’ end of non-self 

RNAs (30, 31). The interaction of VILMIR sense RNA with IFIT1 and IFIT3 proteins was 

confirmed by Western blot and densitometry analysis (Figures 1A and 1C-E ). Therefore, while 

several nuclear and cytoplasmic protein interactions were confirmed in vitro and should be 

confirmed in the cells, these results suggest that VILMIR could function in the nucleus by 

interacting with proteins such as FUBP1 to regulate transcription or in the cytoplasm by 

interacting with IFIT1 and IFIT3 to regulate translation. 
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Figure 1. VILMIR sense RNA interacts with FUBP1 protein and IFIT1 and IFIT3 protein 

from A549 nuclear and cytoplasmic lysate, respectively. A) An RNA pull-down assay was 

performed by incubating in-vitro transcribed VILMIR sense RNA or antisense RNA (negative 

control) with nuclear or cytoplasmic lysate from IFN-treated A549 cells. Interacting proteins 

were identified by mass spectrometry, and proteins of interest are displayed with their respective 

peptide counts. The full list of identified proteins can be found in Tables 1 and 2. B) The 

interaction of VILMIR sense RNA and FUBP1 was confirmed by Western Blot. PCNA was used 

as a negative nuclear control. Input protein was diluted 1:4 and proteins were detected using a 

mid-sensitivity kit (n=3). C) The interaction of VILMIR sense RNA and IFIT1 and IFIT3 was 

confirmed by Western blot with GAPDH as a negative cytoplasmic control. Input protein was 

diluted 1:40 and proteins were detected using a high-sensitivity kit (n=3). D) and E) 

Densitometry analysis of IFIT1 and IFIT3 protein bands in the Western blots displayed in panel 

C. **P < 0.01 (Student’s t-test).  
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VILMIR overexpression results in minimal fold change differences before interferon-β 

treatment in A549 epithelial cells 

As our pull-down assay suggested that VILMIR could function through the transcript itself, we 

were interested if overexpression of VILMIR in cells would cause significant expression changes, 

both before and after IFN-β treatment. Therefore, we generated an A549 cell line overexpressing 

ectopic VILMIR and performed RNA-sequencing (RNA-seq) analysis of overexpressing cells 

treated with or without two separate concentrations of human IFN-β. Compared to the control 

cell line with an empty vector, we observed a 7.5-fold increase in the baseline expression of 

VILMIR (Figure 2A). We first examined if VILMIR alone caused significant expression 

differences outside of an IFN response by comparing gene expression in the mock-treated cell 

lines. With a relaxed criterion for differential expression analysis (raw P-value < 0.05), we 

identified 459 genes that showed altered expression changes in the VILMIR-overexpressing cell 

line compared to the control cell line in the mock-treatment (Figure 2B).  
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Figure 2. Overexpression of VILMIR. (A) A549 cells were transduced with a vector expressing 

ectopic VILMIR or an empty-vector control and treated with mock or 10 ng/mL human IFN-β for 

6 hours. Relative expression of VILMIR was determined by RT-qPCR and normalized to the 

mean of the mock-treated control cell line. Data was normalized to GAPDH using the ΔΔCt 

method and expressed as means ± SE (n=3). **P < 0.01, ***P < 0.001 (Student’s t-test). (B) 

RNA-seq analysis was performed to identify genes that showed altered expression changes after 

VILMIR overexpression in the mock and IFN-treated cells. Displayed are points representing 459 

genes that exhibited significant expression changes in the VILMIR-overexpressing cell line 

compared to the control cell line in the mock-treated cells (raw P-value < 0.05). The x-axis 

indicates the log2FC difference between each gene in the VILMIR-overexpressing cells versus 

the control cells (VILMIRvCtrl) in the mock, while the y-axis represents the log2FC of those 

same genes after 10 ng/mL IFN-β treatment in the control cell line. The five most differentially 

expressed genes are labeled in either red (upregulation) or blue (downregulation), as well as four 

other interferon-stimulated genes of interest in black.  

Interestingly, there were several highly IFN-stimulated genes impacted by VILMIR 

overexpression in the mock-treated cells, including MX1, IFIT1, IFIT2, and IFI6, suggesting that 

VILMIR expression may regulate IFN-stimulated genes before IFN-treatment. However, when 

plotting these same genes against their log2 fold change (log2FC) after IFN-β treatment in the 

control cell line, we observed that the log2FC differences between the mock-treated cell lines 

were relatively small in comparison. In fact, only 14% of the total 459 genes exhibited absolute 

fold changes greater than 1.5, and five genes exhibited a fold change greater than 2 (Figure 2B). 

Apart from VILMIR itself, which was the highest upregulated gene as expected, RNS7SL3, 
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GBP1, TUBA8, and CFLAR-AS1 had absolute fold changes greater than 2 (Figure 2B). As 

VILMIR was transcribed ectopically from an overexpression vector, this suggests that VILMIR 

can function through its transcript, rather than just transcription at its genomic locus. In addition, 

these results suggest that VILMIR may have a regulatory role outside of the IFN response, 

particularly with transcription of RNS7SL3, GBP1, TUBA8, and CFLAR-AS1. However, as the 

majority of expression differences caused by VILMIR in the mock-treated cells were relatively 

small, we sought to determine the impact of VILMIR overexpression on host transcription in 

response to IFN-β treatment. 

Overexpression of VILMIR enhances the host transcriptional response to interferon-β 

treatment in A549 epithelial cells 

Next, we determined the impact of VILMIR overexpression on the host transcriptional response 

to IFN-β treatment using the same RNA-seq analysis described above. To investigate the 

potentially broad regulatory roles of VILMIR, we first used a relaxed criterion for differential 

expression analysis, i.e., raw P-value < 0.05. Using this criterion, we identified 731 genes that 

showed altered expression changes to IFN-β treatment after VILMIR overexpression in at least 

one of the two doses of IFN-β. When analyzing the host transcriptional response to IFN-β, we 

observed larger fold change differences after VILMIR overexpression, with 33-35% of 

differentially expressed genes (DEGs) exhibiting absolute fold changes greater than 1.5 in either 

IFN-β treatment, compared to 14% in the mock treatment, indicating that VILMIR 

overexpression has larger impacts during an IFN response.   

To identify canonical pathways enriched in the DEGs impacted by VILMIR overexpression, 

QIAGEN Ingenuity Pathway Analysis (IPA) was performed (24). There were 17 canonical 

pathways significantly enriched in the overexpression cell line in both IFN-β treatments with a 
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raw enrichment P-value <0.05 (−log10 P-value >1.3), with the most significant of these 

pathways being the Interferon alpha/beta signaling pathway (Figure 3A and Table S2). In 

addition, IPA predicted an overall activation of this pathway, with positive z-scores of 2.121 and 

1 for the 1 ng/mL and 10 ng/mL IFN-β treatments, respectively. The majority of the genes 

represented in this pathway such as MX1, IFIT2, IRF7, IFIT1, RNASEL, TYK2, and OAS1 had 

higher fold changes after VILMIR overexpression compared to the control cell line, besides 

IFITM1 which had a lower fold change (Figure 3B). This overall enhancement of genes within 

the IFN pathway after VILMIR overexpression is consistent with our previous findings that 

VILMIR knockdown dampened IFN-responsive genes (16), supporting our hypothesis that 

VILMIR plays an activating role in the host interferon response.  
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Figure 3. Overexpression of VILMIR results in the enhancement of interferon-stimulated 

genes after IFN-β treatment in A549 cells. (A) RNA-seq analysis was performed to identify 

genes that showed altered expression changes to IFN-β treatment after VILMIR overexpression in 

at least one of two doses of IFN-β (raw P-value < 0.05). QIAGEN IPA was then performed to 

identify canonical pathways significantly enriched in the DEGs impacted by VILMIR 

overexpression after 1 ng/mL or 10 ng/mL IFN-β. Shown are the top 10 out of 17 significant 

pathways shared between both IFN-β treatments (Table S2). Enriched pathways that met the raw 

enrichment P-value < 0.05 (−log10 P-value cutoff of 1.3) using a right-tailed Fisher’s exact test 

and were associated with a canonical pathway in the QIAGEN Knowledge Base were included 

here (*P < 0.05 included as reference). (B) Displayed are the genes in the interferon alpha/beta 

signaling network according to IPA, along with their log2FC values after VILMIR 

overexpression compared to the control (VILMRvCtrl). *P < 0.05, **P < 0.01.  

 

A subset of interferon-stimulated genes is consistently regulated by the perturbation of 

VILMIR expression 

In order to identify a core set of genes that were differentially expressed in response to IFN-β 

treatment after both VILMIR overexpression and knockdown, we next combined the RNA-seq 

analysis of VILMIR overexpression to our previous analysis of VILMIR knockdown (16), which 

included two A549 VILMIR knockdown (KD) cell lines (VILMIRg1 and VILMIRg2) as well as 

a STAT1 KD cell line (STAT1g1) as a positive control for interferon response, treated with the 

same two IFN-β doses. To obtain a more robust set of genes that are IFN-responsive, we applied 
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an additional filtering step of a fold change greater than 1.25 after IFN-β treatment in the control 

cell lines for each experiment. After applying this criterion, we then examined expression 

changes after VILMIR KD or overexpression with a raw P-value < 0.05. This gave us a list of 

132 IFN-responsive genes that showed altered expression changes to IFN-β treatment after either 

VILMIR KD or overexpression, in at least one of the two IFN-β doses (Figure S1). Out of these 

genes, 96 were only differentially expressed after VILMIR KD, whereas 25 genes were only 

differentially expressed after VILMIR overexpression. This difference in the number of DEGs 

may be because the KD study contained two VILMIR KD cell lines, whereas the overexpression 

experiment only had a single VILMIR overexpression cell line. The remaining 11 out of 132 

genes impacted by VILMIR perturbation were differentially expressed after both VILMIR KD and 

overexpression, which is what we chose to focus on (Figure 4). One of these genes included 

VILMIR itself, which was expected.  

The 10 genes that were consistently impacted by VILMIR perturbation consisted of OAS1, IFIT1, 

UBE2L6, TAP2, TRIM38, APOL2, ERAP2, CASP1, IFIT2, and GBP1, which have all been 

associated with interferon and antiviral responses in literature (Table 3). As expected, these 

genes were all upregulated after IFN-β treatment in our A549 cell lines. However, after VILMIR 

knockdown, we observed an overall suppression of the expression of these genes, whereas after 

VILMIR overexpression, these same genes showed an increase in expression (Figure 4). The 

opposite trend was true for UBE2L6, which showed a slight increase in the VILMIR knockdown 

lines and a slight decrease in the VILMIR overexpression line. Additionally, GBP1 was 

decreased in both VILMIR knockdown and overexpression after IFN-β treatment. However, as 

GBP1 was already upregulated in response to VILMIR overexpression before IFN-β treatment, it 

is possible that VILMIR upregulates GBP1 independently of IFN responses (Figure 4, 
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“Overexpression” mock column, as well as in Figure 2B), which explains why the addition of 

IFN in the overexpression cell line results in a smaller fold change. This is also true of VILMIR 

itself, which shows a negative fold change difference in the IFN-treated overexpression cells. 

However, because VILMIR is already highly upregulated before IFN-β treatment in the 

overexpression cells, the addition of IFN-β does not result in a higher fold change compared to 

the control cells.  
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Figure 4. Subset of interferon-stimulated genes that are differentially expressed after 

VILMIR knockdown and overexpression in A549 cells. Heatmap overview of the RNA-seq 

analysis of two independent experiments: VILMIR knockdown (VILMIRg1 and 

VILMIRg2), STAT1 knockdown (STAT1g1), or control (Ctrl) A549 gRNA cell lines; and 

VILMIR overexpression (VILMIR) or control (Ctrl) A549 cell lines; all of which were treated 

with mock or either 1 ng/mL or 10 ng/mL human IFN-β for 6 hours (n = 3). The heatmap 

displays 11 human genes that exhibited significant changes in their responses to IFN-β treatment 

after both VILMIR KD and overexpression (OE), in at least one of two doses of IFN (raw P-

value <0.05). Rows are genes and columns are conditions and comparisons. As shown by the 

labels at the bottom, the log2FC after IFN-β treatment in each cell line was first calculated (“IFN 

response”), and then the “KD effect” or “OE effect” was calculated by comparing the “IFN 

response” log2FC of each KD/OE line to the “IFN response” log2FC of the control cell line. Red 

color indicates positive log2FC value (i.e., upregulation) in columns above the label “IFN 

response,” or higher log2FC values in KD/OE cells compared to that of control cells in columns 

above the label “KD effect.” The blue color indicates lower log2FC values in KD/OE cells 

compared to that of control cells in columns above the label “KD/OE effect.”  
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Table 3. Summary of DEGs impacted by both VILMIR knockdown and overexpression as seen 

in Figure 4.  

Gene Function Literature 

OAS1 Oligoadenylate synthetase 1 – recognizes viral dsRNA and activates 

RNase L degradation and inhibit translation 

(32) 

IFIT1 Binds with eukaryotic initiation factor 3 (eIF3) to block translation; also 

binds directly to non-self RNAs to inhibit their translation 

(29, 31) 

UBE2L6 Ubiquitin conjugating enzyme E2 L6; role in protein degradation and 

ISGylation 

(33) 

TAP2 Transporter associating with antigen processing; transports cytosolic 

peptides into the ER for presentation by MHC class I molecules 

(34) 

TRIM38 E3 ubiquitin ligase; negatively regulates TLR3-mediated type I IFN 

signaling by targeting TRIF for degradation  

(35) 

APOL2 Involved in lipid transport and metabolism; also involved in maintaining 

airway epithelial layer integrity  

(36) 

ERAP2 ER-localized aminopeptidase that plays a role in antigenic peptide editing 

quality control 

(37) 

CASP1 Cysteine-aspartic acid protease; proteolytically cleaves and activates the 

pro-inflammatory cytokines, IL-1β and IL-18 

(38) 

IFIT2 Binds with eukaryotic initiation factor 3 (eIF3) to block translation; also 

binds directly to non-self RNAs to inhibit their translation 

(29, 31) 

GBP1 GTPase guanylate binding protein; forms an antimicrobial coat to capture 

cytosol-invasive bacteria and pathogen-containing vacuoles 

(39) 

 

Potential models of VILMIR function in the nucleus and cytoplasm to regulate host 

interferon responses 

Taking these results together, we suggest several potential models for the function of VILMIR. 

First, as VILMIR was found to interact with FUBP1 in vitro, a known transcriptional regulator in 

the nucleus (25), we suggest a mechanism by which VILMIR interacts with proteins such as 

FUBP1 to regulate gene transcription (Figure 5A), as we also observed that VILMIR perturbation 

impacts expression of genes through RNA-seq analysis. FUBP1 has been found to be both a 

positive and a negative regulator of transcription (25) and has also been associated with virus 

infection (26, 40). As VILMIR overexpression resulted in an activation of ISGs, VILMIR may 

either act as a guide to recruit FUBP1 to enhance transcription, or VILMIR could act as a decoy 

to prevent FUBP1 from negatively regulating transcription.  
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In cytoplasmic lysate, we confirmed the interaction of VILMIR with IFIT1 and IFIT3 in vitro. 

IFIT1 and IFIT3 are known to inhibit translation of both cellular mRNA and viral RNA by either 

interacting with eukaryotic initiation factor 3 (eIF3) to block translation (29) or by binding 

directly to the 5’ end of non-self RNAs (30, 31). IFIT1 can either act alone or in a complex with 

the other IFIT proteins (29). Therefore, we suggest a second model by which VILMIR either 

stabilizes the functions of IFIT1/3 to inhibit translation, or interferes with their function to 

enhance translation (Figure 5B). Finally, apart from regulating translation, IFIT3 can also 

modulate interferon signaling by acting as a bridge between the mitochondrial antiviral signaling 

(MAVS) complex and the TNFR-associated factor family member-associated NF-κB activator-

binding kinase 1 (TBK1), which leads to phosphorylation of interferon response factor 3 (IRF3) 

and induction of IFN-β and ISG expression (41). Therefore, we suggest a third model by which 

VILMIR acts as a scaffold to help bridge IFIT3 to MAVS and TBK1, thus enhancing ISG 

expression, as we observed that VILMIR overexpression resulted in an activation of ISGs (Figure 

5C). While these potential models need to be investigated further, they suggest that VILMIR may 

regulate host interferon responses through protein partners in both the nucleus and cytoplasm, 

which provides important preliminary work in interrogating the specific mechanism of VILMIR. 
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Figure 5. Schematic diagram of potential models of VILMIR function in the nucleus and 

cytoplasm to regulate host interferon responses. (A) VILMIR may interact with FUBP1 in the 

nucleus to regulate gene transcription, either by acting as a guide to recruit FUBP1 or as a decoy 

to prevent FUBP1 from negatively regulating transcription. (B) In the cytoplasm, VILMIR may 

interact with IFIT1 and/or IFIT3 to regulate translation of cellular mRNA and viral RNA, either 

by the association of IFIT proteins with the 5’ end of RNAs or association with eukaryotic 

initiation factor 3 (eIF3). (C) Additionally, VILMIR may act as a scaffold to help bridge the 

mitochondrial antiviral signaling (MAVS) complex and the TNFR-associated factor family 

member-associated NF-κB activator-binding kinase 1 (TBK1), which leads to phosphorylation of 

interferon response factor 3 (IRF3) and induction of IFN-β and ISG expression. (Figure created 

in https://BioRender.com) 

 

DISCUSSION 

We previously identified the human lncRNA VILMIR as a novel ISG during viral infection and 

found that KD of VILMIR in A549 cells resulted in a suppression of the host transcriptional 

response to IFN-β treatment and IAV infection. However, the mechanism by which VILMIR 
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regulates the host interferon response was not explored. Therefore, in this study, we aimed to 

identify potential protein interactions as well as gene regulatory networks of VILMIR to better 

understand its molecular interactions and propose models of how it may function during an 

interferon response.  

Using an RNA pull-down assay and mass spectrometry, we found that VILMIR RNA 

significantly interacted with several proteins in nuclear and cytoplasmic lysate from A549 

epithelial cells treated with IFN-β (Tables 1 and 2). As we previously determined that VILMIR is 

distributed in both the nucleus and the cytoplasm (16), this suggests that VILMIR may function in 

both compartments through protein interactions. Several lncRNAs have also been found to have 

dual functions in the nucleus and cytoplasm (15, 42-44). For example, lncRNA HOTAIR can 

function in the nucleus to regulate gene expression by interacting with histone methyltransferases 

(42), whereas in the cytoplasm it can act as a competing endogenous RNA (ceRNA) by 

interacting with microRNAs (miRNAs) and regulating translation (43).  

In nuclear lysate, VILMIR sense RNA was found to significantly interact with several proteins 

involved in pre-mRNA splicing and processing, as well as transcriptional regulation. Using 

Western blot analysis, we confirmed the interaction of VILMIR sense RNA with FUBP1, a 

known transcriptional regulator (Figure 1A-B). While we did not explore additional nuclear 

protein interactions, this suggests that VILMIR may function in the nucleus by regulating 

transcription. In cytoplasmic lysate, VILMIR sense RNA was found to significantly interact with 

eight aminoacyl-tRNA synthetases (ARSs), as well as ARS-interacting multifunctional protein 1 

(AIMP1), which are all involved in translation (27). In addition, we confirmed the interaction of 

VILMIR sense RNA with the known antiviral proteins, IFIT1 and IFIT3 (Figure 1C-E). Although 

the IFIT proteins often act in a complex (29), we did not identify IFIT2 as an interacting protein 
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in either the mass spectrometry results or by Western blot, so it is unknown whether this is due to 

the sensitivity of the assay or if VILMIR does not directly interact with IFIT2. In addition, as 

IFIT1 and IFIT3 were identified individually by mass spectrometry, it is not clear yet whether 

they interact with VILMIR independently or in a complex. However, the identification of several 

VILMIR-interacting proteins involved in translation suggests that VILMIR could play a role in 

translational regulation in the cytoplasm. LncRNAs have been found to have important 

regulatory roles within translation (45), such as lncRNA GAS5 that was found to directly bind 

with eIF4E and decrease translation of c-Myc (46).  

As the pull-down assay also suggested that VILMIR could function through the transcript itself, 

we generated an A549 cell line overexpressing ectopic VILMIR and performed RNA-seq to 

determine the impact of VILMIR expression on host transcription before and after IFN-β 

treatment. While we did identify 459 genes impacted by VILMIR overexpression in mock cells 

with a raw P-value < 0.05, the majority of these genes had low expression changes (Figure 2B).  

However, four genes exhibited fold changes greater than 2 – RNS7SL3, GBP1, TUBA8, and 

CLAR-AS1. Therefore, it is possible VILMIR regulates these genes independently of an IFN 

response, such as by recruiting transcription factors to their promoter regions.  

We previously found that KD of VILMIR in A549 cells resulted in a suppression of the host 

transcriptional response to IFN-β treatment and IAV infection, which led us to predict that 

VILMIR plays an activating role in the host IFN-β response (16). Therefore, we also analyzed the 

impact of VILMIR overexpression during IFN-β treatment. Using RNA-seq analysis, we 

identified 731 genes that showed altered expression changes to IFN-β treatment after VILMIR 

overexpression in at least one of the two doses of IFN-β. We also observed larger fold change 

differences after VILMIR overexpression during IFN-β treatment compared to the mock 
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treatment, supporting the relevance of VILMIR during an IFN response. In addition, these DEGs 

were enriched for the Interferon alpha/beta signaling pathway and displayed an overall 

enhancement of several ISGs after VILMIR overexpression (Figure 3), supporting our hypothesis 

that VILMIR plays an activating role in the host IFN response. In addition, these results 

confirmed that VILMIR can function through the transcript itself, rather than just through 

transcription at its genomic locus.  

To narrow down a list of genes that were consistently impacted by VILMIR perturbation, we 

combined our VILMIR knockdown and overexpression RNA-seq analysis and filtered for genes 

that were IFN-responsive in the control cell lines, as well as impacted by both VILMIR 

knockdown and overexpression. From these criteria, we obtained a list of 10 genes with 

significant expression changes after both VILMIR knockdown and overexpression - OAS1, 

IFIT1, UBE2L6, TAP2, TRIM38, APOL2, ERAP2, CASP1, IFIT2, and GBP1, which have all 

been associated with interferon or antiviral responses, summarized in Table 1 (29, 31-39). In 

general, we observed a suppression of these genes after VILMIR knockdown and an enhancement 

after VILMIR overexpression, except for UBE2L6 which had the opposite trend. GBP1 

expression was suppressed in both VILMIR knockdown and overexpression after IFN-β 

treatment, however, it was upregulated by VILMIR overexpression alone. Therefore, it is possible 

VILMIR could already upregulate the expression of GBP1 before IFN-β, which is why the 

addition of IFN-β results in a minimal expression difference and ultimately a negative fold 

change value. The specific regulation of GBP1 by VILMIR needs to be further investigated to 

determine if VILMIR directly binds to the promoter region of GBP1 or indirectly controls its 

expression. Interestingly, seven of the ten genes have known functions related to translational 

regulation, post-translational regulation by ubiquitination, or protease activity - OAS1, IFIT1, 
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UBE2L6, TRIM38, ERAP2, CASP1, and IFIT2 (Table 3). This may mean that VILMIR has a 

regulatory role within translational control or protein processing, which are important cellular 

processes during a viral infection, as the host translation is tightly regulated in order to limit viral 

propagation (47). These results were also interesting given our pull-down assay that confirmed 

the interaction of VILMIR with IFIT1 and IFIT3 in vitro. Therefore, it is possible VILMIR could 

be regulating ISGs genes such as IFIT at the transcriptional level, as well as functioning through 

them at the protein level to regulate host translation.  

In this study, we found that VILMIR interacts with proteins in nuclear and cytoplasmic lysate 

including FUBP1, IFIT1, and IFIT3. In addition, we confirmed that VILMIR plays an activating 

role in the host interferon response through the establishment of an overexpression cell line. 

Finally, by compiling RNA-seq analyses, we identified a core set of genes that are consistently 

differentially expressed after both VILMIR knockdown and overexpression. We have proposed 

several potential models for how VILMIR may function in the host interferon response, such as 

by regulating transcription in the nucleus through interacting with FUBP1, regulating translation 

in the cytoplasm through IFIT1 and IFIT3, and regulating IFN signaling through IFIT3 and the 

MAVS pathway. While further functional studies are needed to confirm these models, we 

propose these as a guide in probing the mechanism of VILMIR, which would provide new 

insights into the biological significance of VILMIR during antiviral and interferon responses.      
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CHAPTER 4: SUMMARY AND FUTURE DIRECTIONS 
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Identification of a novel lncRNA in respiratory viral infection 

In this study, we aimed to identify and characterize novel lncRNAs that play critical roles in 

major human respiratory viral infections in order to provide new host therapeutic targets for viral 

infection. By mining large-scale transcriptomic data sets of influenza infections as well as severe 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and respiratory syncytial virus (RSV) 

infections, we identified a previously uncharacterized lncRNA that we named virus-inducible 

lncRNA modulator of interferon response (VILMIR), which we have outlined in Chapter 2. We 

found that VILMIR was robustly upregulated after all these major respiratory viral infections, as 

well as after interferon-beta (IFN-β) treatment, leading us to predict that it was involved in the 

host interferon response to viral infection. To our knowledge, this work represents the first in-

depth study characterizing this lncRNA within human respiratory viral infection.  

Regulation of lncRNA VILMIR expression by the type I interferon response 

As VILMIR had a robust upregulation after several respiratory viral infections, we first aimed to 

understand its regulation. As its nearest protein-coding neighbor is 14 kilobases upstream, we 

reasoned that the expression of VILMIR did not appear to be an artifact of neighboring genes. In 

Chapter 2, we investigated the regulation of VILMIR and found that it is a novel interferon-

stimulated gene (ISG) that is highly associated with a type I IFN response. We also found that 

VILMIR is upregulated by IFN-β in several cell types, including A549 lung epithelial cells, Huh7 

liver cells, THP-1 monocytes, and SUP-T1 T lymphoblasts, indicating that VILMIR may play a 

broader role in interferon responses. A knockout of interferon alpha/beta receptor subunit 1 

(IFNAR1) in Huh7 cells completely abolished VILMIR expression, confirming its regulation by 

the type I IFN response. However, as type I IFN can induce a wide range of pathways (1), the 

specific pathway regulating VILMIR needs to be further investigated. Our work in Chapter 2 
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showed that a STAT1 knockdown at least partially regulated VILMIR expression, but this could 

be confirmed by using a STAT1 knockout.  

LncRNA VILMIR as a modulator of host interferon responses  

Our next aim was to characterize the function of VILMIR within the host interferon response. In 

Chapter 2, we found that knockdown of VILMIR expression reduced the magnitude of host 

transcriptional responses to both IFN-β treatment and influenza A virus infection in A549 cells. 

Subsequently, in Chapter 3, we found that overexpression of VILMIR resulted in an overall 

enhancement of ISGs after IFN-β treatment. Therefore, we predict that VILMIR plays an 

activating role in the host interferon response. We also explored potential protein binding 

partners of VILMIR in Chapter 3 and found that VILMIR interacts with both nuclear and 

cytoplasmic proteins in vitro, including transcriptional regulator FUBP1 as well as antiviral 

proteins IFIT1 and IFIT3. While these interactions require further mechanistic investigation in 

cells, these results suggest that VILMIR may regulate host interferon responses through protein 

partners in both the nucleus and cytoplasm and provides important preliminary work in 

interrogating the specific mechanism of VILMIR.  

Integration of computational and experimental approaches in prioritizing and 

characterizing lncRNAs 

With over 35,000 lncRNAs currently annotated in the human genome (2), a major challenge to 

lncRNA research is prioritizing those of significant biological relevance. The low abundance and 

cell-type or context-specific expression of lncRNAs (3, 4) also presents additional obstacles in 

ascribing function compared to protein-coding genes. In Chapter 2, we integrate both 

computational and experimental approaches to prioritize lncRNAs of biological relevance. By 

first systematically mining large-scale transcriptomic data sets, we narrowed down which 
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lncRNAs to experimentally validate. In addition, we show in both Chapter 2 and Chapter 3 that 

transcriptomic analysis is a powerful tool to investigate lncRNA function by analyzing the 

impacts of VILMIR knockdown and overexpression in host interferon responses. These analyses 

led us to discover which genes and pathways were consistently regulated by VILMIR expression, 

which we can then use to inform experimental strategies. In addition, in Chapter 2, we 

investigated published single-cell RNA-seq from COVID-19 patients and discovered that 

VILMIR was also upregulated in immune cell types, which we then validated experimentally. 

Therefore, our study highlights the importance of utilizing diverse approaches in investigating 

lncRNA function, as well as the importance of collaboration between scientific fields.  

Limitations and future directions 

As this represents the first study of lncRNA VILMIR within viral infection and the interferon 

response, there are many future questions to address. First, as the studies in Chapter 2 and 

Chapter 3 were performed in immortal human cell lines, it would be beneficial to repeat these 

experiments in primary lung epithelial cells to confirm the function of VILMIR in a primary 

model. Air-liquid interface (ALI) culture could be used to allow cells to differentiate and develop 

characteristics of the respiratory epithelium. It would also be interesting to establish a co-culture 

environment with lung epithelial cells and innate immune cells such as dendritic cells and 

macrophages to more closely mimic the cell-cell signaling environment during an innate immune 

response in the respiratory tract (5). This could lead to studies done in organoids or even in vivo 

experiments in animal models. However, as VILMIR is not well conserved across species, it 

could be challenging to translate these studies into animal models without producing a transgenic 

model. Regardless, there is a need to progress VILMIR research into more primary models to 

confirm its relevance and function in clinical applications.  
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Apart from lung epithelial cells, we also showed in Chapter 2 that VILMIR is upregulated after 

IFN-β treatment in THP-1 monocytes and SUP-T1 T lymphoblasts. This suggests that VILMIR 

may have a broader function in immunity, particularly as the T cells represent an adaptive 

immune response. In addition, a preliminary analysis of VILMIR knockdown in THP-1 and SUP-

T1 cells displayed an opposite trend from the A549 epithelial cells, with VILMIR knockdown 

activating host ISGs rather than suppressing them. While this preliminary analysis was not 

included as it was outside of the scope of the current work, the function of VILMIR in other cell 

types including immune cells would be an interesting new area of research.  

In Chapter 2, we found that VILMIR knockdown reduced the magnitude of host transcriptional 

responses to influenza A virus infection in A549 cells. As this analysis was focused on the host 

response, we did not investigate the impact of VILMIR knockdown on viral replication. Also, a 

previous pilot experiment did not show a difference in viral titer after VILMIR knockdown. Since 

these experiments have only been performed in one cell line using one multiplicity of infection 

(MOI) and time point, we reasoned that we may not be able to conclusively determine potential 

impact of VILMIR on viral replication at this point. In addition, a full knockout of VILMIR may 

be necessary rather than a knockdown. Future comprehensive studies are needed to investigate 

how VILMIR might impact viral replication in different contexts and conditions.  

In Chapter 3, we aimed to investigate the mechanism by which VILMIR regulates the host 

interferon response. While we did identify several potential protein partners of VILMIR, this 

work was all performed in vitro using cellular lysate extracted from cells. It is imperative that 

these protein interactions are confirmed in cells, such as by an RNA immunoprecipitation (RIP) 

or RNA antisense purification (RAP) assay to validate their biological significance (6). Other 

interacting molecules of VILMIR could also be determined by assays such as chromatin isolation 
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by RNA purification (ChIRP), that can identify both chromatin and protein associations (6). This 

could also help determine if VILMIR is directly regulating the transcription of certain genes. In 

addition, as we propose that VILMIR may regulate translation through IFIT1 and IFIT3, it would 

be beneficial to determine the impact of VILMIR on host translation, such as by proteomic 

analysis or ribosome profiling (7).  

Investigating lncRNA VILMIR as a potential therapeutic target for viral infection 

The motivation of our research has been to identify novel therapeutic targets for respiratory viral 

infection, as lncRNAs present a promising new class of therapeutic targets due to their fine-tuned 

regulatory functions. Through knockdown and overexpression analyses in Chapter 2 and 

Chapter 3, we found that VILMIR appears to play an activating role in the host interferon 

response. While this work is still very preliminary, we suggest that VILMIR may be further 

investigated as a therapeutic target for viral infection. For example, while inflammation in the 

respiratory tract is important for clearing viral infection, an over-activation of the immune 

response can worsen inflammation and lead to fatal outcomes (8). Therefore, if targeting VILMIR 

with an antisense oligonucleotide (ASO) drug could reduce the magnitude of the host interferon 

response, it could potentially help control excessive inflammation and improve symptoms. 

Although further mechanistic studies are necessary before this theory can be confirmed, it 

highlights the importance of investigating lncRNAs within viral infection, as well as the positive 

contributions lncRNA research can bring to human health and disease.  
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Appendix A: Supplementary materials for Chapter 2 

 

Table S1. Single-cell RNA-seq analysis as seen in Figure 5A-B showing the amount of total 

cells, VILMIR-expressing cells, and STAT1-expressing cells detected in the individual cell types 

and samples. 

 

Total Cells 
Sample Patient 

group 

T Macrophages Epithelial B NK mDC pDC Neutrophil Plasma Mast 

C51 Healthy 

control 

272 7915 13 15 5 230 3 0 1 0 

C52 Healthy 

control 

53 7943 33 5 1 115 3 0 0 0 

C100 Healthy 

control 

367 1944 13 9 62 97 6 0 2 6 

C141 COVID-

19 

981 2130 83 35 130 74 33 2 11 2 

C142 COVID-

19 

1008 1927 94 24 139 49 24 1 2 2 

C144 COVID-

19 

146 116 38 8 29 19 3 1 1 2 

C145 COVID-

19 

703 9415 368 34 178 156 42 343 27 8 

C143 COVID-

19 

2267 12086 309 28 357 111 32 688 162 13 

C146 COVID-

19 

62 601 311 2 8 12 0 210 4 0 

C148 COVID-

19 

155 1036 372 4 21 21 1 23 13 6 

C149 COVID-

19 

638 940 185 28 80 13 0 35 4 8 

C152 COVID-

19 

500 1088 327 6 42 6 1 24 616 4 

VILMIR-expressing cells 
Sample Patient 

group 

T Macrophages Epithelial B NK mDC pDC Neutrophil Plasma  

C51 Healthy 

control 

10 127 0 0 0 6 0 0 0  

C52 Healthy 

control 

0 67 1 0 0 0 0 0 0  

C100 Healthy 

control 

30 109 1 2 5 6 0 0 1  

C141 COVID-

19 

352 387 12 14 46 25 10 0 3  

C142 COVID-

19 

296 298 9 8 37 11 8 0 0  

C144 COVID-

19 

31 7 1 1 4 0 1 0 1  

C145 COVID-

19 

84 567 29 4 24 7 0 10 3  

C143 COVID-

19 

448 1205 54 5 60 19 5 40 40  

C146 COVID-

19 

10 52 9 0 2 0 0 13 1  

C148 COVID-

19 

35 164 104 1 5 1 0 4 8  
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Table S1 (continued).  

 
C149 COVID-

19 

106 78 25 7 11 2 0 6 1  

C152 COVID-

19 

51 64 28 1 3 0 0 1 39  

STAT1-expressing cells 
Sample Patient 

group 

T Macrophages Epithelial B NK mDC pDC Neutrophil Plasma  

C51 Healthy 

control 

131 4116 8 5 2 78 3 0 0  

C52 Healthy 

control 

15 2422 16 0 0 23 1 0 0  

C100 Healthy 

control 

229 1722 5 7 28 85 4 0 2  

C141 COVID-

19 

904 2099 68 31 114 70 33 0 10  

C142 COVID-

19 

901 1855 81 20 106 45 24 1 2  

C144 COVID-

19 

98 95 17 6 18 6 2 1 1  

C145 COVID-

19 

489 7535 300 19 90 113 33 208 19  

C143 COVID-

19 

2010 11422 241 21 260 103 32 524 149  

C146 COVID-

19 

49 498 134 1 6 6 0 134 3  

C148 COVID-

19 

133 957 348 4 12 16 1 17 12  

C149 COVID-

19 

519 810 165 21 67 10 0 21 1  

C152 COVID-

19 

376 856 210 5 21 5 1 21 478  
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Figure S1. Effect of VILMIR knockdown on two immediate neighboring protein-coding 

genes after IFN-β treatment in A549 cells. A) The expression changes in IFN-β vs. mock 

treatment ('logRatio (IFN-mock)’) in each A549 cell line from the 10 ng/mL IFN-β treatment 

determined by the RNA-seq analysis as shown in Figure 7A are shown for RHOT1 with 

individual replicates. *P < 0.05, **P <0.01 (unadjusted p-value). B) Relative expression of 

RHOT1 was also determined by RT-qPCR and normalized to the mean of the mock-treated 

samples in each cell line. The data was normalized to GAPDH using the ΔΔCt method. *P < 

0.05, **P <0.01 (Student’s t-test). The red arrow indicates one replicate with larger expression 

changes. C) The same plot as in (B) except removing the potential outlier data point indicated by 

the arrow in panel B to further demonstrate lack of significance. D-E) Similarly as in A-B, 

expression changes of LRRC37B are shown in both the RNA-seq and RT-qPCR analysis. All 

plots are expressed as means ± SE (n=3), except for panel C.  



 

117 

 

 

Figure S2. Full plots of the local regression analysis of the impact of VILMIR knockdown 

on IFN-β treatment in A549 cells as seen in Figure 7B. Scatterplots of the differences between 

log2FC values in each A549 VILMIR KD cell line (VILMIRg1 and VILMIRg2) to the log2FC 

values in the control cell line (Ctrl) vs. the log2FC values in the control cell line after one of two 

doses of IFN-β for the same 2,325 differentially expressed genes shown in Figure 7A. The blue 

line represents the locally estimated scatterplot smoothing (LOESS) curve and the black line at 0 

on the y-axis represents if no change was observed after KD (MSE = mean squared error).  
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Table S3. Canonical pathways enriched in both VILMIR knockdown lines after 1 ng/mL IFN-β 

treatment in A549 cells. 

Canonical Pathways -log10 p-value 

VILMIRg1vCtrl 

1 ng IFN 

VILMIRg2vCtrl 

1 ng IFN 

Class I MHC mediated antigen processing and 

presentation 5.757326 3.093722 

Interferon alpha/beta signaling 2.616651 3.835052 

Transcriptional activity of SMAD2/SMAD3:SMAD4 

heterotrimer 1.884662 4.156987 

TCF dependent signaling in response to WNT 4.200261 1.711288 

Deubiquitination 2.976586 2.103704 

HIPPO signaling 3.337912 1.70632 

Sleep NREM Signaling Pathway 2.932813 2.036694 

Degradation of beta-catenin by the destruction complex 2.9036 1.988756 

Senescence Pathway 2.940279 1.703895 

TGF-β Signaling 2.09702 2.455978 

Acute Myeloid Leukemia Signaling 2.206556 1.966702 

Reelin Signaling in Neurons 1.418985 2.703936 

Oncostatin M Signaling 2.142697 1.96609 

Role of BRCA1 in DNA Damage Response 1.841086 2.254947 

Processing of Capped Intron-Containing Pre-mRNA 1.816546 2.224337 

Autophagy 2.197863 1.466572 

Cell Cycle Checkpoints 1.986098 1.64216 

Myelination Signaling Pathway 1.454672 2.146925 

Autism Signaling Pathway 1.616456 1.98192 

Thyroid Cancer Signaling 1.885025 1.684561 

Regulation of TP53 Activity through Acetylation 1.791686 1.656307 

Ovarian Cancer Signaling 1.607501 1.807824 

JAK/STAT Signaling 1.777812 1.581161 

Assembly of RNA Polymerase I Complex 1.727521 1.63082 

Circadian Rhythm Signaling 1.614606 1.662847 

RNA Polymerase I Transcription 1.359089 1.773931 

ERK5 Signaling 1.359089 1.773931 

Synaptogenesis Signaling Pathway 1.554858 1.560775 

Stearate Biosynthesis I (Animals) 1.579498 1.417703 

ISGylation Signaling Pathway 1.333996 1.635875 

Interferon Signaling 1.549485 1.419001 

Thrombopoietin Signaling 1.557447 1.396379 

Fanconi Anemia Pathway 1.519417 1.389626 

Flavin Biosynthesis IV (Mammalian) 1.450172 1.399109 

Glutamine Degradation I 1.450172 1.399109 
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Table S3 (continued).  

 
Neurotransmitter release cycle 1.462076 1.333665 
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Table S4. Canonical pathways enriched in both VILMIR knockdown lines after 10 ng/mL IFN-β 

treatment in A549 cells. 

Canonical Pathways -log10 p-value 

VILMIRg1vCtrl 

10 ng IFN 

VILMIRg2vCtrl 

10 ng IFN 

Processing of Capped Intron-Containing Pre-mRNA 9.220981155 1.43948499 

Class I MHC mediated antigen processing and 

presentation 

8.015711768 1.673000716 

Estrogen Receptor Signaling 6.204380831 2.470202924 

Huntington's Disease Signaling 6.249449082 1.814508178 

UVA-Induced MAPK Signaling 3.774601876 4.159327748 

Histone Modification Signaling Pathway 6.254880463 1.339581202 

Deadenylation-dependent mRNA decay 5.105807588 2.481542125 

ISG15 antiviral mechanism 5.90319653 1.353552227 

Coronavirus Pathogenesis Pathway 4.769944031 2.296279278 

Interferon alpha/beta signaling 2.583500646 4.178362702 

p53 Signaling 4.354232478 2.067553388 

Hepatitis B Chronic Liver Pathogenesis Signaling 

Pathway 

4.662456426 1.682040636 

Mitotic Prometaphase 4.519112547 1.487654461 

Insulin Receptor Signaling 2.573263172 3.256606574 

Neddylation 3.679227875 1.853533155 

Insulin Secretion Signaling Pathway 3.576063662 1.897564223 

PPARα/RXRα Activation 3.434262809 2.005145633 

Trafficking and processing of endosomal TLR 3.699308261 1.656675276 

Hepatic Fibrosis Signaling Pathway 3.896754063 1.408586846 

Pulmonary Fibrosis Idiopathic Signaling Pathway 2.56429683 2.602326631 

MicroRNA Biogenesis Signaling Pathway 2.939398409 2.159365094 

Spliceosomal Cycle 3.171648894 1.82182547 

Cardiac Hypertrophy Signaling 3.663171862 1.325521567 

Autophagy 3.640408959 1.345931168 

14-3-3-mediated Signaling 3.384935561 1.491515281 

Interferon Signaling 1.568596863 3.303166496 

Death Receptor Signaling 3.271990759 1.511699694 

Cilium Assembly 3.26121962 1.498377209 

NAP1L1 Transcription Regulation Signaling Pathway 3.087376571 1.652999218 

ERK/MAPK Signaling 2.840584231 1.732572571 

Pancreatic Secretion Signaling Pathway 3.00518338 1.490185571 

Role of Tissue Factor in Cancer 2.077718291 2.339426509 

Paxillin Signaling 2.431561365 1.909388622 

CNTF Signaling 1.840167433 2.481542125 

Mitochondrial protein degradation 2.244999607 2.067553388 
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Table S4 (continued).  

 
Signaling by VEGF 2.3981444 1.890754143 

JAK/STAT Signaling 1.836166676 2.415923014 

Serotonin Receptor Signaling 2.892700299 1.33559544 

Semaphorin Neuronal Repulsive Signaling Pathway 2.87395009 1.300902829 

OAS antiviral response 2.170000177 1.971885152 

ERBB Signaling 1.961026157 2.175444978 

Phagosome Maturation 2.590501061 1.451313766 

Cyclophilin Signaling Pathway 2.525195404 1.43305722 

Mitochondrial translation 1.840193162 2.088539923 

Interferon gamma signaling 1.811258186 2.067553388 

Mitochondrial Division Signaling Pathway 2.339388927 1.510824339 

Virus Entry via Endocytic Pathways 2.005830148 1.668467548 

IL-8 Signaling 2.077718291 1.455983727 

Signaling by PDGF 1.761780979 1.690976509 

Macrophage Alternative Activation Signaling Pathway 1.763555889 1.633889321 

GNRH Signaling 1.744362495 1.622093604 

Wound Healing Signaling Pathway 1.907812302 1.43305722 

Superpathway of Inositol Phosphate Compounds 1.761660767 1.50975508 

Adrenomedullin signaling pathway 1.305408777 1.952213768 

Ribonucleotide Reductase Signaling Pathway 1.805332723 1.416881502 

Purine Nucleotides Degradation II (Aerobic) 1.910995251 1.305727992 

Ceramide Signaling 1.599538554 1.616095497 

Cachexia Signaling Pathway 1.649177887 1.452647785 

Thrombopoietin Signaling 1.549353668 1.551669313 

Urate Biosynthesis/Inosine 5'-phosphate Degradation 1.526303845 1.537824007 

PAK Signaling 1.322439453 1.70042495 

Endocannabinoid Developing Neuron Pathway 1.446234673 1.547835935 

Ribavirin ADME 1.454376142 1.48818143 

Adenosine Nucleotides Degradation II 1.381500279 1.435685835 

Formation of WDR5-containing histone-modifying 

complexes 

1.359657227 1.403605702 

Oncostatin M Signaling 1.322183463 1.377839608 
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Table S5. Canonical pathways enriched in both VILMIR knockdown lines and IFN-β doses in 

A549 cells as seen in Figure 7C. 

Canonical Pathways -log10 p-value 

VILMIRg1v

Ctrl 1 ng 

IFN 

VILMIRg2v

Ctrl 1 ng 

IFN 

VILMIRg1v

Ctrl 10 ng 

IFN 

VILMIRg2v

Ctrl 10 ng 

IFN 

Class I MHC mediated antigen 

processing and presentation 

5.757326352 3.093722199 8.015711768 1.673000716 

Processing of Capped Intron-

Containing Pre-mRNA 

1.816546084 2.224336894 9.220981155 1.43948499 

Interferon alpha/beta signaling 2.616651278 3.835051758 2.583500646 4.178362702 

Autophagy 2.19786286 1.466571657 3.640408959 1.345931168 

Interferon Signaling 1.549484814 1.419001045 1.568596863 3.303166496 

JAK/STAT Signaling 1.777811666 1.581160968 1.836166676 2.415923014 

Oncostatin M Signaling 2.142697393 1.966090273 1.322183463 1.377839608 

Thrombopoietin Signaling 1.557447166 1.396379265 1.549353668 1.551669313 
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Table S6. Diseases and functions enriched in both VILMIR knockdown lines and IFN-β doses in 

A549 cells as seen in Figure 7D. 

Diseases and Bio 

Functions 

-log10 p-value 

VILMIRg1v

Ctrl 1 ng 

IFN 

VILMIRg2v

Ctrl 1 ng 

IFN 

VILMIRg1v

Ctrl 10 ng 

IFN 

VILMIRg2v

Ctrl 10 ng 

IFN 

Soft tissue lesion 9.514431798 11.71136601 62.52121767 10.27038897 

Brain lesion 10.12793766 9.088104149 62.04010325 8.367486493 

Neurogenic lesion 9.925256488 9.088871812 60.96274108 8.660643752 

Organismal death 9.168515951 11.34140491 42.50733333 11.07131621 

Liver lesion 6.422535899 11.4788652 41.07336643 11.0620296 

Necrosis 3.356145517 7.586582992 46.65297538 5.583385942 

Viral Infection 7.568408723 4.115132132 39.49819646 4.582528173 

Apoptosis 5.065046898 9.35192748 34.04247984 4.362579955 

Familial neurological disorder 9.639699699 6.477849631 30.21096113 6.380058627 

Lung lesion 9.774317058 4.662248389 27.24767339 10.08199525 

Familial encephalopathy 8.544658944 6.194467473 31.6402032 4.555715954 

Cell death of tumor cell lines 3.407378513 5.944737108 36.58961074 4.389420562 

Abnormality of endometrium 9.014211974 9.816873122 23.05832085 7.850607061 

Familial central nervous system 

disease 

8.986711847 5.735323826 30.0609348 4.222133313 

Cell proliferation of tumor cell lines 5.966683651 5.343501757 30.88505452 4.756367654 

Cell survival 7.376419484 5.722206369 28.16074779 5.356528487 

Cell viability 7.29302199 5.211764748 27.20707542 5.522550175 

Expression of RNA 8.094532098 7.370195586 22.97231596 3.360157917 

Migration of cells 4.775091604 3.985618026 29.24612338 3.536192981 

Infection by RNA virus 4.185263565 2.242268876 30.19866737 4.121571375 

Cell movement 4.154131005 3.80568192 29.03829013 3.028806107 

Transcription of RNA 8.536542745 8.031622249 19.07140339 4.215875462 

Replication of virus 7.542424664 5.724800416 21.57374415 4.266163561 

Early-onset encephalopathy 6.637377966 4.774100602 22.43862657 5.169089831 

Invasion of cells 4.984763095 2.975414234 25.07124752 5.418100898 

Organization of cytoplasm 5.693068935 3.521832723 26.47178227 2.335567144 

Early-onset neurological disorder 6.013990076 4.807018866 21.36316427 5.283606629 

Invasion of tumor cell lines 5.607773992 3.31300871 23.24378375 4.505445887 

Cell viability of tumor cell lines 6.878867732 3.4947906 22.55277227 3.37635103 

Cell movement of tumor cell lines 5.313146526 2.465500565 23.74897773 4.520368987 

Transcription 6.96893025 6.482943085 19.34583127 2.752227387 

Migration of tumor cell lines 5.564111287 2.494901914 21.64827734 4.981442789 

Replication of RNA virus 6.639013973 4.631655079 19.61718447 3.45654567 

Apoptosis of tumor cell lines 3.376748653 4.499540729 22.76238666 3.533400309 
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Table S6 (continued).  

 
Autosomal recessive neurological 

disorder 

5.303360237 5.389187681 18.02530383 4.929175562 

Metabolism of macromolecule 4.157405338 3.532988501 22.43096203 2.959638612 

Movement disorders 6.171507186 5.312287922 16.01503189 5.023596342 

Transcription of DNA 6.196193052 6.756544513 13.57541033 5.258564424 

Congenital neurological disorder 4.153168702 4.440258758 17.47500432 5.623130798 

Congenital encephalopathy 4.151125948 4.956930848 16.17815776 5.50923389 

Familial congenital malformation 3.486531299 5.448718755 16.03203281 5.357507229 

Hyperzincemia and 

hypercalprotectinemia 

autoinflammatory syndrome 

8.597539561 7.039333053 6.015933474 7.689127807 

Immune mediated inflammatory 

disease 

5.330963011 4.007473825 16.8386133 1.99230767 

Metabolism of protein 4.150509377 2.251316122 18.82852812 2.018493445 

Autoinflammatory disorder 7.075191563 5.027012378 8.727252854 6.337715185 

Localization of protein 3.83524212 3.754037864 13.24747065 4.827046713 

Disorder of basal ganglia 3.43900055 4.058520863 13.72147957 4.435414012 

Neuromuscular disease 5.402041453 4.775288476 11.05369596 3.821770514 

Syndromic encephalopathy 6.468109674 2.488037677 12.78759755 2.628168051 

Hereditary connective tissue 

disorder 

3.22315013 4.204291217 10.35903936 6.568833725 

Sensitivity of cells 4.957672807 4.106043671 12.62750167 2.454482436 

Abnormal morphology of body 

cavity 

3.23871003 1.967107703 15.11729541 3.402292168 

Progressive neurological disorder 3.677736234 4.166607926 11.19076932 4.459789263 

Sensitivity of tumor cell lines 5.566151886 3.73890566 12.22331507 1.947234285 

Formation of cellular protrusions 2.562442334 2.932178844 15.84764562 1.933413392 

Autism spectrum disorder or 

intellectual disability 

4.049315353 3.432153883 13.42294219 2.158784169 

Growth failure or short stature 7.206993769 3.456908347 9.411631427 2.012475334 

Systemic lupus erythematosus 4.153336939 4.41626351 9.087190759 4.116505852 

Cell proliferation of carcinoma cell 

lines 

3.532808345 2.854620574 12.7142066 2.31004472 

Invasion of breast cancer cell lines 3.63723097 2.840141583 8.338807573 6.485901928 

Activation of DNA endogenous 

promoter 

3.314768515 4.733013359 8.905667948 4.30021275 

Catabolism of macromolecule 4.450688038 3.631802458 8.305567965 3.768245898 

Necrosis of epithelial tissue 2.716765455 4.706509441 9.692515271 2.175973957 

Size of body 3.393421539 3.696261235 7.508788331 4.564074725 

Cell proliferation of breast cancer 

cell lines 

4.308492062 2.221766339 9.246541301 3.32081251 
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Table S6 (continued).  

 
Quantity of cells 2.168907898 3.139650614 11.07369059 2.438956071 

Development of tumor cell lines 2.631171843 3.008205616 7.718943344 5.368494278 

Apoptosis of breast cancer cell lines 2.033137845 2.45700522 10.70592716 3.442291481 

Progressive encephalopathy 2.265628187 2.783768635 10.25890162 3.325433266 

Colony formation of cells 3.378009275 3.091288761 8.537307435 3.618106655 

Growth of organism 3.787118458 3.214606537 8.875788042 2.674495504 

Catabolism of protein 4.199877433 2.636097086 8.514929697 2.926787273 

Neurological signs 2.859186411 3.222697481 9.189563807 2.362982854 

Survival of organism 3.223002759 2.824298196 7.814007024 3.438414296 

Cell death of carcinoma cell lines 3.692417985 2.805496507 8.161494742 2.177483987 

Dermatomyositis 3.09819947 2.640101012 7.406065694 3.081575455 

Disorder of stature 3.970093808 2.527941798 7.749533436 1.941812567 

Inflammation of muscle 4.021573376 3.39419559 6.519714576 2.234456719 

Congenital malformation of brain 2.060592846 3.047687304 7.170422477 3.393093022 

Colony formation of tumor cell 

lines 

2.917266076 3.129880541 5.784715215 3.786837378 

Dementia 2.494744832 2.360215168 8.506072926 2.073502586 

Development of epithelial tissue 2.318055974 2.667249216 7.908220632 2.032482928 

Metabolic bone disease 2.769245649 2.807092148 6.838966952 2.285281235 

Apoptosis of cervical cancer cell 

lines 

2.417153896 2.559365331 7.425048211 2.058650711 

ATAD3A-related type I 

interferonopathy 

3.091752894 2.900623823 5.103820762 3.084969979 

Survival of stem cell lines 2.061842022 2.328472357 6.296500982 3.256606574 

Development of abdomen 2.93516315 2.402056784 5.316732537 3.203802388 

Ataxia 3.47794882 2.147630854 5.189494052 2.023386891 
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Figure S3. Overview of the subset of 78 genes selected from Figure 7A using the additional 

filtering criteria described in the main text. The heatmap is organized the same way as in 

Figure 7A, but with the corresponding gene names labeled on the right side. See the main text, 

Figure 7A, Table S2 for additional details. 
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Figure S4. Full plots of the local regression analysis of the impact of VILMIR knockdown 

on IAV H1N1 infection in A549 cells as seen in Figure 8B. Scatterplots of the differences 

between log2FC values in each A549 VILMIR KD cell line (VILMIRg1 and VILMIRg2) to the 

log2FC values in the control cell line (Ctrl) vs. the log2FC values in the control cell line after 

IAV H1N1 infection for the same 3,068 differentially expressed genes shown in Figure 8A. The 

blue line represents the locally estimated scatterplot smoothing (LOESS) curve and the black line 

at 0 on the y-axis represents if no change was observed after KD (MSE = mean squared error).  
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Figure S5. Overview of the subset of 162 genes selected from Figure 8A using the additional 

filtering criteria described in the main text. The heatmap is organized the same way as in 

Figure 8A, but with the corresponding gene names labeled on the right side. See the main text, 

Figure 8A, Table S7 for additional details. 
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Table S8. Canonical pathways enriched in both VILMIR knockdown lines after 10 ng/mL IFN-β 

treatment and H1N1 infection in A549 cells as seen in Figure 8C. 

Canonical Pathways -log10 p-value 

VILMIRg1v

Ctrl 10 ng 

IFN 

VILMIRg2v

Ctrl 10 ng 

IFN 

VILMIRg1v

Ctrl H1N1 

VILMIRg2v

Ctrl H1N1 

Class I MHC mediated antigen 

processing and presentation 8.015712 1.673001 13.40301 1.661905 

ISG15 antiviral mechanism 5.903197 1.353552 10.55119 3.746271 

Huntington's Disease Signaling 6.249449 1.814508 9.210955 3.182139 

Estrogen Receptor Signaling 6.204381 2.470203 9.145379 1.548059 

Processing of Capped Intron-

Containing Pre-mRNA 9.220981 1.439485 3.776851 3.53137 

Pulmonary Fibrosis Idiopathic 

Signaling Pathway 2.564297 2.602327 7.586639 3.089639 

Signaling by VEGF 2.398144 1.890754 9.290724 1.534289 

Histone Modification Signaling 

Pathway 6.25488 1.339581 3.399732 1.440407 

MicroRNA Biogenesis Signaling 

Pathway 2.939398 2.159365 4.199764 2.408214 

Deadenylation-dependent mRNA 

decay 5.105808 2.481542 1.944065 1.603325 

Mitotic Prometaphase 4.519113 1.487654 3.126953 1.706728 

Pancreatic Secretion Signaling 

Pathway 3.005183 1.490186 3.733714 2.320855 

Mitochondrial protein degradation 2.245 2.067553 3.683035 1.754749 

ERBB Signaling 1.961026 2.175445 3.511348 1.892014 

Role of Tissue Factor in Cancer 2.077718 2.339427 3.348001 1.36331 

Wound Healing Signaling Pathway 1.907812 1.433057 3.214386 1.603144 

IL-8 Signaling 2.077718 1.455984 1.882507 1.656326 

Signaling by PDGF 1.761781 1.690977 1.434347 2.066693 

 

 

 

 

 

 



 

130 

 

Table S9. Canonical pathways enriched in both VILMIR knockdown lines after 1 ng/mL IFN-β 

treatment and H1N1 infection in A549 cells. 

Canonical Pathways -log10 p-value 

VILMIRg1v

Ctrl 1 ng 

IFN 

VILMIRg2v

Ctrl 1 ng 

IFN 

VILMIRg1v

Ctrl H1N1 

VILMIRg2v

Ctrl H1N1 

Class I MHC mediated antigen 

processing and presentation 

5.757326352 3.093722199 13.40301062 1.661904925 

Cell Cycle Checkpoints 1.986098186 1.642160283 10.12443536 1.549544373 

TGF-β Signaling 2.097019513 2.455977862 5.859295901 3.272799003 

Myelination Signaling Pathway 1.454672245 2.146925415 4.944354319 4.137934124 

Transcriptional activity of 

SMAD2/SMAD3:SMAD4 

heterotrimer 

1.884661585 4.156986535 3.311933558 2.375847395 

Processing of Capped Intron-

Containing Pre-mRNA 

1.816546084 2.224336894 3.776851002 3.531370334 

Synaptogenesis Signaling Pathway 1.554857666 1.560775341 1.9895617 3.653414403 

Reelin Signaling in Neurons 1.418984719 2.703936168 1.356214957 1.99118994 

ERK5 Signaling 1.359088671 1.77393071 1.525441454 1.528113223 
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Table S10. Diseases and functions enriched in both VILMIR knockdown lines after two IFN-β 

doses and H1N1 infection in A549 cells. 

Diseases and 

Bio Functions 

-log10 p-value 

VILMIRg

1vCtrl 1 

ng IFN 

VILMIRg

2vCtrl 1 

ng IFN 

VILMIRg

1vCtrl 10 

ng IFN 

VILMIRg

2vCtrl 10 

ng IFN 

VILMIRg

1vCtrl 

H1N1 

VILMIRg

2vCtrl 

H1N1 

Neurogenic lesion 9.925256488 9.088871812 60.96274108 8.660643752 84.85296256 42.53775269 

Brain lesion 10.12793766 9.088104149 62.04010325 8.367486493 83.17812394 41.01421761 

Soft tissue lesion 9.514431798 11.71136601 62.52121767 10.27038897 74.79148426 43.38230825 

Necrosis 3.356145517 7.586582992 46.65297538 5.583385942 82.21106627 22.03697135 

Liver lesion 6.422535899 11.4788652 41.07336643 11.0620296 66.62893844 27.02293195 

Organismal death 9.168515951 11.34140491 42.50733333 11.07131621 62.91676114 20.86282954 

Apoptosis 5.065046898 9.35192748 34.04247984 4.362579955 73.46935497 16.9399944 

Cell death of tumor cell 

lines 

3.407378513 5.944737108 36.58961074 4.389420562 66.06545368 14.34158047 

Abnormality of 

endometrium 

9.014211974 9.816873122 23.05832085 7.850607061 49.78266034 27.97880411 

Familial neurological 

disorder 

9.639699699 6.477849631 30.21096113 6.380058627 50.86037018 19.20937957 

Cell proliferation of 

tumor cell lines 

5.966683651 5.343501757 30.88505452 4.756367654 58.07697176 13.38465442 

Viral Infection 7.568408723 4.115132132 39.49819646 4.582528173 53.17853387 8.285462025 

Familial encephalopathy 8.544658944 6.194467473 31.6402032 4.555715954 50.22481627 14.47607187 

Familial central nervous 

system disease 

8.986711847 5.735323826 30.0609348 4.222133313 50.60919589 13.97547078 

Lung lesion 9.774317058 4.662248389 27.24767339 10.08199525 41.76916479 16.49900876 

Cell movement 4.154131005 3.80568192 29.03829013 3.028806107 54.34654804 11.98766398 

Organization of 

cytoplasm 

5.693068935 3.521832723 26.47178227 2.335567144 45.87097648 20.95514035 

Migration of cells 4.775091604 3.985618026 29.24612338 3.536192981 52.17458809 11.01984841 

Apoptosis of tumor cell 

lines 

3.376748653 4.499540729 22.76238666 3.533400309 56.51771424 12.08663857 

Cell survival 7.376419484 5.722206369 28.16074779 5.356528487 43.90665442 9.292368778 

Expression of RNA 8.094532098 7.370195586 22.97231596 3.360157917 47.55529721 7.444382069 

Cell viability 7.29302199 5.211764748 27.20707542 5.522550175 42.24482853 9.250559216 

Invasion of cells 4.984763095 2.975414234 25.07124752 5.418100898 42.02476647 11.46905547 

Cell movement of tumor 

cell lines 

5.313146526 2.465500565 23.74897773 4.520368987 43.82463849 11.49306958 

Invasion of tumor cell 

lines 

5.607773992 3.31300871 23.24378375 4.505445887 42.17663605 11.60201589 

Transcription of RNA 8.536542745 8.031622249 19.07140339 4.215875462 40.01227565 9.341258122 

Metabolism of 

macromolecule 

4.157405338 3.532988501 22.43096203 2.959638612 48.63298224 6.834489759 

Migration of tumor cell 

lines 

5.564111287 2.494901914 21.64827734 4.981442789 40.78436393 11.82408959 

Infection by RNA virus 4.185263565 2.242268876 30.19866737 4.121571375 37.79859397 7.316707181 

Movement disorders 6.171507186 5.312287922 16.01503189 5.023596342 37.3693739 12.03495852 

Transcription 6.96893025 6.482943085 19.34583127 2.752227387 38.51930859 7.191796878 

Replication of virus 7.542424664 5.724800416 21.57374415 4.266163561 35.73340165 4.601819658 
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Cell viability of tumor 

cell lines 

6.878867732 3.4947906 22.55277227 3.37635103 34.17552775 6.79469443 

Familial congenital 

malformation 

3.486531299 5.448718755 16.03203281 5.357507229 26.33083358 15.63236613 

Immune mediated 

inflammatory disease 

5.330963011 4.007473825 16.8386133 1.99230767 38.23845779 5.377057236 

Neuromuscular disease 5.402041453 4.775288476 11.05369596 3.821770514 35.92057534 9.11610025 

Replication of RNA 

virus 

6.639013973 4.631655079 19.61718447 3.45654567 30.43682188 4.742865546 

Metabolism of protein 4.150509377 2.251316122 18.82852812 2.018493445 35.72782262 5.973297255 

Formation of cellular 

protrusions 

2.562442334 2.932178844 15.84764562 1.933413392 30.82077418 14.09604932 

Transcription of DNA 6.196193052 6.756544513 13.57541033 5.258564424 26.92371509 8.461316091 

Disorder of basal ganglia 3.43900055 4.058520863 13.72147957 4.435414012 30.49572275 7.453952012 

Necrosis of epithelial 

tissue 

2.716765455 4.706509441 9.692515271 2.175973957 31.34635646 12.02620599 

Early-onset 

encephalopathy 

6.637377966 4.774100602 22.43862657 5.169089831 10.33774799 9.222143923 

Autosomal recessive 

neurological disorder 

5.303360237 5.389187681 18.02530383 4.929175562 14.06585673 10.14346061 

Early-onset neurological 

disorder 

6.013990076 4.807018866 21.36316427 5.283606629 10.42541098 9.896152041 

Quantity of cells 2.168907898 3.139650614 11.07369059 2.438956071 29.39977031 8.101742363 

Growth failure or short 

stature 

7.206993769 3.456908347 9.411631427 2.012475334 22.89795854 11.10970817 

Congenital neurological 

disorder 

4.153168702 4.440258758 17.47500432 5.623130798 14.06454234 9.977871912 

Abnormal morphology 

of body cavity 

3.23871003 1.967107703 15.11729541 3.402292168 22.00097791 9.874814595 

Neurological signs 2.859186411 3.222697481 9.189563807 2.362982854 30.49267777 6.294696581 

Localization of protein 3.83524212 3.754037864 13.24747065 4.827046713 23.41871806 4.885512694 

Cell proliferation of 

carcinoma cell lines 

3.532808345 2.854620574 12.7142066 2.31004472 26.49194922 5.521188182 

Progressive neurological 

disorder 

3.677736234 4.166607926 11.19076932 4.459789263 23.10205951 6.085840091 

Hereditary connective 

tissue disorder 

3.22315013 4.204291217 10.35903936 6.568833725 17.78345674 9.716988075 

Invasion of breast cancer 

cell lines 

3.63723097 2.840141583 8.338807573 6.485901928 19.21677226 9.724502267 

Autism spectrum 

disorder or intellectual 

disability 

4.049315353 3.432153883 13.42294219 2.158784169 19.9308058 6.922227716 

Colony formation of 

cells 

3.378009275 3.091288761 8.537307435 3.618106655 25.01346499 5.797822001 

Syndromic 

encephalopathy 

6.468109674 2.488037677 12.78759755 2.628168051 18.14699926 5.828872791 

Activation of DNA 

endogenous promoter 

3.314768515 4.733013359 8.905667948 4.30021275 21.02453706 5.14896799 

Growth of organism 3.787118458 3.214606537 8.875788042 2.674495504 22.450631 5.051974374 
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Cell death of carcinoma 

cell lines 

3.692417985 2.805496507 8.161494742 2.177483987 21.00986918 6.790420819 

Apoptosis of breast 

cancer cell lines 

2.033137845 2.45700522 10.70592716 3.442291481 19.80604055 5.72441741 

Survival of organism 3.223002759 2.824298196 7.814007024 3.438414296 18.28217351 8.286008831 

Development of tumor 

cell lines 

2.631171843 3.008205616 7.718943344 5.368494278 20.31885633 3.943541875 

Size of body 3.393421539 3.696261235 7.508788331 4.564074725 14.2277237 7.913502538 

Development of 

abdomen 

2.93516315 2.402056784 5.316732537 3.203802388 15.79472462 9.402799727 

Catabolism of 

macromolecule 

4.450688038 3.631802458 8.305567965 3.768245898 14.55817699 4.035251601 

Catabolism of protein 4.199877433 2.636097086 8.514929697 2.926787273 15.12846942 4.917082022 

Neurogenic lesion 9.925256488 9.088871812 60.96274108 8.660643752 84.85296256 42.53775269 

Brain lesion 10.12793766 9.088104149 62.04010325 8.367486493 83.17812394 41.01421761 

Soft tissue lesion 9.514431798 11.71136601 62.52121767 10.27038897 74.79148426 43.38230825 

Necrosis 3.356145517 7.586582992 46.65297538 5.583385942 82.21106627 22.03697135 

Liver lesion 6.422535899 11.4788652 41.07336643 11.0620296 66.62893844 27.02293195 

Organismal death 9.168515951 11.34140491 42.50733333 11.07131621 62.91676114 20.86282954 

Apoptosis 5.065046898 9.35192748 34.04247984 4.362579955 73.46935497 16.9399944 

Cell death of tumor cell 

lines 

3.407378513 5.944737108 36.58961074 4.389420562 66.06545368 14.34158047 

Abnormality of 

endometrium 

9.014211974 9.816873122 23.05832085 7.850607061 49.78266034 27.97880411 

Familial neurological 

disorder 

9.639699699 6.477849631 30.21096113 6.380058627 50.86037018 19.20937957 

Cell proliferation of 

tumor cell lines 

5.966683651 5.343501757 30.88505452 4.756367654 58.07697176 13.38465442 

Viral Infection 7.568408723 4.115132132 39.49819646 4.582528173 53.17853387 8.285462025 

Familial encephalopathy 8.544658944 6.194467473 31.6402032 4.555715954 50.22481627 14.47607187 

Familial central nervous 

system disease 

8.986711847 5.735323826 30.0609348 4.222133313 50.60919589 13.97547078 

Lung lesion 9.774317058 4.662248389 27.24767339 10.08199525 41.76916479 16.49900876 

Cell movement 4.154131005 3.80568192 29.03829013 3.028806107 54.34654804 11.98766398 

Organization of 

cytoplasm 

5.693068935 3.521832723 26.47178227 2.335567144 45.87097648 20.95514035 

Migration of cells 4.775091604 3.985618026 29.24612338 3.536192981 52.17458809 11.01984841 

Apoptosis of tumor cell 

lines 

3.376748653 4.499540729 22.76238666 3.533400309 56.51771424 12.08663857 

Cell survival 7.376419484 5.722206369 28.16074779 5.356528487 43.90665442 9.292368778 

Expression of RNA 8.094532098 7.370195586 22.97231596 3.360157917 47.55529721 7.444382069 

Cell viability 7.29302199 5.211764748 27.20707542 5.522550175 42.24482853 9.250559216 

Invasion of cells 4.984763095 2.975414234 25.07124752 5.418100898 42.02476647 11.46905547 

Cell movement of tumor 

cell lines 

5.313146526 2.465500565 23.74897773 4.520368987 43.82463849 11.49306958 

Invasion of tumor cell 

lines 

5.607773992 3.31300871 23.24378375 4.505445887 42.17663605 11.60201589 

Transcription of RNA 8.536542745 8.031622249 19.07140339 4.215875462 40.01227565 9.341258122 
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Metabolism of 

macromolecule 

4.157405338 3.532988501 22.43096203 2.959638612 48.63298224 6.834489759 

Migration of tumor cell 

lines 

5.564111287 2.494901914 21.64827734 4.981442789 40.78436393 11.82408959 

Infection by RNA virus 4.185263565 2.242268876 30.19866737 4.121571375 37.79859397 7.316707181 

Movement disorders 6.171507186 5.312287922 16.01503189 5.023596342 37.3693739 12.03495852 

Transcription 6.96893025 6.482943085 19.34583127 2.752227387 38.51930859 7.191796878 

Replication of virus 7.542424664 5.724800416 21.57374415 4.266163561 35.73340165 4.601819658 

Cell viability of tumor 

cell lines 

6.878867732 3.4947906 22.55277227 3.37635103 34.17552775 6.79469443 

Familial congenital 

malformation 

3.486531299 5.448718755 16.03203281 5.357507229 26.33083358 15.63236613 

Immune mediated 

inflammatory disease 

5.330963011 4.007473825 16.8386133 1.99230767 38.23845779 5.377057236 

Neuromuscular disease 5.402041453 4.775288476 11.05369596 3.821770514 35.92057534 9.11610025 

Replication of RNA 

virus 

6.639013973 4.631655079 19.61718447 3.45654567 30.43682188 4.742865546 

Metabolism of protein 4.150509377 2.251316122 18.82852812 2.018493445 35.72782262 5.973297255 

Formation of cellular 

protrusions 

2.562442334 2.932178844 15.84764562 1.933413392 30.82077418 14.09604932 

Transcription of DNA 6.196193052 6.756544513 13.57541033 5.258564424 26.92371509 8.461316091 

Disorder of basal ganglia 3.43900055 4.058520863 13.72147957 4.435414012 30.49572275 7.453952012 

Necrosis of epithelial 

tissue 

2.716765455 4.706509441 9.692515271 2.175973957 31.34635646 12.02620599 

Early-onset 

encephalopathy 

6.637377966 4.774100602 22.43862657 5.169089831 10.33774799 9.222143923 

Autosomal recessive 

neurological disorder 

5.303360237 5.389187681 18.02530383 4.929175562 14.06585673 10.14346061 

Early-onset neurological 

disorder 

6.013990076 4.807018866 21.36316427 5.283606629 10.42541098 9.896152041 

Quantity of cells 2.168907898 3.139650614 11.07369059 2.438956071 29.39977031 8.101742363 

Growth failure or short 

stature 

7.206993769 3.456908347 9.411631427 2.012475334 22.89795854 11.10970817 

Congenital neurological 

disorder 

4.153168702 4.440258758 17.47500432 5.623130798 14.06454234 9.977871912 

Abnormal morphology 

of body cavity 

3.23871003 1.967107703 15.11729541 3.402292168 22.00097791 9.874814595 

Neurological signs 2.859186411 3.222697481 9.189563807 2.362982854 30.49267777 6.294696581 

Localization of protein 3.83524212 3.754037864 13.24747065 4.827046713 23.41871806 4.885512694 

Cell proliferation of 

carcinoma cell lines 

3.532808345 2.854620574 12.7142066 2.31004472 26.49194922 5.521188182 

Progressive neurological 

disorder 

3.677736234 4.166607926 11.19076932 4.459789263 23.10205951 6.085840091 

Hereditary connective 

tissue disorder 

3.22315013 4.204291217 10.35903936 6.568833725 17.78345674 9.716988075 

Invasion of breast cancer 

cell lines 

3.63723097 2.840141583 8.338807573 6.485901928 19.21677226 9.724502267 

Autism spectrum 

disorder or intellectual 

disability 

4.049315353 3.432153883 13.42294219 2.158784169 19.9308058 6.922227716 
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Colony formation of 

cells 

3.378009275 3.091288761 8.537307435 3.618106655 25.01346499 5.797822001 

Syndromic 

encephalopathy 

6.468109674 2.488037677 12.78759755 2.628168051 18.14699926 5.828872791 

Activation of DNA 

endogenous promoter 

3.314768515 4.733013359 8.905667948 4.30021275 21.02453706 5.14896799 

Growth of organism 3.787118458 3.214606537 8.875788042 2.674495504 22.450631 5.051974374 

Cell death of carcinoma 

cell lines 

3.692417985 2.805496507 8.161494742 2.177483987 21.00986918 6.790420819 

Apoptosis of breast 

cancer cell lines 

2.033137845 2.45700522 10.70592716 3.442291481 19.80604055 5.72441741 

Survival of organism 3.223002759 2.824298196 7.814007024 3.438414296 18.28217351 8.286008831 

Development of tumor 

cell lines 

2.631171843 3.008205616 7.718943344 5.368494278 20.31885633 3.943541875 

Size of body 3.393421539 3.696261235 7.508788331 4.564074725 14.2277237 7.913502538 

Development of 

abdomen 

2.93516315 2.402056784 5.316732537 3.203802388 15.79472462 9.402799727 

Catabolism of 

macromolecule 

4.450688038 3.631802458 8.305567965 3.768245898 14.55817699 4.035251601 

Catabolism of protein 4.199877433 2.636097086 8.514929697 2.926787273 15.12846942 4.917082022 
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Table S11. All canonical pathways enriched in both VILMIR knockdown lines after H1N1 

infection in A549 cells. 

Canonical Pathways -log10 p-value 

VILMIRg1vCtrl 

H1N1 

VILMIRg2vCtrl 

H1N1 

Sirtuin Signaling Pathway 15.13608531 3.331689957 

RHO GTPase cycle 12.60432992 4.069959072 

Mitochondrial RNA degradation 11.66454718 4.361659094 

Class I MHC mediated antigen processing and 

presentation 

13.40301062 1.661904925 

ISG15 antiviral mechanism 10.55118793 3.746271419 

HER-2 Signaling in Breast Cancer 10.13113619 3.023824174 

Huntington's Disease Signaling 9.210955434 3.182138674 

Protein Ubiquitination Pathway 10.1654322 1.721569648 

Cell Cycle Checkpoints 10.12443536 1.549544373 

Role of PKR in Interferon Induction and Antiviral 

Response 

9.402928813 1.613964858 

Signaling by TGF-beta Receptor Complex 8.734343026 2.236452696 

Extracellular matrix organization 3.62088343 7.279763166 

Signaling by VEGF 9.290723914 1.534288805 

Estrogen Receptor Signaling 9.145378889 1.548058716 

Pulmonary Fibrosis Idiopathic Signaling Pathway 7.586638923 3.089638507 

rRNA processing 6.438476757 2.803793948 

TGF-β Signaling 5.859295901 3.272799003 

Myelination Signaling Pathway 4.944354319 4.137934124 

Nuclear Cytoskeleton Signaling Pathway 4.60205715 4.470667222 

tRNA processing in the mitochondrion 6.625159855 2.241765323 

Sertoli Cell-Germ Cell Junction Signaling Pathway 

(Enhanced) 

5.869405782 2.818663537 

Epithelial Adherens Junction Signaling 6.200542535 1.923206153 

Sertoli Cell-Sertoli Cell Junction Signaling 6.14717096 1.92778794 

Mitotic Metaphase and Anaphase 5.468326373 2.457876692 

Regulation of lipid metabolism by PPARalpha 4.305806057 3.492205257 

Signaling by PTK6 5.49173769 2.192378006 

Assembly of collagen fibrils and other multimeric 

structures 

3.09930221 4.538668583 

Germ Cell-Sertoli Cell Junction Signaling 5.876296938 1.664425636 

Actin Cytoskeleton Signaling 5.195121829 2.33997617 

L1CAM interactions 5.4539785 1.927922784 

Processing of Capped Intron-Containing Pre-mRNA 3.776851002 3.531370334 

Cellular response to heat stress 5.53606274 1.677676922 

Synthesis of DNA 5.084103206 1.977727685 
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Glycerophospholipid biosynthesis 2.259390703 4.794888579 

GP6 Signaling Pathway 3.802149583 3.168835749 

Kinetochore Metaphase Signaling Pathway 4.339239014 2.526976537 

Intra-Golgi and retrograde Golgi-to-ER traffic 3.162332543 3.618084632 

MicroRNA Biogenesis Signaling Pathway 4.199763544 2.408214056 

Cytosolic sensors of pathogen-associated DNA 5.200516322 1.355900335 

Agrin Interactions at Neuromuscular Junction 3.135260155 3.417884782 

Signaling by ERBB2 4.671185158 1.825975939 

Neuregulin Signaling 3.466063665 3.012457151 

Protein Kinase A Signaling 4.833386123 1.49060137 

Signaling by MET 3.929963656 2.346093867 

DDX58/IFIH1-mediated induction of interferon-

alpha/beta 

4.880176836 1.345344229 

Pancreatic Secretion Signaling Pathway 3.733713691 2.320854829 

HIF1α Signaling 3.962286496 1.939309347 

Response to elevated platelet cytosolic Ca2+ 4.469402686 1.381709054 

Miscellaneous transport and binding events 2.490254903 3.309183596 

Ephrin B Signaling 1.945208479 3.800234231 

Transcriptional activity of SMAD2/SMAD3:SMAD4 

heterotrimer 

3.311933558 2.375847395 

Synaptogenesis Signaling Pathway 1.9895617 3.653414403 

Cell junction organization 2.672831627 2.922769098 

Cholesterol biosynthesis 3.077350905 2.388402624 

DNA Methylation and Transcriptional Repression 

Signaling 

3.683034818 1.754749268 

Mitochondrial protein degradation 3.683034818 1.754749268 

Circadian Clock 3.89679002 1.53669633 

ERBB Signaling 3.51134773 1.892014161 

Degradation of the extracellular matrix 2.382299174 2.812157299 

Androgen Signaling 3.589633992 1.591918822 

SUMOylation of DNA replication proteins 3.144661386 1.99678574 

ESR-mediated signaling 3.466063665 1.672451024 

Activation of gene expression by SREBF (SREBP) 3.511351559 1.580651097 

RAF/MAP kinase cascade 3.10407814 1.984164583 

Pyridoxal 5'-phosphate Salvage Pathway 2.765966833 2.304004373 

Syndecan interactions 1.777161209 3.215015758 

BEX2 Signaling Pathway 3.226951333 1.754392311 

EPH-Ephrin signaling 3.51134773 1.463983621 

Factors involved in megakaryocyte development and 

platelet production 

3.052890431 1.892014161 

Signaling by Rho Family GTPases 3.24327846 1.61931805 
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Histone Modification Signaling Pathway 3.399732337 1.440406639 

Mitotic Prometaphase 3.126953245 1.706728189 

Wound Healing Signaling Pathway 3.214386033 1.603144276 

Ephrin Receptor Signaling 2.312277035 2.450323391 

Activation of NMDA receptors and postsynaptic events 2.60413585 2.137542905 

Post-translational protein phosphorylation 3.180696526 1.534288805 

Neutrophil degranulation 3.411124316 1.301790512 

Role of Tissue Factor in Cancer 3.348001474 1.363310176 

CDP-diacylglycerol Biosynthesis I 2.295253511 2.317425528 

Ferroptosis Signaling Pathway 2.97222708 1.6345387 

CSDE1 Signaling Pathway 2.412642502 2.149421064 

Adipogenesis pathway 2.569508458 1.99118994 

UVC-Induced MAPK Signaling 2.75017657 1.786266929 

RNA Polymerase II Transcription 2.803383734 1.727306189 

Salvage Pathways of Pyrimidine Ribonucleotides 2.300592519 2.144413781 

ROBO SLIT Signaling Pathway 2.98522416 1.459057712 

CDK5 Signaling 2.420910641 1.972704278 

Phosphatidylglycerol Biosynthesis II (Non-plastidic) 2.119967176 2.184913063 

NER (Nucleotide Excision Repair, Enhanced Pathway) 2.7234727 1.512557272 

Pyruvate metabolism 2.900397509 1.32900622 

Human Embryonic Stem Cell Pluripotency 2.666876556 1.484138536 

p75 NTR receptor-mediated signalling 2.190382106 1.923206153 

Mitotic Prophase 2.508815804 1.604264669 

Superpathway of Cholesterol Biosynthesis 2.649714867 1.456430272 

Axonal Guidance Signaling 2.376955515 1.717099838 

IL-15 Production 2.492174123 1.583459531 

Vitamin-C Transport 1.438337707 2.623548542 

HSP90 chaperone cycle for steroid hormone receptors in 

the presence of ligand 

1.891219772 2.107539382 

Cell Cycle Control of Chromosomal Replication 2.350948147 1.569578311 

Amyloid Processing 2.172334249 1.747655225 

HEY1 Signaling Pathway 2.402653437 1.516398643 

RAC Signaling 2.266912955 1.6345387 

DHCR24 Signaling Pathway 2.382808259 1.514953178 

EGR2 and SOX10-mediated initiation of Schwann cell 

myelination 

1.630069806 2.249675023 

Signaling by ERBB4 1.790137114 2.026843421 

ERB2-ERBB3 Signaling 1.964785913 1.841359057 

Granzyme B Signaling 2.1986238 1.605616527 

Collagen degradation 2.409552505 1.355900335 

UVB-Induced MAPK Signaling 2.054681759 1.673547383 
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Glycosaminoglycan metabolism 2.259390703 1.459057712 

Endometrial Cancer Signaling 2.176150732 1.473401313 

FOXO-mediated transcription of cell cycle genes 2.076089701 1.534238026 

IL-17A Signaling in Gastric Cells 1.857057988 1.711134193 

Deadenylation-dependent mRNA decay 1.9440653 1.603324883 

Metabolism of non-coding RNA 1.9440653 1.603324883 

IL-8 Signaling 1.882506741 1.656325885 

Signaling by PDGF 1.434347206 2.066692822 

M-decay: degradation of maternal mRNAs by maternally 

stored factors 

2.053650061 1.430090863 

Metabolism of nitric oxide: NOS3 activation and 

regulation 

1.692583573 1.766728643 

Gα12/13 Signaling 1.741592023 1.697877476 

Reelin Signaling in Neurons 1.356214957 1.99118994 

Iron homeostasis signaling pathway 1.435850359 1.832632233 

Netrin-1 signaling 1.693500972 1.50293531 

Hypoxia Signaling in the Cardiovascular System 1.728544714 1.420472931 

Metabolism of cofactors 1.369576243 1.769919703 

ERK5 Signaling 1.525441454 1.528113223 

G alpha (12/13) signalling events 1.648872917 1.369882527 

Plasma lipoprotein assembly, remodeling, and clearance 1.450361022 1.473176037 

Semaphorin interactions 1.561738189 1.355900335 

Polyamine Regulation in Colon Cancer 1.39269333 1.504647316 
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Table S12. Canonical pathways enriched in both VILMIR knockdown lines only after H1N1 

infection and none of the IFN-β conditions in A549 cells as seen in Figure 8D. 

Canonical Pathways -log10 p-value 

VILMIRg1vCtrl 

H1N1 

VILMIRg2vCtrl 

H1N1 

L1CAM interactions 5.4539785 1.927922784 

Neuregulin Signaling 3.466063665 3.012457151 

Signaling by MET 3.929963656 2.346093867 

Glycerophospholipid biosynthesis 2.259390703 4.794888579 

Degradation of the extracellular matrix 2.382299174 2.812157299 

Post-translational protein phosphorylation 3.180696526 1.534288805 

Signaling by ERBB2 4.671185158 1.825975939 

BEX2 Signaling Pathway 3.226951333 1.754392311 

Cholesterol biosynthesis 3.077350905 2.388402624 

DNA Methylation and Transcriptional Repression 

Signaling 

3.683034818 1.754749268 

Factors involved in megakaryocyte development and 

platelet production 

3.052890431 1.892014161 

p75 NTR receptor-mediated signalling 2.190382106 1.923206153 

Miscellaneous transport and binding events 2.490254903 3.309183596 

DHCR24 Signaling Pathway 2.382808259 1.514953178 

UVB-Induced MAPK Signaling 2.054681759 1.673547383 

HEY1 Signaling Pathway 2.402653437 1.516398643 

NER (Nucleotide Excision Repair, Enhanced Pathway) 2.7234727 1.512557272 

Pyruvate metabolism 2.900397509 1.32900622 

ROBO SLIT Signaling Pathway 2.98522416 1.459057712 

Cell Cycle Control of Chromosomal Replication 2.350948147 1.569578311 

Vitamin-C Transport 1.438337707 2.623548542 

Gα12/13 Signaling 1.741592023 1.697877476 

Superpathway of Cholesterol Biosynthesis 2.649714867 1.456430272 

EGR2 and SOX10-mediated initiation of Schwann cell 

myelination 

1.630069806 2.249675023 

IL-17A Signaling in Gastric Cells 1.857057988 1.711134193 

M-decay: degradation of maternal mRNAs by maternally 

stored factors 

2.053650061 1.430090863 

CDP-diacylglycerol Biosynthesis I 2.295253511 2.317425528 

FOXO-mediated transcription of cell cycle genes 2.076089701 1.534238026 

Plasma lipoprotein assembly, remodeling, and clearance 1.450361022 1.473176037 

Granzyme B Signaling 2.1986238 1.605616527 

Signaling by ERBB4 1.790137114 2.026843421 

Netrin-1 signaling 1.693500972 1.50293531 
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Table S13. All diseases and functions enriched in both VILMIR knockdown lines after H1N1 

infection in A549 cells. 

Diseases and Bio Functions -log10 p-value 

VILMIRg1vCtrl 

H1N1 

VILMIRg2vCtrl 

H1N1 

Abdominal lesion 142.7867318 62.56590539 

Neurogenic lesion 84.85296256 42.53775269 

Intracranial lesion 83.61383131 41.62584921 

Brain lesion 83.17812394 41.01421761 

Soft tissue lesion 74.79148426 43.38230825 

Necrosis 82.21106627 22.03697135 

Skin lesion 67.049801 32.88358805 

Liver lesion 66.62893844 27.02293195 

Apoptosis 73.46935497 16.9399944 

Organismal death 62.91676114 20.86282954 

Cell death of tumor cell lines 66.06545368 14.34158047 

Abnormality of endometrium 49.78266034 27.97880411 

Cell proliferation of tumor cell lines 58.07697176 13.38465442 

Familial neurological disorder 50.86037018 19.20937957 

Apoptosis of tumor cell lines 56.51771424 12.08663857 

Organization of cytoplasm 45.87097648 20.95514035 

Cell movement 54.34654804 11.98766398 

Familial encephalopathy 50.22481627 14.47607187 

Familial central nervous system disease 50.60919589 13.97547078 

Migration of cells 52.17458809 11.01984841 

Organization of cytoskeleton 42.70182475 18.86887786 

Viral Infection 53.17853387 8.285462025 

Lung lesion 41.76916479 16.49900876 

Metabolism of macromolecule 48.63298224 6.834489759 

Cell movement of tumor cell lines 43.82463849 11.49306958 

Expression of RNA 47.55529721 7.444382069 

Microtubule dynamics 37.57578241 16.76484271 

Invasion of tumor cell lines 42.17663605 11.60201589 

Invasion of cells 42.02476647 11.46905547 

Cell survival 43.90665442 9.292368778 

Migration of tumor cell lines 40.78436393 11.82408959 

Gastric lesion 38.1339463 13.94543193 

Cell viability 42.24482853 9.250559216 

Motor dysfunction or movement disorder 38.43831498 12.04504122 

Acute disease 39.73528679 10.03242154 

Movement disorders 37.3693739 12.03495852 

Transcription of RNA 40.01227565 9.341258122 
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Bone marrow lesion 39.9945107 9.051713402 

Non-malignant disorder 34.65760463 12.79941953 

Cell cycle progression 39.26066896 8.148761333 

Transcription 38.51930859 7.191796878 

Pancreatic mass 32.63057234 13.01735859 

Infection by RNA virus 37.79859397 7.316707181 

Neuromuscular disease 35.92057534 9.11610025 

Pancreatic lesion 32.17928315 12.82499414 

Formation of cellular protrusions 30.82077418 14.09604932 

Renal lesion 28.85638125 15.00184576 

Immune mediated inflammatory disease 38.23845779 5.377057236 

Necrosis of epithelial tissue 31.34635646 12.02620599 

Familial congenital malformation 26.33083358 15.63236613 

Metabolism of protein 35.72782262 5.973297255 

Cell viability of tumor cell lines 34.17552775 6.79469443 

Replication of virus 35.73340165 4.601819658 

Formation of renal lesion 26.42998989 12.13569569 

Disorder of basal ganglia 30.49572275 7.453952012 

Quantity of cells 29.39977031 8.101742363 

Neurological signs 30.49267777 6.294696581 

Cell death of epithelial cells 26.73997422 8.861744221 

Death of embryo 25.82189896 9.637567188 

Transcription of DNA 26.92371509 8.461316091 

Replication of RNA virus 30.43682188 4.742865546 

Rheumatic disease 30.23589751 4.736064229 

Cell death of connective tissue cells 27.41934404 7.523616761 

Assembly of organelle 19.98333038 14.36926313 

Growth failure or short stature 22.89795854 11.10970817 

Interphase 29.15347506 4.817952565 

Inflammation of absolute anatomical region 28.10726181 5.802608554 

Oral lesion 21.47646921 12.31561864 

Development of body trunk 24.06853153 9.159460313 

Endocytosis 28.938212 3.894423275 

Transport of molecule 19.26746514 13.50980409 

Familial psychiatric disease 24.77630404 7.89623788 

Cellular homeostasis 24.27098403 8.245577452 

Hereditary neuromuscular disease 26.85836351 5.521566937 

Cell proliferation of carcinoma cell lines 26.49194922 5.521188182 

Abnormal morphology of body cavity 22.00097791 9.874814595 

Colony formation 25.05117627 5.947567459 

Colony formation of cells 25.01346499 5.797822001 
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Huntington Disease 24.87594567 5.723535906 

Morphogenesis of neurons 21.03873176 9.225735685 

Benign pelvic disease 20.41843137 9.823337513 

Dyskinesia 24.15425567 5.904743435 

Proliferation of connective tissue cells 19.30577153 10.74420186 

Quantity of lesion 19.5364318 9.693093042 

Neuritogenesis 20.96074631 8.23442912 

Progressive neurological disorder 23.10205951 6.085840091 

Benign lesion 16.71721962 12.3837787 

Growth failure 20.36737096 8.722010464 

Invasion of breast cancer cell lines 19.21677226 9.724502267 

Glucose metabolism disorder 23.65982692 5.142102441 

Growth of connective tissue 18.07983687 10.62318317 

Proliferation of neural cells 22.07165566 6.630760993 

Abnormal morphology of head 20.28402434 8.332583506 

Cell movement of breast cancer cell lines 18.6220782 9.980396153 

Development of neural cells 19.17862354 9.263720806 

Localization of protein 23.41871806 4.885512694 

Cell proliferation of colorectal cancer cell lines 17.39032927 10.60791984 

Cell death of carcinoma cell lines 21.00986918 6.790420819 

Development of neurons 19.07918708 8.647370877 

Abnormal morphology of embryo 19.12463568 8.51214168 

Growth of organism 22.450631 5.051974374 

Hereditary connective tissue disorder 17.78345674 9.716988075 

Angiogenesis 20.56798263 6.915383479 

Cell death of epithelial cell lines 22.44268839 4.942993239 

Cell death of fibroblast cell lines 19.90916402 7.2006575 

Abnormal morphology of embryonic tissue 18.5279046 8.426301981 

Autism spectrum disorder or intellectual disability 19.9308058 6.922227716 

Survival of organism 18.28217351 8.286008831 

Abnormality of skin morphology 22.03619902 4.517641419 

Inflammation of organ 19.24187385 7.294929793 

Abnormal morphology of abdomen 17.56798257 8.688338899 

Activation of DNA endogenous promoter 21.02453706 5.14896799 

Cell death of breast cancer cell lines 19.58768183 6.56953987 

Autophagy 20.34915919 5.464711212 

Transactivation 19.4568667 6.186659754 

Dysgenesis 15.56160915 9.982673434 

Apoptosis of breast cancer cell lines 19.80604055 5.72441741 

Apoptosis of carcinoma cell lines 19.43986881 5.880619467 

Migration of breast cancer cell lines 16.87065016 8.41712439 
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Table S13 (continued).  

 
Development of abdomen 15.79472462 9.402799727 

Aplasia or hypoplasia 15.12965993 10.00441479 

Growth of epithelial tissue 17.38861046 7.454097603 

Vasculogenesis 17.36980381 7.463868047 

Mitosis 19.83054295 4.92841314 

Infection by coronavirus 20.60457908 3.927703591 

Transactivation of RNA 18.09466894 6.42925577 

Development of tumor cell lines 20.31885633 3.943541875 

Autosomal recessive neurological disorder 14.06585673 10.14346061 

Proliferation of fibroblast cell lines 15.36519649 8.789807619 

Congenital neurological disorder 14.06454234 9.977871912 

Syndromic encephalopathy 18.14699926 5.828872791 

Cardiomyopathy 18.91499759 4.875000654 

Proliferation of neuronal cells 18.07663819 5.708226711 

Development of genitourinary system 14.96798154 8.353025033 

Cell proliferation of fibroblasts 14.13000728 8.82188126 

Quantity of connective tissue 9.15951482 13.47611214 

Benign uterine disease 14.48972091 8.044822536 

Cell movement of carcinoma cell lines 17.22673511 5.25872967 

Cognitive impairment 17.33685827 5.072363166 

Interaction of DNA 16.75279867 5.427753107 

Autism or intellectual disability 15.97886263 6.175316011 

Size of body 14.2277237 7.913502538 

Concentration of lipid 13.44426002 8.630031474 

Senescence of cells 17.55620505 4.285541929 

Binding of DNA 16.59062667 5.185249693 

Esophageal lesion 13.382224 8.24226787 

Dermatitis 16.62733524 4.990269087 

Growth of neurites 16.4728248 5.080900111 

Mental retardation 16.29514287 5.204162664 

Abnormal morphology of thorax 13.54876835 7.83422986 

Development of body axis 15.43446873 5.919749187 

Hypoplasia 12.80760993 8.533969726 

Development of cytoplasm 12.22930744 9.019525378 

Synthesis of lipid 13.69988346 7.345347433 

Necrosis of kidney 16.16129321 4.509762672 

Early-onset neurological disorder 10.42541098 9.896152041 

Apoptosis of fibroblast cell lines 13.55476764 6.55595241 

Catabolism of protein 15.12846942 4.917082022 

Abnormal morphology of nervous system 14.68658167 5.14569273 

Cell death of kidney cells 15.53480105 4.077147751 
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Table S13 (continued).  

 
Early-onset encephalopathy 10.33774799 9.222143923 

Diabetes mellitus 14.51108594 5.040140157 

Necrosis of liver 14.04094284 5.478607037 

Branching of cells 14.14771462 5.289569915 

Peripheral vascular disease 12.2544469 7.143134795 

Sprouting 14.83604638 4.544074435 

Neuromuscular disease with neuropathy 15.19095782 4.116565049 

Migration of carcinoma cell lines 14.49584773 4.695660023 

Repair of DNA 14.97050672 4.146084864 

Abnormal morphology of thoracic cavity 12.22372418 6.798759283 

Vaso-occlusion 12.66706794 6.3251131 

Epithelial-mesenchymal transition 12.80025193 6.187887742 

Development of head 14.14657346 4.831847042 

Visceromegaly 12.57822758 6.37321442 

Severe psychological disorder 13.22924796 5.71916418 

Morphology of nervous system 13.6201798 5.220457395 

Proliferation of epithelial cells 13.30464433 5.463435251 

Transport of protein 14.68202899 4.041168281 

Organization of organelle 12.18348477 6.516454335 

Metabolism of carbohydrate 14.12609818 4.548833224 

Apoptosis of epithelial cells 12.96494044 5.697963016 

Cell death of liver cells 13.00579563 5.615310425 

Catabolism of macromolecule 14.55817699 4.035251601 

Invasion of carcinoma cell lines 13.9735795 4.590329141 

Hereditary myopathy 14.3012906 4.209090312 

G1 phase 14.55293623 3.957215864 

Occlusion of blood vessel 12.11414887 6.320160139 

Progressive neuromuscular disease 13.91019899 4.483216434 

Development of central nervous system 12.14128035 6.22619095 

Migration of neural cells 11.33774271 6.99487359 

Abnormal morphology of digestive system 13.04789477 5.217998501 

Hypoplasia of organ 10.14757837 8.007350533 

Differentiation of connective tissue cells 12.16570848 5.694159195 

Familial cardiovascular disease 10.35600953 7.485419477 

Occlusion of artery 11.91071955 5.776604945 

Disease of retina 11.72622112 5.853703583 

Cell movement of endothelial cells 13.40322672 4.157195879 

Migration of vascular cells 12.43559209 5.03471296 

DNA damage 12.01054249 5.452734381 

Cell death of fibroblasts 12.68482896 4.731774634 

Shape change of neurites 13.00725306 4.40564356 



 

146 

 

Table S13 (continued).  

 
Size of cells 11.83485784 5.554806283 

Metabolism of reactive oxygen species 12.28413823 5.053952276 

Abnormal morphology of epithelial tissue 11.29978373 6.00456022 

Morphology of body cavity 11.92714898 5.315843221 

Schizophrenia spectrum disorder 11.25134076 5.961864132 

Formation of muscle 9.586933704 7.528734545 

Formation of brain 11.2714925 5.740110666 

Abnormal morphology of cardiovascular system 10.98029736 5.964899046 

Branching of neurites 12.58723555 4.232114234 

Perinatal death 9.964964289 6.816406087 

Abnormal morphology of mediastinum 11.42738645 5.330199503 

Apoptosis of epithelial cell lines 12.60507245 4.098553904 

Branching of neurons 12.38057275 4.318609641 

Inflammation of respiratory system component 12.23092687 4.429849992 

Cardiogenesis 10.89394001 5.727626287 

Synthesis of reactive oxygen species 12.23417912 4.353402028 

Formation of dendrites 10.28230778 6.292725386 

Apoptosis of connective tissue cells 11.83615654 4.623785479 

Epilepsy or neurodevelopmental disorder 9.848323465 6.556474775 

Abnormal morphology of central nervous system 10.93266343 5.46248886 

Neurodevelopmental disorder 9.051548592 7.250634488 

Quantity of myeloid cells 11.62831424 4.664770344 

Organization of actin cytoskeleton 11.69941723 4.582265443 

Protein kinase cascade 12.09045771 4.155233616 

Apoptosis of liver cells 10.71844322 5.511557279 

Atherosclerosis 10.54268868 5.649704755 

Apoptosis of hepatoma cell lines 11.95777205 4.1284784 

Morphology of head 11.2358927 4.787903614 

Abnormal morphology of heart 10.71966423 5.265414635 

Proliferation of muscle cells 11.25870965 4.664714261 

Progressive motor neuron disease 11.46816602 4.380297265 

Quantity of leukocytes 11.89502332 3.94734143 

Progressive neuropathy 11.3822123 4.444416385 

Cell movement of neurons 9.265781735 6.537107109 

Neuronal cell death 10.37047863 5.36690117 

Development of connective tissue cells 10.4841888 5.135440313 

Abnormal morphology of brain 9.274777355 6.342972015 

Adhesion of tumor cell lines 10.78294939 4.741935982 

Progressive motor neuropathy 11.30003228 4.21364532 

Fibrogenesis 9.563276852 5.88215966 

Morphology of central nervous system 9.746085562 5.606198283 
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Table S13 (continued).  

 
Quantity of filaments 9.732934019 5.612446607 

Premature aging 10.41999849 4.903193597 

Dysmyelination 10.10375772 5.17321706 

Development of reproductive system 10.86470766 4.372150064 

Morphology of brain 9.333198429 5.647579751 

Hutchinson-Gilford progeria syndrome 9.677642811 5.251918504 

Inflammation of airway 10.58784046 4.234909221 

Familial mental retardation 10.63391168 4.167226599 

Cell death of breast cell lines 10.44689098 4.211015595 

Cell movement of myeloid cells 10.49806436 4.060819621 

Schizophrenia 9.992950068 4.544345823 

Inflammation of body cavity 10.25914215 4.091632541 

Quantity of cellular protrusions 9.369147511 4.636624119 

Formation of skin 9.484987594 4.497764964 

Cell viability of carcinoma cell lines 9.574097809 4.366821163 

Double-stranded DNA break repair of cells 9.572877861 4.21547578 

Wound 9.206938633 4.557219878 

Cell movement of phagocytes 9.076461739 4.660212289 

Movement of vascular endothelial cells 9.703129869 3.986177352 

Endometriosis 9.571925235 3.86846501 

Migration of vascular endothelial cells 9.495389459 3.871287581 

Cell death of hematopoietic cells 9.054810903 4.289769443 

Loss of hair 9.255813352 4.076394662 

Healing of lesion 9.247085362 3.919289878 

Demyelination 8.982645456 4.125887266 
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Table S14. Diseases and functions enriched in both VILMIR knockdown lines only after H1N1 

infection and none of the IFN-β conditions in A549 cells as seen in Figure 8E. 

Diseases and Bio Functions -log10 p-value 

VILMIRg1vCtrl 

H1N1 

VILMIRg2vCtrl 

H1N1 

Intracranial lesion 83.61383131 41.62584921 

Pancreatic mass 32.63057234 13.01735859 

Colony formation 25.05117627 5.947567459 

Morphogenesis of neurons 21.03873176 9.225735685 

Abnormal morphology of embryo 19.12463568 8.51214168 

Dysgenesis 15.56160915 9.982673434 

Benign uterine disease 14.48972091 8.044822536 

Hypoplasia 12.80760993 8.533969726 

Sprouting 14.83604638 4.544074435 

Proliferation of epithelial cells 13.30464433 5.463435251 

Metabolism of carbohydrate 14.12609818 4.548833224 

Apoptosis of epithelial cells 12.96494044 5.697963016 

Hypoplasia of organ 10.14757837 8.007350533 

Migration of vascular cells 12.43559209 5.03471296 

Shape change of neurites 13.00725306 4.40564356 

Schizophrenia spectrum disorder 11.25134076 5.961864132 

Formation of muscle 9.586933704 7.528734545 

Branching of neurites 12.58723555 4.232114234 

Branching of neurons 12.38057275 4.318609641 

Cardiogenesis 10.89394001 5.727626287 

Formation of dendrites 10.28230778 6.292725386 

Apoptosis of hepatoma cell lines 11.95777205 4.1284784 

Morphology of head 11.2358927 4.787903614 

Progressive motor neuron disease 11.46816602 4.380297265 

Cell movement of neurons 9.265781735 6.537107109 

Development of connective tissue cells 10.4841888 5.135440313 

Abnormal morphology of brain 9.274777355 6.342972015 

Morphology of central nervous system 9.746085562 5.606198283 

Quantity of filaments 9.732934019 5.612446607 

Development of reproductive system 10.86470766 4.372150064 

Morphology of brain 9.333198429 5.647579751 

Inflammation of airway 10.58784046 4.234909221 

Cell movement of myeloid cells 10.49806436 4.060819621 

Schizophrenia 9.992950068 4.544345823 

Quantity of cellular protrusions 9.369147511 4.636624119 

Formation of skin 9.484987594 4.497764964 

Wound 9.206938633 4.557219878 
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Table S14 (continued).  

 
Cell movement of phagocytes 9.076461739 4.660212289 

Movement of vascular endothelial cells 9.703129869 3.986177352 

Endometriosis 9.571925235 3.86846501 

Migration of vascular endothelial cells 9.495389459 3.871287581 

Cell death of hematopoietic cells 9.054810903 4.289769443 

Loss of hair 9.255813352 4.076394662 

Healing of lesion 9.247085362 3.919289878 
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Appendix B: Supplementary materials for Chapter 3 

 

Table S1. Full-length sequence of VILMIR.  

GGGGCTCCGGGAGTCACCCCCAGACGCGCGGCTCCCCTTCCTTGTCCTCCGCATGAC

GCCCGTGCCGGAGCCCACGTGAGCCTTTGCCAAGGAGAGATTCAGAGATATGAGCA

GAAAAACTGGAAGATGGACTTCTTCAATAAGGCAGCGGGACGGTTTGGCTGATGGA

AGATGTTTCCCGGAAGCCTGTTCACGCTCCACCCTGAAAGTCCCAGGGCCGTGAGAG

TCAGCCGGGCCGCCGAGGCGGTGCCCTCCAGGCTGCAGGATGATCCAGGGACTGTT

TTCCTCAGCACTGTGTAGGTTTCAGCTTATGAGTTCTGTCCATGTTTTGTGAGATTTA

TAGCTAAGTATTTACCTTTTCGAATGATTATAAACAACATAGTAGTTTTAATTTTAGT

GTCTACTTGTTTTTTGTTACTATATAGAAATACAATCGATTTTCATATATTTATGTTGC

ATCCTCTGTGCTTCTAAACTCACTAGTTTTGGAAGCTGTTTTTTGTTTTTAGATTCCTT

AAAATTTTATATATGGGCAATCATGTCATTTAATAATCAACCTGTATGCCTAAAATA

ATCAACCTGTATGCCTAAAATAATCAACCTGTATGCCTTTTATTGTAAGAAAATCCC

TAAATACTGGGATTACAGGTGGTGAGCCACCGTGTCCAACCTGAAACTTTTTTTTTG

GTGATTTCAAATGAACTTGACTTTTACTGTAATTATACCTAAAGTATTTGTAAACAAT

TGTTTAGAACTTCTATTTGTCATGGACTTTTGAGTTTATTCTTTGGATCATATAAAAA

GACTTTTTTTTTTTGTTTTTAAAGTTATAAATCTCTGTATGCACTTTGCTTTTCTTAAT

TAAACATAATCCAAA 
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Table S2. Canonical pathways enriched in VILMIR overexpression after two IFN-β treatments in 

A549 cells as determined by Ingenuity Pathway Analysis.  

Canonical Pathways -log10 p-value 

VILMIRvCtrl 

1 ng IFN 

VILMIRvCtrl 

10 ng IFN 

Interferon alpha/beta signaling 5.350204 1.802966 

Mitotic G2-G2/M phases 3.694762 2.978204 

Beta-catenin independent WNT signaling 2.975993 3.525354 

Generic Transcription Pathway 3.500226 2.913881 

Interferon Signaling 4.059731 1.947017 

Mitotic Prometaphase 1.854533 2.903417 

Degradation of beta-catenin by the destruction complex 3.031983 1.547394 

Hedgehog 'on' state 2.67427 1.439774 

Phenylalanine Degradation IV (Mammalian, via Side 

Chain) 

1.844238 1.824403 

Carboxyterminal post-translational modifications of 

tubulin 

1.744904 1.717457 

Deubiquitination 1.75586 1.700174 

Heme signaling 1.694756 1.667495 

PTEN Regulation 1.413294 1.91377 

Transcriptional regulation by RUNX3 1.50663 1.473893 

Neddylation 1.474352 1.426699 

Circadian Clock 1.457973 1.431729 

Cilium Assembly 1.383352 1.341347 
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Figure S1. Interferon-stimulated genes that are differentially expressed after VILMIR 

knockdown and overexpression in A549 cells. Heatmap overview of the RNA-seq analysis of 

two independent experiments: VILMIR knockdown (VILMIRg1 and VILMIRg2), STAT1 

knockdown (STAT1g1), or control (Ctrl) A549 gRNA cell lines; and VILMIR overexpression 

(VILMIR) or control (Ctrl) A549 cell lines; all of which were treated with mock or either 1 

ng/mL or 10 ng/mL human IFN-β for 6 hours (n = 3). The heatmap displays 132 human genes 

that exhibited significant changes in their responses to IFN-β treatment after either VILMIR KD 

or overexpression (OE), in at least one of two doses of IFN (raw P-value <0.05). Rows are genes 

and columns are conditions and comparisons. As shown by the labels at the bottom, the log2FC 

after IFN-β treatment in each cell line was first calculated (“IFN response”), and then the “KD 

effect” or “OE effect” was calculated by comparing the “IFN response” log2FC of each KD/OE 

line to the “IFN response” log2FC of the control cell line. Red color indicates positive log2FC 

value (i.e., upregulation) in columns above the label “IFN response,” or higher log2FC values in 

KD/OE cells compared to that of control cells in columns above the label “KD effect.” The blue 

color indicates lower log2FC values in KD/OE cells compared to that of control cells in columns 

above the label “KD/OE effect.” 


