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Abstract 

Viral infection is a complex network of interactions involving the host defending 

itself against the virus and the virus attempting to subdue host defenses and utilize the 

cellular machinery to promote its replication. Similar to other viruses, influenza A virus 

(IAV) manipulates and modulates the host cell to maintain control and optimize the cell for 

viral replication. One of the central obstacles IAV must overcome to further its replication 

is the type I IFN innate immune response. We have previously shown that sphingosine 1-

phosphate (S1P) lyase (SPL) enhances IKKɛ-mediated type I IFN responses. Here, we 

show that the nonstructural protein 1 (NS1) of IAV counteracts the SPL-mediated antiviral 

response by inducing SPL degradation. SPL was ubiquitinated and downregulated upon 

IAV infection or NS1 expression, and SPL-enhanced IFN production was strikingly 

inhibited by IAV NS1. Another IAV type I IFN-evasion strategy IAV is viral hemagglutinin 

(HA) facilitating type I IFN receptor 1 (IFNAR1) degradation. Further defining this, we 

determined that a cellular protein, poly (ADP-ribose) polymerase 1 (PARP1), plays a 

critical role in mediating IAV HA-induced degradation of IFNAR1. Knockdown or inhibition 

of PARP1 rescued IFNAR1 levels during IAV infection or HA expression, and PARP1 was 

crucial for robust IAV replication, which was associated with regulation of the type I IFN 

receptor signaling pathway. We have also found that sphingosine kinase 2 (SK2) 

enhances IAV replication along with multiple host factors. IAV protein synthesis during 

infection was enhanced by transient overexpression of SK2, and SK2 activity affected p21 

expression during IAV infection. IAV infection led to increased SK2 and activated SK2 

protein expression, and MEK/ERK activation was found to be important for this increase. 

Overall, these studies further define IAV-host interactions and reveal novel processes 

used by IAV to promote its own replication.  
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Chapter I. Introduction 

 

I-A. General introduction to sphingolipid metabolism 

 Sphingolipids are a class of lipids that have several significant roles in regulating 

cellular functions. The sphingolipid family consists of diverse members, including 

sphingomyelin, ceramide, ceramide 1-phosphate, sphingosine, and sphingosine 1-

phosphate (S1P). Sphingolipids were discovered in 1874 by Johann Ludwig Thudichum 

within fractionally crystallized ethanolic brain extracts. (Kleuser, 2018). He named them 

after the mythological sphinx due to their enigmatic nature (Thudichum, 1964). Ceramide 

synthases and ceramides are commonly associated with apoptosis, but sphingosine 

kinases and S1P are commonly associated with cell survival (Spiegel and Milstien, 2003). 

The cell tightly controls sphingolipids and their metabolizing enzymes in order to properly 

maintain homeostasis. 

The sphingolipid biosynthesis pathway (Figure 1) begins in the endoplasmic 

reticulum (ER), where ceramide is formed from non-sphingoid precursors. Ceramidases 

deacetylate ceramides to form sphingosine. Sphingosine is then phosphorylated by the 

isoforms of sphingosine kinase, sphingosine kinase 1 (SphK1, SK1) or sphingosine kinase 

2 (SphK2, SK2), to make S1P. S1P can either be dephosphorylated by S1P-phosphatases 

back into sphingosine or irreversibly catabolized by S1P lyase (SPL) into hexadecenal 

and phosphoethanolamine.  
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Figure 1: The sphingolipid biosynthesis pathway. Depicted are the main sphingolipid 

molecules and their key metabolizing enzymes. Sphingosine 1-phosphate lyase (SPL) and 

sphingosine kinase (SphK, SK) are the primary focus in these studies. 
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I-Ai. S1P functionality 

S1P is known to be an important signaling molecule that modulates multiple 

mammalian cellular processes, such as proliferation, survival, and migration, through both 

extracellular receptor-mediated and intracellular mechanisms (Figure 2) (Tiper et al., 

2016; Wolf et al., 2019). S1P has been shown to regulate the release of free calcium ions 

from the endoplasmic reticulum, which has extensive effects on cell proliferation (Mattie 

et al., 1994; Zhang et al., 1991). Furthermore, S1P binding the S1P receptors (S1PR1-5) 

on the outer membrane of the cell signals through the Ras/Raf/extracellular-signal-

regulated kinase (ERK) pathway, which stimulates DNA synthesis and increases cell 

growth, promoting cell survival (Cuvillier et al., 1996; Shu et al., 2002). This signaling 

increases S1P generation by sphingosine kinase (SphK, SK), which in effect creates a 

positive feedback loop, and blocks the pro-apoptotic functions of ceramide (Cuvillier et al., 

1996; Olivera and Spiegel, 1993). In addition, S1P signaling through S1PR1 was shown 

to promote cell motility in a Rac-dependent manner (Hobson et al., 2001). S1P’s functions 

can also impact the organism as a whole. In several studies, S1P signaling was shown to 

be crucial for angiogenesis and vascular development, and lack of S1P caused increased 

vascular leakage (Camerer et al., 2009; Lee et al., 1999; Liu et al., 2000). Finally, S1P has 

been shown to play a large part in lymphocyte trafficking via the S1P gradient, which has 

been studied extensively in the functioning of sphingosine analog FTY720 (Brinkmann et 

al., 2002; Mandala et al., 2002). Both SK and S1P lyase (SPL) have been shown to play 

important roles in maintaining the S1P gradient, which places these enzymes in a critical 

role during the host inflammatory response (Schwab et al., 2005). Because S1P has 

crucial functions in multiple cellular pathways, it has been a large target for curing human 

diseases. The first oral therapy with the sphingosine analog FTY720 is currently used to 

treat multiple sclerosis (Brinkmann et al., 2010; OConnor et al., 2009; Ziemssen et al., 
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2017). While FTY720 is known to functionally antagonize the S1P receptor to block T cell 

trafficking and help attenuate autoimmunity, the resultant immune suppressive condition 

was shown to cause increased susceptibility to viral diseases (Benedetti et al., 2018; 

Tagawa et al., 2016; Walker and Brew, 2016). It is currently unknown whether the 

regulation of S1P metabolism, such as targeting S1P-metabolizing enzymes, could relieve 

the side effects of FTY720-mediated increased viral diseases. Furthermore, SK was 

shown to be overexpressed in several cancers (Alshaker et al., 2013; Hasanifard et al., 

2019; Maceyka et al., 2020; Neubauer et al., 2016; Pyne and Pyne, 2010). Accordingly, 

SK inhibitors have been evaluated for the treatment of cancers in clinical trials (Alshaker 

et al., 2013; Britten et al., 2017; French et al., 2003; Lewis et al., 2018). As patients could 

be persistently infected with viruses or exposed to viruses at any moment, it is imperative 

to understand how S1P-metabolizing enzymes affect virus pathogenesis and host defense 

to infections. Importantly, a growing body of studies indicate that many viruses regulate 

the enzymes in a positive or negative fashion to enhance virus pathogenicity, suggesting 

that these enzymes play a crucial role during virus infections. 
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Figure 2. The role of sphingosine 1-phosphate (S1P). S1P levels are regulated by 

sphingosine kinase (SphK) and S1P lyase (SPL). The diverse functions of S1P on cell survival 

and host health are shown. 
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I-Aii. S1P metabolizing enzymes in viral infection 

Sphingolipid levels are tightly regulated by sphingolipid-metabolizing enzymes, 

which are critical for maintaining cell homeostasis. Thus, S1P anabolism from sphingosine 

is mediated by SK, and sphingosine 1-phosphate lyase (SPL) mediates S1P catabolism 

into phosphoethanolamine and hexadecenal (Figure 3) (Hait et al., 2007; Spiegel and 

Milstien, 2003; Wolf et al., 2019). There are two different SK isoforms in humans, 

sphingosine kinase 1 (SK1) and sphingosine kinase 2 (SK2). The proposed cellular 

functions of SK1 and SK2 have similarities and distinct differences (Saba and Hla, 2004; 

Spiegel and Milstien, 2003). Intriguingly, both of the SK isoforms and SPL have all been 

found to regulate virus propagation (Seo et al., 2010, 2011; Vijayan et al., 2017). 

Furthermore, the levels and activation of SK have been shown to be affected by several 

different viruses (Machesky et al., 2008; Monick et al., 2004; Y.-J. J. Seo et al., 2013; Wati 

et al., 2011; Yamane et al., 2009). Therefore, manipulation of S1P-metabolizing enzymes 

may represent a virus-induced mechanism for promoting replication. 
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Figure 3. Schematic diagram for the interaction between viruses and S1P-metabolizing 

enzymes. The enzymatic function of sphingosine kinase (SphK) 1 and 2 is to catalyze the 

phosphorylation of sphingosine to form sphingosine 1-phosphate (S1P), while S1P lyase 

(SPL) irreversibly catalyzes the cleavage of S1P into hexadecenal and phosphoethanolamine. 

Depicted are viruses that were documented to either be affected by or regulate SphK1, 

SphK2, or SPL. 
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I-Aiii. SPL in viral and immune regulation 

SPL is known for regulating cell migration, differentiation, survival, and complex 

physiological processes (Serra and Saba, 2010). In the sphingolipid biosynthesis 

pathway, SPL irreversibly catalyzes the cleavage of S1P to hexadecenal and 

phosphoethanolamine. SPL is localized to the ER membrane and mitochondrial 

associated membranes. The catalytic site is in the cytoplasmic compartment, where it can 

access S1P, while the transmembrane domain anchors it to the membrane. Based on 

studies performed with cancer and IAV, which are outlined below, SPL shows great 

research potential for virus–host interactions. 

Molecular genetic studies performed in the model organism Dictyostelium 

discoideum discovered that regulation of SPL or SK leads to altered cellular sensitivity to 

cisplatin, a chemotherapy drug (Li et al., 2000). The finding was recapitulated in human 

cell lines. For example, SPL-overexpressing human embryonic kidney (HEK) cells were 

shown to be more sensitive to anti-cancer drugs compared to control cells (Min et al., 

2005). This study triggered a follow-up investigation into the possible role of SPL in 

oncogenesis and cell survival. Thus, SPL was found to be downregulated in colon cancer 

and prevent colon carcinogenesis (Degagné et al., 2014). SPL has also been shown to 

have interesting immunologic functions, including the regulation of mature lymphocytes 

exiting the thymus. Moreover, genetic mutations of SPL were found in humans, linking 

SPL dysfunction to human diseases, including nephrotic syndrome, immunodeficiency, 

congenital brain malformation, and primary adrenal insufficiency (Bamborschke et al., 

2018; Lovric et al., 2017; Prasad et al., 2017; Settas et al., 2019). The biological functions 

of SPL in human health have been well-reviewed by Dr. Saba’s group (Aguilar and Saba, 

2012; Bandhuvula and Saba, 2007; Choi and Saba, 2019; Fyrst and Saba, 2010, 2008; 

Serra and Saba, 2010). 
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Unlike the previously described increased sensitivity of SPL-overexpressing cells 

to the anticancer drug cisplatin, SPL-overexpressing HEK cells were more resistant to cell 

death when they were infected by influenza A virus (Seo et al., 2010). This altered 

susceptibility to cell death seemed to be due to overexpressed SPL regulating IAV 

replication. The antiviral activity of SPL was supported by transient overexpression of SPL 

in human lung epithelial cells. Furthermore, when cells were engineered to be SPL 

deficient by utilizing CRISPR/Cas9 genome editing technology, IAV replication and viral 

propagation substantially increased, confirming the antiviral function of SPL. 

Importantly, the underlying mechanism of this resistance (Vijayan et al., 2017) 

indicates that SPL is a host-protective regulator that enhances the production of type I 

interferon (IFN) upon IAV infection or cellular recognition of influenza viral RNAs. This 

mechanism occurs through the interaction of SPL with inhibitor of nuclear factor kappa-B 

kinase subunit epsilon (IKKε), a kinase important for IFN production. While two kinases, 

TANK-binding kinase 1 (TBK1) and IKKε, are known to be crucial for the production of 

type I IFNs, SPL was shown to interact with IKKε but not with TBK1. In support of this 

observation, SPL increased IKKε activation but not TBK1 activation. Many of the observed 

effects of SPL modulation can be attributed to the alteration of intracellular S1P levels. 

However, the pro-IFN function of SPL was independent of the ability of SPL to catalyze 

S1P cleavage and appeared to be mediated via interaction with IKKε. IKKε was also 

shown to be critical for SPL’s anti-influenza activity in both HEK cells and lung A549 cells.  

IKKε gene knockout (KO) mice were reported to be more susceptible to influenza 

virus infection (Tenoever et al., 2007), which demonstrates the antiviral activity of IKKε. 

Although both IKKε and TBK1 can activate IRF3, a transcription factor crucial for IFN 

production, the discrete regulatory mechanism of these two kinases remains poorly 

understood.  
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The function of SPL has not been widely studied in the context of viral infection. 

Furthermore, SPL KO mice die when they reach 2 to 4 weeks of age (Fyrst and Saba, 

2008), which makes it difficult to use them for studying viral pathogenesis. However, SPL 

gene (Sgpl1) floxed mice have been created (Degagné et al., 2014; Zamora-Pineda et al., 

2016), which will be useful for investigating the role of SPL in antiviral defense and host 

innate immune signaling in the future. 

I-Aiv. SK2 in viral regulation 

SK is essential for the production of intracellular and extracellular S1P. Both isoforms of 

SK, SK1 and SK2, catalyze the phosphorylation of sphingosine to form sphingosine 1-

phosphate (S1P) (Oskouian and Saba, 2010; Spiegel and Milstien, 2011). Despite 

conserved domains and similar enzymatic activity, these isoforms have distinct 

differences. SK1 is known to promote cell survival and proliferation, but SK2 has been 

shown to have both pro- and anti-apoptotic properties (Maceyka et al., 2005; J. Min et al., 

2007; Min et al., 2005; Stuart M Pitson, 2011). These two isoforms are also located in 

distinct subcellular compartments. SK1 is in the cytosol and plasma membrane. SK2 

localizes primarily in the nucleus but can also be found in the cytosol, endoplasmic 

reticulum, and lysosomal membrane under certain conditions (Maceyka et al., 2005; J. 

Min et al., 2007; Schröder et al., 2007; Taha et al., 2006). SK1 has been shown to be 

critical for tumor necrosis factor-alpha (TNF-α) and nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB) signaling during inflammatory responses while both 

pro- and anti-inflammatory functions of SK2 have been reported (Alvarez et al., 2010; 

Neubauer and Pitson, 2013; Stuart M. Pitson, 2011). SK2, but not SK1, mediates the 

phosphorylation of FTY720 (Don et al., 2007; Kharel et al., 2005; Zemann et al., 2006), 

an analogue of sphingosine and an immune modulatory drug used clinically for the 

treatment of multiple sclerosis (Brinkmann et al., 2010; OConnor et al., 2009; Ziemssen 
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et al., 2017). Since the S1P biosynthesis pathway is crucial to the control of cell survival 

and apoptosis as well as other functions, both isoforms of SK could be crucial targets for 

virus replication or inhibition (Figure 2). 

A recent study in our lab has indicated that SK2 is beneficial for IAV replication in in mice 

(Xia et al., 2018b). Treatment of IAV-infected mice with ABC294640 (ABC) led to 

decreased virus titers and increased mouse survival. This study identified a new host 

target that has therapeutic potential to complement current IAV therapeutics. However, it 

is not fully understood how IAV utilizes host SK2 to increase viral replication.  

SK2 has also been shown to enhance chikungunya virus (CHIKV) infection. In cells, SK2 

siRNA decreased the CHIKV viral RNA copy number and chemical SK2 inhibition 

decreased CHIKV infection (Reid et al., 2015). However, SK1 knockdown did not affect 

viral replication, which suggests a specificity for SK2 promoting CHIKV infection. SK2 was 

shown to be recruited to CHIKV viral replication complexes at the plasma membrane. 

However, greater study is required to clarify the role of SK2 in promoting CHIKV replication 

during infection. 

SK2 has also been shown to function differently in infection with different HCV genotypes. 

Use of the SK inhibitor, SKI, which the authors stated preferentially inhibits SK2 at the 

concentrations used, increased the replication of cell-culture adapted genotype 1 HCVs 

(Yamane et al., 2014). However, SKI treatment did not suppress the replication of a 

chimeric genotype 2 virus, HJ3-5/GLuc. The authors of this study suggested that SK2 

could regulate lipid peroxidation, which has previously been shown to negatively affect the 

replication of genotype 1b HCV (Huang et al., 2007; Kapadia and Chisari, 2005). SK2 

regulating host cellular lipid peroxidation, which can regulate viral replication requires 

further investigation. 
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SK2 has been implicated in the modulation of several forms of cancer, which make it 

unsurprising that SK2 has been shown to play a role in latency for the oncogenic Kaposi’s 

sarcoma-associated herpesvirus (KSHV). In a series of studies, treatment of KSHV-

infected patient-derived primary effusion lymphoma (PEL) cell lines with an SK2 inhibitor 

increased apoptosis in cellular and in murine-graft in vivo experiments (Qin et al., 2014). 

Subsequent studies that utilized primary human endothelial cell lines showed that SK2 

played a positive role in NF-κB activation, which is known to promote KSHV latency (Dai 

et al., 2014; Grossmann and Ganem, 2008; Zhu et al., 2011). In this study, SK2 increases 

the levels of certain viral miRNAs that target KSHV lytic genes, and turning off these genes 

prevents host cell lysis, allowing for viral latency. SK2 inhibition increased the death of 

KSHV-infected cells. While the data imply that S1P production by SK2 is crucial viral RNA 

regulation, a direct mechanism for SK2 regulating viral gene expression remains unknown. 

These studies show that KSHV may promote viral latency via regulation of host SK2 and 

reveal a potential therapeutic target for alleviating KSHV-associated tumors. 
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I-B. Influenza virus basic information 

Influenza viruses are negative-sense, single-stranded, segmented RNA viruses in 

family Orthomyxoviridae, classified as either type A, B, C, or D. Symptoms of influenza 

infection include fever, chills, muscle ache, cough, headache, congestion, and fatigue. 

Both Influenza A virus (IAV) and influenza B virus (IBV) are well known for causing 

seasonal influenza outbreaks annually (Lam et al., 2019), resulting in substantial morbidity 

and mortality worldwide despite widespread vaccination and preexposure (Iuliano et al., 

2018). IAV exhibits remarkable genetic drift and shift that allow IAV to be both a pandemic 

and zoonotic threat (Brooke, 2017). Recurrent outbreaks of avian influenza add to 

mounting concerns of the next potential influenza pandemic (Cowling et al., 2013; Fraser 

et al., 2009; Salvador et al., 2020; Wang and Palese, 2009). An influenza vaccine is 

available and is reformulated annually (Krammer et al., 2018). However, the high mutation 

rate of IAV makes it difficult to predict exactly which strain will infect the population. While 

antiviral drugs that inhibit the function of IAV proteins such as neuraminidase (NA) and the 

viral polymerase are available, multiple IAV strains have been found to be resistant to 

these contemporary antivirals (Cheng et al., 2010; Dharan et al., 2009; Hussain et al., 

2017; Irwin et al., 2016; Jones et al., 2018; Marjuki et al., 2015; Poland et al., 2009). 

Therefore, identifying host factors that could be targeted to broadly counteract infection 

by many different IAV subtypes has great potential as an alternative or complementary 

therapeutic strategy. 

I-Bi. Influenza A virus structure and proteins 

Influenza A virus (IAV) has a single-stranded genome made up of 8 segments. The 

8 segments encode for 11 viral proteins including nonstructural protein 1 (NS1), 

nonstructural protein 2 (NS2, also known as nuclear export protein, NEP), matrix protein 

1 (M1), matrix protein 2 (M2), hemagglutinin (HA), neuraminidase (NA), nucleoprotein 
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(NP), polymerase basic protein 1 (PB1), polymerase basic protein 2 (PB2), polymerase 

acidic protein (PA), and polymerase basic protein 1 – F2 (PB1-F2).  HA, NA, and M2 are 

found in the lipid bilayer of the virion. HA is most well-known for binding to host sialic acid 

residues for entry into the cell. HA is also responsible for the fusion of the viral envelope 

with the endosomal membrane once exposed to low pH (Banerjee et al., 2013). NA is 

known to remove sialic acid from cellular receptors to prevent virus aggregation and 

enable the release of newly-formed infectious virions (McAuley et al., 2019). M2 acts as 

an ion channel necessary for fusion of the viral envelope with the host endosome and 

subsequent release of viral RNPs into the cytoplasm (Pinto and Lamb, 2006). M1 is the 

matrix protein, which forms a coat inside the viral envelope and mediates encapsidation 

of viral RNPs, but is also involved in the export of viral RNPs (Shimizu et al., 2011). A 

single viral RNA gene segment is wrapped around multiple NP proteins, with the 

conserved promoter regions in the 5’ and 3’ untranslated regions forming a helical hairpin. 

The helical hairpin is bound by the viral RNA dependent RNA polymerase, which consists 

of PB1, PB2, and PA proteins (Dou 2018). The nonstructural proteins of IAV are NS1, 

NS2, and PB1-F2. NS1 is a highly conserved multifunctional IAV protein (Trigueiro-Louro 

et al., 2019). While NS1 has a multitude of functions and associates with many host 

proteins, is most well-known to be a potent interferon agonist (Gack et al., 2009; Gao et 

al., 2012; Wang et al., 2000). NS2 is involved with the nuclear export of viral RNPs 

(Shimizu 2011). PB1-F2 is thought to mediate apoptosis of the host infected cells and 

additionally have some IFN antagonistic functions (Chakrabarti and Pasricha, 2013). 

The IAV virion is summarized by Figure 4. The viral envelope consists of a lipid 

bilayer that contains the viral transmembrane proteins HA, NA, and M2. The lipid bilayer 

is derived of the host plasma membrane and has been shown to contain carbohydrate 

and sphingolipid-enriched lipid rafts as well as non-raft lipids. Underneath the viral lipid 
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membrane is a matrix of M1, which holds viral ribonucleoproteins (vRNPs), as well as 

small amounts of NS2. There are eight vRNPs, one for each segment of IAV RNA. The 

vRNPs consist of the viral negative stranded RNAs wrapped around NP as well as the 

viral RNA polymerase complex (PB1, PB2, and PA).  
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Figure 4: Diagram of influenza A virus. The IAV envelope contains three trans-membrane 

proteins: hemagglutinin (HA, H), neuraminidase (NA, N), and the matrix 2 (M2) proton 

channel. Underneath the surface of the viral envelope is the matrix 1 (M1) protein, which 

associates with the viral ribonucleoprotein complexes (vRNPs). The eight viral RNPs consist 

of eight negative single-stranded IAV RNA segments, each wrapped around nucleoprotein 

(NP). Associated with each vRNP is the viral RNA dependent RNA polymerase, which 

consists of polymerase basic protein 1 (PB1), polymerase basic protein 2 (PB2), polymerase 

acidic protein (PA).  
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I-Bii. Influenza A virus replication cycle 

For IAV to enter the host cell, IAV HA binds to host sialic acid residues. This leads 

to receptor-mediated endocytosis, and the virus enters into the host cell in an endosome. 

The low pH of the endosome induces a conformational change in HA, which exposes the 

HA fusion peptide. The fusion peptide then inserts itself into the endosomal membrane, 

which brings the viral and endosomal membranes together and leads to their fusion. The 

acidic environment of the endosome also opens the M2 channel, which acidifies the viral 

core and releases the vRNPs from M1 and into the host cell cytoplasm.  

After being released into the host cell cytoplasm, the vRNPs enter the nucleus. 

The NP, PA, PB1, and PB2 proteins that comprise the vRNP have nuclear localization 

signals that bind to cellular nuclear import machinery and enable entry into the nucleus. 

Inside the nucleus, the viral RNAs serve as templates for mRNA synthesis. The viral 

polymerase obtains primers for viral mRNA transcription through cap snatching. The 

mRNA is then transported into the cytoplasm for translation. Viral RNA polymerase 

executes transcription and replication of viral RNAs. The viral mRNA are not complete 

copies of viral (-) strand RNAs because they are missing sequences from their 5’ and 3’ 

ends. To make more viral (-) RNA capable of being packaged into virions, a full length (+) 

complimentary RNA is first transcribed, and then new (-) viral RNA copies are transcribed 

using the complimentary RNA as templates. This process occurs for all 8 segments of IAV 

RNA.  

IAV protein synthesis is entirely dependent on the translation machinery of the host 

cell. Following nuclear export, viral mRNA translation is divided between cytosolic 

ribosomes (for PB1, PB2, PA, NP, NS1, NS2, and M1) and endoplasmic reticulum (ER)-

associated ribosomes for the membrane proteins HA, NA, and M2. As the HA, NA, and 

M2 proteins are produced, they are inserted into the membrane of the endoplasmic 
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reticulum. The proteins are subsequently trafficked through the Golgi to the plasma 

membrane. As a result, the HA and NA are inserted in the correct direction in the lipid 

membrane of the cell. After full-length (-) strand viral RNAs are exported to the cytoplasm, 

they join with the viral polymerase and NP to make RNP. M1 binds to the membrane where 

HA, NA, and M2 have been inserted, then RNP travels to the site of assembly. The virion 

then forms by budding, and NA cleaves sialic acid residues so that the newly formed 

virions can be released.  
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I-Biii. Influenza A virus nonstructural protein 1 

IAV NS1 is expressed at high levels in the cell during infection. It is a nonstructural 

protein ranging from 215-237 amino acids in length, and its size ranges from 24.5 Da to 

27 kDa, with the amino acid length being strain-dependent (Jureka et al., 2020). NS1 has 

an N-terminal RNA binding domain (amino acid residues 1-73) and a C-terminal effector 

domain (amino acid residues 74-230). Full-length NS1 is thought to be a homodimer, with 

different conformational states including “open,” “semi-open,” and “closed” (Carrillo et al., 

2014; Nemeroff et al., 1995). The RNA binding domain of NS1 is a symmetrical 

homodimer, and each monomer was shown to consist of three α-helices (Chien et al., 

1997; Liu et al., 1997). It was shown to bind with low affinity to double stranded RNA in 

vitro in a manner independent of RNA sequence, and dimerization was essential for 

double-stranded RNA binding (Wang et al., 1999). Two identical helices from each 

monomer form antiparallel tracks, and these tracks appear to contribute to double-

stranded RNA-binding by interacting with the double-stranded RNA polyphosphate 

backbone (Liu 1997; Yin 2007). NS1 residues mediate this interaction either directly or by 

improving complex stability (Wang et al., 1999; Yin et al., 2007). The C-terminal effector 

domain predominantly mediates interactions with host cell proteins, but it can also stabilize 

the RNA-binding domain. Each monomer of the effector domain consists of seven β-

strands and three α-helices (Bornholdt and Prasad, 2006; Hale et al., 2008a). In the 

monomer, the β-strands form a twisted and crescent-like anti-parallel β-sheet around the 

central α-helix (Hale et al., 2008b). It has been previously speculated that the C-terminal 

~25 amino acids of NS1 could be naturally disordered, only assuming an ordered structure 

upon the binding of an appropriate ligand (Hale et al., 2008b). This region is involved in 

strain-specific functions, and disorder would be significant since many NS1 proteins have 

variable C-terminus length.  
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C-terminal truncations in NS1 occur naturally (Suarez and Perdue, 1998). For 

example, while the majority of seasonal IAV strains encode a 230 amino acid NS1, the 

2009 pandemic H1N1 virus encodes a 219 amino acid NS1 that has an 11-amino acid C-

terminal truncation (Tu et al., 2011). Additionally, NS1 can gain C-terminal amino acid 

extensions, as sequence analysis showed that NS1 of the IAV subtypes H1N1 and H3N2 

gained a seven amino acid C-terminal extension in the 1940s and was retained until the 

1980s when the mutation reverted (Lohrmann et al., 2013; Marc, 2014; Nogales et al., 

2018). NS1 mRNA is derived from IAV gene segment 8, and splicing results in NS2 

synthesis. The N-terminal region of IAV NS1 was found to inhibit IAV segment 8 splicing, 

and this was later found to be independent of the RNA binding ability of NS1 (Garaigorta 

and Ortín, 2007; Lu et al., 1994). Furthermore, NS2 mRNA is only 5-10% of the amount 

of NS1 mRNA produced (Plotch and Krug, 1986). 

NS1 is able to localize to and hamper cellular pathways in both the nucleus and 

the cytoplasm during IAV infection (Rosário-Ferreira et al., 2020).  NS1 is directed to the 

nucleus by a nuclear localization signal. There are either one or two nuclear localization 

signals in NS1 depending on the strain of IAV (Greenspan et al., 1988; Melén et al., 2012). 

Nuclear localization signal 1 is part of the RNA-binding domain in the NS1 N-terminus and 

enables NS1 to migrate to the nucleoplasm, but nuclear localization signal 2 is located in 

the C-terminal tail and allows NS1 to also localize in the nucleolus (Greenspan et al., 

1988). While nuclear localization signal 1 is highly conserved in NS1 proteins, nuclear 

localization signal 2 is not present in the NS1 proteins of many IAV strains (Melén et al., 

2007). The nuclear export signal at the C-terminus, which is in the effector domain, allows 

NS1 to exit from the nucleus to the cytoplasm (Li et al., 1998). 

There has been an abundance of interactions reported between IAV NS1 and a 

multitude of different host proteins (Hale et al., 2008b; Rosário-Ferreira et al., 2020). 
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However, many of these interactions have been characterized in vitro, which brings into 

question their relevance in vivo. Additionally, it has yet to be determined where in the virus 

life cycle several of these interactions occur as well as their distinct mechanisms. The 

general trend of these interactions is that they ultimately benefit IAV by enhancing viral 

replication and weakening host innate immune responses (Nogales et al., 2018). 

Attenuating host innate immune responses, particularly the type I IFN innate immune 

response, is considered to be the major function of NS1 (Hale et al., 2010). Therefore, it 

is unsurprising that NS1 is crucial for robust viral replication and pathogenesis. Several 

known interactions between IAV NS1 and host proteins that ultimately attenuate host 

innate immune responses are discussed throughout further sections and chapters. 

Additionally, several studies have shown that NS1 regulates viral mRNA  transcription and 

translation (Aragón et al., 2000; de la Luna et al., 1995; Falcón et al., 2004; J. Y. Min et 

al., 2007; Wang and Krug, 1998; Wang et al., 2010). NS1 was also found to upregulate 

certain virus-specific regulated genes, some of which were previously shown to have 

important roles in viral replication (Shapira et al., 2009). Host gene expression has been 

shown to be reduced by NS1 by preventing host mRNA polyadenylation, which would 

prevent nuclear export of mRNA (Ayllon and García-Sastre, 2015; Nogales et al., 2018). 

However, this does not affect viral mRNA polyadenylation since that is mediated by the 

viral polymerase (Robertson et al., 1981). It has been speculated that by preventing host 

mRNA polyadenylation, pre-mRNA can build up in the nucleus, leading to a pool of host 

mRNA that can be used for cap-snatching purposes. Additionally, NS1 is also thought to 

inhibit cellular pre-mRNA splicing (Kuo et al., 2016). By affecting many different aspects 

of the host cell, NS1 ultimately makes the cell more conducive to IAV replication.  
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I-C. Type I interferon 

In the early stages of infection, host cells must defend themselves to ensure their 

survival. Fortunately, cells possess an intricate defense system that specifically responds 

to pathogens. Interferons (IFNs) are a group of signaling proteins produced and secreted 

by virtually all vertebrate host cells in response to the presence of several viruses (Pestka 

et al., 2004; Swiecki and Colonna, 2011). IFNs belong to a large class of proteins known 

as cytokines. Cytokines are molecules used for communications between cells which 

ultimately trigger the immune system to eliminate pathogens.  

I-Ci. RIG-I-mediated type I IFN innate immune response to infection 

Type I IFN was first found to have anti-influenza viral activity in 1957 by Isaacs and 

Lindenmann, and was named due to its broad interference in viral replication (Isaacs and 

Lindenmann, 1957). The type I IFN innate immune response is among the first lines of 

defense against viral infections (Figure 5) (Hoffmann et al., 2015; Seo and Hahm, 2010). 

Host retinoic acid inducible gene I (RIG-I) senses IAV RNA products by recognizing the 

5’-ppp moiety on IAV RNA, which activates RIG-I (Goubau et al., 2013; Killip et al., 2015; 

Loo et al., 2008; Pichlmair et al., 2006). Activated RIG-I then interacts with downstream 

adaptor protein mitochondrial antiviral signaling adaptor (MAVS), which subsequently 

recruits and activates inhibitor of nuclear factor κβ kinase subunit ε (IKKε) and TANK 

binding kinase 1 (TBK1). Both IKKε and TBK1 activate the transcription factor interferon 

regulatory transcription factor 3 (IRF3) as well as interferon regulatory transcription factor 

7 (IRF7) later after its production (Gale and Foy, 2005; Sharma et al., 2003). The activation 

of these transcription factors leads to IFN-α and IFN-β production (Sato et al., 2000). The 

resultant IFN-α and IFN-β molecules are secreted from the host cell and sensed by the 

producer cell as well as the cells surrounding it. IFNs then bind to their cognate receptor, 

interferon α/β receptor (IFNAR). IFNARs are then endocytosed and trigger the activation 
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of the JAK-STAT signaling pathway (Platanias, 2005). Janus kinase 1 (JAK1) and non-

receptor tyrosine-protein kinase (TYK2) phosphorylate signal transducer and activator of 

transcription 1/2 (STAT1/STAT2), which complexes with interferon regulatory factor 9 

(IRF9) to form the transcriptionally active interferon stimulated gene factor 3 (ISGF3) 

complex. The ISGF3 complex then translocates to the nucleus and induces the expression 

of hundreds of IFN-stimulated genes (ISGs) by binding to Interferon Stimulated Response 

Elements, which are found in ISG promoter regions (Aaronson and Horvath, 2002; Gale 

and Foy, 2005). ISGs act to inhibit virus replication by promoting an antiviral cellular state 

(Li et al., 2018; Schoggins, 2014).  
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Figure 5: The RIG-I-mediated type I IFN response to IAV. Following IAV infection, RIG-I 

initiates an antiviral response by recognizing and binding IAV 5′-triphosphate RNA. RIG-I then 

activates downstream adaptor protein MAVS. MAVS acts as scaffold protein to recruit 

downstream kinases TBK1 and IKKε. These two kinases then phosphorylate IRF3 and later 

IRF7, both of which are transcription factors that can lead to IFN production. IRF3 and IRF7 

either homodimerize or heterodimerize and translocate to the nucleus, where the dimer 

complexes with coactivators and binds to its target DNA sequence in type I IFN genes and 

lead to the production of IFN-β and IFN-α. The secreted type I IFNs act by binding to the 

cognate IFNAR and initiate the JAK/STAT pathway that leads to induction of ISGs. JAK1 and 

TYK2 phosphorylate STAT1/STAT2, which then complexes with IRF9, forming the ISGF3 

complex. The ISGF3 complex then translocates to the nucleus and induces the expression of 

hundreds of IFN-stimulated genes (ISGs). 
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I-Cii. IAV evasion of RIG-I-mediated type I IFN immune responses 

Despite being well-equipped to counteract viral pathogens, the innate immune 

response is not always successful in preventing viral infections. While the host innate 

immune system has developed many defenses against viral pathogens, IAV has adapted 

to overcome the type I IFN innate immune response and facilitate their replication. IAV 

must counteract host antiviral activities, especially IFN production and the activity of ISGs, 

in order to replicate efficiently (Muñoz-Moreno et al., 2020). Influenza viral PB2 and PB1-

F2 proteins were reported to inhibit induction of type I IFNs by binding to MAVS, which 

decreased mitochondrial membrane potential (Varga et al., 2012). HA was also shown to 

induce downregulation of IFNAR1, which reduced the type I IFN innate immune response 

(Xia et al., 2016). IAV NS1 protein is considered to be the main antagonist of the type I 

IFN innate immune response. Influenza virus is known to inhibit the host type I IFN 

response by NS1 binding to double-stranded RNA (dsRNA) (Min and Krug, 2006; Wang 

et al., 1999). NS1 was reported to directly limit the antiviral state by inhibiting OAS-1 

activation, outcompeting OAS for interaction with dsRNA (Min and Krug, 2006). The 

binding of NS1 to dsRNA also prevents activation of dsRNA-activated protein kinase 

(PKR) (Bergmann et al., 2000). This leads to phosphorylation of the alpha subunit of 

eukaryotic translation initiation factor 2 (elF-2 α), leading to a decrease in the rate of 

initiation of translation. Additionally, NS1 blocks the TRIM25 ubiquitin E3 ligase-mediated 

K63-linked ubiquitination of the viral RNA sensor RIG-I (Gack et al., 2009), which is 

required for optimal downstream signaling of the type I IFN response. NS1 has also been 

reported to interact with RIPLET to prevent RIG-I ubiquitination (Rajsbaum et al., 2012) 

and directly bind to RIG-I to prevent RIG-I-mediated induction of the type I IFN innate 

immune response (Mibayashi et al., 2007).  
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I-D. Ubiquitination 

Ubiquitination is an essential post-translational modification that controls the 

stability and functionality of proteins. The ubiquitin system is vital for the functioning of 

many cellular processes, including protein quality control, protein trafficking, signal 

transduction, gene expression, DNA repair, cell differentiation, and cell division (Foot et 

al., 2017; Oh et al., 2018; Pohl and Dikic, 2019; Rape, 2018; Schwertman et al., 2016). 

Ubiquitin is a small 8.6 kDa regulatory protein, named for being ubiquitously found in most 

tissues of eukaryotic organisms. The discovery of ubiquitin occurred in the field of 

immunology by Gideon Goldstein in 1975 while he was searching for thymopoetin, a 

protein involved in the induction of CD90 (Cluster of Differentiation 90) in the thymus 

(Goldstein et al., 1975). Ubiquitin was further characterized throughout the remainder of 

the 1970s and the 1980s, and more information continues to be discovered to this day. 

Ubiquitin can be conjugated with its C-terminus to lysine residues in substrate proteins. 

Conjugation of ubiquitin to the substrate protein requires three classes of enzymes: a 

ubiquitin activating (E1) enzyme, a ubiquitin conjugating (E2) enzyme, and a ubiquitin 

ligase (E3) (Figure 7). Additional ubiquitin can be added to the first using one of the 7 

lysine residues found in ubiquitin itself (K6, K11, K27, K29, K33, K48, K63), which make 

polyubiquitin chains. Polyubiquitin chains can be homotypic or heterotypic. Homotypic 

chains are linked uniformly through the same acceptor site of ubiquitin, while heterotypic 

chains contain multiple linkage types. Heterotypic chains can be further classified into 

either mixed or branched. Mixed ubiquitin chains have ubiquitin subunits that are modified, 

but only on a single acceptor site. However, branched ubiquitin chains contain at least one 

ubiquitin subunit that is simultaneously modified on multiple acceptor sites. The message 

given by the ubiquitin chain depends on the chain’s linkage type and the chain type. The 

most well-studied ubiquitin chains are homotypic K48-linked and K63-linked ubiquitin 
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chains. Homotypic K48-linked and K63-linked ubiquitin chains generally lead to 

proteasomal degradation or activation of the substrate, respectively. However, the 

structures and differential functions of branched ubiquitin chains have only recently 

emerged, which greatly increases the complexity of ubiquitin signaling, and much remains 

undefined (French et al., 2021). For example, branched K48/K63 ubiquitin chains have 

been recently shown to lead to proteasomal degradation of a host protein, mediated by 

separate host E3 ubiquitin ligases (Ohtake et al., 2018). Furthermore, ubiquitin chains can 

undergo deubiquitination by deubiquitinating enzymes. Deubiquitination is also known to 

signal various cellular activities. For example, K63 chain cleavage from the substrate by 

a proteasomal deubiquitinase can stimulate autophagy-dependent aggresome clearance, 

which is critical for protein aggregate removal (Hao et al., 2013).  

Ubiquitin is an important regulating factor for host cell functions, which makes it 

unsurprising that viruses have evolved diverse ways to manipulate the ubiquitin system. 

Influenza virus has been shown to manipulate the ubiquitin system in several ways to 

enhance its replication. Unanchored ubiquitin chains, which are packaged into IAV virions, 

can facilitate viral uncoating by recruiting histone deacetylase 6 (HDAC6) to viral fusion 

sites through the HDAC6 zinc-finger ubiquitin binding domain. RNA segments of IAV are 

then transported towards the nucleus via microtubule movement and released into the 

nuclear pore (Banerjee et al., 2014). Additionally, E3 ubiquitin ligase Itch was shown to be 

crucial for the release of IAV RNPs from endosomes by ubiquitination of IAV M1 protein 

(Su et al., 2013). IAV NS1 was shown to destabilize Mdm2 E3 ligase, leading to more 

robust viral replication (Pizzorno et al., 2018). All three subunits of IAV RNA-dependent 

RNA polymerase are ubiquitinated, which enhances IAV genome replication (Kirui et al., 

2016). A previous study also revealed that the cytoplasmic domain of IAV M2 protein is 

ubiquitinated, which was crucial for infectious viral particle production (Su et al., 2017).   
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Ubiquitination allows the host to regulate cellular processes by altering the 

function, abundance, or subcellular distribution of proteins, which has a strong presence 

in the regulation of innate immunity. Influenza A virus has been also shown to manipulate 

the ubiquitin system to evade innate immune mechanisms against its infection such as the 

type I IFN innate immune response. For example, IAV NS1 binds to the coiled coil domain 

of E3 ubiquitin ligase TRIM25, which interferes with K63-linked ubiquitination of RIG-I and 

subsequent innate immune signaling (Gack et al., 2009). IAV NS1 has also been shown 

to interact with RIPLET to prevent RIG-I ubiquitination (Rajsbaum et al., 2012).  
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Figure 6: The ubiquitin proteasome system. (1) Ubiquitination is carried out by a cascade of 

enzymatic reactions.  E1 activating enzyme uses ATP to activate the C-terminal carboxyl group 

of ubiquitin, which then forms a thioester bond with the cysteine residue in the active site of an 

E2 ubiquitin conjugating enzyme. In the final step, an E3ubiquitin ligase transfers the ubiquitin 

from the E2-Ub to a specific substrate. (2) After being targeted for degradation by ubiquitination, 

the protein binds to the 19S cap of the 26S proteasome. The 19S particle then cleaves off the 

ubiquitin chain and linearizes the protein in an ATP-dependent manner. The linear protein then 

enters the 20S barrel, where it is digested into peptides. Figure made using Biorender (cite). 
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I-Di. Protein degradation 

Protein levels are tightly regulated within the cell by both transcription and protein 

degradation. Protein degradation is essential for controlling both quality and quantity of 

proteins. Generally, the proteasome degrades individual proteins in a highly targeted 

manner, and lysosomes degrade cytoplasmic components including protein aggregates, 

defective or surplus organelles through autophagy, and some individual proteins (Wang 

and Robbins, 2014). Both proteasomal and lysosomal degradation are essential for 

cellular proteostasis. The majority of proteins in all tissues are targeted for degradation by 

the ubiquitin-proteasome pathway (Rock et al., 1994). The main specificity factor in the 

ubiquitin-proteasome pathway is the E3 ligase. There are over 600 estimated E3 ubiquitin  

ligase in humans (George et al., 2018), and they link ubiquitin to proteins in a highly 

regulated manner. After being targeted for degradation by ubiquitination, most cell proteins 

are degraded by the 26S proteasome, which is summarized in Figure 6. The 26S 

proteasome is found in the cytosol and nucleus of all cells. It consists of a central barrel-

shaped 20S proteasome that contains the unique proteolytic sites that break peptide 

bonds as well as a 19S regulatory particle at either or both ends that cleaves off the 

ubiquitin chain and uses ATPases to unfold the protein substrate and translocate it to the 

20S core for degradation (Voges et al., 1999). After the ubiquitinated protein binds to the 

19S compartment, the polyubiquitin chain is cleaved off of the substrate and 

disassembled. The protein is unfolded by the ATPases in the particle. After linearization, 

the protein is translocated through the pore of the 20S gated entry channel and into the 

20S proteasome. The protein is then digested into small peptides and released by the 

proteasome into the cell, where they are quickly digested by cytoplasmic peptidases into 

amino acids (Lecker et al., 2006). The amino acids are then either reutilized by the cell to 
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make new proteins or are metabolized for energy (Saric et al., 2004). Unsurprisingly, the 

ubiquitin-proteasome system is extremely important for IAV replication. For example, IAV 

RNA synthesis has been shown to be dependent on the ubiquitin proteasome system, and 

inhibition of the proteasome attenuated IAV replication at a post-fusion step of virus 

replication (Widjaja et al., 2010).  Additionally, IAV M2 was revealed to interact with and 

downregulate tetherin via the proteasomal degradation pathway (Hu et al., 2017).  

The other major cellular protein degradation pathway is lysosomal degradation. 

Lysosomes are membrane-bound spherical organelles that contain many different 

digestive enzymes. The interior of a lysosome is acidic (~4.5-5) compared to the cytosol 

(pH 7.2), which is optimal for the hydrolytic enzymes contained within (Cooper, 2000). In 

order to be degraded by the lysosome, proteins must first be taken up by one. One 

pathway for this is autophagy, where small areas of cytoplasm or cytoplasmic organelles 

are enclosed in ER-derived membranes. These vesicles, named autophagosomes, then 

fuse with lysosomes and the contents are digested. A major function of lysosomes is the 

digestion of outside materials taken up via endocytosis.  Another major route of lysosomal-

mediated degradation is autophagy. Autophagy plays a role in the clearance of misfolded 

proteins and protein aggregates. Ubiquitin tagging can signal proteins for lysosomal 

degradation as well as tag organelles for disposal. K63 ubiquitination in particular has 

been shown to promote the induction of autophagy in response to stressed conditions or 

accelerates autophagy initiation through feedback mechanisms (Chen et al., 2019; Tan et 

al., 2008). IAV also takes advantage of lysosomal degradation to efficiently replicate. For 

example, IAV infection led to the lysosomal degradation of eukaryotic initiation factor 4b 

(eIF4B), which was mediated by IAV NS1 protein. NS1-mediated downregulation of eIF4B 

enhanced IAV replication by suppressing interferon-induced transmembrane protein 3 

(IFITM3) expression (Wang et al., 2014a). Additionally, autophagy has been shown to 
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dampen the early IFN response to IAV (Perot et al., 2018), and several viral proteins 

including NS1, HA, and M2, have shown to be involved with autophagy upregulation 

(Gannagé et al., 2009; Zhirnov and Klenk, 2013).  
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Chapter II. Influenza A virus NS1 induces degradation of sphingosine 1-

phosphate lyase to obstruct the host innate immune response 

 

II-A. Abstract 

The type I interferon (IFN)-mediated innate immune response is one of the central 

obstacles influenza A virus (IAV) must overcome in order to successfully replicate within 

the host. We have previously shown that sphingosine 1-phosphate (S1P) lyase (SPL) 

enhances IKKɛ-mediated type I IFN responses. Here, we build upon those studies to 

further characterize the antiviral activity of SPL, and we also demonstrate that the 

nonstructural protein 1 (NS1) of IAV counteracts the SPL-mediated antiviral response by 

inducing degradation of SPL. SPL was ubiquitinated and downregulated upon IAV 

infection or NS1 expression, whereas NS1-deficient IAV failed to elicit SPL ubiquitination 

or downregulation. Transiently overexpressed SPL increased phosphorylation of IKKɛ, 

resulting in enhanced expression of type I IFNs. However, this induction was markedly 

inhibited by IAV NS1. A prediction analysis revealed synoviolin 1 (SYVN1) as a potential 

E3 ubiquitin ligase for SPL, and SYVN1 was found to interact with SPL during transient 

overexpression of IAV NS1. Additionally, chemical inhibition or knockdown of SYVN1 

during IAV infection led to reduced IAV protein expression compared to the control. 

Collectively, this study reveals a novel strategy employed by IAV to subvert the type I IFN 

response, providing new insights into the interplay between IAV and host innate immunity. 
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II-B. Introduction  

Influenza A virus (IAV) is a negative sense segmented RNA virus in family 

Orthomyxoviridae. IAV and influenza B virus (IBV) are well known for causing seasonal 

influenza outbreaks annually (Lam et al., 2019), resulting in substantial morbidity and 

mortality worldwide despite widespread vaccination and preexposure (Iuliano et al., 2018). 

IAV exhibits remarkable genetic and genomic diversity that allows IAV to be both a 

pandemic and zoonotic threat (Brooke, 2017). Recurrent outbreaks of avian influenza add 

to mounting concerns of the next potential influenza pandemic (Cowling et al., 2013; 

Fraser et al., 2009; Salvador et al., 2020; Wang and Palese, 2009). Vaccines targeting 

influenza viruses must be reformulated annually (Krammer et al., 2018). While antiviral 

drugs that inhibit the function of IAV proteins such as neuraminidase (NA) and the viral 

polymerase are available, multiple IAV strains have been found to be resistant to these 

contemporary antivirals (Cheng et al., 2010; Dharan et al., 2009; Hussain et al., 2017; 

Irwin et al., 2016; Jones et al., 2018; Marjuki et al., 2015; Poland et al., 2009). Therefore, 

identifying host factors that could be targeted to broadly counteract infection by many 

different IAV subtypes has great potential as a therapeutic strategy.  

One of the host’s first lines of defense against IAV infection is the powerful type I 

interferon (IFN)-mediated innate immune response (Hoffmann et al., 2015; Seo and 

Hahm, 2010). Briefly, host RIG-I senses IAV RNA products by recognizing the 5’-ppp 

moiety that is present on IAV RNA (Goubau et al., 2013; Killip et al., 2015; Loo et al., 

2008). The activation of RIG-I leads to its interaction with the downstream adaptor protein 

MAVS and subsequent recruitment and activation of IKKε and TBK1, both of which 

activate transcription factors IRF3 and IRF7 (Sharma et al., 2003). This leads to the 

production and secretion of IFN-α and IFN-β molecules (Sato et al., 2000). IFNs then bind 

to their cognate receptor, triggering the activation of the JAK-STAT signaling pathway and 



 
35 

ultimately inducing the transcription of IFN-stimulated genes (ISGs) (Aaronson and 

Horvath, 2002). ISG products promote a cellular antiviral state by inhibiting virus 

replication (Schoggins, 2014).  

Sphingosine 1-phosphate (S1P) lyase (SPL) is a host enzyme that mediates the 

catabolism of the bioactive lipid S1P into hexadecenal and phosphoethanolamine (Aguilar 

and Saba, 2012; Bourquin et al., 2010). Due to its ability to metabolize S1P, SPL has been 

implicated in a diverse array of mammalian cellular processes and diseases, such as cell 

proliferation, cell survival, cell development, host immunity, and cancer (Bandhuvula and 

Saba, 2007; Chi, 2011; Fyrst and Saba, 2008; Herr et al., 2003; Kumar et al., 2004; Li et 

al., 2000; J. Min et al., 2007; Serra and Saba, 2010). Recessive SPL mutations have been 

found to lead to SPL Insufficiency Syndrome, which can involve symptoms including 

nephrosis and immunodeficiency among others (Lovric et al., 2017). However, we have 

previously shown that SPL has antiviral activity during IAV infection (Seo et al., 2010). 

SPL enhanced the type I IFN response to IAV independently of its ability to metabolize 

S1P by interacting with IKKε but not TBK1 (Vijayan et al., 2017), ultimately resulting in the 

production of more IFN molecules and subsequently more ISGs.  

In this study, we expand upon our previous findings to further characterize the 

antiviral activity of SPL, and we report that IAV infection leads to the ubiquitination and 

subsequent downregulation of SPL via IAV nonstructural protein 1 (NS1). IAV NS1 

reduced the previously observed SPL-mediated activation of IKKε, which resulted in 

reduced IFN responses. This study reveals a novel strategy used by IAV to subvert the 

type I IFN innate immune response.  
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II-C. Materials and Methods 

Viruses and Cells 

Influenza A/Puerto Rico/8/34 (H1N1) virus (gift from Adolfo Garcia Sastre), 

influenza A/Puerto Rico/8/34 (H1N1) virus deficient in NS1 (ΔNS1) (gift from Dr. Adolfo 

Garcia Sastre), influenza A/Hong Kong/8/68 (H3N2 VR-1679) virus (ATCC), 2009 

pandemic influenza A/CA/04/09 (H1N1) virus (gift from Dr. Wenjun Ma) (Lee et al., 2017; 

Xia et al., 2018b), and influenza B/Lee/40 (IBV) virus (ATCC VR-1535), were used as 

previously described. In experiments, IAV denotes Influenza A/Puerto Rico/8/34 virus 

unless stated otherwise. Viruses used in this study were amplified either on Madin-Darby 

Canine Kidney (MDCK) cells or in chicken eggs as described previously (Eisfeld et al., 

2014; Neumann et al., 1999; Seo et al., 2010; Varble et al., 2014). Briefly, for amplification 

of viruses on MDCK cells, cells were incubated with virus for 1 hour (h). The cells were 

then washed with PBS and incubated with fetal bovine serum (FBS) free medium 

containing 0.3% bovine serum albumin (BSA) and TPCK-trypsin (1µg/mL) for 

amplification. For viral amplification in chicken eggs, serum pathogen-free fertilized 

chicken eggs were candled then inoculated with virus diluted in 1x phosphate buffered 

saline via the allantoic route. Infected eggs were incubated for 48 hours without turning at 

37°C and ~60% humidity. Eggs were then chilled and the allantoic fluid was collected and 

centrifuged to remove debris. Virus titers were determined by plaque assay. Briefly, 

supernatants containing viruses were harvested, serially diluted, and then were adsorbed 

onto 1 x 106 MDCK cells/well in a 6-well plate for at least 1 h. Cells were then overlayed 

and incubated with 2X EMEM (Gibco) containing 0.6% BSA and 2 ug/mL TPCK-trypsin 

mixed with an equal portion of 1% agarose (Seakem ME). Cells were fixed using 25% 

formalin and stained with 1X crystal violet prior to assessing viral titer. Sources of human 

embryonic kidney (HEK) 293 cells, MDCK cells, SPL-knockout (KO) cells, and human lung 
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epithelial A549 cells have been previously described (J. Min et al., 2007; Seo et al., 2012; 

Vijayan et al., 2017, 2014). HEK293 cells, SPL-KO cells, and A549 cells were cultured in 

Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco), while the MDCK cells were cultured 

in Minimum Essential Medium Eagle (MEM, Gibco) as previously described (Y.-J. J. Seo 

et al., 2013; Vijayan et al., 2017, 2014; Xia et al., 2018b, 2016). All cells were cultured in 

a CO2 incubator at 37°C. All media to culture immortalized cell lines were supplemented 

with 10% FBS (HyClone) and 1% penicillin (100 U/mL)/streptomycin (100 µg/mL) 

(Invitrogen) unless stated otherwise. Undifferentiated primary human tracheal epithelial 

cells (HTEpCs) derived from excess tissue of lungs donated for transplant from human 

donors were expanded as previously described (Dickinson et al., 2018) with PneumaCult-

Ex Plus medium (StemCell) supplemented with 0.1% hydrocortisone stock solution (96 

µg/mL) (StemCell), 1% penicillin (100 U/mL)/streptomycin (100 µg/mL) (Invitrogen), 0.1% 

amphotericin B (250 µg/mL) (Fungizone), and 2% PneumaCult-Ex Plus 50x supplement 

(StemCell).  

Plasmids and Transfection 

Mammalian expression plasmids encoding IKKε, Flag-tagged SPL, wild type SPL, 

HA-tagged ubiquitin, and IAV neuraminidase were used as described previously (Vijayan 

et al., 2017; Xia et al., 2016). Plasmid encoding IAV NS1 was a gift from Dr. Adolfo Garcia-

Sastre (Mt Sinai). Plasmids encoding short hairpin RNA (shRNA) against human SPL 

(shSPL) in PLKO.1 from Addgene and scramble control shRNA were gifts from Dr. Julie 

D. Saba (University of California San Francisco, Children’s Hospital Oakland Research 

Institute). pINDUCER reagents were a gift from Dr. David Pintel (University of Missouri). 

Lentivirus containing shSPL, human SPL, and shSCR was generated as previously 

described (Meerbrey et al., 2011) and lentivirus-containing supernatants were 

concentrated using lenti concentrator (OriGene, TR30025) according to manufacturer’s 



 
38 

instructions.  For transfection of cultured cells, cells were seeded onto 6-well plates or 24-

well plates at densities of 1 x 106 cells/well or 2.5 x 105 cells/well respectively 24 hours 

prior to transfection. Cells were then transfected with the indicated plasmids using 

Lipofectamine2000 Transfection Reagent (Thermo Scientific) or LipoD293 transfection 

reagent (Signagen) at 80%-90% confluency following the protocols recommended by the 

manufacturers. A concentration of 500 ng/mL DNA was used for the transfection 

experiments unless specifically indicated. Empty vector plasmids were used as a control 

in all transfection experiments to ensure that each transfection sample received the same 

amount of total DNA.  

Reagents and Antibodies 

Anti-DYKDDDDK (FLAG) G1 Affinity Resin (GenScript), IP lysis buffer (Thermo 

Scientific), protease inhibitor PMSF (Gold Bio), and cycloheximide (CHX, Sigma-Aldrich) 

were purchased from the indicated manufacturers. Antibodies against IBV NP (B017) and 

IAV M1 (GA2B) were purchased from Abcam; antibodies against p-IKKε (Ser172, D1B7), 

IKKε (D20G4), FLAG tag (9A3), HA tag (C29F4), human GAPDH (D1GH11), RIG-I 

(D14G6), and ubiquitin (P4D1) were purchased from Cell Signaling Technology; 

antibodies against SPL (H-300), IAV NS1 (NS1-23-1), and IAV M2 (vI-19) were purchased 

from Santa Cruz Biotechnology; antibody against IAV H5N1 NA (GTX127984) was 

purchased from Genetex. Fluorophore-labeled IR-Dye secondary antibodies against 

mouse and rabbit IgG were purchased from LI-COR.   

Denatured immunoprecipitation (denatured-IP), and western blotting 

293T cells, seeded in 6-well plates, were transiently transfected or co-transfected 

with the indicated plasmids (1 μg DNA in total). For detection of ubiquitination of SPL 

during IAV infection, cells were infected with IAV with an MOI of 1. Cells were harvested 

and lysed 24 hours post-transfection in 1 mL IP lysis buffer (48 h post-transfection for 
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infection experiments). Denatured IP was performed as previously described (Xia et al., 

2016). Briefly, cell lysates were boiled at 95°C for 5 minutes, were chilled on ice, and were 

centrifuged to clear lysates of cell debris. A small amount of lysate was reserved for 

analysis via western blotting, and the remainder of the samples were incubated with 20 µl 

of anti-DYKDDDDK (FLAG) G1 affinity resin (GenScript) overnight with rotation at 4°C. 

The beads were washed three times with 1 mL IP lysis buffer, and precipitates and lysates 

were analyzed by western blot analysis. For co-IP experiments, cell lysates containing 

protease inhibitor (PMSF, 1 mM) were incubated with 20 µl of anti-DYKDDDDK (FLAG) 

G1 affinity resin overnight with rotation at 4°C. The beads were washed three times with 

1 mL IP lysis buffer, and precipitates were analyzed by western blot analysis. Western 

blotting was performed as previously described. Briefly, cells were lysed by addition of 2x 

sample buffer containing β-mercaptoethanol and boiled at 95˚C for 10 min. The denatured 

polypeptides from cell lysates or IP were separated by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) and were transferred to nitrocellulose 

membranes (Bio-Rad). Membranes were blocked then incubated with the indicated 

primary antibodies overnight at 4ºC. Membrane-bound antibodies were detected using 

IRDye secondary antibodies (LI-COR). Bound antibodies were visualized and imaged 

using an Odyssey Fc (LI-COR), and the resulting data were analyzed using Image Studio 

software V5.2 (LI-COR). Similar results were obtained from at least two independent 

experiments.   

Real-time quantitative PCR 

Total cellular RNA was extracted and purified by using Tri Reagent (Sigma-Aldrich) 

according to the manufacturer’s instructions. Purified RNA was reverse transcribed with 

random primers (Invitrogen), and the resulting cDNA was used as a template for real-time 

quantitative PCR (RT qPCR) using gene-specific primers. Primers for human SPL (5’- 
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GGA TGA AGA TTG TGC GGG TC-3’ and 5’-GAA CAG ACG AGC ATG GCA GT-3’), 

human OAS-1 (5’-GAT CTC AGA AAT ACC CCA GCC A-3’ and 5’-AGC TAC CTC GGA 

AGC ACC TT-3’), human IFN-β (5’-CGC CGC ATT GAC CAT CTA-3’ and 5’-GAC ATT 

AGC CAG GAG GTT CTC A-3’), human IFN-α (5’-GTG AGG AAA TAC TTC CAA AGA 

ATC AC-3’ and 5’-TCT CAT GAT TTC TGC TCT GAC AA-3’), and human GAPDH (5’ -

TCA CCA CCA TGG AGA AGG -3’ and 5’ -GAT AAG CAG TTG GTG GTG CA -3’) were 

used. After cDNA synthesis, qPCR reactions were performed with Power SYBR green 

PCR Master Mix (Applied Biosystems) using a Step One real-time PCR instrument 

(Applied Biosystems), and cDNA quantities were normalized to quantities of GAPDH RNA 

measured from the same samples.  

Statistical analysis 

Shapiro-Wilk test and Bartlett’s test of homogeneity of variances were used to 

determine if the assumptions were met to analyze using a one-way ANOVA. Data were 

then analyzed and compared pairwise using either one-way ANOVA with Tukey’s range 

test as post hoc or Kruskal-Wallis with Conover-Iman test of multiple comparisons as post 

hoc. One-way ANOVA, Tukey’s range test, and Kruskal-Wallis were performed using 

JASP (JASP Team, 2020). Statistical analysis was conducted in R (R Core Team, 2020), 

with the indicated packages for the following: Conover-Iman test of multiple comparisons 

(conover.test package (Alexis Dinno, 2015)), Shapiro-Wilk normality test (dplyr package 

(Wickham et al., 2021)), and Bartlett’s test of homogeneity of variances (stats package (R 

Core Team, 2020)). Error bars represent mean ± either standard error of the mean (SEM) 

or standard deviation (SD) where indicated. Data are representative of at least two 

independent experimental repetitions.  
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II-D. Results 

SPL has antiviral activity against IAV 

We have previously determined that sphingosine 1-phosphate lyase (SPL) has 

antiviral capabilities against influenza A virus (IAV) infection by enhancing the type I IFN 

innate immune response. However, it had yet to be confirmed with a more modern 

influenza virus. To assess this, we infected either wild type or SPL-deficient cells with 

pandemic influenza A/CA/04/09 IAV (pH1N1). In support of our lab’s previous findings, 

SPL-deficient cells had greater amounts of viral protein expression (Figure 7A) and viral 

titers (Figure 7B) during infection compared to the wild type control cells. While it is known 

that IKKε, but not TBK1, is required for SPL-mediated antiviral activity, it remained yet to 

be determined if SPL alone could alter IRF3-mediated induction of type I IFNs. To 

determine this, relative levels of IFN-α and IFN-β mRNA molecules were measured using 

reverse transcription followed by qPCR. As expected, transient overexpression of IRF3 

led to greater expression of IFN-α and IFN-β mRNA, and transient overexpression of both 

IRF3 and SPL did not lead to a distinct change in relative IFN mRNA expression (Figure 

8A and 8B). This shows that increased SPL and IRF3 alone does not alter IRF3-mediated 

induction of type I IFN, which implicates the necessity of IKKε for SPL antiviral activity.   

To investigate if SPL had antiviral activity in a more relevant cell line, SPL was 

either overexpressed (Figure 9A) or knocked down (Figure 9B) in primary human tracheal 

epithelial cells (HTEpCs) using lentiviral transduction, then infected with IAV. As previously 

observed in other cell lines, SPL overexpression resulted in reduced IAV replication, and 

SPL knockdown led to increased IAV replication.  

  



 
42 

 

 

 

  

Figure 7. SPL inhibits pH1N1 IAV replication. (A) WT or SPL-KO cells were infected with 

pandemic influenza A/CA/04/09 (pH1N1) virus at an MOI of 1 and harvested at 24 hpi. Viral 

protein levels were assessed using western blotting. (B) WT or SPL-KO cells were infected 

with pH1N1 IAV at an MOI of 0.01. Viral supernatants were collected 48 hpi, and titers were 

measured using plaque assay. Data represent mean values ± SD (n = 3 per group; *, p﹤

0.05). 
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Figure 8. SPL does not alter the IRF3-mediated induction of type I IFNs. 293T cells were 

co-transfected with empty vector plasmid (CTR) or plasmids encoding IRF-3 and SPL, and 

cells were harvested 1 day post transfection. The relative mRNA levels of IFN-α (A) and IFN-β 

(B) were analyzed by real-time qPCR. Data represent mean values ± SD (n = 3 per group; *, 

ns = not significant). 
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Figure 9. SPL inhibits IAV replication in primary human tracheal epithelial cells. (A) 

Primary human tracheal epithelial cells (HTEpCs) from donors were transduced with lentivirus 

that overexpressed SPL during dox treatment. “Control” was not treated with dox, and “SPL” 

was treated with dox to overexpress SPL. Transduced cells were infected with IAV, then viral 

protein levels were assessed using western blotting (B) HTEpCs were transduced with 

lentivirus were transduced with lentivirus that either downegulated SPL with short hairpin RNA 

(shSPL), or a scrambled control (shSCR). Transduced cells were infected with IAV, then viral 

protein levels were assessed using western blotting. 
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While we had assessed the ability of SPL to reduce IAV H1N1 replication, we had yet to 

determine if SPL could inhibit replication of other influenza viruses. To determine if the 

anti-influenza activity of SPL was limited to IAV H1N1 infection, SPL knockout cells or 

control wild type cells were infected with either IAV A/WSN/1933 (H1N1), influenza 

A/Hong Kong/8/68 (H3N2), or influenza B/Lee/40 virus (IBV), and viral protein levels were 

assessed using western blot. Compared to the infected wild type cells, viral protein levels 

were increased in the SPL knockout cells when infected by any of the tested influenza 

viruses (Figure 10A, 10B, and 10C). To investigate if SPL could have antiviral activity 

against other respiratory RNA viruses, we next tested if SPL could affect measles virus 

(MV) replication. Transient SPL overexpression resulted in decreased MV protein 

expression (data not shown). MV protein expression was higher in SPL knockout cells 

compared to infected wild type cells (Figure 11). Based on these results, we can conclude 

that SPL has antiviral capabilities against influenza viruses as well as measles virus.  

IAV negatively regulates SPL protein levels 

While the antiviral effects of SPL are known, it had yet to be determined if SPL 

levels could change during IAV infection, either as a response by the host to infection or 

as a result of the viral infection itself. To investigate if SPL levels change during IAV 

infection, SPL protein levels were assessed by western blotting at 2, 4, 6, 12, and 24 hours 

post infection (hpi) with pH1N1 in A549 cells. Following infection, SPL protein levels 

decreased progressively over time as viral protein levels, represented by IAV nonstructural 

protein 1 (NS1), increased (Figure 12A). Furthermore, HTEpCs were infected with either 

influenza A/Puerto Rico/8/34 (H1N1) (Figure 12B) or pH1N1 IAV (Figure 12C), and SPL 

protein levels were assessed by western blotting. Similar to infection in A549 cells, SPL 

levels decreased in the IAV-infected HTEpCs (Figure 12B and 12C). 
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Figure 10. Viral replication is increased in SPL deficient cells during infection with 

different influenza viruses. WT or SPL-KO cells were infected with an MOI of 1 with either 

influenza A/Puerto Rico/8/34 (H1N1) virus (A), influenza A/Hong Kong/8/68 (H3N2) virus (B), 

or influenza B/Lee/40 virus (IBV) (C). Viral protein levels were measured using western 

blotting. 
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Figure 11. SPL impairs measles virus (MV) replication. WT or SPL-KO cells were infected 

with either 0.1 MOI or 0.5 MOI Edmonston strain MV, and viral protein levels were assessed 

using western blotting. 
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Figure 12. IAV negatively regulates SPL protein levels. (A) A549 cells were infected with 

influenza A virus (IAV), pandemic influenza A/CA/04/09 (pH1N1) virus, at an MOI of 1. Protein 

levels of SPL, IAV NS1, and GAPDH were detected respectively at the indicated time points 

post infection. (B and C) Primary human tracheal epithelial cells (HTEpCs) were infected with 

IAV, either influenza A/Puerto Rico/8/34 (H1N1) (B) or pH1N1 virus (C), and levels of SPL, 

M1, and GAPDH were detected. (D) A549 cells were infected for 24 hours with either pH1N1 

virus (IAV H1N1) or influenza A/Hong Kong/8/68 virus (IAV H3N2), or influenza B/Lee/40 virus 

(IBV) (MOI = 1). Levels of SPL, IBV NP, IAV M1, IAV NS1, and GAPDH were detected using 

western blot analysis.  (E) A549 cells were infected with pH1N1 IAV at an MOI of 1 and were 

harvested at the indicated timepoints. The relative mRNA levels of SGPL1 were analyzed 

using real time qPCR. Data represent mean ± SEM. Pairwise comparison was performed 

using one-way ANOVA followed by Tukey post hoc (n = 4 per group; ns = not significant). 
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To determine if this reduction of SPL protein was specific to IAV H1N1 infection, A549 

cells were infected with either IAV pH1N1, H3N2, or IBV, and SPL protein levels were 

assessed using western blot analysis. Compared to the uninfected control, SPL protein 

levels were reduced when cells were infected by any of the tested influenza viruses (Figure 

12D).  Next, to assess whether this downregulation was occurring at a transcriptional level, 

SPL mRNA levels in A549 cells were measured using reverse transcription followed by 

real-time quantitative PCR (qPCR) at 12 hpi and 24 hpi with IAV. Interestingly, IAV 

infection did not alter SPL mRNA expression significantly at either timepoint (Figure 12E), 

indicating post-transcriptional downregulation of SPL. Collectively, these data 

demonstrate that IAV infection negatively regulates SPL levels at the post-transcriptional 

stage.  

IAV infection induces ubiquitination of SPL 

To further characterize the effects of IAV infection on SPL, denatured 

immunoprecipitation (IP) assays were performed. Cells were co-transfected with FLAG-

SPL and HA-tagged-ubiquitin expressing plasmids and were subsequently infected with 

IAV. Denatured IP was performed on the IAV infected and uninfected control cells, and 

relative ubiquitination of FLAG-SPL was subsequently assessed using western blotting. 

IAV infection strongly increased ubiquitination of FLAG-SPL compared to the uninfected 

controls (Figure 13A). Consistent with these findings, we observed enhanced endogenous 

ubiquitination of FLAG-SPL upon IAV infection in the absence of ubiquitin-overexpressing 

plasmid (Figure 13B). These results led us to conclude that SPL ubiquitination is induced 

during IAV infection, which could lead to the previously observed decrease in SPL protein 

levels.  
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Figure 13. IAV infection induces ubiquitination of SPL. (A) HEK293 cells were co-

transfected with plasmid DNA encoding HA-tagged ubiquitin (HA-Ub) and FLAG-tagged SPL 

(FLAG-SPL) and at 24 hours post transfection were subsequently infected with IAV (MOI = 1). 

Denatured IP experiments were performed at 1 day post infection (dpi) to detect the 

ubiquitination of SPL. (B) HEK293 cells were transfected with FLAG-SPL and were infected 

with IAV (MOI = 1) 24 hours post-transfection. Denatured IP was performed, and endogenous 

ubiquitin of FLAG-SPL was detected. 
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IAV NS1 protein is responsible for ubiquitination and downregulation of SPL 

To determine which component of IAV infection induces the ubiquitination and 

subsequent downregulation of SPL, we looked at the effects of both host and viral 

components of infection. First, because SPL is a newly identified pro-IFN factor, we 

assessed the effect of the type I IFN response on SPL protein level in cells. To this end, 

western blotting was performed after induction of the type I IFN innate immune response 

with human IFN-α or IAV viral RNA (vRNA). SPL protein levels remained relatively 

unchanged after treatment with human IFN-α (Figure 14A) or IAV vRNA (Figure 14B) 

compared to the uninduced controls, indicating that SPL downregulation was not a result 

of the type I IFN innate immune response to IAV infection. Because IAV nonstructural 

protein 1 (NS1) is known to regulate host type I IFN responses (Kochs et al., 2007; Krug, 

2015; Muñoz-Moreno et al., 2020), we next tested if NS1 could be responsible for the 

ubiquitination of SPL. Viral proteins were assessed for their abilities to ubiquitinate SPL 

by transiently overexpressing either NS1 or neuraminidase (NA) as a negative viral protein 

control and performing denatured IP followed by western blotting to measure relative 

ubiquitination of FLAG-SPL. Relative to the controls, NS1, but not NA, was determined to 

induce ubiquitination of SPL (Figure 15A and 15B). Hemagglutinin (HA) was also tested 

and found to not induce SPL ubiquitination (data not shown), and NS1 was also found to 

not induce IFNAR1 ubiquitination (data not shown). To elucidate which type of 

ubiquitination SPL could be undergoing during NS1 expression, K48 or K63-linked 

ubiquitin was transiently overexpressed in addition to FLAG-SPL and IAV NS1, and 

denatured IP was performed. Interestingly, SPL was found to undergo both K48 and K63-

linked ubiquitination during NS1 expression (Figure 16).  
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Figure 14. SPL is not downregulated by the type I IFN innate immune response. The 

type I IFN innate immune response was stimulated in HEK293 cells either by treatment with 

1000 U/mL recombinant IFN-α (rIFN-α) (A) or by transfection with 2.5 µg/mL IAV RNA (vRNA) 

or RNA isolated from uninfected cells (-) (B), and levels of SPL, RIG-I, and GAPDH were 

measured using western blotting. 
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Figure 15. IAV NS1 induces SPL ubiquitination. (A) HEK293 cells were co-transfected with 

plasmids expressing HA-tagged ubiquitin (HA-Ub) and FLAG-tagged SPL (FLAG-SPL), 

together with plasmids expressing viral NS1 or NA as indicated. Denatured IP experiments 

were performed to detect the ubiquitination of SPL. (B) HEK293 cells were co-transfected with 

plasmids expressing FLAG-SPL, NS1, or NA. Denatured IP and subsequent western blotting 

was performed to determine endogenous ubiquitination of SPL. 
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Figure 16. IAV NS1 induces both K48 and K63-linked ubiquitination of SPL. HEK293 

cells were co-transfected with plasmids expressing FLAG-tagged SPL, IAV NS1, and either 

HA-tagged K48 or K63-linked ubiquitin. Denatured IP and subsequent western blotting were 

performed, and levels of K48 and K63-linked ubiquitination of FLAG-SPL were assessed. 
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Furthermore, NS1 was found to directly instigate SPL downregulation (Figure 17A). To 

eliminate the possibility of protein translation affecting total SPL levels, cycloheximide 

(CHX) treatment was used to stop new protein synthesis in conjunction with NS1 

overexpression; with these conditions, we observed a more dramatic reduction of SPL 

levels in the presence of NS1 (Figure 17A). Typically, post-transcriptional downregulation 

of proteins can be attributed to the proteasomal and/or lysosomal degradation pathway. 

In order to assess whether IAV NS1 was downregulating SPL via these pathways, we 

used proteasomal inhibitor MG132 or lysosomal inhibitor NH4Cl in conjunction with 

cycloheximide treatment. Treatment with MG132 or NH4Cl prevented the downregulation 

of SPL, demonstrating that NS1-mediated SPL downregulation utilizes both the 

proteasomal and lysosomal degradation pathways (Figure 17B).   

SPL degradation during IAV infection is dependent upon NS1 

To confirm that IAV NS1 is a pivotal factor necessary for triggering SPL 

ubiquitination and downregulation during IAV infection, we next tested the effect of 

infection with NS1-deficient (ΔNS1) IAV (IAV-ΔNS1) on SPL ubiquitination and 

downregulation. Denatured IP of transiently overexpressed FLAG-SPL and subsequent 

western blotting were used to assess SPL ubiquitination during infection with either IAV 

or IAV-ΔNS1. Infecting with increasing MOIs of IAV likewise increased ubiquitination of 

SPL. However, infecting with increasing MOIs of IAV-ΔNS1 at even higher MOIs than used 

in wild type infection did not show discernible ubiquitination of SPL compared to the 

uninfected control (Figure 18A). Next, to assess whether NS1 was important for 

endogenous SPL protein downregulation during infection, cellular SPL protein levels were 

measured by western blotting with either IAV (MOI = 1) or IAV-ΔNS1 (MOI = 3). While IAV  
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Figure 17. Transient IAV NS1 overexpression leads to SPL degradation. (A) A549 cells 

were transfected with IAV NS1 expressing plasmid for 16 hours and were then subsequently 

treated for 6 hours with 30 ug/mL cycloheximide (CHX) or DMSO (Solvent) for the duration of 

the 6-hour treatment to inhibit protein synthesis. SPL downregulation was then assessed 

using western blotting. (B) A549 cells were transfected with IAV NS1 expressing plasmid for 

16 hours and were then subsequently treated for 6 hours with DMSO (Solvent), 20 µM 

MG132, or 20 mM NH4Cl. Samples were also treated with 30 µg/mL cycloheximide (CHX) or 

DMSO (Solvent) for the duration of the 6-hour treatment to inhibit protein synthesis. Western 

blotting was then used to detect levels of SPL, NS1, and GAPDH. 
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Figure 18. NS1-deficient IAV fails to induce the ubiquitination and degradation of SPL. 

(A) HEK293 cells were co-transfected with HA-Ub and FLAG-SPL. At 1 dpi, cells were 

infected with IAV or NS1-deficient IAV (IAV-∆NS1) at MOIs of 0.1 or 1. Denatured IP 

experiments were performed to detect the ubiquitination of SPL. (B) HEK293 cells were 

infected with IAV or IAV-∆NS1 at 1 MOI or 3 MOI respectively. The levels of SPL, NS1, M2, 

HA, and GAPDH were analyzed with western blotting at 1 dpi. The relative intensity of each 

band of SPL was determined using densitometry based on the GAPDH level of the sample 

and is depicted below each blot. The relative level of SPL from the mock-infected sample was 

set at 1.0. 
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infection led to endogenous SPL downregulation, IAV-ΔNS1 infection did not lead to 

significant SPL downregulation despite being infected with a higher MOI (Figure 18B). 

Collectively, these data demonstrate that IAV NS1 is essential for IAV-mediated 

ubiquitination and downregulation of SPL.  

NS1 inhibits SPL-mediated activation of IKKε and production of type I IFNs 

Our previous study revealed a new role for SPL, in which SPL interacts with IKKε, 

increasing IKKε activation (phosphorylation of IKKε) as well as subsequent production of 

IFNs and ISGs. However, it remained to be determined whether IAV could inhibit this SPL-

mediated type I IFN innate immune response. To this end, western blotting was performed 

to assess protein levels of phosphorylated IKKε (pIKKε) 16 hours post transfection with 

plasmids expressing IKKε, SPL, and NS1. As we have previously observed, transiently 

overexpressed IKKε increased pIKKε due to autophosphorylation, and transient 

overexpression of both SPL and IKKε resulted in a larger increase of pIKKε than IKKε 

overexpression alone. However, transient overexpression of NS1, SPL, and IKKε 

decreased pIKKε levels compared to the controls (Figure 19A). While NS1 decreased 

pIKKε levels, it did not disrupt the association between IKKε and SPL (Figure 19B). To 

further assess whether the type I IFN response was subsequently impacted by those 

conditions, relative levels of IFN-α and IFN-β mRNA molecules were measured using 

reverse transcription followed by qPCR. Similar to our previous findings, IKKε 

autophosphorylation-induced expression of IFN-α and IFN-β mRNAs was greatly 

increased by SPL transient overexpression. However, the expression of IFN-α and IFN-β 

mRNA transcripts was greatly reduced when NS1 was transiently expressed in addition 

to IKKε and SPL (Figure 20A and 20B). ISGs are the ultimate antiviral effectors of the type 

I IFN innate immune response to IAV infection. In order to determine whether the NS1-  
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Figure 19. NS1 expression reduces SPL-mediated IKKε activation without affecting 

their interaction. 293T cells were co-transfected with the indicated plasmids, and cells were 

harvested 1 day post transfection. The levels of phosphorylated IKKε (pIKKε), IKKε, SPL, 

NS1, and GAPDH were analyzed by western blotting to assess levels of pIKKε (A), and co-IP 

was used to assess the interaction between SPL and IKKε (B). 
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Figure 20. NS1 inhibits the function of SPL in promoting the type I IFN innate immune 

response. 293T cells were co-transfected with the indicated plasmids, and cells were 

harvested 1 day post transfection. The relative mRNA levels of IFN-β (A), IFN-α (B), OAS-1 

(C), and ISG56 (D) were analyzed by real-time qPCR. Data represent mean ± SEM. One-way 

ANOVA with Tukey’s range test (A, B, and D) or Kruskal-Wallis with Conover-Iman test (C) 

were used for pairwise comparisons. (n = 3 per group; **, P ≤ 0.01; ***, P ≤ 0.001). 
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mediated inhibition of the SPL-enhanced type I IFN innate immune response impacts the 

production of ISGs, OAS-1 and ISG56 mRNA transcript levels were subsequently 

measured with reverse transcription and qPCR. Strikingly, OAS-1 transcription was 

increased by over 300-fold in conditions where both SPL and IKKε were transiently 

overexpressed, compared to a 20-fold increase during transient overexpression of IKKε 

alone. However, the enhanced OAS-1 transcription seen in those conditions was mitigated 

by the addition of transiently overexpressed NS1 (Figure 20C). Similarly, ISG56 

transcription was increased in conditions where both SPL and IKKε were transiently 

overexpressed, but the enhanced ISG56 transcription was diminished by also 

overexpressing NS1 (Figure 20D). Collectively, these data suggest that IAV NS1 obstructs 

the pro-IFN function of SPL, enabling IAV to evade the SPL-mediated type I IFN innate 

immune response during infection.  

Implications of SYVN1 in NS1-mediated SPL downregulation 

To predict which E3 ubiquitin ligases were most likely to ubiquitinate SPL, we used 

a bioinformatics tool called UbiBrowser (Li et al., 2017), which can investigate and predict 

E3 ubiquitin ligase-substrate interactions. From this analysis, Synoviolin1 (SYVN1) was 

predicted to be an E3 ubiquitin ligase that interacted with SPL. SYVN1 had the highest 

predicted confidence score and likelihood ratio of any of the other candidates, with 5 

inferred E3 recognizing motif sites to the SPL amino acid sequence. SYVN1 is a RING-

finger E3 ubiquitin ligase which presides in the membrane of the endoplasmic reticulum 

(ER) of cells and is known for ER-associated degradation of unfolded proteins. Notably, 

SPL is also localized in the ER membrane. If SYVN1 is involved in IAV NS1-induced 

ubiquitination of SPL, it would likely enhance IAV replication. To test this, we used either 

chemical inhibitor of SYVN1, LS-102 (Figure 21A), or siRNA-mediated knockdown of 

SYVN1 (Figure 21B) during infection with IAV, and viral proteins were measured using 



 
62 

western blotting. Both chemical inhibition and siRNA knockdown of SYVN1 resulted in 

decreased viral protein levels, indicating SYVN1 enhances IAV replication. Next, to 

determine if SYVN1 could have involvement with IAV NS1-mediated ubiquitination of SPL, 

we performed co-IP for FLAG-SPL with or without transiently overexpressed IAV NS1 and 

observed SYVN1 levels using western blotting. Interestingly, SYVN1 was found to interact 

with SPL when IAV NS1 was transiently overexpressed (Figure 22), which could indicate 

involvement with NS1-mediated ubiquitination and degradation of SPL. Preliminary data 

also indicate that SYVN1 could mediate ubiquitination of SPL (data not shown) as well as 

downregulation of SPL during IAV infection (data not shown). Collectively, these data 

indicate that SYVN1 could be involved in SPL ubiquitination.  
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Figure 21. SYVN1 positively regulates IAV replication. (A) A549 cells were treated with 

either DMSO (Solvent) or LS-102 at the indicated concentration and were subject to either 

mock or IAV infection (MOI = 5). The cells were harvested at 12 hpi and western blotting was 

used to determine viral protein levels. (B) A549 cells were transfected with control siRNA 

(SCR) or SYVN1 siRNA and were then either mock or IAV infected (MOI = 0.01). The cells 

were harvested at 9 hpi, and western blotting was performed to assess viral protein levels. 
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Figure 22. SYVN1 interacts with SPL upon IAV NS1 expression. HEK293 cells were co-

transfected with plasmids expressing FLAG-SPL and IAV NS1. Cells were harvested 1 day 

post transfection, and co-immunoprecipitation was performed to determine the potential 

interaction between FLAG-SPL, IAV NS1, and SYVN1. 
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II-E. Discussion 

Our study further clarifies the antiviral function of SPL as well as demonstrates that 

IAV NS1 induces the ubiquitination and subsequent downregulation of host SPL. This 

downregulation allows IAV to subvert the SPL-mediated type I IFN innate immune 

response to IAV infection (Figure 23). Preliminary data indicate that SYVN1 could have 

involvement with IAV-mediated SPL downregulation.   

While SPL is known to have many functions in the host, our lab was the first to 

show its antiviral function in the type I IFN innate immune response. Interestingly, we 

observed that SPL had antiviral activity against IAV H1N1 and H3N2 strains, IBV, as well 

as measles virus, which are all single-stranded negative-sense RNA viruses that infect the 

respiratory tract. This indicates SPL could have antiviral activity against several respiratory 

RNA viruses. It could be interesting to determine if SPL has antiviral effects against other 

viruses as well. 

The IAV NS1 protein has several functions during influenza virus replication 

(Rosário-Ferreira et al., 2020). NS1 is largely responsible for hindering host IFN antiviral 

responses, ensuring more effective IAV replication (Kochs et al., 2007; Krug, 2015; 

Muñoz-Moreno et al., 2020). NS1 was reported to directly limit the antiviral state by 

inhibiting OAS-1 activation, outcompeting OAS for interaction with double-stranded RNA 

(dsRNA)  (Min and Krug, 2006; Wang et al., 1999). NS1 binding to dsRNA also prevents 

the activation of dsRNA-activated protein kinase (PKR) (Bergmann et al., 2000). Since the 

experimental conditions of Figure 20C did not use dsRNA or IAV infection, NS1’s 

impairment of the SPL-mediated pro-IFN function is not due to this previously known 

mechanism. Additionally, NS1 inhibits RIG-I activation by blocking the TRIM25 ubiquitin 

E3 ligase-mediated K63-linked ubiquitination of RIG-I (Gack et al., 2009), by binding to 

RIPLET and preventing its ability to ubiquitinate and activate RIG-I  
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Figure 23.  Influenza A virus NS1 induces degradation of sphingosine 1-phosphate 

lyase to dampen the host innate immune response. SPL functions as a positive regulator 

of IKKε to enable the induction of a robust type I IFN response. However, IAV NS1 protein 

dampens the type I IFN response by downregulating SPL, allowing IAV to replicate more 

efficiently. 
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(Rajsbaum et al., 2012), or by directly binding to RIG-I to prevent downstream activation 

of IRF3 (Mibayashi et al., 2007). Our findings of IAV NS1 preventing SPL from promoting 

IKKε phosphorylation is a novel method utilized by IAV NS1 to dampen host innate 

immunity.  

The underlying mechanism of NS1 triggering the ubiquitination and degradation of 

SPL remains unknown. It is possible that another host protein, such as a host ubiquitin 

ligase, is somehow activated by NS1 to mediate SPL’s ubiquitination and subsequent 

destruction. IAV infection has been previously shown to direct host ubiquitin ligase NEDD4 

to target interferon-induced transmembrane protein 3 (IFITM3), a protein involved in the 

immune defense against several RNA viruses, for ubiquitination and subsequent 

lysosomal degradation (Chesarino et al., 2015). Investigating how IAV NS1 induces the 

ubiquitination and degradation of SPL is an exciting avenue of research which remains to 

be explored.  

Viruses must counteract host antiviral activities, especially IFN production and the 

activity of ISGs, in order to replicate efficiently. We have shown that IAV mediates the 

ubiquitination and subsequent proteasomal and lysosomal degradation of host SPL. We 

have previously found that IAV infection induces ubiquitination and subsequent 

degradation of type I IFN receptor 1 (IFNAR1) in order to dampen the type I IFN innate 

immune response (Xia et al., 2016). Comparable to our findings, IAV infection was found 

to mediate both proteasomal and lysosomal degradation of IFNAR1. A previous study 

determined that OTUB1, which can regulate RIG-I dependent innate immune signaling, is 

targeted for proteasomal degradation by IAV NS1 (Jahan et al., 2020). IAV NS1 has also 

been previously shown to mediate the ubiquitination and lysosomal degradation of 

eukaryotic translation initiation factor 4B (eIF4B) protein (Wang et al., 2014b). While eIF4B 

is a key component in regulating the initiation of mRNA translation, it could also regulate 
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the IFN-induced expression of IFITM3. Indeed, several viruses are known to hijack the 

host ubiquitin system in order to subvert or evade IFN responses. For example, human 

rotavirus nonstructural protein NSP1 stifles IFN expression by inducing ubiquitination-

dependent degradation of interferon regulatory factor 3 (IRF3), a key component in the 

induction of the IFN α/β cascade (Barro and Patton, 2005). It is likely that IAV also utilizes 

the host ubiquitin system in order to induce degradation of SPL and further evade host 

IFN responses.  

SPL was found to undergo both K48 and K63-linked ubiquitination upon the 

expression of IAV NS1. We were surprised to see both, as K48-linked ubiquitination is 

primarily known to be associated with protein degradation by the proteasome, while K63-

linked ubiquitination is commonly associated with proteasome-independent pathways. 

However, ubiquitin is capable of sending diverse signals. For example, both K48 and K63-

linked ubiquitination have been shown to be capable of signaling lysosomal degradation 

(Zhang et al., 2013). Additionally, K63 ubiquitin chains have also been shown to facilitate 

assembly of K48/K63 branched ubiquitin chains through recruitment of ubiquitin ligases 

assembling K48 ubiquitin chains, which facilitate proteasomal degradation (Ohtake et al., 

2018). Thus, observing both K48 and K63-linked ubiquitination of SPL during NS1 

expression is consistent with our findings of SPL undergoing both proteasomal and 

lysosomal degradation.  

Sphingolipid-metabolizing enzymes have been shown to affect the IAV replication 

cycle. Sphingosine kinase 1 and 2 (SK1 and SK2) enhance IAV replication in cultured 

cells, and IAV infection increases the expression and phosphorylation of SK1 and SK2 

(Xia et al., 2018). SK1 and SK2 are also known to regulate the replication of other viruses. 

For example, measles virus (MV) infection elevates SK1 and pSK1 levels (Vijayan et al., 

2014). Inhibition of SK impairs MV replication and suppresses NF-kB activation. These 
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results, among others, demonstrate that SK impacts viral replication and could be a 

promising therapeutic target in some instances. Our previous studies have also indicated 

that SPL has a pro-IFN function upon influenza virus infection (Vijayan et al., 2017). 

However, here we have shown that IAV NS1 protein counteracts this SPL-mediated 

enhanced type I IFN response to infection. Determining whether these effects are 

applicable to other viruses is a promising area of research. 

Our studies have indicated that SYVN1 enhances IAV replication. Preliminary data 

suggests that SYVN1 may be involved with the NS1-mediated degradation of SPL. SYVN1 

is an E3 ubiquitin ligase which is involved with unfolded or misfolded protein removal in 

the ER stress response. SYVN1 presides in the ER membrane. It has an interesting 

structure, with both the N and C termini presiding in the cytoplasm, and is anchored in the 

ER membrane with 6 transmembrane domains which allow SYVN1 to span the ER 

membrane more than once (Kaneko et al., 2016). SYVN1 has been shown to be 

upregulated during the ER stress response (Kaneko et al., 2002), and a previous study in 

mice showed that IAV infection led to increased Syvn1 mRNA transcription in the lungs 

(Singhania et al., 2019). SYVN1 has also been shown to facilitate both proteasomal (Wang 

et al., 2011) and autophagy-lysosomal degradation (Feng et al., 2017) of the Z variant of 

protein α-1-antitrypsin.  

We observed that expression of IAV NS1 led to an interaction between SYVN1 

and SPL that was not present in the control. It has been previously shown in a published 

study that MAVS and IKKε interact, with MAVS recruiting IKKε to the mitochondria, when 

both are transiently overexpressed. In the same study, Sendai Virus infection led to MAVS 

recruiting IKKε to the mitochondria as well as MAVS interaction with IKKε (Paz et al., 

2009). Our lab has previously determined using coimmunoprecipitation analysis that 

MAVS can interact with the SPL-IKKε complex when SPL and IKKε are transiently 
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overexpressed together (unpublished, data not shown). While SPL may not interact with 

MAVS directly, they could be present together in a complex. MAVS is a tail-anchored 

membrane protein. In addition to mitochondrial and peroxisomal membranes, MAVS also 

localizes to mitochondrial associated membranes (MAMs) (Vazquez and Horner, 2015). 

MAMs are composed of membrane fragments of both the ER and outer mitochondrial 

membrane, and they create junctions between the ER and mitochondria. While SPL is 

known to be localized to the ER membrane, it has also been shown to be localized to 

MAMs (Aguilar and Saba, 2012; Rolando et al., 2016). A recently published study 

determined that viral infection during corticosterone-induced cell stress led to mitofusin 2 

(MFN2) interacting with MAVS to recruit SYVN1, promoting polyubiquitination and 

subsequent proteasomal degradation of MAVS, and subsequently attenuating the type I 

IFN innate immune response (Luo et al., 2020). Interestingly, MFN2 has been shown to 

be enriched in MAMs and is also localized on the ER (de Brito and Scorrano, 2009). If 

SYVN1 is confirmed to promote NS1-mediated degradation of SPL, it may be worthwhile 

to investigate whether MFN2 could be involved as well. The authors also determined that 

SYVN1 knockdown attenuated IAV replication and increased levels of MAVS during 

corticosterone-induced cell stress (Luo et al., 2020). Further studies into the potential role 

of SYVN1 in the IAV-NS1 mediated downregulation of SPL could yield further insight and 

clarify the interaction. 

This study sheds light on the intricate struggle between influenza virus and the 

host immune defense and confirms the important role of SPL in the innate immune 

response to influenza virus infection. Understanding the precise mechanism of how IAV 

NS1 targets SPL for ubiquitination and degradation could yield potential new therapeutic 

targets for the treatment of IAV infection. 
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Chapter III. Host Factors are crucial for SK2-mediated enhancement of 

influenza viral replication 

 

III-A. Abstract 

 Influenza A virus (IAV) is widely known for causing seasonal and pandemic 

influenza, continuing to be an annual threat. The characterization of host factors which 

promote IAV replication is crucial for the development of novel therapeutics to counteract 

IAV. Here, we report that sphingosine kinase 2 (SphK2, SK2) promotes IAV replication in 

cooperation with multiple host factors. IAV protein synthesis during infection was 

enhanced upon transient overexpression of SK2 and was reduced with siRNA-mediated 

knockdown of SK2. IAV infection led to increased SK2 and activated SK2 protein 

expression. MEK/ERK activation was found to be important for increased SK2 and 

phosphorylated-SK2 protein levels during IAV infection. Treatment with SK2 inhibitor led 

to decreased p21 expression upon IAV infection. These studies provide novel insight into 

the effects of host factors on SK2-enhanced IAV replication. 
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III-B. Introduction 

 Seasonal influenza infections lead to severe morbidity and mortality annually. The 

potential severity of pandemic influenza A virus (IAV) infection can be exemplified by the 

1918 H1N1 influenza pandemic, which killed an estimated 50-100 million people (Morens 

and Fauci, 2007). The severity of the ongoing COVID-19 pandemic (Piroth et al., 2021) 

and the 2009 IAV pandemic (Fraser et al., 2009; Wang and Palese, 2009) as well as the 

recurrent outbreaks of highly pathogenic avian influenza (Hobbelen et al., 2020; Lai et al., 

2016; Peiris et al., 2007) have all contributed to mounting concern of the next potential 

influenza pandemic. Vaccines targeting the predicted most prevalent strains of influenza 

A and influenza B viruses must be reformulated annually. Antiviral drugs that target IAV 

proteins such as neuraminidase (NA) and viral polymerase are available. However, 

multiple viral strains quickly developed resistance to these contemporary antivirals (Cheng 

et al., 2010; Dharan et al., 2009; Hussain et al., 2017; Irwin et al., 2016; Jones et al., 2018; 

Marjuki et al., 2015; Poland et al., 2009), which illustrates the vital need for novel 

therapeutic targets able to broadly counteract infection, such as host factors. 

Sphingosine kinase (SK) is a host lipid kinase that produces intracellular and extracellular 

sphingosine 1-phosphate (S1P) by ATP-dependent phosphorylation of sphingosine. 

There are two SK isoforms, sphingosine kinase 1 (SK1) and sphingosine kinase 2 (SK2). 

Both SK isoforms have conserved domains and similar enzymatic activity, yet also have 

distinct differences. SK1 is known to promote cell survival and proliferation, and is also 

critical for tumor necrosis factor-alpha (TNF-α) and nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB) signaling during inflammatory responses. In 

contrast, SK2 has been shown to have both pro- and anti-apoptotic properties as well as 

both pro- and anti-inflammatory functions. SK1 is localized to the plasma membrane and 

cytosol, while SK2 is primarily localized to the nucleus, but is also localized to the cytosol 
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or endoplasmic reticulum under certain conditions (Igarashi et al., 2003; Maceyka et al., 

2005; Taha et al., 2006). Both SK1 and SK2 have been previously shown to affect the 

replication of several different viruses. However, little research has been conducted 

regarding the role of SK2 in IAV replication.  

In this study, we show that SK2 enhances IAV replication. Inducible SK2 overexpression 

increased the production of IAV proteins, while SK2 inhibition or knockdown decreased 

IAV protein levels. Furthermore, IAV infection increased SK2 levels. MEK/ERK activation 

was important for increased SK2 and pSK2 levels during IAV infection, and inhibition of 

SK2 was found to interfere with p21 expression during IAV infection. This study provides 

novel insight into the role of SK2 in IAV infection.   

 

III-C. Materials and methods 

Viruses and Cells 

Influenza A/Puerto Rico/8/34 (H1N1) virus (gift from Adolfo Garcia Sastre), influenza 

A/WSN/33 (H1N1) virus was initially provided by Yoshihiro Kawaoka (University of 

Wisconsin-Madison), pandemic influenza A/CA/04/09 (H1N1) virus was a gift from Wenjun 

Ma (Kansas State University) (Lee et al., 2017; Xia et al., 2018b). In experiments, IAV 

denotes Influenza A/Puerto Rico/8/34 virus unless stated otherwise. Viruses used in this 

study were amplified either on Madin-Darby Canine Kidney (MDCK) cells or in chicken 

eggs as described previously (Eisfeld et al., 2014; Neumann et al., 1999; Seo et al., 2010; 

Varble et al., 2014). Briefly, for amplification of viruses on MDCK cells, cells were 

incubated with virus for 1 hour (h). The cells were then washed with PBS and incubated 

with fetal bovine serum (FBS) free medium containing 0.3% bovine serum albumin (BSA) 

and TPCK-trypsin (1µg/mL) for amplification. For viral amplification in chicken eggs, serum 
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pathogen-free fertilized chicken eggs were candled then inoculated with virus diluted in 1x 

phosphate buffered saline via the allantoic route. Infected eggs were incubated for 48 

hours without turning at 37°C and ~60% humidity. Eggs were then chilled and the allantoic 

fluid was collected and centrifuged to remove debris. Virus titers were determined by 

plaque assay. Briefly, supernatants containing viruses were harvested, serially diluted, 

and then were adsorbed onto 1 x 106 MDCK cells/well in a 6-well plate for at least 1 h. 

Cells were then overlayed and incubated with 2X EMEM (Gibco) containing 0.6% BSA 

and 2 ug/mL TPCK-trypsin mixed with an equal portion of 1% agarose (Seakem ME). Cells 

were fixed using 25% formalin and stained with 1X crystal violet prior to assessing viral 

titer. Sources of human embryonic kidney (HEK) 293 cells, MDCK cells, and human lung 

epithelial A549 cells have been previously described (J. Min et al., 2007; Seo et al., 2012; 

Vijayan et al., 2014). HEK293 cells and A549 cells were cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM, Gibco), while the MDCK cells were cultured in Minimum 

Essential Medium Eagle (MEM, Gibco) as previously described (Y.-J. J. Seo et al., 2013; 

Vijayan et al., 2017, 2014; Xia et al., 2018b, 2016). All cells were cultured in a CO2 

incubator at 37°C. All media to culture immortalized cell lines were supplemented with 

10% FBS (HyClone) and 1% penicillin (100 U/mL)/streptomycin (100 µg/mL) (Invitrogen) 

unless stated otherwise.   

Construct and Transfection 

Doxycycline (DOX) inducible expression plasmid encoding SK2 was generated by 

PCR from pVB201 (provided by Stephen Alexander, University of Missouri-Columbia) (J. 

Min et al., 2007) with primers 5’ -GGG GAC AAG TTT GTA CAA AAA AGC AGG CTT 

ACC ACC ATG GGG GGT TCT CAT CAT CAT- 3′ and 5’ -GGG GAC CAC TTT GTA CAA 

GAA AGC TGG GTG TCA GGC TTG TGG CTT TTG ACC TGC AGG- 3’. The amplified 

murine SK2-encoding fragment was cloned into pINDUCER20 vector using BP and LR 
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clonase kits (Invitrogen) according to the manufacturer's instructions. The pINDUCER20 

reagents were a gift from David Pintel at University of Missouri-Columbia (Adeyemi et al., 

2014; Meerbrey et al., 2011). For transient expression, HEK293 cells (2 × 105/well) were 

seeded in a 24-well plate one day before transfection. Cells were then transfected with a 

plasmid encoding SK2 (250 ng/well) using LipoD293 transfection reagent (SignaGen) and 

protocols recommended by the manufacturer. DOX (100 ng/ml, MP Biomedical) was 

added to the cell culture 24 h post transfection to induce the transient expression of SK2.  

Western Blotting 

Western blotting was performed as described previously (Seo et al., 2010; Y.-J. J. 

Seo et al., 2013; Vijayan et al., 2014; Xia et al., 2018c, 2016) . Briefly, cells were lysed in 

2 × sample buffer containing β-mercaptoethanol and heated at 95 °C for 10 min. Equal 

amounts of protein samples were resolved on a 10% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred to a nitrocellulose 

membrane (Bio-Rad). Membrane bound antibodies were detected using IRDye secondary 

antibodies (IRDye 800CW Goat anti-Mouse IgG and Goat anti-Rabbit IgG; LI-COR). The 

signals were imaged by Odyssey Fc (LI-COR), and data were analyzed using Image 

Studio V5.2 (LI-COR). Data are representative of at least two repeat experiments. 

Antibodies and Reagents 

SK2 inhibitor ABC294640 (Opaganib) (Orr Gandy and Obeid, 2013) was 

purchased from MedKoo. Antibodies against human SK2, influenza A viral NP, and M1 

were purchased from Abcam; the antibodies against p21 and influenza A viral NS1 was 

purchased from Santa Cruz; the antibodies against human GAPDH (glyceraldehyde-3-

phosphate dehydrogenase), ERK 1/2 (extracellular signal-related kinase), and phospho-
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ERK 1/2 was purchased from Cell Signaling Technology; the antibody against human 

phospho-SK2 was purchased from ECM Biosciences.  

RNA interference 

ON-TARGETplus Human SK2 siRNA (si-SK2) and universal scrambled negative 

control siRNA (SCR) were purchased from Dharmacon. All siRNAs were used at a final 

concentration of 20 nM to transfect A549 cells. The cells (2 × 105/well) were transfected 

with siRNA by reverse transfection using Lipofectamine RNAiMax reagent according to 

the manufacturer's instructions. The transfected cells were then seeded in a 24-well plate. 

One day later, cells were infected with IAV and then harvested at one day post-infection 

(dpi). The knockdown of SK2 was confirmed by Western blot analysis. 

Statistical analysis 

Densitometric analysis was performed using Image Studio V5.2 (LI-COR). Data 

were analyzed and compared using a bidirectional, unpaired Student t-test (Pritzl et al., 

2015; Xia et al., 2018c). Error bars represent means ± standard error of the mean (SEM). 

**, p ≤ 0.01; 
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III-D. Results 

SK2 promotes IAV replication 

We had previously shown that SK isoform SK1 served as a pro-influenza viral 

factor during infection (Y.-J. J. Seo et al., 2013), but the effects of SK2 during IAV infection 

remained unknown. To determine the effect of SK2 on IAV replication, cells were 

transfected with either a scrambled control siRNA or siRNA targeting SK2 and were 

subsequently infected with IAV. SK2 knockdown reduced IAV protein expression levels 

compared to the infected control (Figure 24A), suggesting that SK2 is important for robust 

IAV replication. To confirm that SK2 would enhance IAV replication, cells were transfected 

with a doxycycline (dox)-inducible SK2-encoding plasmid, followed by subsequent 

infection with or without dox. SK2 overexpression during IAV infection resulted in more 

robust viral protein expression compared to the uninduced controls (Figure 24B), 

strengthening the conclusion that SK2 promotes IAV replication. Collectively, these results 

indicate that SK2 functions as a pro-influenza viral host factor, crucial for robust IAV 

replication. 

IAV infection increases SK2 expression  

Next, to observe whether IAV infection could impact SK2 protein expression, we 

measured relative protein levels of SK2 and activated (phosphorylated) SK2 (pSK2) in 

cells infected with IAV. IAV infection increased relative expression levels of both SK2 and 

pSK2 (Figure 25). Densitometric analysis confirmed that IAV infected cells increased SK2 

protein levels by about twofold compared to the mock-infected control (Figure 25).  
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Figure 24. SK2 promotes IAV replication. (A) A549 cells were left untransfected (−), 

transfected with scrambled control siRNA (SCR) or siRNA targeting human SK2 (si-SK2). At 

24 hours post-transfection, cells were infected with IAV at an MOI of 1. At 24 hpi, the levels of 

SK2, NP, NS1, M1, and GAPDH were analyzed using western blotting. (B) A549 cells were 

transfected with an inducible SK2-encoding plasmid. 24 hours post-transfection, cells were 

infected with IAV at an MOI of 1 without (−) or with (+) the treatment of Dox (100 ng/mL). The 

levels of viral NS1, viral M1, SK2, and GAPDH were analyzed at 4 hpi or 10 hpi using western 

blotting. 
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Figure 25. IAV infection increases SK2 expression and activation. A549 cells were 

infected with influenza A/WSN/33 (H1N1) virus at an MOI of 1. The levels of SK2, pSK2, viral 

M1, viral NP, and GAPDH were analyzed by Western blotting at 4 hours post-infection (hpi) or 

10 hpi. The relative intensity of each band of SK2 and pSK2 compared to the mock-infected 

control was determined using densitometry based on the GAPDH level of the sample and is 

depicted below each blot. The relative levels of SK2 and pSK2 from the mock infected sample 

was set as 1.0. 
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MEK-ERK activation is important for increased SK2 expression 

SK2 has been previously shown to be phosphorylated by ERK 1/2 under certain 

cellular conditions (Hait et al., 2007). Furthermore, ERK has been reported to be important 

for IAV infection through experiments that utilized the inhibitor U0126, which blocks 

MEK/ERK activation (Marjuki et al., 2011; Pleschka et al., 2001). To determine if ERK-

mediated activation could impact the IAV-induced increase of SK2 and pSK2, U0126 was 

used during IAV infection. Inhibition of ERK prior to infection interfered with the IAV-

induced increase of SK2 and pSK2 throughout infection (Figure 26). This result suggests 

that MEK/ERK activation is important for IAV-induced upregulation of SK2/pSK2. 

SK2 inhibition interferes with p21 expression during IAV infection 

SK2 has been previously described as interacting with histone deacetylase 

(HDAC) 1/2 in the nucleus upon phorbol 12-myristate 13-acetate (PMA) stimulation, 

subsequently regulating the expression of genes such as p21 (Hait et al., 2009). IAV 

infection has also been shown to upregulate p21 and cause temporal cell cycle arrest in 

the G0/G1 phase, maximizing viral replication (He et al., 2010). Therefore, we tested 

whether SK2 could impact p21 expression during IAV infection by measuring relative 

levels of p21 after infection with IAV and treatment with SK2 inhibitor ABC294640 (ABC). 

Interestingly, SK2 inhibition impaired p21 expression specifically during IAV infection 

(Figure 27). This suggests that SK2 could regulate p21 during IAV infection, which has 

implications in mediating IAV-induced cell cycle arrest. 
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Figure 26. MEK/ERK activation is important for increased SK2/pSK2 levels during IAV 

infection. A549 cells were pre-treated with DMSO (Solvent) as a control or 15 µM U0126 and 

were then infected with IAV (MOI=5). The levels of pSK2, SK2, pERK, ERK, GAPDH, and 

viral M1 were assessed using western blotting. 
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Figure 27. SK2 inhibition interferes with p21 expression during IAV infection. A549 cells 

were mock or IAV-infected, and at 1hpi were treated with either 50% PEG 5% DMSO 

(Solvent) or 100 µM ABC294640 (ABC). Levels of p21 and NS1 were assessed using western 

blotting. Mock and H1N1 blots depicted are from the same blot. 
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III-E. Discussion 

This investigation shows that SK2 promotes IAV infection. SK2 knockdown or 

inhibition resulted in reduced IAV protein levels, while transient SK2 overexpression 

increased IAV protein levels. Likewise, IAV infection increased SK2 expression, and the 

enhanced SK2 expression was mediated by ERK activation. SK2 inhibition decreased p21 

expression, which suggests potential SK2 involvement with mediating IAV-induced cell-

cycle arrest.   

Due to SK2 enhancing IAV replication, it is logical to assume that targeting SK2 as 

an IAV therapeutic could be advantageous. A high mutation rate allows IAV to rapidly 

develop resistance to antiviral drugs that target IAV proteins. However, targeting host cell 

factors that enhance IAV replication may prove to be an effective antiviral strategy. An 

SK2 inhibitor is currently being tested as a therapeutic for patients with COVID-19 

(McGowan et al., 2020), but the role of SK2 in virus-host interaction remains unclear. 

Greater study is necessary to ascertain the mechanism of SK2 promoting IAV replication. 

Combining antiviral drugs that target IAV proteins along with host-targeted therapeutics 

that display minimal cytotoxicity has great potential as a therapeutic strategy to treat 

influenza (Davidson, 2018). Further research is required to determine whether 

ABC294640 could be synergistic with current antivirals.  

Inhibition of ERK activation was shown to interfere with the IAV-induced increase 

of SK2. However, previous work has described that inhibition of ERK activation reduces 

IAV replication (Marjuki et al., 2006; Pleschka et al., 2001). Therefore, it is unclear whether 

the reduced SK2 levels observed in the IAV-infected, ERK inhibitor-treated cells at 8 hpi 

are due to ERK inhibition or the reduced viral protein expression. It could be interesting to 

determine if a viral component could be involved with increased SK2 expression during 
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infection or if ERK could be interacting with SK2. Further study is required to more fully 

assess how ERK activation leads to the IAV infection-induced increase of SK2 levels. 

Inhibition of SK2 during IAV infection resulted in decreased p21 protein levels 

compared to the uninfected control treated with SK2 inhibitor. Therefore, it is possible that 

SK2 could modulate the expression of genes important for IAV replication. It is known that 

SK2 regulates gene expression and DNA synthesis in cancer cells (Alvarez et al., 2010; 

Igarashi et al., 2003), which suggests that SK2 could regulate gene expression or viral 

replication in the nucleus.  IAV infection has been previously shown to upregulate p21, 

leading to temporal cell cycle arrest in the G0/G1 phase and maximizing viral replication 

(He et al., 2010). Determining the involvement of SK2 in IAV-mediated cell cycle arrest 

could provide greater insight into the observed results.  

SK2 is a promising target to counteract IAV infection. This work increases our 

understanding of host-IAV interactions. Further investigation is required to clarify how SK2 

enhances IAV replication and how IAV increases SK2 levels. 
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Chapter IV. PARP1 enhances influenza A virus propagation by facilitating 

degradation of host type I interferon receptor 

IV-A. Abstract 

 Influenza A virus (IAV) utilizes multiple strategies to confront or evade host type I 

interferon (IFN)-mediated antiviral responses in order to enhance its own propagation 

within the host. One known strategy is viral hemagglutinin (HA) mediating the induction of 

type I IFN receptor 1 (IFNAR1) degradation. However, the molecular mechanism behind 

this process remains undefined. Here, we report that a cellular protein, poly (ADP-ribose) 

polymerase 1 (PARP1), plays a critical role in mediating IAV HA induced degradation of 

IFNAR1. We identified PARP1 as an interacting partner for IAV HA through mass 

spectrometry analysis. Knockdown or inhibition of PARP1 rescued IFNAR1 levels during 

IAV infection or HA expression, exemplifying the importance of PARP1 for IAV-induced 

reduction of IFNAR1. Furthermore, confocal fluorescence microscopy showed altered 

localization of endogenous PARP1 upon transient IAV HA expression or during IAV 

infection. Notably, PARP1 was crucial for robust IAV replication, which was associated 

with regulation of the type I IFN receptor signaling pathway. These results indicate that 

PARP1 promotes IAV replication by controlling viral HA-induced degradation of host type 

I IFN receptor. Altogether, these findings provide novel insight into interactions between 

influenza virus and the host innate immune response and reveal a new function for PARP1 

during influenza virus infection.  
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IV-B. Introduction 

Influenza A viruses (IAV) cause seasonal and pandemic influenza, which leads to 

unpredictably severe morbidity and mortality worldwide (Blanton et al., 2019; Cowling et 

al., 2013). The type I interferon (IFN) innate immune response acts as one of the first lines 

of host defense against IAV infection (García-Sastre, 2011; Grandvaux et al., 2002; Pitha 

and Kunzi, 2007; Seo and Hahm, 2010). Influenza viruses are known to utilize multiple 

tactics to evade host innate immune responses. The most well-characterized strategies 

aim to inhibit synthesis of type I IFNs (Gack et al., 2009; Liedmann et al., 2014; Patel et 

al., 2013). However, during IAV infection, IFN-α/β molecules are still produced to some 

extent. These molecules bind to their cognate IFN receptor (IFNAR), which activates the 

JAK/STAT pathway, generating antiviral responses. The continued production of IFN-α/β 

suggests that IAV could overcome IFN receptor-mediated antiviral innate responses by 

utilizing a method that does not target type I IFN molecule synthesis.  

Our previous findings have shown that upon infection, IAV promotes the 

degradation of subunit 1 of the type I and type II IFN receptors, IFNAR1 and IFNGR1 

respectively, using viral hemagglutinin (HA) (Xia et al., 2018c, 2016). Viral HA induces the 

phosphorylation of IFNAR1 and IFNGR1, which is followed by poly-ubiquitination of these 

receptors. Ubiquitinated IFNAR1 and IFNGR1 are subsequently degraded, resulting in 

both decreased IFN receptor levels on the cell surface and decreased IFN sensitivity for 

that cell (Xia et al., 2018c, 2016). Receptor degradation results in a broad-spectrum 

downregulation of receptor-mediated interferon responses, creating more optimal 

conditions for IAV survival and replication. However, the molecular mechanism for IAV HA 

triggering IFN receptor degradation remains unknown. Strikingly, HA-mediated IFNAR1 

degradation does not follow known cellular mechanisms of IFNAR1 degradation, such as 

PERK-mediated ER stress or high levels of IFN molecules (Bhattacharya et al., 2011; Liu 
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et al., 2009a; Xia et al., 2018c, 2018a, 2016; H. Zheng et al., 2011; Hui Zheng et al., 2011). 

This led us to hypothesize that there could be an unknown cellular factor(s) that mediates 

this receptor degradation process. Utilizing mass spectrometry, we identified poly (ADP-

ribose) polymerase 1 (PARP1) as a host protein that binds to IAV HA.  

PARP1, a member of the PARP family, regulates various critical cellular processes 

such as cellular proliferation and differentiation (Chaitanya et al., 2010; Du et al., 2016; 

Gerö et al., 2014; Liu and Yu, 2015; Rossi et al., 2009). Of note, PARP1 is well-known as 

a regulator during tumor development (Du et al., 2016), and PARP1 inhibitors are currently 

approved as therapeutic options for BRCA-mutated ovarian and breast cancers (Slade, 

2020). PARP1 as well as PARP13.1 have been shown to regulate influenza A virus 

polymerase activity, which in turn affects IAV replication (Bortz et al., 2011; Liu et al., 2015; 

Westera et al., 2019). Additionally, PARP1 depletion in human cancer cells induces 

interferon-stimulated gene (ISG) expression, which suggests potential PARP1 

involvement in IFN signaling (Ghosh et al., 2018). However, the exact role of PARP1 in 

regulating the host type I IFN signaling pathway and its resultant effects on viral replication 

remain unknown.  

In this study, we identified PARP1 as an IAV HA interacting partner during IAV 

infection using mass spectrometry. Furthermore, PARP1 was proven to be important for 

mediating IAV HA-induced degradation of IFNAR1, regulating host type I IFN responses, 

and consequently promoting IAV propagation. These findings reveal novel insight into 

host-influenza interactions as well as highlight a promising therapeutic target to more 

effectively control influenza virus infection.  
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IV-C. Materials and methods 

Viruses and Cells 

Influenza A/WSN/33 (H1N1) virus, pandemic influenza A/CA/04/09 (H1N1) virus, 

and influenza A/Puerto Rico/8/34 (H1N1) virus were used as previously reported (Ma et 

al., 2011; Xia et al., 2018c, 2018b, 2016). Viruses were amplified on Madin-Darby Canine 

Kidney (MDCK) cells as previously described (Xia et al., 2018d, 2018b, 2016). Briefly, 

cells were incubated with virus at indicated multiplicity of infection (MOI) for 1 hour (h). 

The cells were then washed with phosphate-buffered saline (PBS) and incubated with fetal 

bovine serum (FBS) free medium containing 0.3% BSA and TPCK-trypsin (1µg/ml) for 

indicated time periods optimal for amplification. Titration of virus was performed using 

plaque assay. Briefly, supernatants containing viruses were harvested and diluted into 

serial dilutions. The diluted supernatants were then adsorbed onto 4 X 105 MDCK 

cells/well in a 6-well plate for at least 1 hour. Cells were then incubated with 2 X EMEM 

(Gibco) mixed with an equal portion of 1% agarose (Seakem ME). Human embryonic 

kidney (HEK) 293 cells, human lung epithelial A549 cells, and African green monkey 

kidney epithelial cells (Vero cells) have been previously reported (Y.-J. J. Seo et al., 2013; 

Y. J. Seo et al., 2013; Vijayan et al., 2014; Xia et al., 2018d, 2016). The HEK293 cells, 

A549 cells, and Vero cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, 

Gibco), while the MDCK cells were cultured in Minimum Essential Medium Eagle (MEM, 

Gibco) as previously described (Seo et al., 2010; Vijayan et al., 2014; Xia et al., 2018c, 

2016). All the cells were cultured in a CO2 incubator at 37°C, and all media were 

supplemented with 10% FBS (HyClone) and penicillin (100 U/ml)/streptomycin (100 µg/ml) 

(Invitrogen).  
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Constructs and Transfection 

The plasmid encoding FLAG-tagged human PARP1 was purchased from 

GenScript; the plasmid encoding influenza viral hemagglutinin (HA) from the A/New 

Caledonia/20/99 (H1N1) has been previously described and was provided by the NIH 

Vaccine Research Center (Wei et al., 2008; Xia et al., 2018d, 2016). To construct the 

FLAG-tagged HA, the coding sequences of full-length HA was amplified by PCR from the 

DNA of full-length HA of influenza A/New Caledonia/20/99 (H1N1) using the primers 5’- 

CGG AAT TCG ATG AAG GCC AAA CTG CTG -3’ and 5’- GGG GTA CCC GTC AGA 

TAC AGA TCC TGC ACT GCA -3’; 5’- CGG AAT TCG ATG AAG GCC AAA CTG CTG -

3’ and 5’- GGG GTA CCC GTC ATC TGC TCT GGA TGC TAG GGA -3’, respectively. For 

transfection of cultured cells, cells were seeded onto 6-well plates or 24-well plates at 

densities of 106 cells/well or 2.5 X 105 cells/well 24 h prior to transfection. Cells were then 

transfected with the indicated plasmids using Lipofectamine2000 Transfection Reagent 

(Thermo Scientific) at 80%-90% confluency following the protocols recommended by the 

manufacturer. A concentration of 500 ng/ml DNA was used for the transfection 

experiments unless specifically indicated. Empty vector plasmids were used as a control 

in all transfection experiments to ensure that each transfection sample received the same 

amount of total DNA.  

Reagents and Antibodies 

PARP1 inhibitor ABT-888 (Cayman) (Clark et al., 2012; Du et al., 2016) and TNKS inhibitor 

XAV939 (Cayman) were purchased from the indicated manufacturers. The antibodies 

against influenza viral HA (H1N1) were purchased from GeneTex and Santa Cruz; 

antibodies against human IFNAR1 and influenza viral M1 were purchased from Abcam; 

antibodies against human PARP1, human GAPDH, phospho-p38, and Myc-tag were 
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purchased from Cell Signaling Technology. Fluorophore-labeled secondary antibodies 

against mouse and rabbit IgG were purchased from Invitrogen. 

Confocal microscopy and image analysis 

A549 cells were seeded in 24 well plates on poly L-lysine coated coverslips (Neuvitro) and 

were either transfected with IAV HA-encoding plasmid or were infected with influenza 

A/Puerto Rico/8/34 (H1N1) virus. Cells were fixed with 4% paraformaldehyde (Alfa Aesar), 

then were permeabilized, blocked with 10% FBS 1% BSA for 1 hour, and incubated with 

primary antibodies overnight at appropriate concentrations in 1% BSA, i.e., anti-IAV HA 

antibody (Santa Cruz) or anti-Myc tag antibody (Cell Signaling Technology), and anti-

PARP1 antibody (Cell Signaling Technology). After washing, samples were incubated with 

the appropriate secondary antibodies such as Alexa Fluor 488 goat anti-mouse 

(Invitrogen) or Alexa Fluor 546 goat anti-rabbit (Invitrogen) for one hour, then washed. Cell 

nuclei were then stained using Draq5 according to manufacturer’s instructions 

(ThermoFisher), then mounted on glass slides with Prolong Gold antifade mountant 

(ThermoFisher). Confocal images of thousands of cells were acquired at the University of 

Missouri Molecular Cytology Core facility using a Leica SP8 TCP confocal microscope. 

For quantification purposes, imaging was performed using a 40x objective, capturing 8-10 

random images per condition per experiment. Quantification was performed using Fiji 

(Schindelin et al., 2012) of ImageJ (Rueden et al., 2017). Levels of cytoplasmic PARP1 

were determined by using the ImageJ “Intensity Ratio Nuclei Cytoplasm Tool” (Wan and 

Hopper, 2018; Zhong et al., 2018) where Draq5 was used as the nuclear stain. The 

threshold, select area, and ROI (Region of Interest) manager functions of ImageJ were 

used to restrict measurements of the Intensity Ratio Nuclei Cytoplasm Tool to cells that 

only expressed HA. The Manders (M1) Coefficient (MC) between HA and PARP1 was 

determined using the ImageJ plugin “JACoP” (Bolte and Cordelières, 2006). 
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Western blotting 

Western blotting was performed as previously described (Seo et al., 2010; Vijayan 

et al., 2014; Xia et al., 2018c, 2016). Briefly, the denatured polypeptides from cell lysates 

or co-IP were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) and were transferred to nitrocellulose membranes (Bio-Rad). Membrane-

bound antibodies were detected using IRDye secondary antibodies (LI-COR). The signals 

were imaged using an Odyssey Fc (LI-COR), and the resulting data were analyzed using 

Image Studio software V5.2 (LI-COR). Similar results were obtained from at least two 

independent experiments.  

RNA interference 

SMARTpool: ON-TARGETplus siRNA targeting human PARP1 (L-006656-03-

0005) was purchased from Dharmacon. siRNA targeting human IFNAR1 was purchased 

form Ribobio. 27mer universal scrambled negative control siRNA duplex (SCR) was 

purchased from Origene. All siRNAs were used at a final concentration of 20 nM to 

transfect A549 cells using Lipofectamine RNAiMax transfection reagent (Thermo 

Scientific) according to the manufacturer’s instructions. Cells were harvested at 48 h post-

transfection and the knockdown of PARP1 was confirmed by Western blot analysis. 

Statistical analysis 

Data were analyzed and compared using a bidirectional, unpaired Student’s t-test. 

All error bars represent mean ± standard deviations (SD). Data are representative of at 

least two independent experimental repetitions. 
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IV-D. Results 

PARP1 is an IAV HA interacting protein 

To investigate the molecular mechanisms behind the HA-induced degradation of 

IFNAR1, we sought to identify involved cellular proteins by employing a mass 

spectrometric screening approach. MS analysis of the co-immunoprecipitation (co-IP) 

precipitates revealed the presence of viral HA-associated host proteins including poly 

(ADP-ribose) polymerase 1 (PARP1) protein. Since PARP1 is known to regulate multiple 

cellular signaling events, we further investigated the interplay between PARP1 and viral 

HA. We confirmed this interaction by performing reciprocal co-IP experiments (data not 

shown).   

Knockdown or inhibition of PARP1 results in impaired IAV HA-mediated 

degradation of IFNAR1 

Given that IFNAR1 expression is essential for the type I IFN-mediated innate 

immune response, we hypothesized that PARP1 could promote IAV replication in cells by 

modifying IFNAR1 levels. To test this, we utilized a knockdown approach using an siRNA 

targeting human PARP1. During PARP1 knockdown, HA-induced downregulation of 

IFNAR1 was strongly inhibited (Figure 28A). In support of this, PARP1 knockdown also 

inhibited IFNAR1 downregulation during IAV infection (Figure 28B). Notably, PARP1 

knockdown also reduced IAV protein expression during infection compared to the control 

siRNA transfected group (Figure 28B). Virus infection triggers the production of type I 

IFNs, which in turn, is known to decrease IFNAR1 levels through the ligand-dependent 

pathway when present in high amounts (Kumar et al., 2003; Suresh Kumar et al., 2004). 

To eliminate the possibility that PARP1 downregulation could be indirectly affecting  
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Figure 28: Knockdown of PARP1 results in impaired degradation of IFNAR1 during IAV 

HA expression or IAV infection. (A) A549 cells were transfected with either PARP1 siRNA 

or nonspecific scrambled control siRNA (SCR). After 24 h post transfection, the cells were 

transfected with a control vector (−) or plasmids encoding HA (+). Western blotting was 

performed 24 h after HA transfection, and the levels of IFNAR1, HA, PARP1, and GAPDH 

were detected. (B) A549 cells were transfected with either SCR or si-PARP1. At 24 h post 

transfection, cells were either mock infected (−) or infected with IAV (+) at an MOI of 1. Cells 

were harvested at 24 hpi, and the levels of IFNAR1, PARP1, and viral HA and M1 proteins 

were detected by Western blotting. (C) Vero cells were transfected with SCR or siPARP1. At 

24 h post transfection, cells were left uninfected (Mock) or infected with IAV at an MOI of 1 for 

the indicated time periods. The levels of IFNAR1, PARP1, NS1, and GAPDH were analyzed 

by Western blotting. The relative intensity of each band of IFNAR1 was determined by 

densitometry based on the GAPDH level of the sample and is depicted below each blot. The 

relative level of IFNAR1 from the mock-infected sample was set as 1.0. 
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IFNAR1 downregulation by inhibiting viral replication, we utilized Vero cells, which have 

type I IFN receptors but are unable to synthesize type I IFNs. IAV infection strongly 

induced IFNAR1 downregulation in Vero cells (Figure 28C), and knockdown of PARP1 

partially rescued IFNAR1 levels at both 8 hpi and 24 hpi in Vero cells (Figure 28C). This 

indicates that PARP1 regulates IFNAR1 levels independently of type I IFN production or 

signaling during IAV infection.  

In order to further investigate the regulatory effect of PARP1 on IFNAR1 

degradation, cells were pretreated with a PARP1 inhibitor (ABT-888) (Clark et al., 2012; 

Du et al., 2016) followed by transient overexpression of HA. Strikingly, PARP1 inhibition 

resulted in almost no downregulation of IFNAR1 in the presence of HA, while levels of HA 

were not affected by the inhibitor (Figure 29A). To further clarify the inhibition specificity, 

we utilized XAV-939, which is a compound known to inhibit PARP family member 

Tankyrase 1/2 (PARP5) but not PARP1 (Voronkov et al., 2013). Upon HA expression, 

PARP5 inhibition did not alter IFNAR1 levels, whereas PARP1 inhibition strongly 

suppressed IFNAR1 downregulation (Figure 29B). Notably, both inhibitors did not affect 

p38 MAP kinase activation, which is known to regulate IFNAR1 degradation during the 

host PERK-dependent ER-stress response (Bhattacharya et al., 2011). Collectively, these 

data suggest that host factor PARP1 is crucial in mediating IAV HA-induced IFNAR1 

degradation.  
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Figure 29: Inhibition of PARP1 leads to impaired IFNAR1 downregulation during IAV HA 

expression. (A) HEK293T cells were transfected with a control vector (−) or plasmids 

encoding HA. The cells were then treated with DMSO (Solvent) or a PARP1 inhibitor (ABT-

888) at a concentration of 20 μM. At 24 h post transfection, the levels of IFNAR1, HA, and 

GAPDH were detected by Western blotting. (B) HEK293T cells were transfected with a control 

vector (−) or plasmids encoding HA. Cells were then treated with the indicated reagents for a 

time period of 24 h. The levels of IFNAR1, HA, p-p38, and GAPDH were detected by Western 

blotting. 
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IAV HA changes PARP1 localization. 

PARP1 is a well-known DNA damage response protein which localizes predominantly 

within the nucleus of human cells (Vyas et al., 2013). However, IAV HA is located within 

the cytoplasm and plasma membrane of host cells. These contrasting localization patterns 

of PARP1 and HA led us to ask if viral HA expression could affect endogenous PARP1 

localization. To determine if PARP1 localization changes upon IAV HA expression, IAV 

HA was transiently expressed in A549 cells and immunofluorescence and confocal 

microscopy were performed for PARP1 and IAV HA. Endogenous PARP1 localization was 

nuclear in control cells but was strikingly nuclear-cytoplasmic in cells expressing IAV HA 

(Figure 30A). Quantification of PARP1 signal in HA-expressing A549 cells indicates that 

over 20% of quantified PARP1 was cytoplasmic compared to the control (Figure 30B). 

Colocalization between overexpressed HA and endogenous PARP1 was determined by 

Manders (M1) Coefficient (MC). The MC between overexpressed HA and endogenous 

PARP1 was 0.3 (Figure 30C), indicating 30% of HA also colocalized with PARP1. This 

positive correlation was significantly higher than the control. To ensure that this 

localization could also occur during IAV infection, we next performed immunofluorescence 

on infected cells. Immunofluorescence of IAV HA and PARP1 during infection revealed a 

similar nuclear-cytoplasmic localization of endogenous PARP1 in A549 cells (Figure 31A). 

Quantification of PARP1 cytoplasmic signal as described above in IAV-infected A549 cells 

revealed a higher percentage of cytoplasmic PARP1 compared to the uninfected control, 

similar to the cells overexpressing HA (Figure 31B). MC measurements of infected cells 

also determined positive levels of colocalization between IAV HA and endogenous PARP1 

which were similar to the levels in the HA transfected samples (Figure 31C). These data 

indicate that IAV HA induces PARP1 localization to the cytoplasm in addition to the 

nucleus. 
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Figure 30: PARP1 localization is altered upon IAV HA expression. (A) A549 cells were 

transfected with plasmids encoding myc-tagged IAV HA or a control vector. At 24 h 

posttransfection, cells were fixed and stained using Draq5 for nuclei, as well as anti-PARP1 

and anti-myc antibodies. Samples were visualized using confocal microscopy. (B and C) 

PARP1 fluorescence from confocal images was quantified using ImageJ, and the Manders 

colocalization coefficient (MC) between HA and PARP1 (B) and PARP1 cytoplasmic 

fluorescence (C) were determined. Eight to 10 images per condition per experiment were 

used. Statistical analysis was conducted using a two-tailed unpaired t test. The data represent 

mean values ± SD (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 
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Figure 31: PARP1 localization is altered upon IAV infection. (A) A549 cells were infected 

with 1 MOI of IAV PR8 and were fixed at 24 hpi. Cells were stained using Draq5 for nuclei, as 

well as anti-PARP1 and anti-IAV HA antibodies. Samples were visualized using confocal 

microscopy. (B and C) PARP1 fluorescence from confocal images was quantified using 

ImageJ, and MC between IAV HA and PARP1 (B) and PARP1 cytoplasmic fluorescence (C) 

were determined. Scale bars represent 10 μm. Data are representative of at least two 

independent experiments. Eight to 10 images per condition per experiment were used. 

Statistical analysis was conducted using a two-tailed unpaired t test. The data represent mean 

values ± SD (*, P < 0.05; **, P < 0.01; ***, P < 0.001). 
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PARP1 inhibition suppresses IAV propagation which is dependent on IFNAR1 

To confirm the regulatory effects of PARP1 on IAV replication, A549 cells were 

pre-treated with PARP1 inhibitor (ABT-888), followed by IAV infection. The effect of the 

inhibitor on IAV replication was evaluated by comparing expression levels of viral proteins. 

IAV HA protein expression decreased at 12, 24, and 36 hpi with the treatment of PARP1 

inhibitor (Figure 32A), and as expected, virus-induced downregulation of IFNAR1 was 

suppressed following PARP1 inhibitor treatment (Figure 32A). To further clarify the role of 

type I IFN signaling in PARP1-mediated IAV replication, A549 cells were transfected with 

either scrambled control siRNA (SCR) or IFNAR1-specific siRNA (Figure 32B and 32C). 

The siRNA transfected cells were then infected with IAV in the presence or absence of 

PARP1 inhibitor. PARP1 inhibitor treatment reduced the production of infectious IAV from 

cells transfected with SCR at 1, 2, or 3 days post infection (dpi) (Figure 32B), which is 

consistent with the suppression of viral protein levels (Figure 32A). However, when 

endogenous IFNAR1 was knocked down, treatment with PARP1 inhibitor failed to 

significantly suppress virus propagation in comparison to solvent-treated samples (Figure 

32C). Thus, PARP1 inhibition substantially restricts IAV replication, which requires intact 

IFNAR expression in A549 cells. Altogether, these data suggest the regulatory effect of 

PARP1 on IAV propagation is closely associated with the type I IFN signaling pathway. 
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Figure 32: PARP1 inhibition suppresses IAV propagation which is dependent on 

IFNAR1. (A) A549 cells were infected with pandemic influenza A/CA/04/09 virus (IAV) at an 

MOI of 1 and treated with DMSO (Solvent) or an ABT-888 (20μM). The levels of Viral HA, 

IFNAR1, and GAPDH were detected at 12, 24, and 36 hours post infection. (B and C) A549 

cells were transfected with nonspecific scrambled control siRNA (SCR) (B) or siRNA specific 

to IFNAR1 (siIFNAR1) (C). At 24 hours post transfection, cells were treated with either DMSO 

(Solvent) or 20μM ABT-888 and infected with IAV at an MOI of 0.001. The titers of infectious 

virus in the supernatants of the culture were assessed by plaque assays on MDCK cells at 1, 

2, or 3 days post infection (dpi). Each data point on the curve represents the mean of three 

independently obtained samples. Data represent mean values ± SD (*, p﹤0.05, **, p﹤0.01, 

NS = not significant). 
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IV-E. Discussion  

Successful influenza virus replication relies heavily on the subversion and evasion 

of host type I IFN signaling (Grandvaux et al., 2002; Pitha and Kunzi, 2007; Seo and 

Hahm, 2010). Our lab has previously shown that viral HA protein induces the degradation 

of type I IFN receptor IFNAR1 during IAV infection (Xia et al., 2016). IFNAR1 degradation 

during infection results in decreased sensitivity to type I IFNs, subsequently facilitating 

viral propagation. However, the mechanisms behind HA-induced IFNAR1 degradation 

remain obscure. We demonstrate that PARP1 plays a key role in IAV HA-induced 

degradation of IFNAR1, which subsequently affects the type I IFN innate immune 

response to IAV (Figure 33).  

Several cellular mechanisms regulate IFNAR1 degradation, such as the ligand (IFN) 

dependent pathway or the PERK-dependent ER-stress response (also known as unfolded 

protein response, UPR) (Kumar et al., 2003; Liu et al., 2009b; Suresh Kumar et al., 2004). 

Our previous study determined that influenza viral HA eliminates IFNAR1 using CK1α. 

However, this degradation process is independent on both the ligand dependent pathway 

and the PERK-dependent ER stress response (Xia et al., 2016). In the UPR-induced 

IFNAR1 phosphorylation pathway, the primary phosphorylation of IFNAR1 by p38 is 

crucial to ensure subsequent IFNAR1 phosphorylation and ubiquitination (Bhattacharya 

et al., 2011). Given that p38 activation is dispensable for IFNAR1 downregulation upon 

HA expression  (Xia et al., 2016), there could be an undiscovered mechanism utilized by 

viral HA to activate the signaling pathway for IFNAR1 degradation.  
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Figure 33: PARP1 enables IAV HA-induced IFNAR1 degradation. IAV infection induces the 

degradation of type I IFN receptor IFNAR1 using viral HA protein. However, PARP1 is key to 

IFNAR1 downregulation mediated by IAV HA. 
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Utilizing viral HA as bait and subsequent mass spec analysis led to the 

identification of PARP1 as an interacting partner (data not shown). PARP1 is commonly 

known as a chromatin-associated protein and mainly exists in the nucleus under normal 

conditions (Liu and Yu, 2015). However, it has long been questioned whether it could also 

localize in other cellular compartments (Scovassi, 2004). Certain conditions, such as 

oxidative stress, have been reported to induce the nuclear-to-cytoplasm release of 

PARP1, which relies on the interaction between PARP1 and ring finger protein 146 

(RNF146) (Gerö et al., 2014). PARP1 has also been shown to interact with mitofilin, a 

mitochondrial protein, and localizes in mitochondria where it plays a role in the 

maintenance of mitochondrial DNA integrity (Rossi et al., 2009). Nuclear-cytoplasmic 

expression of PARP1 has also been shown to occur in breast cancer (Donizy et al., 2014) 

as well as pancreatic cancer in human patients (Xu et al., 2019). Additionally, PARP1 

localization is cytoplasmic during HIV-1 Vpr expression in cells (Muthumani et al., 2006), 

which could indicate that proteins of other viruses also have the potential to affect PARP1 

localization. These findings suggest that PARP1 could have several functions in the host 

cell cytoplasm during different viral infections, which requires further examination. 

PARP1 and PARP13.1 have been previously shown to regulate the function of 

influenza viral polymerases (Bortz et al., 2011; Liu et al., 2015; Westera et al., 2019). 

However, under our experimental conditions, PARP1 interacted with HA during IAV 

infection and facilitated IFNAR1 degradation, regulating host antiviral IFN responses. 

Notably, PARP1 localization became nuclear-cytoplasmic during both IAV HA expression 

and IAV infection (Figure 30 and 31). Our results as well as the findings of others indicate 

the possibility that PARP1 is utilized in multiple ways to enhance influenza virus infection. 

Our results show an approximate two-fold difference in IAV production during the 

downregulation of IFNAR1 and treatment with PARP1 inhibitor (Figure 32B and 32C). 
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While these results are not statistically significant under our experimental conditions, they 

could correspond to the known effects of IAV polymerase interacting with PARP1 

(Westera et al., 2019). It is likely that the presence of PARP1 in the nucleus and cytoplasm 

could also have different but necessary effects for robust influenza virus replication. 

Cell surface levels of IFNAR1 are correlated with type I IFN mediated antiviral 

responses (Fuchs, 2013). Lack of IFNAR1 on the cell surface desensitizes cells to type I 

IFNs, creating a more favorable environment for viral replication. In this study, we 

identified host PARP1 as a pro-IAV factor that regulates viral propagation via controlling 

IFNAR1 degradation. Pharmacologic inhibition or PARP1 knockdown strongly suppressed 

IAV replication (Figure 28 and Figure 29). Thus, PARP1 may represent a new cellular 

target for controlling influenza virus propagation. Since known PARP1 inhibitors are 

currently used to treat cancer patients in the clinic, it would be worthwhile to test the effects 

of these inhibitors on influenza virus infection.   

In conclusion, our work reveals the importance of host protein PARP1 in mediating 

IAV HA-induced degradation of IFNAR1, therefore regulating IAV propagation. This study 

expands our knowledge of the interactions between IAV and the host and unveils novel 

cellular targets that have the potential to be novel therapeutics to control influenza viral 

replication. 
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Chapter V. Discussion 

Viral infection is an intricate web of interactions where the host attempts to 

eliminate the virus while the virus must circumvent host defenses in order to further its 

replication. There are still many virus-host interactions which remain unknown. In this 

work, IAV has been shown to interact with the host in various ways to promote its 

replication. IAV dampens the type I IFN innate immune response by using its NS1 protein 

to downregulate SPL and by using host PARP1 in an IAV HA-dependent manner to 

promote the degradation of IFNAR1. Additionally, IAV utilizes host SK2 to further its 

replication, increasing SK2 expression in a MEK/ERK-dependent manner. 

Our study showed that the anti-influenza activity of SPL was applicable in primary 

human tracheal epithelial cells (Figure 9A and 9B). However, the effect of SPL during 

infection in mice remains unknown. This is due to SPL KO mice dying when they reach 2-

4 weeks of age (Fyrst and Saba, 2008), which makes it difficult to study the role of SPL in 

antiviral immunity and host innate immune signaling. However, SPL gene (Sgpl1) floxed 

mice have been developed in the lab of Dr. Julie D. Saba, and these conditional SPL KO 

mice will be useful to study SPL antiviral activity (Degagné et al., 2014; Zamora-Pineda et 

al., 2016). SPL was shown to have antiviral activity against IAV subtypes H1N1 and H3N2, 

IBV, as well as measles virus (Figure 7, Figure 10, and Figure 11). However, it is yet to be 

determined whether SPL has antiviral capabilities against other respiratory RNA viruses 

such as SARS-CoV-2 or more pathogenic influenza viruses such as IAV H5N1. 

Previous immunofluorescence studies in our lab revealed that IKKε and SPL 

complex and form punctate structures when they are both overexpressed. While not 

shown with immunofluorescence, MAVS has been shown with co-IP analysis to complex 

with IKKε and SPL (data not shown). However, the structural basis behind the interaction 

is unknown. It would be interesting to further characterize and refine the interaction 
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between IKKε and SPL by using structural methods, such as cryogenic transmission 

electron microscopy or crystallography, in order to more completely understand the 

structural basis behind it. It is also unknown where this interaction happens in the cell. 

Cellular sensing of viral RNAs could possibly induce post-translational modification or re-

localization of SPL to specific sites for interaction with IKKε. While SPL was not 

phosphorylated upon infection (data not shown), further investigation into these 

possibilities may be required to more fully understand the antiviral function of SPL. 

Although we have shown that SPL is degraded by IAV NS1, it is yet to be 

determined which portion of NS1 is necessary for this downregulation to occur. The 

domains of NS1 could be tested for their ability to induce the ubiquitination and 

degradation of endogenous SPL. Conducting further deletion and mutation analyses 

based on those results could identify the amino acid position of NS1 that is important for 

SPL degradation during IAV infection. After determining the necessary amino acid of NS1, 

small molecule inhibitors could be developed based on that, which should have antiviral 

effects. Likewise, it is also unknown which amino acid residue of SPL is ubiquitinated on 

during NS1 overexpression or IAV infection, and determining this will help to further clarify 

the mechanism for SPL ubiquitination. 

IAV NS1 was found to promote the ubiquitination and subsequent degradation of 

SPL. However, the exact mechanism for this is unclear. Preliminary data have indicated 

that host SYVN1 could mediate NS1-induced SPL ubiquitination and downregulation. 

However, further research is required to confirm this. In co-IP analyses, SYVN1, but not 

NS1, was pulled down with FLAG-SPL during transient NS1 overexpression. SYVN1 could 

interact transiently with NS1, or there could potentially be another host protein mediating 

this. IAV infection has also been associated with global remodeling of the ER, resulting in 

IAV vRNPs and Rab11 at the membrane of a modified, tubulated ER that extends 
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throughout the cell, mediating the transport of vRNPs (de Castro Martin et al., 2017). 

Therefore, it is a possibility this remodeling could alter the observed SPL degradation over 

time. Performing co-IP experiments with FLAG-tagged SYVN1 or FLAG-tagged SPL 

during IAV NS1 expression with subsequent proteomic analysis could provide further 

insight as to if there are other proteins that could mediate NS1-induced downregulation of 

SPL.  

Further experiments are necessary for determining the mechanism behind NS1-

induced SPL degradation. To clarify the role of NS1 in SPL downregulation, NS1 mutants 

could be utilized to determine which portion of NS1 is essential for SPL ubiquitination and 

downregulation. Expressing various NS1 mutant proteins in A549 cells and either 

subsequent denatured IP analyses of FLAG-tagged SPL and measurement of 

ubiquitination of SPL or measurement of endogenous SPL protein levels could further 

examine this. Furthermore, it could be useful to assess which amino acid residues of SPL 

are ubiquitinated using proteomic analysis. FLAG-tagged SPL could be harvested using 

denatured IP after expression of wild type NS1 and compared to a control harvested 

without NS1 expression. Proteomics could be performed using the MU proteomics core, 

and this experiment could be performed either with transfection of IAV NS1-expressing 

plasmid or infection with either wild type or ΔNS1 IAV. Proteomics analysis could also be 

used after co-IP of FLAG-SPL during infection or NS1 expression to assess SPL binding 

partners. Host SVYN1 could be confirmed to have involvement with NS1-mediated SPL 

ubiquitination by using denatured IP and either knockdown or inhibition of either host 

SYVN1 or another ubiquitin ligase as a control. A similar experiment could be performed 

to confirm if host SYVN1 is necessary for NS1-induced SPL degradation. Additionally, co-

IP analysis could be performed with a FLAG-tagged NS1 to determine if IAV NS1 interacts 

with SYVN1 either during NS1 expression or during infection. FLAG-tagged NS1 could 
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also be used to confirm that IAV NS1 does not interact with host SPL, since the larger size 

of tagged NS1 will ensure greater separation of NS1 from light chain IgG.   

Inhibition of ERK prior to infection was shown to interfere with the IAV-induced 

increase of SK2 and pSK2 levels throughout infection (Figure 26). This result indicates 

that ERK activation is important for IAV-induced upregulation of SK2 and pSK2. However, 

it is yet to be determined whether ERK1 or ERK2 themselves are important for increasing 

SK2 and pSK2 levels during IAV infection. ERK has been previously shown to be activated 

in a biphasic manner upon infection (Marjuki et al., 2011), which could mean that the 

increase in SK2 and pSK2 levels observed during infection could also be biphasic. Indeed, 

our western blotting data (Figure 26) indicate an increase at 2 hpi and 8 hpi. We also 

observed an increase in SK2 mRNA at 8 hpi (data not shown), which could correlate with 

the observed increase in SK2 protein levels. However, the observed increase in SK2 

levels at 2 hpi suggests that there may be another mechanism for increased SK2 and 

pSK2 levels. One possibility is that SK2 may interact with ERK1/2, increasing SK2 stability 

and activation. ERK has been previously reported to be critical for the export of vRNPs 

from the nucleus and other pathways, but the underlying mechanism is not fully 

understood. If ERK’s pro-influenza activity is largely dependent on SK2 activation, then 

ERK inhibition would have little effect on IAV replication in SK2-deficient cells. However, 

ERK may have multiple downstream targets, and SK2 could have specific functions that 

regulate IAV replication. Further investigation may be required to fully assess this.  

Expression of p21 was impaired by SK2 inhibition specifically during IAV infection 

(Figure 27), which suggests that SK2 regulates p21 during infection. This has implications 

for SK2 modulating the expression of genes important for IAV replication, especially since 

SK2 and S1P have been previously shown to interact with HDAC 1/2 in the nucleus upon 

PMA stimulation, which subsequently regulated the expression of genes such as p21 (Hait 
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et al., 2009). Because IAV has been previously shown to induce temporal cell cycle arrest 

in the G0/G1 phase in a p21-dependent manner (He et al., 2010), the next logical step 

would be to determine if SK2 is mediating IAV-induced cell cycle arrest. A study has shown 

that SK2 binds to and inhibits HDAC 1/2 in breast cancer cells during transient 

overexpression of SK2 (Hait et al., 2009). Thus, investigating if SK2 interacts with HDAC 

1/2 during infection is another avenue of interest. SK2 may regulate p21 at the 

transcriptional level. If this is determined with RT-PCR, it could be worthwhile to research 

if SK2 could be affecting histone acetylation during infection in DNA regions associated 

with p21 transcription complex binding. We ultimately anticipate that during infection, SK2 

binds to HDAC 1/2 as well as promoters of p21 to regulate histone acetylation and gene 

expression. 

SK2 and SPL are primarily known for their ability to metabolize S1P. SK2 

phosphorylates sphingosine to make S1P, and SPL irreversibly catabolizes S1P into 

hexadecenal and phosphoethanolamine. S1P has been shown to have many functions in 

the cell and organism. However, exogenously supplied S1P did not alter IAV replication, 

indicating that extracellular S1P does not influence IAV replication (Marsolais et al., 2009; 

Seo et al., 2010). Furthermore, an SPL mutant incapable of metabolizing S1P was shown 

to still have antiviral activity against SPL (Vijayan et al., 2017). While S1P metabolism 

does not appear to affect the antiviral activity of SPL, it is yet to be determined if the pro-

influenza activity of SK2 is dependent upon intracellular S1P metabolism. 

IAV HA was shown to induce accumulation of PARP1 in cytoplasm and partially 

colocalize with PARP1 in the cytoplasm (Figure 30 and 31), suggesting that the 

association occurs transiently to elicit further signaling events in order to induce IFNAR1 

degradation. It is currently unclear how IAV HA manipulates PARP1 to trigger IFNAR1 

degradation. PARP1 can regulate various cellular processes (Chaitanya et al., 2010; Du 
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et al., 2016; Kaneko et al., 2016; Liu and Yu, 2015)  and modify other proteins through 

poly ADP-ribosylation, a posttranslational modification (Liu and Yu, 2015). Upon IAV 

infection, PARP1 in the cytoplasm could trigger the activation of PARP1 ADP-ribose 

polymerase, leading to the modification of an unknown protein involved in the IFNAR1 

degradation process. Use of inhibitors blocking PARP1 activation indicates that PARP1 

activity is crucial for HA-induced IFNAR1 degradation (Figure 29). Poly-ADP ribosylation 

leads substrates to proteasomal degradation (Levaot et al., 2011; Li et al., 2015) under 

certain conditions. Since IAV HA-induced IFNAR1 degradation is dependent on both 

proteasomal and lysosomal pathways (Xia et al., 2016), it would be interesting to 

investigate the involvement of PARP1 in the IFNAR1 degradation pathways. It is possible 

that poly-ADP ribosylation of IFNAR1 or its unknown regulatory protein is required prior to 

the degradation process during IAV infection. A recent study has shown that another 

PARP family member, PARP11, inhibits the type I interferon-mediated response by 

catalyzing mono-ADP-ribosylation of E3 ligase β-TrCP and, in turn, promotes the 

ubiquitination and degradation of IFNAR1 (Guo et al., 2019). It would therefore be of 

interest to determine whether PARP1 and PARP11 cooperate, leading to IFNAR1 

degradation, or if they have distinct functions to regulate IFNAR1, enhancing viral 

infection. Another possibility is that PARP1 induces the activation of a kinase such as 

CK1α by poly ADP-ribosylation. The kinase could then phosphorylate IFNAR1, leading to 

degradation of the receptor. It is possible that PARP1 could function to regulate 

phosphorylation, ubiquitination, or degradation of IFNAR1, but further investigation is 

required to determine this.  

Our work reveals novel insight into host-influenza interactions, particularly how IAV 

evades and manipulates the host system to further its own replication. Antiviral 

therapeutics to treat IAV infection can have a limited scope because the high mutability of 
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IAV allows it to quickly develop resistance. Targeting host factors is advantageous 

because it has the potential to counteract several different subtypes of IAV. Understanding 

how IAV interacts with the host gives us a more comprehensive view of infection and 

allows us to determine new targets for potential therapeutics to more effectively control 

influenza. Thus, identifying host mediators of viral replication is a promising avenue of 

research that ultimately has potential therapeutic applications.   
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