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Abstract 
 

The non-structural protein 1 (NS1) of influenza A virus performs a broad variety of pro-

viral activities in the infected cell, primarily mediating evasion from the host innate immune 

response by being the main viral interferon antagonist. However, among the multiple interactions 

described for this small multifunctional protein, there are several whose biological relevance 

remains obscure, such as the ability of NS1 to bind and activate class IA phosphoinositide 3-

kinases (PI3Ks). PI3Ks are highly regulated lipid kinases that act as critical nodes in multiple cell 

signaling networks and regulate cellular physiology, including differentiation, growth, survival, 

trafficking, and immune function. As such, PI3Ks are also important proto-oncogenes whose 

deregulation lies behind a substantial number of different human cancers. Structurally, class IA 

PI3Ks are heterodimers formed by a regulatory (p85) and catalytic (p110) subunit, of which there 

are several isoforms described, adding further layers of complexity to their activity. Activation of 

PI3K by NS1 is mediated by NS1 binding to the p85 subunit. Interestingly, such binding is specific 

to the p85β isoform, and PI3K heterodimers containing p85β and any of the other three p110 

isoforms are presumably activated by NS1. However, the significance of this p85β specificity, and 

the contributions of different p110 isoforms, remains unknown.   

In order to better understand the consequences of PI3K activation by NS1, we have 

developed a bimolecular fluorescence complementation (BiFC) assay to selectively track the 

different PI3K heterodimers according to their specific regulatory and catalytic isoforms, as well 

as to assess their behavior upon activation. Using this system, we found that NS1 induces an 

isoform-specific relocation and activation of the different PI3K heterodimers. However, the effects 

of other known activators of PI3K, such as Ras and Src, were different from those induced by NS1. 

We found that clinically relevant, oncogenic hyper-activating mutations in both catalytic and 

regulatory subunits of PI3K could mimic the effect caused by NS1, and partially rescued the loss 

of viral fitness in a recombinant virus encoding a p85β-binding deficient NS1. We postulate that 

by mimicking an oncogenic deregulation of the PI3K pathway, influenza A virus induces a 

transient, transformed-like status in the infected cell to stimulate virus replication. 

Keywords: Influenza A virus, Non-structural protein 1 (NS1), Phosphoinositide-3-kinase (PI3K), 

Bimolecular fluorescence complementation (BiFC) 
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1. Introduction 
 

1.1 Influenza viruses 
 

Influenza viruses (IAVs) are negative-sense, segmented single-stranded RNA viruses 

belonging to the Orthomyxoviridae family (47). This family consists of seven genera: 

Alphainfluenzavirus, Betainfluenzavirus, Deltainfluenzavirus, Gammainfluenzavirus, Isavirus, 

Quaranjaviros and Thogotovirus, of which we will focus on influenza A virus species belonging 

to the Alphainfluenzavirus genus (88, 89, 119). Influenza A and B viruses are the most 

predominantly studied because they circulate in humans and cause seasonal epidemics. According 

to Centers for Disease Control and Prevention (CDC), there have been 21-37 million medical visits 

for flu between October 1, 2024-May 10, 2025, and about a million hospitalizations in the US (1). 

Moreover, IAVs not only cause infections in humans but other mammalian and avian hosts as well. 

Due to this diverse range of hosts there is potential for the virus to jump from one species to 

another, and these zoonotic introductions have also been the cause of several past pandemics (88). 

 

1.1.1 Virion structure. Antigenic drift and antigenic shift of influenza viruses.  
 

Influenza A virus has a genome that consists of eight RNA segments encoding 11-14 

proteins. The eight segments are PB1 (polymerase basic 1), PB2 (polymerase basic 2), PA 

(polymerase acidic), HA (hemagglutinin), NP (nucleoprotein), NA (neuraminidase), M (matrix) 

and NS (non-structural). These segments produce the following proteins: PB1, PB1-F2, PB1-

N40, PB2, PA, PA-X, HA, NP, NA, M1, M2, NS1, NS3 and NEP (21, 26, 89). Influenza virus 

virions are composed of a viral envelope made of a lipid bilayer that contains two membrane 

proteins (HA and NA) and one transmembrane protein (M2) (Figure 1). M1 is located just below 

the lipid membrane and forms a matrix that holds the viral ribonucleoproteins (vRNPs). vRNPs 

are the core of the virus and are composed of a negative strand vRNA (viral RNA), which is 

wrapped in NP. At one end of the vRNP are the three polymerases: PB1, PB2 and PA. Together, 

they make up the viral RNA polymerase complex (25, 123, 140). 
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Figure 1. Schematic of influenza A virus virion. 
The virion is made of lipid envelope made of the host membrane. HA and NA glycoproteins are expressed 
on the surface and M2 is a transmembrane protein. The internal structure is made of the M1 structural 
protein. Eight vRNPs are packed in the core, consisting of vRNA wrapped in NP (Generated using 
Biorender). 
 

IAV are subtyped based on their two surface glycoproteins, hemagglutinin (HA) and 

neuraminidase (NA). There have been identified 19 different HA and 11 different NA (80, 178) 

subtypes in nature. Subtypes H1N1 and H3N2 are the most predominant in humans and are the 

cause of seasonal epidemics every year. The reason for such high rates of infections is due to the 

nature of the virus and its ability to evolve past population existing immunity. This may be 

achieved by two phenomena: antigenic shift and antigenic drift. Antigenic drift originates from 

the gradual accumulation of mutations overtime during replication, due to error prone 
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polymerase activity (Figure 2), and it´s the main source of seasonal variability. Antigenic shift, 

on the other hand, supposes a far bigger genetic change to the virus and it is due to the 

segmented nature of influenza virus genome. During co-infection, one or more segments from 

one virus are combined with segments from another leading to a novel genotype (Figure 3). 

Such events may lead to pandemics because of the lack of immunity to this antigenically novel 

combination (103, 125, 182). Antigenic shift is rare in comparison to antigenic drift yet, in the 

last 100 years, there have been four pandemics caused by the emergence in human populations of 

the following subtypes, H1N1 (1918), H2N2 (1957), H3N2 (1968) and H1N1 (2009) (Figure 4), 

with the 1918 pandemic being the deadliest, killing about 40-50 million people (103, 144).  

 

 
 
Figure 2. Schematic representation of antigenic drift 
Schematic representing an antigenic drift event in influenza A virus. Overtime mutations are accumulated 
to allow escape from the host immune response. As depicted, there are small changes in the HA protein 
that differentiate virus A from B (Generated using Biorender). 



1. Introduction  

37 

 

Figure 3. Schematic representation of Antigenic shift 
A schematic representation of an antigenic shift event, when a cell is co-infected with two different strains 
of influenza A virus. There is a potential for a novel reassortant virus to emerge, where 1 or more segments 
from virus A can mix with segments from virus B to generate a new virus (virus C) that is drastically 
different and can escape the host immune response (Generated using Biorender). 
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Figure 4. Pandemic timeline 
Timeline representing past recorded influenza virus pandemics. These pandemics were emergence of 
different reassortant viruses and the re-emergence of H1N1 is highlighted as well. (Generated using 
Biorender) 
 

 

1.1.2 Replication cycle 
 

The replication cycle of the influenza virus has been studied in detail over the years (Figure 

5). The virus binds to sialylated surface receptors (N-acetylneuraminic acid attached to the 

penultimate galactose sugar by an α2-6–linked sialic acids in humans and α2-3 linkage in avian 

species) (55), and the virion is endocytosed using the traditional clathrin-mediated pathway (176). 

Following endocytosis, the low pH of the endosome leads to the fusion of the viral membrane with 

the endosome, resulting in the release of the vRNPs into the cytoplasm. This fusion activity is 

triggered by a structural change in the HA. The free RNPs are transported to the nucleus through 

the nuclear pores and utilize the nucleocytoplasmic trafficking machinery of the host. All proteins 

in the RNP complex contain nuclear localization signal (NLS); however, the NLSs on NP have 

been shown to be sufficient and important for the import of vRNA. Importin-α binds to the NLS 

and recruits importin-β into a trimeric complex that docks at the nuclear pore complex (37).  
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Influenza virus replication depends on an RNA-dependent RNA polymerase complex 

comprised of PB1, PB2 and PA. The core of the polymerase is made up of PB1, the C-terminal 

domain of PA, and the N-terminal domain of PB2. This complex binds to the terminal ends of 

vRNA and cRNA for initiation of transcription and replication (186). Full length copies of vRNAs 

are made into positive strand cRNAs that are used as templates for new negative sense genomic 

vRNAs (121). Newly formed RNP complexes are assembled in the nucleus and then exported to 

the cytoplasm. M1 and NEP facilitate the export of the new RNP complexes to the cytoplasm.  

 Initiation of messenger RNA synthesis occurs through “cap snatching” from host pre-

mRNA transcripts by PB2, and cleavage of bound mRNAs and small nuclear RNAs (snRNAs) by 

PA (48). RNA chain elongation is catalyzed by PB1, followed by polyadenylation by the same 

polymerase. Polyadenylation is dependent on an uninterrupted stretch of five to seven “U” residues 

(132). Polyadenylation is needed to properly export mRNAs from the nucleus and for their 

processing and gene expression. Some of the segments code for more than one gene using 

alternative splicing, ex., NS into NS1 and NEP. Viral mRNA is spliced using the host (cell) 

splicing machinery. Various viral proteins are synthesized using the host’s translation machinery 

and are produced by both cytosolic and endoplasmic reticulum-associated ribosomes. 

 Some of the newly synthesized proteins, such as NP and polymerases, are imported back 

into the nucleus for additional mRNA and vRNA generation. The remaining vRNPs in the 

cytoplasm are trafficked toward the plasma membrane for assembly via Rab11. The glycoproteins 

are processed through the ER-associated ribosomes and are folded into their proper configurations. 

Oligomerization of HA and NA occurs into a trimer and tetramer, respectively. Following folding 

and oligomerization, HA is cleaved into HA1 and HA2 in the trans-Golgi network. The viral 

components are assembled at the apical plasma membrane sites into a 7+1 configuration, and the 

virus buds and is released when NA cleaves the local sialic acid residues.  
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Figure 5. Schematic of influenza A virus replication cycle. 
Influenza virus replication cycle starts with the attachment of virus and entry by endocytosis. vRNP are 
released into the cytoplasm that is transported into the nucleus. Transcription and genome replication occurs 
in the nucleus. mRNA is exported to the cytoplasm where translation occurs and viral proteins are 
generated. Newly synthesized vRNA and translated viral proteins form new vRNPS that assemble into 
virions. Adapted from Du et al. 2023 (39). 
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1.2 The NS1 protein   
 

The main focus of this thesis is the non-structural protein 1 (NS1) of influenza A virus. 

NS1 is encoded by the smallest of the eight genomic segments of the influenza A virus (148). It 

was first identified as a non-structural protein in the 1970s (96) and is a highly expressed protein, 

generated from the collinear mRNA transcribed from the same segment that also encodes NEP 

(nuclear export protein), through alternative splicing (71, 94). NS1 and NEP share the first 10 

amino acids, and bases 503-690 of the NS1 coding sequence with bases 31-221 of NEP (95). A 

third protein, NS3, has also been described in some influenza A virus isolates, arising through 

alternative splicing. This protein is mainly found in strains that carry the mutation D125G 

(A374G), which creates a novel splice donor site (147).  

NS1 mRNA is translated into a ~26 kDa polypeptide, and the length may vary slightly 

among different strains of IAV, typically ranging between 215 and 237 amino acids (63). Based 

on sequence homology, NS1 proteins are categorized into two subsets, referred to as alleles A and 

B (8, 105, 161). The polypeptide is comprised of two globular domains: an N-terminal RNA 

binding domain (RBD) (amino acids 1-73) and a C-terminal effector domain (ED) (185-end), 

separated by a short linker region and followed by a C-terminal tail (8). Most of the NS1 proteins 

consist of 11 amino acid long linker regions; however, highly pathogenic H5N1 strains isolated 

after 2000 exhibit a deletion of 5 amino acids (residues 80-84) (8).  

The RNA binding domain consists of three α-helices and homodimerizes to generate a six-

helix antiparallel bundle, which serves as the binding site for dsRNA (double stranded RNA) (27, 

101, 175) (Figure 6). Mutational analysis has shown that dimerization is absolutely required for 

RNA binding and that the arginine at position 38 is required for this process (175). The effector 

domain is formed by seven β-strands and three α-helices and is capable of independent 

homodimerization (20, 59).   
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Figure 6. Crystal structure of NS1 homodimer. 
NS1 is made of RNA binding domain and effector domain that are connected by a linker region and it also 
contains a C-terminal tail. Here the crystal structure of a homodimer is represented with one monomer in 
green (1) and another in gold (2). The RBDs are made of 3 alpha helices and the ED is made of 7 β-strands. 
Adapted from Ayllon et al. 2015 (8). 
 

 

 Structural and biochemical analyses have shown that tryptophan at position 187 is required 

for the dimerization of NS1 ED (6, 63, 83). Pull-down assays showed that the ability of NS1 ED 

to form helix-helix dimers was important for the efficient activity of the RBD. When a poly I:C 

pull-down assay was performed with NS1 WT, NS1 W187A mutant, and NS1 R38A (dsRNA-

binding incompetent mutant) was performed, NS1 WT (wild type) bound successfully to poly I:C 

but NS1 W187A bound less efficiently and as expected no poly I:C was bound to NS1 R38A 

(Figure 7).  
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Figure 7. Functionally testing NS1 binding to synthetic dsRNA.  
Cells were transfected with NS1 WT, NS1 R38A, and NS1 W187A constructs and pull down assay was 
performed with beads either conjugated with poly I:C or blank. NS1 WT successfully bound dsRNA while 
NS1 W187A was not efficiently bound indicating that dimeric NS1 is required for dsRNA binding. R38A 
was a negative control and did not bind any dsRNA as expected. Adapted from Kerry et al. 2011 (83). 
 
 
 
1.2.1 Functions of the NS1 protein 
 

NS1 is a multifunctional protein that is involved in various mechanisms to aid viral 

replication, host gene regulation and evasion of the innate immune response (8). Since its 

discovery in 1971, NS1 has been the focus of extensive research due to its ability to interfere with 

various cellular processes that would otherwise inhibit viral propagation. One of the first functions 

of NS1 to be described was its ability to bind different species of RNAs (vRNA, dsRNA, poly(A) 

tails, and snRNA).Through these interactions, NS1 disrupts host mRNA processing by blocking 

the splicing of pre-mRNA and the export of polyadenylated mRNAs out of the nucleus (8). NS1 

also plays a critical role in antagonizing the host’s antiviral defense mechanisms, particularly the 

interferon (IFN) response. The concept of interferon as a host-derived antiviral factor was first 

described by Isaacs and Lindenmann in 1957. They demonstrated that cells treated with heat-

inactivated viruses developed resistance (“interference”) to subsequent infections (72, 73), 

whereas cells infected with live viruses did not exhibit this effect. Consequently, they termed the 

phenomenon “reverse interference” (64). As research progressed, the development of reverse 

genetics techniques (49, 120) and generation of NS1-deficient virus led to the discovery that the 

NS1 protein is the virally encoded antagonist of the interferon response predicted by Lindenmann 
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(8, 56). Mammalian cells respond to viral infections by initiating signaling cascades that lead to 

the production of type I (IFNα and IFNβ) and type III (IFNλ) interferons, which, in turn, induce 

the expression of interferon-stimulated genes (ISGs) that restrict viral replication. One of the first 

ISG identified to prevent viral infections in vivo is Mx (“Myxovirus resistance”), which confers 

resistance to influenza virus infection (67, 100). Another well-characterized ISG is protein kinase 

R (PKR), a dsRNA-activated kinase that inhibits translation during viral infection (81). NS1 has 

been shown to directly inhibit PKR activation, and it was one of the first ISG to show that NS1 

played an inhibitory effect (104). NS1 exerts its inhibitory effects on the interferon response 

multiple regulatory levels—pre-transcriptional, co-transcriptional, and post-transcriptional levels 

and post-translational—thus ensuring efficient suppression of host antiviral signaling (Figure 8 

and Figure 9).  

At the pre-transcriptional level, NS1 inhibits the production of IFN genes: IRF3, NFκB, 

and Ap-1. It does this by complexing with RIG-I (retinoic acid-inducible gene I) (110). RIG-I is a 

pattern recognition receptor (PRR) for detecting influenza virus in epithelial cells and leads to 

downstream production of IFN genes. RIG-I detects and binds dsRNA structures with 5’-

triphosphates, which leads to an ATP-dependent conformation change on RIG-I. Residues in RIG-

I are ubiquitinated by the E3 ligases TRIM25 and RIPLET leading to oligomerization of RIG-I. 

Next, RIG-I CARDs bind CARD domains of mitochondrial antiviral signaling (MAVS) and 

downstream signaling cascade leads to the production of IFN genes. NS1 inhibits the production 

by complexing with RIG-I and two of its positive regulators: TRIM25 and RIPLET, and thus 

prevents the oligomerization of the CARD domain of RIG-I and ubiquitination by E3 ligase (54, 

134).  

At the Co- and post-transcriptionally, NS1 interacts by limiting host gene expression. One 

of the best described mechanism is by blocking cleavage and polyadenylation specificity factor 

(CPSF); NS1 inhibits the processing of cellular mRNA and expression of cellular genes such as 

interferon and ISGs that play a role in host antiviral response. CPSF is composed of four subunits 

that recognize and bind AAUAAA sequence on nascent mRNA and catalyze the endonucleolytic 

activity and the subsequent addition of poly(A) tail (31, 170). NS1 binds to two of the zinc fingers 

of the smallest component of CPSF, CPSF30, and thus inhibits the entire CPSF complex from 

binding the pre-mRNA (33, 118, 163). However, this phenotype is strain dependent and not all 

NS1s bind CPSF30, for example, A/PR/8/34 (84, 162). 
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The third mechanism of invading host immune response is by post-translational inhibition 

of antiviral genes: PKR and OAS. PKR is an RNA-binding protein kinase constitutively expressed 

in an inactive state in cells and upon activation by a stimulus (ex. dsRNA) it leads to a 

conformational change to the active state and then phosphorylates other substrates that lead to the 

activation of a chain of signal transduction pathways. One of the best understood mechanism of 

activation is that PKR phosphorylates the alpha subunit of the eIF2 translation initiation factor and 

therefore represses the synthesis of all proteins. Phosphorylated eIF2α blocks the recycling of 

GDP-bound eIF2α to form new initiation complexes, thereby inhibiting the initiation of mRNA 

translation. This shuts down protein synthesis in the infected cells (32). Studies have shown that 

NS1 binds PKR through an interaction involving amino acids 123-127 of NS1 and the N-terminal 

region of PKR (112). It is hypothesized that NS1 prevents PKR from undergoing the 

conformational change required for activation (97).  

Additionally, NS1 inhibits the 2’-5’-oligo (A) synthetase (OAS) pathway, which is an IFN-

stimulated gene product that catalyzes the formation of 2’-5’-polyA chains from ATP. These 

oligomers activate the latent RNAse L, a repressor of viral infection by degrading single-stranded 

RNA (153). A putative mechanism of action is that NS1 outcompetes OAS in binding of dsRNA 

and thus hinders the activation of RNAse L (90, 111). NS1 protein has a plethora of functions, 

some of which are highlighted in the schematic and structure in Figure 8, and one such intriguing 

role is the activation of phosphoinositide 3-kinase (PI3K) pathway. 
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Figure 8. NS1 structure and it’s multiple interactors. 
A schematic diagram of NS1 highlighting the N-terminus RNA binding domain (RBD), the linker region, 
effector domain (ED) and the C-terminus tail. Binding sites of various host proteins that NS1 interacts with 
are highlighted (A). Crystal structure of NS1 homodimer in gray and various regions of interactions with 
host proteins are highlighted in color. The RNA binding domains are in a dimer while the effector domain 
is in monomeric state (B). Adapted from Ayllon et al.2015 (8). 
 
 
 

A 

B 
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Figure 9. Overview of the multifunctionality of the NS1 protein of influenza A virus.  
NS1 plays a wide array of functions in the infected cells, however, one of the main functions ascribed to 
this protein is as the main IFN antagonist. NS1 inhibits the IFN pathway via three different routes: pre-
transcriptional, co- and post-transcriptional and post-translation. The activation of PI3K by NS1 may 
change the different proteins being expressed and may affect the cellular environment. Adapted from Ayllon 
et al. 2015 (8). 



1. Introduction  

48 

 
1.3 Phosphoinositide 3-kinase 
 

Phosphoinositide 3-Kinases (PI3K) are lipid kinases involved in cell growth, proliferation, 

and survival (43). Due to the critical role of these functions in cellular processes, it is also one of 

the most commonly overactivated pathways in oncogenic transformation (124, 135, 157). PI3K 

was initially discovered in the 1980s during the studies of Src, a proto-oncogenic tyrosine kinase. 

It was shown that phosphatidylinositol kinase activity was due to an 85 kDa phosphoprotein bound 

to the middle T antigen of the polyoma tumor DNA virus (79). Lewis Cantley and colleagues 

showed that the product of the phosphatidylinositol activity in Src immunoprecipitates migrated 

slightly differently on thin layer chromatography plates compared to PtdIns-4-P 

(phosphatidylinositol 4-phosphate), the initially assumed product. Furthermore, their collaborators 

confirmed that the product was PtdIns-3-P (phosphatidylinositol 3-phosphate), a new 

phosphoinositide identified 30 years after the discovery of phosphoinositides (177).  These 

discoveries led to the purification and subsequent cloning of p85 by various laboratories (46, 128, 

155). It was shown that p85 binds strongly with a 110 kDa polipeptide (23), while Waterfield and 

colleagues were the first to clone and characterize this protein as the catalytic subunit of PI3K, 

p110 (66). 

 

1.3.1 Classes and structure 
 

PI3Ks are highly conserved cytoplasmic heterodimeric enzymes, and multiple isoforms 

exist in mammalian cells (45). PI3Ks are enzymes that phosphorylate phosphatidylinositol, a 

type of phospholipid with a head group that can be phosphorylated at multiple hydroxyl 

positions. These phosphorylated derivatives are collectively known as phosphoinositides. The 

inositol head group contains five free hydroxyls that have the potential to be phosphorylated (53) 

(Figure 10).   



1. Introduction  

49 

 
 
 

 
 
 
Figure 10. Overview of the reaction catalyzed by PI3K. 
Upon activation by upstream stimuli, PI3K catalyzes the ATP-dependent phosphorylation of PIP2 at the 
3’ position of the inositol ring, to generate PIP3. This reaction is reversed by PTEN, which 
dephosphorylates PIP3 back to PIP2. Adapted from Aytenfisu et al. 2022 (12). 
 

 

The various isoforms of PI3K are classified into three classes (22): class IA and IB, class 

II, and class III (36, 167, 189). Table 1, lists the different classes of P3K and their respective 

catalytic and regulatory subunits. At the time of initial cloning and sequencing of p85, the SH2 

domain was discovered (35, 107, 115, 126). Two copies of the SH2 domains were identified in 

p85 by which PI3K relocalized to sites of activated, phosphorylated receptor tyrosine kinases.  

One of the first effectors of PI3K discovered was the Serine/Threonine kinase Akt, also 

known as PKB (protein kinase B) (51). Akt is phosphorylated at two key residues: Thr308 (T loop 

segment of the kinase domain) and Ser473 (hydrophobic region at the carboxyl-terminus) (3). Two 

groups independently identified PDK-1 (phosphoinositide-dependent kinase-1), as the kinase 
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responsible for phosphorylating Akt at Thr308, while phosphorylation of Ser473 is relevant for 

mTORC2 complex. Phosphorylation at Ser473 is required for full activation of Akt (2, 114, 143). 

Although Akt is not directly phosphorylated by PI3K, its post-translational modifications are 

strictly dependent on PI3K activity. Consequently, phosphorylation of Akt (pAkt) at Ser473 is 

commonly used as a marker for PI3K activation (42). 

 

Table 1. Classification of PI3K classes 
PI3K is classified into three classes I, II and III. The different catalytic and regulatory subunits of each class 
are listed. Adapted from Hawkins et al. (65). 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Here, we focus on class 1A PI3K, which forms heterodimers consisting of regulatory and 

catalytic subunits (63). There are three isoforms of the catalytic subunit: p110α, p110β, and 

p110δ—and five isoforms of the regulatory subunits (Figure 11): p85α, p85β, p50α, p55α, and 

p55γ (9). p50α and p55α are splice variants of p85α. The catalytic subunit (p110) contains five 

domains: an N-terminal adaptor-binding domain (ABD), a Ras-binding domain (RBD), a C2 

domain, a helical domain (HD) and a catalytic kinase domain (18, 168, 171). Similarly, the 

Class Catalytic Regulatory 

Isoform/Subunit Gene Isoform/Subunit Gene 

Class IA p110α PIK3CA p85α PIK3R1 

p110β PIK3CB p55α 

p50α 

p110δ PIK3CD p85β PIK3R2 

p55γ PIK3R3 

Class IB p110γ PIK3CG p101 PIK3R5 

p84 PIK3R6 

Class II C2α PIK3C2A   

C2β PIK3C2B   

C2γ PIK3C2G   

Class III VPS34 (hVPS34) PIK3C3 p150 PIK3R4 
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regulatory subunit (p85) also contains five domains: a Src homology 3 domain (SH3), a B-cell 

receptor homology (BH) domain flanked by proline-rich sequences, two SH2 domains (nSH3 and 

cSH2) and an inter-SH2 (iSH2) region. iSH2 domain contains the p110 binding site. 

 

Figure 11. Schematic of the catalytic and regulatory subunit of Class IA PI3K. 
Class IA PI3K are heterodimers made of the catalytic subunit (p110) and the regulatory subunit (p85). The 
different domains of each of the subunits are marked and the domain where p110 binds on p85 is marked 
as well. 
 
 

1.3.2 Canonical mode of activation 
 

PI3K is involved in various cellular responses, such as cell proliferation, motility, adhesion, 

and survival (8, 22). The best-characterized mechanism of activation of class IA PI3K involves its 

translocation to the membrane upon activation by different stimuli (e.g. growth factors). Thus 

inducing a conformational change in the heterodimer and releasing inhibition of the active site in 

p110. The p85 subunit then binds to phosphorylated tyrosine residues in the p-Y-X-X-M motifs 

on activated receptor tyrosine kinases (RTKs) (156), this, in turn, leads to the production of the 

intracellular second messenger phosphatidylinositol-3,4,5-trisphosphate (PIP3) (8, 22, 63). PIP3 

acts as a docking platform for pleckstrin homology (PH) domains and leads to the activation of 

downstream effectors such as protein kinase B (PKB or Akt) (4, 52, 127). PTEN (phosphatase and 

tensin homologue deleted on chromosome 10) is the main regulator of PIP3 levels. It controls PIP3 

signaling by dephosphorylating PIP3 at the 3-position of the inositol head (Figure 12) (19, 106). 

 Class IA PI3K activation and regulation is further complicated by the existence of several 

isoforms of each subunit (p85α, p85β, p110α, p110β, p110δ), some of which vary in abundance 

across different cell types. p110α and p110β are more broadly present while p110δ is exclusively 
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present in immune cells (85, 86). This allows for different combinations of catalytic and regulatory 

subunits with either distinct or redundant functions. The functional consequences of this PI3K 

diversity are not yet fully understood (18, 30, 139).  

 

 

Figure 12. Canonical mode of activation for PI3K heterodimers.  
PI3K heterodimers are in the cytoplasm in their inactive state and upon binding of a stimuli there is a 
conformation change, and the kinase is activated. Activated complex translocate to the membrane where it 
binds phosphorylated tyrosine kinase receptors. The activated kinase leads to the production of PIP3 which 
leads to further downstream activation of Akt which leads to the activation of a plethora of signaling 
cascades. Adapted from Ayllon et al. 2012 (9). 
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1.3.3 Pharmacological agents 
 

In 1993, multiple groups showed that a furanosteroid metabolite isolated from the fungus 

Penicillium funiculosum known as wortmannin, potently inhibits fMLP-stimulated PtdIns-3,45-P3 

(7, 183). Other labs confirmed the inhibitory activity of wortmannin on PI3K and later Ely Lilly 

discovered a structurally distinct compound, LY294002, which also directly inhibits PI3K (169). 

LY294002 was the first artificial inhibitor of PI3K. Wortmannin has irreversible effects on the 

pathway, whereas LY294002 is reversible (181). Both compounds have been extensively used in 

studies of the PI3K pathway over the years, and numerous new inhibitors have since been 

identified. Many of the recent inhibitors have been tested in preclinical developments and some 

have received FDA approvals for therapeutic use. These include pan-class I PI3K inhibitors, 

isoform-selective PI3K inhibitors, or dual-PI3K inhibitors that target two isoforms simultaneously 

(Table 2) (15, 181). 

 

Table 2. List of PI3K inhibitors. 
A wide array of PI3K inhibitors have been developed, with several receiving FDA approval for clinical use. 
Representative compounds are outlined below and classified into pan-PI3K inhibitors, isoform-selective 
inhibitors, and dual PI3K inhibitors. Adapted from Belli et al. and Wright et al. (15, 181). 
 

Target Drug FDA status 

Pan-PI3K 
Inhibitors 

Copanlisib 
(BAY 80-6946) 

Approved 

Duvelisib 
(IPI-145) 

Approved 

Buparlisib 
(BKM120) 

Discontinued 

Isoform-Specific 
PI3K Inhibitors 
 

Alpelisib 
(BYL719) 
p110α 

Approved 

Idelalisib 
(CAL101) 
p110δ 

Approved 

Dual-PI3K 
Inhibitors 

Taselisib (GDC-
0032) 

No 

Duvelisib 
(IPI-145) 

Approved 
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1.4 PI3K activation by NS1 protein of influenza A virus 
 

Influenza A virus infection activates the PI3K pathway, as measured by downstream 

phosphorylation of Akt (pAkt) at serine 473 (Ser473) (3, 61). It has been suggested that this 

activation prevents, or at least delays, virus-induced apoptosis, thereby enhancing viral replication, 

as it does with other viruses (44). Phosphorylation of Akt was tested in cells infected with influenza 

A virus, and it was observed that PI3K activation occurred concomitantly with the expression of 

NS1. Furthermore, when testing pAkt levels in cells constitutively expressing NS1, it was 

demonstrated that NS1 alone is sufficient to activate the PI3K pathway (61). 

Initial studies showed that PI3K plays a double role during influenza virus infection, with 

“early” activation” (~2hr post infection) and “late” activation (~6hr post infection). During early 

activation, PI3K is required for efficient virus entry, and this activation is short and transient, In 

contrast, the “late” activation is sustained and coincides with viral replication (42). It has been 

shown that when cells treated with PI3K inhibitors are infected with influenza A virus, the progeny 

virus grows to lower titers than untreated cells. Additionally, immunofluorescence analysis 

suggested that PI3K may be involved in viral uptake. Inhibition of PI3K results in accumulation 

of virus particles at the cell surface and fail to traffic to early endosomes during receptor-mediated 

endocytosis (42, 43). However, the “late” activation of PI3K leads to a decline in IRF-3-dependent 

promoter activity, misphosphorylation and impaired dimerization of IRF-3 (43). 

 

1.4.1 Isoform specificity and structural binding 
 

Biochemical analyses revealed that NS1 protein of influenza A virus interacts specifically 

with the β isoform of the p85 regulatory subunit of PI3K, but not with p85α (Figure 13). This 

interaction was consistently observed with NS1 proteins from different strains of influenza A virus. 

Sequence analysis showed that tyrosine at residue 89 (Y89) is highly conserved among different 

strains of influenza A viruses and this residue is upstream of a methionine (M93), together forming 

the classical YXXM motif (61, 156). As described above, tyrosine phosphorylation within the 

YXXM motif in activated growth factor receptors or substrates provides a docking site for the SH2 

domains of p85, triggering a conformational change that activates the kinase. Mutational analysis 

showed that when the tyrosine is switched to a phenylalanine the interaction is abrogated (61). 
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Consistently, co-immunoprecipitation experiments demonstrated that wild type NS1, but not the 

Y89F mutant, successfully precipitated p85β (61).  

 

 

Figure 13. NS1 binds to PI3K in an isoform specific manner.  
Soluble Sf9 cell lysates were mixed with NS1 from different strains or GST alone and the complexes were 
separated on SDS-PAGE. NS1 complexed with p85β isoform only, regardless of the strain and neither 
protein were present in GST only construct as expected. Adapted from Hale et al. 2006 (61). 
 

 

 In order to identify the region of binding, mutational and biochemical studies were 

performed, which revealed that the C-terminal effector domain of NS1 is sufficient to form a 

complex with p85β. This finding further supports the relevance of the Y89F mutation, as its located 

within the effector domain. Pull-down assays using individual subunits of p85β demonstrated that 

NS1 specifically binds to the iSH2 domain, as only this domain was co-precipitated with NS1 (60). 

In parallel, another group performed similar assays using infected cells and individual subunits of 

p85β, reaching the same conclusion. They further identified that valine at position 573 is critical 

for NS1-p85β binding. Additionally, when valine was introduced to the corresponding position in 

p85α, they were able to observe NS1 binding with p85α (98).  

Structural studies further corroborated these findings and helped generate a potential 

model for NS1:PI3K heterotrimeric complex. The crystal structure of NS1 ED in complex with 

p85β iSH2 domain was resolved, and positions of key residues were identified. Tyr89, which is 

essential for NS1 ED to bind p85β, was positioned at the heart of the complex (Figure 14). The 
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position of Val573 was determined to be at the interface of the complex, highlighting how it may 

contribute to isoform specificity (62).  

Another key finding was that the activation loop of p110 was close to the NS1 ED in the 

heterotrimeric complex. It was hypothesized that a small acidic α-helix of NS1 ED, which is 

involved in ED:β-iSH2 binding, might modulate p110 activity. To validate this, a recombinant 

virus expressing NS1 with charge-disrupting mutations (E96A/E97A) was generated. This virus 

was defective in activating PI3K and generating downstream products (PIP3 and pAkt). However, 

it induced large amounts of IFN, indicating that the acidic α-helix of NS1 plays a dual role during 

influenza virus infection (62). 

  

 
 
Figure 14. Crystal structure of NS1 ED in complex with β-iSH2 domain of p85β. 
Cartoon representation of ED:β-iSH2 complex, NS1 ED is in gold and β-iSH2 in red. Residues at the 
interface of the complex are represented in stick structures. Adapted from Hale et al. 2010 (62). 
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1.4.2 Strain Specificity 
 

NS1 activation of PI3K is not only isotype-specific, but also strain specific. It has been 

demonstrated that when Y89F mutation was introduced into two H1N1 strains (PR8 and WSN) 

and their replication kinetics compared with the wild type viruses, there was difference in 

morbidity and mortality in mice for one strain (PR8) but not the other (WSN). Similar differences 

were observed in in vitro assays. However, pAkt activation levels were similar in both viruses, 

indicating that Y89F mutation was able to abrogate PI3K interaction in both viruses but it affected 

virus growth and phenotype differently (Figure 15) (10, 61). Despite this knowledge about the 

NS1-PI3K interaction (Figure 9), the mechanisms and biological meaning of this pro-viral 

function remains elusive, and as such it will be our objective to further characterize it and to 

compare influenza virus-mediated activation of PI3K at the cellular levels with other physiological 

and physiopathological stimuli.   

 

Figure 15. PI3K activation is strain specific and affects virus phenotype. 
PI3K activation abrogating mutation (Y89F) is introduced to two different H1N1 strains and plaque 
phenotype is compared to wild type viruses. PR8 wt produces large plaques in comparison to PR8 Y89F 
virus (A), while there is no difference in plaque size between WSN Y89F and WSN wt viruses (B). Growth 
kinetics were performed for PR8 WT and PR8 Y89F (C) and WSN WT and WSN Y89F (D) in A549 cells 
and there was a difference in growth kinetics for PR8 WT and PR8 Y89F but not with WSN WT and 
mutant. Adapted from Ayllon et al. 2012 (10). 
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2. Objectives 

Given the variety of processes regulated by PI3K, including cell survival, translation, 

endocytosis, vesicle trafficking, cell motility, innate immunity and oncogenesis, it is yet unclear 

what are the full consequences of NS1-mediated PI3K activation during viral infection. 

Additionally, the role of the different isoforms of p110 (α, β, δ) on NS1-mediated activation of 

p85β-containing PI3K heterodimers has not been studied. Because of all of this, the objectives of 

the present study are as follows: 

 

Objective principal 

To characterize the pro-viral function of the NS1 protein of influenza viruses via class IA PI3K  

 

Objective specific 

 

1. Establishment of a method to study the interaction between the different catalytic and 

regulatory subunits of PI3K with NS1.  

 

2.  Identification and characterization of the different PI3K signaling pathways associated 

with NS1 activation 
 

3. Phenotypical and functional comparison of NS1 activation of PI3K and other physiological 

and pathological stimuli  
 

4. Assessment of fitness of wild-type and PI3K-activating-defective recombinant influenza 

viruses in stable cell lines with constitutively active PI3K  
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3. Materials and Methods 

3.1 Materials 
The following materials were used throughout this thesis.   

Table 3. List of all the materials and equipment. 

Name Brand 
1.5ml microcentrifuge tubes Nest 
15ml conical tubes Falcon 
50ml conical tubes Falcon 
Cell culture treated plates Corning 
Glass bottom plates MatTek 
Table top centrifuge Eppendorf 
Centrifuge Eppendorf 
Flasks (T75) Nunc, (T175) Falcon 
V bottom 96 well plates Thermo scientific 
Petri dish Falcon 
Tubes for minipreps Falcon 
Tubes for transfection Corning 
Pipets tips: micro and serological ART TIPS 

Corning (non-filter) 
Pipetman Accu-jet Pro 
Pipets Gilson 
Cryovial Nunc 
Incubators for cell Thermo Scientific NAPCO 
Incubators for bacteria New Brunswick scientific co. 

Inc. 
Shaker with temperature control Benchmark 
Shaker Benchmark 
Erlenmyer flask Pyrx 
Graduated cylinder Martell 
Transiluminator Analytik jena 
Nanodrop Thermo Scientific 
Gel image Enduro GDS 
Film developer MedXray 
Biorad image developer Biorad 
Confocal microscope Zeiss 
Inverted light microscope Invitrogen 
Plate reader for absorbance BioTek 
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PCR cycler Eppendorf 
qPCR cycler Roche 
2ml aspirator  Cell treat 
Tissue culture dish Falcon 
Solution reservoir BioTC 
Large tissue culture dishes Falcon 
PCR tubes Nest 
Insulin syringes BD 
500ml filter unit Fisher 
Steritop 50ml filter unit Fisher 
Capillary tubes Fisher 
Foam seal for capillary tubes Leica 
Cloning ring Corning 
Vacuum greace Fisher 
Graduated cylinder Nalgene 
Countess 3FL Invitrogen 
Qubit Assay tubes Invitrogen 
Qubit Invitrogen 

 

3.2 Reagents 
The following reagents were used for various experiments described in this thesis. 

Table 4. List of all the reagents used. 

Name Brand Catalog 
Qiagen Maxiprep kit Qiagen 12163 
E.Z.N.A. miniprep kit Omega BioTek D6942-01 
E.Z.N.A. viral RNA kit Omega BioTek R6874-01 
E.Z.N.A. gel purification kit Omega BioTek D2500-01 
E.Z.N.A. PCR purification kit Omega BioTek D6492-01 
One step RTPCR kit Invitrogen 12574-026 
Hercules PCR kit Agilent 600677 
T4 DNA ligase New England Biolabs M0202S 
Lipofectamine 2000 Invitrogen 11668500 
Lipofectamine 3000 Invitrogen L3000015 
TransIT-LT1 Mirus MIR2305 
OptiMEM I  Gibco 31985-062 
TRI Reagent Invitrogen 9738G 
BCA kit Thermo Scientific 23225 
Sterile water Corning 46-000-CV 
Oxoid Agar Oxoid LP0028B 
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Agarose I Thermo Scientific 17852 
DEAE-Dextran MedChemExpress HY-W134327A 
Sodium Bicarbonate Fisher S233-3 
HEPES Corning 25-060-CI 
L-Glutamine Gibco 25030-081 
1Kb plus DNA ladder New England Bio Labs N3200S 
Protein ladder Thermo Scientific 26619 
Western Gels BioRad varied (4-20%, 4-15%, 10%) 
Trans-Blot Turbo Mini 0.2 µm 
PVDF Transfer Packs 

BioRad 1704156 

Non-fat Milk Research Products international M17200-500.0 
BSA Gemini Bio 700-100P 
35% Bovine serum albumin MP Biomedicals 810063 
PBS (1X) Corning 21-040-CV 
Triton x-100 Fisher BP151-500 
Saponin Sigma 47036-50G-F 
Paraformaldehyde Electron Microscopy Sciences 157-4-100 
Methanol Fisher A433P-4 
2-propanol Fisher A464SK-4 
Ethanol Decon 2701G 
TPCK (tosylsulfonyl 
phenylalanyl chloromethyl 
ketone)-trypsin 

Sigma T-8802 
 

Trypsin-EDTA Corning 25-052-CI 
Wortmannin Sigma 681675-1MG 
Ampicillin Sigma A0166-25G 
Antartic Phosphatase New England Bio Labs M0289L 
Puromycin Gibco A11138-03 
6x Orange DNA dye Thermo Scientific R0631 
Tween20 Fisher NP-337-500 
MEM NEAA Gibco 11140-050 
TrueBlue Sera Care 5510-0030 
Crystal Violet Fisher C581-100 
LB agar powder Fisher BP1425-2 
2XYT Broth powder Fisher BP9743-2 
HRP Chemiluminescent ECL BrightStar XR92 
Pierce™ Lane Marker 
Reducing Sample Buffer 

Thermo Fisher 39000 

Running buffer (WB) 
10x Tris/Glycine/SDS 

BioRad 1610772 

TAE Boston BioProducts BM-250 
TBS Boston BioProducts BM-301X-4L 
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Polybrene Millipore TR-1003G 
Taq2x New England Biolabs M0270L 
In-Fusion snap assembly Takara 638951 
S.O.C. media Invitrogen 15-544-034 
BCA standards Thermo Scientific 23208 
DNTPs Invitrogen 18-427-013 
 Protease/Phosphatase 
Inhibitor Cocktail (100X)  

Cell signaling technology 5872 

Ripa buffer Sigma R0278-500ML 
DMSO (Dimethyl sulfoxide) Sigma D2650-100ml 
Trypan Blue Gibco 15250-061 
Parafin Fisher P31-500 
Superscript IV one-step RT-
PCR system 

Invitrogen 12594100 

AMPure XP Fisher NC9959336 
Direct-zol RNA miniprep kit Zymol R2052 
Qubit dsDNA quantification 
assay kit 

Invitrogen Q32854 

 

3.3 Biological Materials 

3.3.1 Cells 
Table 5. List of all the cell lines used in this work. 

Cell line Background ATCC 
A549 Epithelial cells isolated from a patient with lung carcinoma in 1972 CCL-185 
293T Epithelial cells isolated from the kidney of a patient in 1987 CRL-3216 
HeLa Epithelial cells isolated from a patient with cervical carcinoma in 1951 

and these were the first immortal human cells grown in culture for 
basic research. 

CCL-2 

MDCK Epithelial cells isolated from a normal kidney tissue from a female 
cocker spaniel in 1966. 

CCL-34   

 

A large stock of each cell line was prepared at an early passage and stored at -80°C. Cells were 

cultured at 37°C with 5% CO₂ and sub-cultured with fresh media two to three times per week. 

Passage numbers were recorded, and upon reaching passage 20, cells were discarded and 

replaced with a newly thawed aliquot from the original stock. 
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3.3.2 Bacteria 
 

• DH5α: Escherichia coli (E. coli) cells purchased from Thermo Scientific, are a standard 

laboratory strain used for cloning applications and are known for their high transformation 

efficiency. These cells provide α-complementation of the β-galactosidase gene to allow 

blue/white colony screening.   

• Stellar competent cells: E. coli HST08 strain purchased from Takara, are optimized for 

high-efficiency transformation, particularly of large plasmids and ligation products. These 

cells also provide α-complementation of the β-galactosidase gene to allow blue/white 

colony screening. 

 

3.4 Media 

3.4.1 Media for cells 
 

DMEM/10%FBS/PS: 450ml DMEM (Gibco); 50ml fetal bovine serum (FBS) (HyClone); 5ml 

100x Penicillin (10U/mL)/Streptomycin (10mg/mL) (Gibco). (Maintaining cells) 

2xMEM: 100ml 10x MEM (Gibco); 10ml 100x Penicillin (10U/mL)/Streptomycin (10mg/mL) 

(Gibco); 10ml 100x L-Glutamine (Gibco); 6ml 35% Bovine Serum Albumin (MPI); 10ml 1M 

HEPES (Gibco); 25ml 5% NaHCO3; 340ml Sterile water (Gibco). (Plaque assay) 

1xMEM/0.2%BA/PS: 500ml 1x MEM (Gibco); 2.9ml 35% Bovine Serum Albumin (MPI); 5ml 

100x Penicillin (10U/mL)/Streptomycin (10mg/mL) (Gibco). (Infection assay) 

Agar overlay media: 25ml 2xMEM; 8.5ml sterile H2O; 1ml 5% NaHCO3; 0.5ml 1% DEAE-

dextran; 15ml 2% Oxoid agar; (titrated based on cell type) TPCK-trypsin  

1% DEAE-dextran: Dissolve 0.4g of DEAE-dextran in 40ml of sterile H2O and filter using 

0.22uM filter unit.  

5% NaHCO3: Dissolve 2g of NaHCO3 in 40ml of sterile H2O and filter using 0.22uM filter unit.  

TPCK-trypsin: Reconstitute 50g of trypsin with 5ml of sterile H2O to prepare 10mg/ml (10x) 

stock solution and aliquot 1ml/tube and store at -20°C. Dilute 1 tube of 10x stock into 1x using 

sterile H2O and store small aliquots of 1x working solution at -20°C. Test different concentrations 
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of working solution of trypsin on mock cells to determine the concentration that does not detach 

the monolayer. 

 

3.4.2 Media for Bacteria 
 

LB: Luria-Bertani broth for culturing bacteria based on Dr. Bertani’s recipe containing tryptone 

(10g/L), yeast extract (5g/L) and sodium chloride (10g/L). 

2XYT: Luria-Bertani broth modified to contain higher concentrations of casein peptone (16g/L), 

yeast extract (10g/L) and sodium chloride (5g/L). 

S.O.C. medium: Super optimal broth with catabolite repression medium is used after heat shock 

to recover cells from stress. The components of this media are: 2% tryptone, 0.5% yeast extract, 

10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, and 20 mM glucose. This is purchased 

from Invitrogen. 

 

3.5 Viruses 
 

• rA/Puerto Rico/8/1934 

• rA/Puerto Rico/8/1935 Y89F 

Viruses were propagated in 10-day old embryonated chicken eggs for 48hrs at 37℃ (Section 

3.8.1). Following incubation, allantoic fluid was harvested, and the presence of virus was 

confirmed by HA assay (Section 3.9.2). Small aliquots of the confirmed stocks were prepared and 

stored at –80°C. Viral titers were determined by plaque assay (Section 3.9.3).  
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3.6 Plasmids 
 

3.6.1 pCAGGS 

 

Figure 16. Map of pCAGGS expression vector. 
This vector was used to generate all the expression plasmids and BiFC constructs used in this study.  

 

The pCAGGS mammalian expression vector was generated by Niwa et al. (122) in 1991. This 

expression vector contains chicken β-actin promoter and CMV enhancer, enabling strong and 

ubiquitous expression in mammalian cells. All constructs used in this study were cloned or 

subcloned into this vector.  
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3.6.2 pLVX-IRES-Puro 
 

 

Figure 17. Map of pLVX-IRES-Puro plasmid. 
This vector was used for lentivirus production and the generation of a stable cell line. It was purchased from 
Takara Bio, and the map is adapted from the manufacturer’s website. 
 

Table 6. List of all the plasmids used in this thesis. 
 

Name Source 

pCAGGS-p110α-YN Aslam et al. 2025 

pCAGGS-p110α H1047R-YN Aslam et al. 2025 

pCAGGS-V5-p110α H1047R Aslam et al. 2025 

pCAGGS-p110β-YN Aslam et al. 2025 

pCAGGS-p110δ -YN Aslam et al. 2025 

pCAGGS-p85α-YC Aslam et al. 2025 

pCAGGS-p85α-FLAG Turkington et al. 2018 

pCAGGS-p85β-YC Aslam et al. 2025 

pCAGGS-p85β-FLAG Turkington et al. 2018 

pCAGGS-p85β N561D-YC Aslam et al. 2025 

pCAGGS-HA-p85β N561D Aslam et al. 2025 
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pCAGGS-p85β R355A R647A (RARA)-YC Aslam et al. 2025 

pCAGGS-NS1-V5 (PR8) Hale et al. 2006 

pCAGGS-NS1 Y89F-V5 (PR8) Hale et al. 2006 

pCAGGS-NS1 W187A-V5 (PR8) Kerry et al. 2011 

pCAGGS-A/Brevig Mission/1/1918 NS1 Dr. Juan Ayllon 

pCAGGS-A/Wilson-Smith/1933 NS1 Ayllon et al. 2012 

pCAGGS-A/California/04/2009 NS1 Ayllon et al. 2014 

pCAGGS-A/Wyoming/03/2003 NS1 Ayllon et al. 2014 

pCAGGS-A/Hong Kong/156/1997 NS1 Ayllon et al. 2014 

pCAGGS-A/Vietnam/1203/2004 NS1 Ayllon et al. 2014 

pCAGGS- mCherry HRAS C12V T40C  Aslam et al. 2025/Origene 

pCAGGS-Src Y530F- mCherry Aslam et al. 2025/Origene 

pCAGGS-Zyxin-N-RFP Aslam et al. 2025/Origene 

pCAGGS-Rab5-N-RFP Aslam et al. 2025/Origene 

pLVX-IRES-Puro-HA-p85β-N561D Aslam et al. 2025 

pLVX-IRES-Puro Dr. Melissa Uccellini 

lenti-gag/pol Dr. Melissa Uccellini 

pMD2VSV-G Dr. Melissa Uccellini 

 

3.7 Antibodies 
See the following table for all the antibodies used for this work. 

Table 7. List of primary and secondary antibodies  

Antibody Catalog/Origin Working 
concentration/application 

Primary/Secondary 

Anti-V5 460705; Invitrogen 1:500/IF Primary 
Anti-V5 MCA1360, Bio-

Rad 
 Primary 

Anti-HA 326700; Invitrogen 1:500/IF; 1:1000/WB Primary 
Anti-HA-tag-HRP 2999S; Cell 

signaling 
technology 

1:1000/WB  

Anti-p85β MS53215; 
Invitrogen 

1:500/IF; 1:1000/WB Primary 

Anti-PIP3 Echelon 1:200/IF Primary 
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Anti-pAkt (Ser473) 4060S; Cell 
signaling 
technology 

1:200/IF; 1:1000/WB Primary 

DAPI D1306; Invitrogen 1:1000/IF  
Anti-NP PA532242; 

Invitrogen 
1:1000/Immunostaining Primary 

Anti-FLAG F1804; Sigma-
Aldich 

N/A Primary 

Anti-NS1 PA532243; 
Invitrogen 

1:1000/IF Primary 

Anti-NS1 GT1653; 
Invitrogen 

1:1000/WB Primary 

Anti-YFP Ab1218; Abcam  Primary 
Beta-actin-HRP 12262; Cell 

signaling 
technology 

1:2000/WB Primary 

Phalloidin Alexa 
fluor 568 

A12380; 
Invitrogen 

1:40/IF  

Anti-mouse Alexa 
fluor 633 

A21052; 
Invitrogen 

1:1000/IF Secondary 

Anti-rabbit Alexa 
fluor 647 
 

A21443; 
Invitrogen 

1:1000/IF Secondary 

Pacific Blue anti-
mouse 

P31582; Initrogen 1:1000/IF 
 

Secondary 
 

anti-rabbit Alexa 
fluor 488 

A-11034; 
Invitrogen 

1:1000/IF Secondary 

anti-mouse-HRP  1:2000/WB Secondary 
fluorochrome-
conjugated anti-
mouse 
immunoglobulin 

35519; Thermo 
Fisher Scientific 

N/A Secondary 

anti-rabbit 
immunoglobulin 

SA5-10036; 
Thermo Fisher 
Scientific 

N/A Secondary 
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3.8 Method for virus amplification in embryonated chicken eggs 
 

3.8.1 Inoculation of embryonated chicken eggs 
 

Specific pathogen free (SPF) embryonated chicken eggs, 8 to 10 days old, were purchased from 

Charles River, PA. Eggs were visualized using a flashlight and the space between the air sack and 

embryo was marked with an “X” using a pencil. Eggs were surface sterilized with 70% ethanol, 

and a small hole was made at the marked location using a sharp-edged tool. A sterile 500 µL 

syringe was used to inoculate 100-200 µL of virus (pre-diluted with PBS) into the allantoic cavity. 

The hole was then sealed with warm wax, paraffin or glue. Eggs were incubated at 37°C for 48 

hours. After 48 hours, eggs were transferred to 4°C for at least 3-4 hours to euthanize the embryo 

and coagulate the blood.  

 

 
Figure 18. Schematic of embryonated chicken egg inoculation. 
An embryonated chicken egg is checked using a flashlight to locate the air sac, and an “X” is marked at 
the space between air sac and membrane. Using a sharp tool a small hole is made to allow the needle to 
pass through. The virus inoculation occurs at this site followed by sealing with paraffin or glue. 
(Generated using Biorender). 
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3.8.2 Harvesting of allantoic fluid 
 

After incubation at 4°C for several hours, the eggs were opened at the air sack end, and the initial 

membrane was removed using a tweezer, carefully avoiding the yolk. The allantoic fluid was 

collected using a serological pipet and the yolk and embryo were gently pushed to the side with a 

sterile spatula to provide access to the fluid. The fluid was collected in 15 mL conical tubes and 

centrifuged for 5 min at 1200 rpm. Samples were stored at 4°C until further titration and aliquoting. 

3.9 Methods for titrating influenza virus 
 

3.9.1 Preparation of blood  
 

Chicken blood in alseveres’s (117) buffer was purchased from Lampire. Red blood cell (RBC) 

content was quantified using a hematocrit and capillary reader. Two capillary tubes were filled 

with blood, and the ends were sealed with foam plugs. The tubes were spun in a tabletop centrifuge 

for 1 min at 1300 rpm. The percentage of RBCs was then determined using a capillary reader. 

Calculations were performed to prepare 0.5% RBC in PBS for hemagglutination (HA) assay. To 

exchange buffer, the required volume of blood was diluted in 50 mL of PBS and centrifuged for 5 

mins at 1200 rpm. The supernatant was discarded, and the RBC pellet was resuspended in PBS to 

the final desired concentration. 

3.9.2 Hemagglutination assay  
 

To confirm the presence of virus in the allantoic fluid and to determine the HA titer, an HA assay 

was performed. In a 96 well V-bottom plate, 50 µL of PBS was added to each well. Then, 50 µL 

of allantoic fluid or PBS (negative control) was added to the wells in the first column. A two-fold 

serial dilution was performed across the plate. Following the dilution, 50 µL of 0.5% chicken red 

blood cells (as described in 3.9.1) were added to all the wells and the plate was incubated at 4°C 

for 30-45 mins. After incubation, the plate was tilted to observe RBC sedimentation. The last well 

showing complete hemagglutination (i.e., no teardrop formation) was considered positive. The HA 

titer was expressed in hemagglutination units (HAU), based on the dilution factor of the last 

positive well (Figure 19). 
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Figure 19. Schematic of HA assay. 
PBS is added to the wells of a 96 well plate, followed by serial dilution of the virus and the addition of 
red blood cells. After incubation, the plate is assessed for hemagglutination to determine the relative 
amount of virus present in the sample. (Generated using Biorender). 
 

3.9.3 Plaque assay 
 

Influenza virus plaque assays were performed on MDCK cells. A total of 1.5x106 cells per well 

were seeded into 6-well plates and incubated overnight at 37°C/5% CO2. Ten-fold serial dilutions 

(10-1 to 10-6) of the virus samples were prepared in OPTI-MEM I in 1.5 mL microcentrifuge tubes. 

Cells were washed twice with OPTI-MEM I to remove any residual serum and then, 500 µl of 

virus dilution was added to the corresponding well. Plates were incubated at 37°C for 1 hour to 

allow absorption of the virus. The plate(s) were rocked every 10-15 mins to prevent cells from 

drying and to ensure even distribution of the inoculum. After the incubation, the inoculum was 

removed, and an agar overlay was added to each well. Once the overlay solidified, the plates were 

incubated at 37°C/5% CO2 for 2 days for plaque formation (Figure 20). Plaques were visualized 

by immunostaining (See 3.9.4). 
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Figure 20. Plaque assay 
A plaque assay of influenza virus was performed using MDCK cells. Cells were infected with serial 
dilutions of the virus, followed by incubation with an agar overlay. Plaques were subsequently visualized 
by immunostaining. (Generated using Biorender). 
 

3.9.4 Immunostaining 
 

Plaque assay plates were fixed with 4% paraformaldehyde (PFA) for 30 minutes. After fixation, 

PFA is removed, and the agar overlay was gently removed with tap water. Cells were washed with 

PBS and permeabilized with 0.1% Triton X-100 in PBS for 15 minutes at room temperature. 

Following permeabilization, cells were washed with PBS and blocked with 1% bovine serum 

albumin (BSA) in PBS for 1 hour at room temperature. Primary antibody (against viral protein, 

ex. HA, NP, or NS1) was diluted in 1% BSA/PBS and added to each of the wells for 1 hour. 

Following incubation, the cells were washed with PBS and incubated with a secondary antibody 

conjugated with a horseradish peroxidase (HRP) (diluted in 1% BSA/PBS) for 1 hour at room 

temperature. Following the secondary antibody incubation, cells were washed with PBS and then 

developed with TrueBlue peroxidase substrate for 30 mins. until plaques were visible by eye. The 

reaction was stopped by rinsing with water. The plates were dried, and then plaques were counted, 

and the titer was determined taking into account the initial dilution. In this thesis, the primary 

antibody used was against NP (PA532242, 1:1000) and the secondary was anti-rabbit-HRP 

(1:1000) (Table 7). 
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3.10 Molecular biology 
3.10.1 Primer list 
 

Table 8. List of primers used for generation of plasmids, mutagenesis and cell line 

P85aN564Dfrwrd gaaattgacaaacgtatggacagcattaaaccag 

P85aN564Drev ctggtttaatgctgtccatacgtttgtcaatttc 

P85bN561Dfrwrd gatcgacaagcgcatggacagcctcaagccgg 

P85bN561Drev ccggcttgaggctgtccatgcgcttgtcgatc 

P110aH1047Rfrwrd caaatgaatgatgcacgtcatggtggctggac 

P110aH1047Rrev gtccagccaccatgacgtgcatcattcatttg 

P85b-R355Afrwrd caccttcctagtcgcagatgcttctagcaag 

P85b-R355Arev cttgctagaagcatctgcgactaggaaggtg 

P85b-R647Afrwrd caccttcctcatcgccgagagcagccagcgg 

P85b-R647Arev ccgctggctgctctcggcgatgaggaaggtg 

P110dXholLinkfrwrd gcctctcgagctcaagcttcgaattctatgccccctggggtggac 

P110dBamHIrev ggccggatccctactgcctgttgtctttgg 

P110d1frwrd caacctcagcaccatc 

P110d2frwrd caaaccacctcccattc 

P110d3rev ggagcgagccttcttgg 

P110d4frwrd gtgcatgtcaccgagg 

P110d5frwrd cactcgaccccagcac 

P110d6frwrd gaagtccaagaacccgg 

ClalV5p110afrwrd ggccatcgatatgggaaagccgatcccaaacccctattaggtctggactccacccctccacg
accatcatcagg 

Nhep110arev ggccgctagctcagttcaatgcatgctgtttaattg 

Xhollinkp110arev ggccctcgagatctgagtccggagttcaatgcatgctgtttccttg 

XhollinkRFPfrwrd ggccctcgagctcaagcttcgaattctatggcctcctccgaggacg 

NheRFPrev ggccgctagcttaggcgccggtggagtgg 

ClalV5p110bfrwrd ccggatcgatatgggaaagccgatcccaaacccctattaggtctggactccacctgcttcagtt
tcataatgcc 

Nhep110brev ccgggctagcttaagatctgtagtctttcc 
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Xhollinkp110brev ccggctcgagatctgagtccggaagatctgtagtctttcc 

EcoR1HAp85afrwrd ggccgaattcatgtacccttatgatgtgccagattatgccagtgctgaggggtaccag 

Nhep85arev ggccgctagctcatcgcctctgctgtgcatatactgg 

EcoRllinkp85arev ggccgaattcgaagcttgagctcgagatctgagtccggatcgcctctgctgtgcatatactgg 

ClalHAp85afrwrd ggccatcgatatgtacccttatgattgccagattatgccgcgggccctgagggcttccag 

Xhollinkp110afrwrd ggccctcgagctcaagcttcgaattctcctccacgaccatcatcagg 

Xhollinkp110bfrwrd ggccctcgagctcaagcttcgaattcttgattcagtttcataatgcc 

Bglillinkp85afrwrd ggccagatctcgagctcaagcttcgaattctagtgctgaggggtaccag 

BgIllp85arev ggccagatcttcatcgectctgctgtgcatatactgg 

Clalp110afrwrd ggccatcgatatgcctccacgaccatcatcagg 

Clalp110bfrwrd ccggatcgatatgtgcttcagtttcataatgcc 

ECORIp85afrwrd ggccgaattcatgagtgctgaggggtaccag 

p85aS1frwrd tgaaaccacaggggaaaggggg 

p85aS2frwrd gccctatgcttttcag 

p85aS3frwrd gaatatacccgcacatcccag 

p85aS4frwrd gtggacggcgaagtaaag 

p85aS5rev gctggaatgacaggatttgg 

p110aS1frwrd gtaagtgttactcaagaag 

p110aS2frwrd gagtcagtataagtatataag 

p110aS3frwrd gaaactccatgcttagag 

p110aS4frwrd ggcatttaaaatctgagatg 

p110aS5frwrd gtgcactgcagttcaacag 

p110aS6frwrd gacattgcatacattcg 

p110aS7rev ggagaaactattacccag 

p110bS1frwrd ggatattgactcctatatg 

p110bS2frwrd ggaacttgtgatgaacag 

p110bS3frwrd gaactcgaagaaatgttg 

p110bS4frwrd ggcagtttctattttgg 

p110bS5frwrd gcaatgtggctgctgcagcag 

p110bS6frwrd gatatacagtatcttaagg 
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p110bS7rev gatgagctttcccccataaag 

p85Clal ggccatcatatggcgggccctgagggcttccag 

p85Xholrev ggccctcgagatctgagtccggagcgggcggcaggcggcggg 

HA-p85bfrwrd ggccatcgatgccaccatgtacccttatgatgtgccagattatgccgcgggccctgagggctt
ccag 

HA-p85brev gcccgctagctcagcgggcggcagg 
pLVX-puroseqfrwrd tccacgctgttttgacctc 
pLVX-puroseqrev aaaagacggcaatatggtgg 
HA-p85beta-lenti frwrd ggccctcgaggccaccatgtacccttatgatgtgccagattatgccgcgggccctgagggctt

ccag 
HA-p85beta-lenti rev gcccgcggccgctcagcgggcggcagg 
pCAGGS frwrd ccttcttctttttcctacagc 

pCAGGS rev cctttattagccagaagtcag 

 

3.10.2 Restriction enzyme list 
 

Table 9. List of restriction enzymes used. 

Enzyme Recognition site 

NheI G|CTAGC 

Xhol C|TCGAG 

BamHI G|GATCC 

BglII A|GATCT 

ClaI A|TCGAT 

NotI GC|GGCC|GC 

 

Table 10. Sequence of the tags used in some of the constructs. 
 

Tag Sequence 

HA ATG TAC CCT TAT GAT GTG CCA GAT TAT GCC 

V5 ATG GGA AAG CCG ATC CCA AAC CCT CTA TTA GGT CTG GAC TCC ACC 
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3.10.3 Accession number for the constructs/ORF 
 

Table 11. GenBank accession number for proteins that were used in this study. 
 

Protein Accession number 

p110α NM_006218 

p110β BC114432 

p110δ BC132919 

p85α BC094795 

p85β BC070082.1 

A/Puerto Rico/8/1934 NS1 AF389122.1 

A/Wyoming/03/2003 NS1 EU268231.1 

A/Wilson-Smith/1933 NS1 LC333189.1 

A/Hong Kong/156/1997 NS1 AF036360.1 

A/California/04/2009 NS1 MN371614.1 

A/Brevig Mission/1/1918 NS1 AF333238.1 

Ras NM_005343.4 

Src NM_005417 

Rab5 NM_004162 

Zyxin NM_003461 

 

 

3.10.4 Viral RNA extraction  
 

Viral RNA was extracted from allantoic fluid using the E.Z.N.A. viral RNA kit following the 

manufacturer’s protocol. Briefly, 150 µL of allantoic fluid was mixed with 500 µL of QVL lysis 

buffer containing carrier RNA (poly(A)). The mixture was incubated at room temperature. 

Following incubation, 350 µL of 100% ethanol was added to the lysate and mixed thoroughly. 

The lysate was transferred to a silica-based column and centrifuged using a tabletop 

microcentrifuge. The column was subsequently washed with 500 µL of VHB buffer, followed 

by two washes with 500 µl of RNA wash buffer II. The column was centrifuged to remove any 
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residual buffer. Finally, RNA was eluted with 30ul of nuclease free water. RNA concentration 

was measured using a NanoDrop spectrophotometer. 

 

3.10.5 Cloning 
 

3.10.5.1 RTPCR 
 

Extracted RNA was reverse transcribed into complementary DNA (cDNA) and amplified using 

superscript one step RTPCR kit according to the manufacturer’s instructions (see details in Table 

8, Table 12 and Table 13). The products were analyzed by agarose gel electrophoresis, and bands 

of expected size were excised and purified. Purified DNA was stored at -20℃. 

 

Table 12. RTPCR thermocycler setup 
 

Step Temp Time No. Cycle 

RT 45 45 min 1 

Denaturation 92 2 min  
Amplification 

 

94 
55 
72 

 

30 s 
30 s 
3 min 

35 

Final extension 72 10 min 1 
Hold 4 infinity  

 

Table 13. RTPCR reaction mix. 
 

Reagent Volume (ul) 
Buffer (2x) 12.5 
RNA 2 
Primer 5’ (10uM) 1.5 
Primer 3’ (10uM) 1.5 
Water 7.5 
Enzyme 0.5 
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3.10.5.2 PCR  
 

PCR was performed for DNA amplification and site-directed mutagenesis. PCR products were 

analyzed by agarose gel electrophoresis, and bands excised and purified. Purified DNA was stored 

at -20℃ for further use (see Table 8, Table 14 and Table 15). 

 

Table 14. PCR thermocycler setup. 
 

Step Temp (℃) Time Number of cycles 
Denaturation 95 5 min 1 
Amplification 

 

94 
55 
72 

 

30 s 
30 s 

1 

35 

Final extension 72 7 min 1 
Hold 4 Pause  

 

 

Table 15. PCR reaction mix. 
 

Reagent Volume (ul) 

Buffer (10x) 10 

DNA/Template 2 

Primer 5’ (10uM) 1 

Primer 3’ (10uM) 1 

DNTP 1 

DMSO 5 

Water 30 

Enzyme 0.5 
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3.10.5.3 Digestion 
 

Plasmid vectors were digested with restriction enzymes to linearize the DNA and generate 

overhangs for ligating desired inserts. DNA inserts were similarly digested to create compatible 

overhangs. Following digestion, all samples were run on agarose, and the appropriate bands were 

excised and gel purified. For plasmid vectors, a phosphatase treatment was performed after 

digestion to prevent self-ligation. Digested vectors were treated with phosphatase for 1 hour at 

37°C prior to gel purification. Majority of the restriction enzyme digestions, as well as the 

phosphatase treatment, were carried out at 37°C (see Table 16). 

 

Table 16. Digestion reaction mix. 
 

Reagent Volume (µL) for 
insert digest 

Volume (µL) 
for vector 

digest 
Buffer (10x) 5 5 

DNA (insert/vector) 43 4 (µg) 

Enzyme 1 1 2.5 

Enzyme 2 1 2.5 

Water 0 36 

 

3.10.5.4 Ligation 
 

Desired DNA inserts were ligated into linearized vectors with compatible overhangs using T4 

DNA ligase according to the manufacturer’s protocol. Ligation reactions were incubated overnight 

at 4℃ (See Table 17). 

Table 17. Ligation reaction mix. 

Reagent Volume (µL) 
Insert 10 
Vector 1 
Ligase 1 
Buffer (10x) 2 
water 7 
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3.10.5.5 Transformation 
 

Plasmids were transformed into E. coli strains (DH5α or Stellar) either for propagation of plasmids 

or for cloning. Bacteria was heat shocked to allow the integration of DNA. For propagating more 

plasmid, 0.5 µg of plasmid DNA was mixed with 50 µL of chemically competent cells. The 

mixture was incubated on ice for 5 mins, followed by heat shock at 42℃ for 1 min. Immediately 

after the heat shock, the cells were placed on ice for 5 mins. Subsequently, 900 µL of S.O.C. media 

was added to the transformed cells, and the suspension was incubated for 1hour at 30℃ at 140 

rpm to allow bacterial recovery. Following the incubation, 50 µl of the transformed cells was plated 

on LB agar plates with the appropriate antibiotic (ampicillin in this case (100 µg/mL)). Plates were 

first allowed to sit at room temperature for absorption, then incubated overnight at 33℃. For 

products of ligation, the same protocol was followed with the following modifications: 10 µL of 

ligation product was mixed with 50 µL of competent cells. After the recovery step, the cells were 

pelleted, and most of the supernatant was discarded. The cell pellet was then resuspended in the 

remaining supernatant (~100 µL) and plated.  

 

3.10.5.6 Colony PCR 
 

After transformation and incubation, individual bacterial colonies were screened via colony PCR 

to confirm the presence of the desired constructs. PCR reactions were prepared using a 2× Taq 

polymerase master mix, with one primer annealing to the plasmid backbone and the other to the 

insert sequence. Individual colonies were picked using 200 µL pipette tips, which were then placed 

directly into PCR tubes and kept on ice. To preserve the colonies, the tips were subsequently 

touched to a freshly prepared LB agar plate marked with a numerical grid and incubated overnight. 

PCR amplification was performed, and the products were analyzed by agarose gel electrophoresis 

to assess fragment size. Colonies producing PCR products of the expected size were selected for 

inoculation into liquid cultures for plasmid minipreps (Section 3.10.6.7) and sequencing. 

3.10.5.7 Miniprep 
 

Plasmid DNA was extracted from E. coli cultures using the QIAGEN QIAprep Spin Miniprep Kit, 

following the manufacturer’s protocol. Briefly, 3 mL of overnight bacterial culture was pelleted 



3. Materials and Methods  

87 

by centrifugation and resuspended in 250 μL of Buffer P1. Cells were lysed with 250 μL of Buffer 

P2 and neutralized with 350 μL of Buffer N3. The lysate was centrifuged to pellet cell debris, and 

the supernatant was transferred to the spin columns. The column was washed twice with 500 μL 

of Buffer PB followed by 750 μL of Buffer PE. The columns were centrifuged to remove residual 

wash buffer, and the plasmid DNA was eluted in 50 μL of nuclease-free water. Plasmid DNA 

quality was analyzed by NanoDrop spectrophotometer and sanger sequence. 

3.10.5.8 Maxiprep 
 

Plasmid DNA was isolated using the QIAGEN Maxiprep Kit, following the manufacturer's 

instructions. Briefly, 200 mL of overnight E. coli culture was harvested by centrifugation at 4500 

rpm for 30 mins. The bacterial pellet was resuspended in 10 mL of Buffer P1 (containing RNase 

A), lysed with 13 mL of Buffer P2, and neutralized with 13 mL of Buffer P3. The lysate was 

clarified by first centrifugation at 3000 rpm for 30 mins and then by filtration through 70 µM filter 

into the anion-exchange columns for gravity flow. The column was pre-equilibrated before the 

lysate with 15 mL of equilibration buffer. The column was washed with Buffer QC to remove 

contaminants, and plasmid DNA was eluted with 15 mL of Buffer QF. DNA was then precipitated 

by adding 13 mL of isopropanol, followed by centrifugation at 18000 rpm for 45 mins. The DNA 

pellet was transferred to an Eppendorf tube with 1ml of 70% ethanol and centrifuged for 10 mins. 

The supernatant was discarded and the pellet was air-dried and resuspended in 200 µL of nuclease-

free water. DNA concentration and purity were measured using a spectrophotometer and sanger 

sequenced. 

3.10.6 Subcloning 
 

Constructs encoding the ORFs of human p85α, p85β, p110α, p110β, p110δ and Src were purchased 

from OriGene and subcloned into pCAGGS (Table 11) (91). Constructs encoding the ORF of 

human Ras V12 was purchased from Clontech and subcloned into pCAGGS with an mCherry tag. 

NS1 ORF from A/Puerto Rico/8/1934 was cloned into pCAGGS with an N-terminal V5 tag. The 

Y89F, W187A, N561D, H1047R, T40C and Y530F mutations were introduced by site directed 

mutagenesis using overlapping primers. Zyxin-N-RFP and Rab5-N-RFP constructs were 

purchased from OriGene and subcloned into pCAGGS. 
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3.10.6.1 BiFC complex cloning design 
 

The bimolecular fluorescence complementation system was originally established by Hu and 

colleagues in 2002 to visualize the interactions among bZIP and Rel family proteins (68). In this 

assay, the researchers split yellow fluorescent protein (YFP), a variant of the green fluorescent 

protein (GFP) that was first identified in the jellyfish Aequorea victoria in 1962 by Osamu 

Shimomura, Martin Chalfie, and Roger Y. Tsien (150). Since its introduction, the BiFC 

technique has evolved to include different variants of fluorescent proteins, enabling the use of 

various fluorophores such as mRFP (74). It has also been modified in several ways, including 

TriFC (184)and BiFC-TALE (69). We generated our BiFC system (142, 146) by adding N-

terminus (YN) of YFP (amino acids 1-154) to the N-terminus of p110s (YN- p110α, YN-p110β, 

YN-p110δ) and the C-terminus of YFP (YC) (amino acids 155-end) to the C-terminus of the 

p85s (YC-p85α, YC-p85β) by polymerase chain reaction (PCR). A short linker region 

(SGLRSRAQASIS) and Xhol restriction site was included after the YN sequence in the YN 

constructs, while in the YC it was included prior to the YC sequence (Figure 21). The original 

split YFP system was kindly provided by Dr. Thorstenn Wolff. 

     

Figure 21. Schematic of the BiFC construction. 
The YC or YN portions of the YFP were cloned into the pCAGGS expression vector followed by a small 
linker. The catalytic subunit was cloned downstream of the YN and linker region, while p85 was cloned 
upstream of the linker and YC region. All possible combinations were originally cloned and tested, 
however, this combination was selected due to the signal strength and structural knowledge of the p85-p110 
interaction. (Generated using Biorender). 
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3.11 Transfection for BiFC with lipofectamine 2000 and 3000 
 

Cells were transfected with lipofectamine 2000 or 3000 according to the manufacturer’s 

instructions. Briefly, 1 µg of each plasmid was mixed with OPTI-MEM I to a final volume of 50 

µL. In a separate tube, with 3 µL of lipofectamine was mixed with 200 µL of OPTI-MEM I (1:3 

(DNA:lipofectamine) ratio) and incubated for 5 mins. Following incubation, the 

lipofectamine/OPTI-MEM I mixture was combined with DNA/OPTI-MEM I and incubated for 

30-45 mins at room temperature. During this incubation, cells were trypsinized, resuspended in 

fresh media and counted. After the 30-minute incubation, the desired concentration of cells was 

mixed with the DNA/lipofectamine/OPTI-MEM I mixture and plated onto appropriate plates. At 

6 hours post transfection, or the following day, the media was replaced and cells were processed 

for the desired assays. For lipofectamine 3000, the same protocol was followed, except that P3000 

reagent was added with to the DNA/OPTI-MEM I mixture at a 1:2 ratio (DNA:P3000). 

 

3.12 BiFC reconstruction and staining 
 

HeLa cells were co-transfected with plasmids encoding p110s, p85s and/or NS1 using 

Lipofectamine 2000 or 3000, as described in section 3.11. The following DNA concentrations 

were used: 1 μg of plasmids expressing YN-p110s and YC-p85s, and 0.5 μg of plasmid expressing 

NS1. Between 8-16 hours post transfection, media was changed and after 16hrs the cells were 

placed at 33 °C for 3 hours to allow reconstitution of YFP. Cells were washed with PBS and fixed 

with ice cold methanol for 20 minutes at 4 °C. Following fixation, the cells were washed with PBS 

and blocked with 1% BSA/PBS for 1 hour at room temperature (RT). After blocking, the primary 

antibody (V5-tag (Invitrogen, 460705)) was diluted 1:500 in 1% BSA/PBS and added to the cells 

for 1 hour at RT. After incubation, the cells were washed again and incubated with a fluorophore 

conjugated secondary antibody (anti-mouse Alexa 633 (Invitrogen, A21052)) and 4′,6-diamidino-

2-phenylindole (DAPI) (Invitrogen, D1306), both diluted 1:1000 in 1% BSA/PBS, for 1 hour at 

RT, followed by three PBS washes. Samples were stored in PBS at 4℃ and protected from light. 

Fluorescence was observed using confocal microscope (LSM 580 and LSM880), and images were 

acquired. Z-stack images were collected and processed using Fiji (ImageJ).  



3. Materials and Methods  

90 

 

3.12.1 Wortmannin treatment 
 

HeLa cells were co-transfected to generate the indicated BiFC complexes with NS1, as described 

above (Section 3.12). Prior to fixation and staining, cells were treated with 10 µM of wortmannin 

according to the manufacturer’s instructions, and the fixation protocol was modified as described 

below (Section 3.12.2). 

 

3.12.2 PIP3 staining 
 

HeLa cells were co-transfected to generate the indicated BiFC complexes with NS1, as described 

above (Section 3.12). Cells were fixed with 2.5% paraformaldehyde (PFA) (Polyscience, 04018-

1) for 5 mins at RT, washed three times with PBS, and permeabilized with 0.5% saponin in PBS 

for 15 mins at RT. The remaining steps were performed as described in section 3.12, with the 

following antibodies and incubation conditions: cells were blocked with 10% BSA/PBS overnight 

at 4°C; the primary antibody (Echelon Biosciences) was diluted 1:200 in 1% BSA/PBS and 

incubated at 37°C for 1 hour; the secondary antibody (anti-mouse Alexa Fluor 633, 1:1000) and 

DAPI (1:2000) were diluted in 1% BSA/PBS incubated at RT for 30 mins. 

 

3.12.3 pAkt staining 
 

HeLa cells expressing BiFC complexes with and without NS1 were fixed with 4% PFA for 10 

mins at RT followed by three PBS washes. Cells were then permeabilized with 0.1% Triton X-100 

in PBS (Fisher, BP151-500) for 5 min at RT. The rest was as described above (Section 3.12), with 

the following changes: the cells were blocked with 1% BSA/PBS overnight at 4℃; the primary 

antibodies V5-tag (1:500) and pAkt (1:200) (cell signaling technology, 4060) was diluted in 1% 

BSA/PBS and incubated for 1 hour at RT; the secondary antibodies anti-rabbit Alexa Fluor 647 

(1:1000) (Invitrogen, A21443), Pacific Blue anti-mouse (1:1000) (Invitrogen, P31582), and 

Phalloidin Alexa Fluor 568 (1:40) (Invitrogen, A12380) were diluted in 1% BSA/PBS and 

incubated at RT for 1 hour. 
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3.13 Generation of stable cell line 
 

3.13.1 Cloning of pLVX-IRES-puro construct 
 

To generate a stable cell line constitutively expressing HA-p85β-N561D, we used the lentiviral 

system (158). The HA-p85β-N561D ORF was cloned into pLVX-IRES-Puro lentiviral vector 

(Takara), as described above (Section 3.10.6). The lentiviral system is widely used to generate 

stable cell lines. It is based on a replication incompetent lentivirus, safely modified by splitting the 

viral components among different plasmids. This three-plasmid system includes: a packaging 

plasmid encoding viral structural and enzymatic proteins (Gag/Pol), an envelope plasmid encoding 

a viral surface protein (VSV-G), and a transfer plasmid encoding the gene of interest (pLVX-

IRES-puro-HA-p85β-N561D). 

 

3.13.2 Co-transfection to produce lentivirus 
 

293T cells were co-transfected with pLVX-IRES-Puro-HA-p85β-N561D, lenti-Gag/Pol, and 

pMD2VSV-G using TransIT-LT1 (Mirus) according to the manufacturer’s guidelines. Briefly, 3 

µg of lenti-Gag/Pol, 3 µg of pMD2-VSV-G, and 5 µg of pLVX-IRES-Puro-HA-p85β-N561D were 

mixed with 250 µL of OPTI-MEM I and 33 µL of TransIT-LT1, and incubated for 20-30 min at 

RT. During this incubation, 293T cells were trypsinized, resuspended in fresh medium and 

counted. After incubation, 1x106 cells were mixed with DNA/OPTI-MEM I/TransIT-LT1 mixture, 

and plated in a 6 well plate, and incubated at 37°C/5% CO2. Between 8-16 hours post transfection, 

the medium was replaced with fresh cDMEM, and the cells were incubated at 37°C/5% CO2. The 

supernatant was collected at 48 hours post transfection, fresh medium was added, and a second 

collection was at 60 hours post transfection. Both supernatants were combined and centrifuged at 

1200 rpm for 10 min using a tabletop centrifuge (Eppendorf). The supernatant was filtered through 

a 0.45 µm cellulose acetate filter, aliquoted and stored at -80 °C until further use. 
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3.13.3 Transduction of A549 and clonal population selection 
 

A549 cells were seeded in a 6 well plate at 50-70% confluency. The medium was replaced with 

cDMEM containing 700 µL of lentivirus (Section 3.13.2) and 1 µL of polybrene (stock 12 mg/mL; 

Millipore, TR-1003G), and the cells were incubated at 37°C/5% CO2. Twenty-four hours after 

transduction, the medium was replaced with fresh cDMEM. Four days post transduction, the 

medium was replaced with cDMEM containing the selection antibiotic puromycin, and cells were 

maintained under selection until all untransduced cells had died, with media changes and passaging 

as needed. The resulting polyclonal population was tested for expression of HA-p85β-N561D by 

indirect immunofluorescence (Section 3.15). Once the expression was confirmed, cells were 

seeded at a very low density in a large tissue culture dish to allow clonal population generation. 

Once individual clones became visible, they were transferred to 24 well plates for expansion. 

Clones were screened by indirect immunofluorescence, and the best expressing clones were 

expanded and several aliquots were frozen.  

 

3.14 Growth curve 
 

A549 WT and A549-p85β-N561D cells were seeded in 6 well plates at a density of 1.5 x 106 cells 

per well, in triplicates for each virus and mock. Cells were washed with PBS and starved for 24 

hours (Section 3.14.1). Following starvation, cells were washed with OPTI-MEM I and infected 

with A/Puerto Rico/8/134 (rPR8 WT) or A/Puerto Rico/8/1935-NS1-Y89F (rPR8-Y89F) at an 

MOI of 0.01 for 1 hour and incubated at 37°C/5% CO2, with intermittent rocking. After adsorption, 

the inoculum was removed and replaced with infection medium containing TPCK-treated trypsin, 

and cells were incubated at 37°C/5% CO2. Supernatants were collected at 8, 24, 32-, 48-, 56-, and 

72-hours post infection, aliquoted, and stored at -80℃. Viral titers were determined by plaque 

assay (Section 3.9.3).  
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3.14.1 Starvation protocol 
 

A549 WT and A549-p85β-N561D cells were seeded in 6 well plates at a density of 1.5 x 106 cells 

per well and incubated at 37°C/5% CO2. Following day, cells were washed with PBS to remove 

any residual serum, and starvation medium (1xMEM + P/S + 0.2% BA) was added. The cells were 

then incubated for 24 hours. Starvation was confirmed by running the cell lysate on an SDS-PAGE 

gel and probing for pAkt (Section 3.16).  

 

3.14.2 Infection of BiFC-transfected cells 
 

HeLa cells were co-transfected with the various BiFC constructs using Lipofectamine 3000 

(Invitrogen) according to the manufacturer’s guidelines (Section 3.11). At 16 hours post 

transfection, the medium was replaced with fresh media, and the cells were incubated at 33°C for 

3 hours to allow reconstitution of YFP. Following incubation, the cells were washed twice with 

OPTI-MEM I (Gibco, 31985-062) and then infected with rPR8 WT and rPR8-Y89F with a MOI 

of 10 PFU/cell for 1 hour at 37°C/5% CO2. After infection, the inoculum was removed, infection 

medium (1xMem+0.2% BA+P/S) was added, and the cells were incubated at 33°C or 37°C for 24 

hours. At 24 hours p.i., cells were processed for immunofluorescence using an anti-NS1 antibody 

(Invitrogen, PA532243). 

 

3.15 Immunofluorescence for cell line validation 
 

A549 WT and A549-p85β-N561D cells were seeded on 12 well glass bottom plates and incubated 

at 37°C/5% CO2. The following day, cells were fixed with 4% PFA without methanol for 30 

minutes. Following fixation, cells were permeabilized with 0.1% triton X-100 in PBS for 15 mins 

and then washed with PBS. Blocking was performed with 1% BSA/PBS for 1 hour at RT. Primary 

antibodies (HA tag, Invitrogen, 326700), and p85β (Invitrogen, MS53215)) were diluted 1:1000 

in 1% BSA/PBS, and cells were incubated for 1 hour at RT. After washing with PBS, secondary 

antibodies (anti-rabbit Alexa Fluor 488 (Invitrogen, A-11034)) and DAPI were diluted 1:1000 in 

1% BSA/PBS and incubated for 1 hour at RT. Cells were washed three times with PBS and stored 
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in PBS at 4℃, protected from light. Fluorescence was observed using LSM880 confocal 

microscope, and images were acquired and processed with ImageJ.  

 

3.16 Western Blot 
 

3.16.1 Sample collection  
 

A549 WT and A549-p85β-N561D cells were seeded in 6 well plates and starved for 24 hours as 

described in section 3.14.1. Following starvation, cells were infected with rPR8 WT and rPR8-

Y89F at an MOI of 2 for 1 hour, after which the medium was with infection media. Cell lysates 

were collected at 0, 2, 4, 6, 8 hours post-infection. At the appropriate time points, infection media 

was aspirated, and 300 μL of RIPA buffer containing protease/phosphatase inhibitor (cell signaling 

technology) was added to each well. The cells were incubated for 5 min, after which they were 

scraped, and the mixture was transferred to microcentrifuge tubes. Samples were centrifuged at 

13,000 rpm for 10 mins at 4℃, and the supernatant was transferred to a new tube. The samples 

were stored at -80℃ until further processing.   

 

3.16.2 Protein quantification 
 

Proteins from the cell lysate were quantified using the Pierce BCA Protein Assay Kit (Thermo 

fisher), following the manufacturer’s guidelines. Briefly, solution A and solution B were mixed in 

a conical tube at a 50:1 ratio. Next, 10 μL of either the sample or standard was added to a well in 

a 96 well cell culture plate, and 200 μL of reagent (solution A/B) was added to each well using a 

multichannel pipette, followed by mixing. The plate was incubated at 37℃ for 30 minutes. After 

incubation, the plate was brought to room temperature, and the absorbance was read at 562 nm 

using a plate reader. All samples, standards, and mock samples were run in triplicates. The total 

protein concentration in each sample was calculated using the standard curve generated from the 

standards. 

 

 



3. Materials and Methods  

95 

3.16.3 Sample preparation, gel loading and transfer 
 

Based on the BCA assay, 10 µg of total protein was mixed with Pierce Lane marker reducing 

sample buffer (5x) (Thermo fisher), diluted with water to a final volume of 30 μL. The samples 

were boiled for 5 mins at 100℃, then transferred to ice and centrifuged briefly. The samples were 

run on 4-20% reducing denaturing sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) gel (Bio-Rad), and the protein was transferred onto a polyvinylidene difluoride 

(PVDF) membrane (Bio-Rad) using the turbo transfer system (Bio-Rad) with mixed molecular 

weight settings for 7 min. 

3.16.4 Blotting 
 

Following the transfer of proteins to the PVDF membrane, the membrane was blocked with 5% 

(w/v) BSA in PBS containing 0.1% (v/v) Tween 20 (PBST) for 1 hour at RT on a shaker. The 

membrane was incubated overnight with pAkt (Ser473) (cell signaling technology, 4060S) diluted 

1:1000 in 5% BSA in PBST at 4℃ on a shaker. The membrane was washed three times with PBST 

(5-minute incubation each time) on a shaker at RT. Next, the membrane was incubated with anti-

mouse-HRP IgG diluted 1:2000 in 5% BSA in PBST for 1 hour at RT on a shaker. The membrane 

was washed three times with PBST and developed using Brightstar HCL (ASI). The HRP was 

activity was quenched by incubating the membrane with 1% sodium azide for 15 minutes on a 

shaker at RT. The membrane was washed overnight with PBST (changing the buffer several times) 

on a shaker. The membrane was then incubated overnight with a monoclonal antibody against NS1 

(Invitrogen, GT1653) diluted 1:1000 in 5% milk/PBST at 4℃ on a shaker. The membrane was 

washed three times and incubated with anti-mouse-HRP (Kindlebio) diluted 1:1000 in 5% 

milk/PBST for 1 hour at RT on a shaker. The membrane was washed three times and developed 

with Brightstar HCL. The membrane was washed for 24 hours with frequent changes of PBST. 

Finally, the membrane was incubated with β-actin-HRP (cell signaling technology, 12262) 

antibody diluted 1:2000 in 5% milk/PBST for 1 hour at RT on a shaker. The membrane was washed 

three times and developed with Brightstar HCL (ASI). Cell line validation by Western blot was 

performed as described above, with the following modifications: blocking was done with 5% 

milk/PBST and the following antibodies were used: HA-tag-HRP conjugated (Cell signaling 
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technology, 2999S), p85β (Invitrogen, MA53215), and loading control β-actin-HRP (Cell 

signaling technology, 12262).   

 

3.17 Competition assay 
 

To perform the competition assay with both viruses in two different cell lines, A549 WT and 

A549-p85β-N561D cells were seeded in 6-well plates at a density of 1.5 X 106 cells per well and 

incubated overnight. The next day, rPR8 WT and rPR8-Y89F viruses were diluted to 107 

PFU/mL in Opti-MEM I. Equal volume of each virus were mixed to achieve a 50:50 ratio. The 

mixed virus was then diluted to 103 PFU/mL, which was considered the input. A549 WT and 

A549-p85β-N561D cells were washed with Opti-MEM I to remove any residual serum and then 

infected for 1 hour. Following infection, the inoculum was removed and replaced with infection 

medium, and cells were incubated for 12, 24, and 48 hours. At each respective time, the 

supernatant was aspirated, and the cells were collected in 500 μL of TRI Reagent (Invitrogen, 

9738G). RNA extraction was performed using the Direct-zol RNA miniprep extraction kit 

(Zymol, R2052) according to manufacturer’s instructions. Briefly, 500 μL of 100% ethanol was 

added to each samples and mixed, then transferred to spin columns and centrifuged. DNase I 

treatment was performed on-column for 15 mins. Following DNase treatment, the columns were 

washed twice with 400 μL of Pre Wash buffer and then with 700 μL of wash buffer. The 

columns were centrifuged for 1 minute to remove any residual buffer, and RNA was eluted in 30 

μL of water. Samples were then prepared for MinION Oxford Nanopore sequencing (Section 

3.18) (Figure 22). 
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Figure 22. Schematic representation of the competition assay 
Competition assay was performed by first diluting PR8 WT and PR8 Y89F to 107 PFU/mL and then the 
two viruses were mixed in a 50:50 ratio. The mixed virus was further diluted to 103 PFU/mL and A549 
WT and A549 p85β N561D cells were infected for 12, 24, and 48hrs. Cells were harvested at the 
indicated time points and processed for MinIon sequencing. The percentage of reads for NS1 Y89F versus 
NS1 WT were quantified. (Generated using Biorender). 
 
 

3.18 MinION sequencing 
 

5 µL of each viral RNA sample was used for RT-PCR using SuperScript IV One-Step RT-PCR 

System (Invitrogen). Each PCR product was purified using AMPure XP (Beckman Coulter) 

according to the manufacturer’s instructions and quantified using a Qubit (Thermo Fisher 

Scientific). The library of purified samples was prepared for sequencing using the Native 

Barcoding Kit 96 V14 (SQK-NBD114.96, Oxford Nanopore) (187, 188) as per the 
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manufacturer’s instructions. The library was loaded onto a MinION flow cell (R10.4.1, Oxford 

Nanopore) following the recommended protocol. FASTQ were obtained for each sample, and 

Geneious Prime (2025.1.1) was used to perform reference-based alignment. The number of reads 

corresponding to rPR8 WT and rPR8-Y89F were subsequently identified.  

 

3.19 BiFC quantification 
 

HeLa cells were co-transfected with indicated p110s, p85s and NS1 WT using Lipofectamine 

3000 (Invitrogen), according to the manufacturer’s guidelines (Section 3.11). Then, 16 hours 

post transfection, media was changed, and the cells were placed at 33°C for 3 hours. At 19 hours 

p.t., cells were processed for fluorescence microscopy following the previously described BiFC 

assay protocol, using antibodies against V5 tag. Using an LSM880 confocal microscope, 30 cells 

per condition were first assessed for positive BiFC and NS1 signals. Subsequently, the 

phenotype of each cell was checked to determine whether it displayed the relocalization pattern. 

Each condition was quantified in triplicate (30 cells/replicate/condition). 

 

3.20 Co-Immunoprecipitation assay (Co-IP) 
 

Co-IPs were performed as described previously (6). In brief, using 293T cells transfected with 2 

μg of the pLVX-IRES-ZsGreen1 plasmid (Clontech, CA) carrying V5-tagged NS1 proteins or 

GST (as appropriate), 1 μg of the p3×FLAG-CMV7.1 plasmid (Sigma-Aldrich, MO) expressing 

FLAG-tagged human p85β or human p85α (provided by Hannah L. Turkington, University of 

Zurich, Zurich, Switzerland) (7) and 1 μg of the plasmid expressing one of the YN-tagged p110 

subunits. Protein lysates (total and IP fractions) were resolved by SDS-PAGE on NuPAGE 4 to 

12% Bis-Tris protein gels (Thermo Fisher), followed by transfer to nitrocellulose membranes. 

Proteins were detected by Western blotting using the following primary antibodies: mouse anti-

V5 (cat# MCA1360; Bio-Rad), mouse anti-FLAG (cat# F1804; Sigma-Aldrich) and anti-YFP 

(cat# ab1218; Abcam). Secondary antibodies were fluorochrome-conjugated anti-mouse 

immunoglobulin (cat# 35519; Thermo Fisher Scientific) and anti-rabbit immunoglobulin (cat# 
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SA5-10036; Thermo Fisher Scientific,). A Li-Cor Odyssey scanner was used for detection. 

Experiment performed by Dr. Nikos Tsolakos at the University of Zurich, Switzerland. 

  

3.21 Baculovirus generation and amplification 
 

The plasmids harboring class IA PI3K catalytic and regulatory subunits were transformed into 

DH10MultiBac cells (MultiBac, Geneva Biotech) containing the baculovirus viral genome 

(bacmid) and a helper plasmid expressing transposase to transpose the expression cassette 

harboring the gene of interest into the baculovirus genome. Bacmids with successful incorporation 

of the expression cassette of pFastBac/ pACEBac1 into the viral genome was identified by blue-

white screening and were purified from a single white colony using a standard isopropanol-ethanol 

extraction method. Briefly, colonies were grown overnight (∼16 hours) in 3-5 mL 2xYT (BioBasic 

#SD7019). Cells were pelleted by centrifugation, and the pellet was resuspended in 225 μL P1 

Buffer (Qiagen MiniPrep Kit, #27106), chemically lysed by the addition of 225 μL Buffer P2, and 

the lysis reaction was neutralized by addition of 300 μL Buffer N3. Following centrifugation at 

21130 rcf and 4°C (Rotor #5424 R), the supernatant was separated and mixed with 600 μL 

isopropanol to precipitate the DNA out of solution. Further centrifugation at the same temperature 

and speed pelleted the bacmid DNA, which was then washed with 500 μL 70% ethanol three times. 

The Bacmid DNA pellet was then dried for 1 minute and re-suspended in 50 μL Buffer EB. 

Purified bacmid was then transfected into Sf9 cells. 2 mL of Sf9 cells between 0.3-0.5Χ106 

cells/mL were aliquoted into the wells of a 6-well plate and allowed to attach, creating a monolayer 

of cells at ∼ 70-80% confluency. Transfection reactions were prepared by the addition of 2-10 ug 

of bacmid DNA to 100 μL 1xPBS and 12 μL polyethyleneimine (PEI) at 1 mg/mL 

(Polyethyleneimine “Max” MW 40.000, Polysciences #24765, USA) to 100 μL 1xPBS. The 

bacmid-PBS and the PEI-PBS solutions were mixed, and the reaction occurred for 20-30 minutes 

before addition drop-by-drop to an Sf9 monolayer containing well. Transfections were allowed to 

proceed for 5-7 days before harvesting virus containing supernatant as a PI viral stock. Viral stocks 

were amplified by adding P1 viral stock to suspension Sf9 cells between 1- 2x106 cells/mL at a 

1/100 volume ratio. This amplification produces a P2 stage viral stock that can be used in final 

protein expression. The amplification proceeded for 4-5 days before harvesting, with cell shaking 

at 120 RPM in a 27°C shaker (New Brunswick). Harvesting of P2 viral stocks was carried out by 
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centrifuging cell suspensions in 50 mL Falcon tubes at 2281 RCF (Beckman GS-15), collecting 

the supernatant in a fresh sterile tube, and adding 5-10% inactivated fetal bovine serum (FBS; 

VWR Canada #97068-085). Experiment performed by Dr. Braden D. Siempelkamp and Dr. 

Gillian L. Dornan at the University of Victoria, British Columbia, Canada. 

 

3.22 Expression and purification of recombinant proteins 
 

All PI3K constructs were expressed and purified as described previously (8-10). In brief the 

catalytic subunit and regulatory subunits were expressed using the pFASTBAC/ pACEBac1 

expression system in Sf9 cells. After expressing the cells at 27°C for 55 hours the cells were 

harvested at 1739 x g at 4°C using Eppendorf Centrifuge 5810R and the cells were flash frozen 

using liquid nitrogen and stored in -80 °C. The frozen pellets were resuspended in lysis buffer 

containing 20 mM Tris pH 8, 10 mM Imidazole, 100 mM NaCl, 5% glycerol [v/v], 2 mM βME, 

protease inhibitor [Protease Inhibitor Cocktail Set III, Sigma]) and sonicated for 2 min (15s on, 15 

s off, level 4.0, Misonix sonicator 3000). Triton-X 100 was added to the lysate at a final 

concentration of 0.1% and then clarified by spinning at 15,366xg for 45 min (Beckman Coulter 

JA-20 rotor). The supernatant was loaded onto a 5 ml crude Ni-NTA column (GE healthcare) 

equilibrated in NiNTA A buffer containing 20 mM Tris pH 8, 100 mM NaCl, 10 mM Imidazole 

and 5% glycerol [v/v]. The column was washed using high salt buffer containing 20 mM Tris, 1 

M NaCl, 10 mM Imidazole, 5% Glycerol [v/v] followed by NiNTA buffer wash (20 mM Tris pH 

8, 100 mM NaCl, 21 mM Imidazole and 5% Glycerol). The protein was eluted using 100% NiNTA 

B buffer (20 mM Tris pH 8, 100 mM NaCl, 200 mM Imidazole and 5% Glycerol). The elute from 

the nickel column was loaded onto Streptavidin column (GE healthcare) and subjected to buffer 

wash using Hep A buffer (20 mM Tris pH 8, 100 mM NaCl, 5% Glycerol and 0.5 mM tris(2-

carboxyethyl) phosphine [TCEP]). The column was incubated on ice for 3 hours in the presence 

of TEV protease and then eluted by a wash with HEP A buffer. Proteins were subjected to gel 

filtration using SuperdexTM 200 10/300 GL Increase column from GE healthcare. After gel 

filtration, the protein was concentrated, aliquoted, frozen, and stored at −80°C. NS1 constructs 

were transformed into Escherichia coli (BL21 (DE3)). Bacterial cultures were induced with 1 mm 

isopropyl 1-thio-β-d-galactopyranoside after growth to an A600 of 0.6–0.9 in 2× YT (Sigma) broth 

containing ampicillin at 100 μg/ml. Induction was allowed to proceed for 4 h at 37 °C. The bacteria 
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were harvested by centrifugation, and the pellets were stored at −80 °C. Frozen E. coli pellets were 

resuspended in lysis buffer and sonicated on ice for 5 min (10 s on, 10 s off, level 6.0, Misonix 

sonicator 3000). Triton X-100 was added to the lysate at a concentration of 0.1% and centrifuged 

at 20 000 × g for 45 min (Beckman Coulter Avanti J-25I, JA 25.50 rotor). The supernatant was 

then loaded onto a 5-ml GSTrap™ HP Column (cytivia) equilibrated in buffer containing 20 mM 

Tris pH 8, 100 mM NaCl, and 5% glycerol. The column was washed with 30 ml of this buffer. 

TEV protease was added to a final concentration of ∼0.3 mg/mL. The cleavage was allowed to 

proceed overnight at 4 °C. To de-enrich the TEV protease, the protein solution was loaded onto a 

HisTrapTM FF column and eluted with 10 mL of Ni- NTA A buffer. The elution was concentrated 

to ∼2 mL. NS1 protein was injected onto a SuperdexTM 75 10/300 GL size exclusion column (GE 

Healthcare) equilibrated in gel filtration buffer (20 mm HEPES (pH 7.5), 150 mm NaCl, 1 mM 

TCEP). After gel filtration, the protein was concentrated, aliquoted, frozen, and stored at −80°C. 

Experiment performed by Dr. Braden D. Siempelkamp and Dr. Gillian L. Dornan at the University 

of Victoria, British Columbia, Canada. 

 

 

3.23 Lipid Vesicle Preparation 
 

Assays were carried out with PM mimic vesicles consisting of 5% brain PIP2, 20% brain PS, 45% 

egg yolk PE, 15% egg yolk phosphatidylcholine (PC) (Avanti #840051C), 10% cholesterol (Sigma 

Aldrich, #47127-U), and 5% egg yolk sphingomyelin (Sigma Aldrich, #S0756). To generate 

vesicles, the lipid mixtures were combined in organic solvent. The mixture was then evaporated 

using a stream of argon gas followed by desiccation under vacuum for 45 minutes. The lipids were 

resuspended in a lipid buffer (25 mM HEPES pH 7, 100 mM NaCl, 10% Glycerol [v/v]) and the 

solution was subjected to sonication for 15 mins. The vesicles were subjected to five freeze thaw 

cycles and extruded 11 times through a 100 nm filter (T and T Scientific: TT-002–0010). The 

extruded vesicles were sonicated again for 5 min, aliquoted and stored at −80°C. Experiment 

performed by Dr. Braden D. Siempelkamp and Dr. Gillian L. Dornan at the University of Victoria, 

British Columbia, Canada. 
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3.24 ATPase assay 
 

All PI3K assays used the Transcreener ADP2 Fluorescence Intensity (FI) assay (Bellbrook labs) 

which measures formation of ADP. 2 μL of a PI3K solution (final concentration 100nM-400nM) 

at 2X final concentration was mixed with 2 μL substrate solution containing ATP and lipid vesicles 

(final concentration of 0.45 vesicles and 100 μM ATP), and the reaction was allowed to proceed 

for 60 min at 20°C. For experiments examining activation by NS1 protein, the PI3K and NS1 

protein were allowed to pre-incubate for 15 minutes before incubation with substrate, with NS1 

being present at a final concentration of 1 μM in the kinase reaction. 

The reaction was stopped with 4 μL of 2X stop and detect solution containing EDTA (chelates 

Mg2+, stopping kinase activity) along with 8 nM ADP Alexa Fluor 594 Tracer and 93.7 μg/mL 

ADP2 Antibody IRDye QC-1, and was allowed to incubate for 60 minutes. The fluorescence 

intensity was measured using a SpectraMax M5 plate reader at excitation 590 nm and emission 

620 nm. This data was normalized against a 0–100% ADP window made using conditions 

containing a final concentration of 100 μM ATP or ADP. % ATP turnover was interpolated from 

an ATP standard curve obtained from performing the assay on 100 μM (total) ATP/ADP mixtures 

with increasing concentrations of ADP. Experiment performed by Dr. Braden D. Siempelkamp 

and Dr. Gillian L. Dornan at the University of Victoria, British Columbia, Canada. 
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4. Results 

4.1 Generation of a system to visualize the PI3K complexes 
 

First, we established a system to visualize the isoform-specific p85 and p110 heterodimers 

by using a bimolecular fluorescence complementation assay (BiFC). A similar assay was 

previously described by our group to study the cellular behaviors of protein complexes during the 

induction of the innate immune response (142). We fused the N-terminal (YN) part of yellow 

fluorescent protein (YFP) to the N-terminus of the p110 subunits (YN-p110α, YN-p110β, YN-

p110δ), and the C-terminal (YC) part of YFP to the C-terminus of the p85s (p85α-YC, p85β-YC) 

(Figure 23A). In this way, upon transfection of a p85-p110 pair into cells, only the heterodimer 

formed by the combination of the specific YN- and YC- tagged subunits can be visualized by a 

YFP signal, allowing us to ascertain the cellular localization of each PI3K heterodimer (Figure 

23B). All the possible p85-p110 BiFC combinations showed a similar fluorescence phenotype 

when co-expressed by transfection in HeLa cells (Figure 24): a diffuse, homogeneous cytoplasmic 

distribution.  
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Figure 23. Split YFP system to study specific PI3K heterodimers.  
A) A schematic representation of the BiFC system to study the interaction of the catalytic and regulatory 
subunits of PI3K. N-terminal (YN) and C-terminal (YC) parts of YFP were added to the N- or C-terminus 
of p110 or p85, respectively. 
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Figure 24. BiFC system tested with different combinations of PI3K isoforms. 
HeLa cells were transfected with the different BiFC combinations and processed 19 hr p.t. for fluorescence 
microscopy. All the heterotypic dimers showed a broad diffused distribution. 
 

4.2 Influenza A virus NS1 relocalizes PI3K complexes in an isoform-specific manner 
 

Then, we assessed changes to these localizations upon co-transfection with the NS1 protein 

from influenza A/Puerto Rico/8/34 virus (PR8, Figure 25A). The presence of NS1 did not affect 

p85α heterodimers, consistent with the inability of NS1 to bind this specific isoform (61). On the 

other hand, NS1 expression resulted in a remarkable redistribution of the p85β-containing 

heterodimers. The redistribution of PI3K in the cytoplasm of NS1-expressing cells from a diffuse 

to a punctate pattern was different according to the p110 isoform present: those with p110α and 

p110δ showed accumulation at the edges of the cells, while those with p110β were relocated to a 

punctate phenotype close to the nucleus. To confirm that these changes were specifically due to 
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the NS1-p85β interaction, we also co-transfected the PI3K BiFC heterodimers with PR8 NS1 

carrying the Y89F mutation, which has previously been shown to abrogate NS1 binding to p85β 

(10, 61). As expected, NS1-Y89F failed to relocate the different PI3K heterodimers (Figure 25B), 

which remained in the same diffuse cytoplasmic distributions as without any NS1 present.  

We quantified the number of cells that were positive for their respective phenotype based on the 

different PI3K heterodimers being expressed with NS1. We observed that at least 80% of the 

cells expressing the PI3K BiFC with NS1 displayed either the accumulation at the cell edges 

(p110α and p110δ) or the punctate close to the nucleus (p110β) (Figure 26). We further 

corroborated the ability of NS1 to bind to a dimer of p85β including any of the three catalytic 

p110 subunits by co-immunoprecipitation assays. We co-transfected 293T cells with plasmids 

expressing V5-GST, V5-NS1 wt, or V5-NS1 Y89F, together with Flag-p85α or p85β with each 

of the p110 isoforms (YN-p110α/β/δ). We confirmed the preferential binding of NS1 to p85β 

over p85α (Figure 27A) as well as the successful precipitation of all the dimer combinations 

with p85β and each of the different p110 (Figure 27B). 
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Figure 25. PI3K BiFC complexes with NS1. 
A) When co-transfected with NS1, heterodimers containing p85β, but not p85α, were relocated to cell edges 
(p110α and p110δ) or acquired a punctate localization near the nucleus (p110β). B) None of these 
phenotypes were observed after co-transfection with an NS1 mutant unable to bind p85β (Y89F 
substitution). (NS1: red, nucleus: cyan, BiFC: yellow). 
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Figure 26. Quantification of the different relocalization pattern of PI3K BiFC. 
When cells expressing the different heterodimers with NS1 were quantified, 80% of cells expressing PI3K 
complexes and NS1 showed a relocalization phenotype. (n = 30 cells/condition, and triplicates, error bars 
represent standard deviation). 
 

 

4.3 PI3K complexes have a distinct distribution pattern upon infection with influenza virus 
 

Next, we tested if the distinct distribution of the PI3K heterodimers also occurred when 

cells were infected with influenza virus. In order to establish the settings for visualizing our 

BiFC complexes after infection, we first expressed p110α/p85β complexes and infected with 

rPR8 WT or rPR8-Y89F at a multiplicity of infection (MOI) of 10 PFU/cell and performed 

immunofluorescence at 3, 6, 16 (incubated at 37°C) and 24 hrs post infection (incubated at 

33°C). We observed the presence of relocalized BiFC complexes starting at 3hrs, however, the 

phenotype was much more evident at later time points (Figure 28). We next expressed the 

indicated BiFC complexes and then infected the cells with rPR8 WT or rPR8-Y89F at a MOI of 

10 PFU/cell and as predicted the BiFC complexes relocated to the cell edges for p110α and 

p110δ combinations when infected with rPR8 WT and closer to the nucleus for p110β. The 

complexes were in a diffuse, homogenous distribution when infected with rPR8-Y89F, similar to 

the mock infected cells and this was consistently observed whether the cells were incubated at 

33℃ or 37℃ after infection (Figure 29).  
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Figure 27. NS1 binds to p85β-p110 dimers with no preference for a specific catalytic subunit.  
(A) Assessment of binding of NS1 to p85 subunits using 293T cells co-transfected for 48 h with plasmids 
expressing the indicated V5-tagged NS1 protein (or GST) and FLAG-tagged p85α or p85β. NS1 
preferentially binds to p85β only. (B) 293T cells were co-transfected with plasmids expressing the indicated 
V5-tagged NS1 protein (or GST), FLAG-tagged p85β and YN-tagged p110α or p110β or p110δ catalytic 
subunit and cell lysates were co-immunoprecipated with V5 antibody and analyzed by SDS-Page and 
western blotting (soluble (input) and pulldown (V5-IP)). We detected that NS1 binds to all the p85β-p110x 
dimers with no preference for a specific catalytic subunit. 
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Figure 28. Infection optimization for BiFC PI3K complexes. 
HeLa cells were co-transfected with p110α/p85β BiFC complex and 19 hr p.t. cells were infected with an 
MOI of 10 PFU/cell. 3, 6, 16, and 24 hrs post infection cells were processed for fluorescence microscopy. 
The 3, 6 and 16 hr samples were incubated at 37℃ while the 24hr samples were incubated at 33℃. Cells 
infected with rPR8 WT led to the distinct relocalization pattern of the PI3K heterodimers but with rPR8-
Y89F the complexes were in a homogeneous distribution similar to the mock infected cells. The 
relocalization pattern is clearer at later time points in comparison to earlier time points. (BiFC in yellow, 
NS1 in red and nucleus in cyan). 
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Figure 29. Relocalization of BiFC PI3K heterodimers by infection. 
HeLa cells were co-transfected with different BiFC complexes and 19 hr p.t. cells were infected with an 
MOI of 10 PFU/cell. 24 hrs post infection ((A)incubated at 37℃ (B) incubated at 33℃) they were processed 
for fluorescence microscopy. Cells infected with rPR8 WT led to the distinct relocalization pattern of the 
PI3K heterodimers but with rPR8-Y89F the complexes were in a homogeneous distribution similar to the 
mock infected cells. (BiFC in yellow, NS1 in red and nucleus in cyan). 
 

 

 

 

 

 

 

B 
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4.4 NS1 drives PI3K heterodimer relocalization in a strain-independent manner. 

 

In order to evaluate whether the NS1-mediated relocalization of PI3K complexes is strain 

specific, we expressed NS1 proteins from H1 (A/Puerto Rico/8/1934, A/Brevig Mission/1/1918, 

A/Wilson-Smith/1933, A/California/04/2009), H3 (A/Wyoming/03/2003), and H5 (A/Hong 

Kong/156/1997, A/Vietnam/1203/2004) subtypes. All different NS1s promoted similar 

relocalizations of the PI3K heterodimers, indicating that this phenomenon is not strain specific 

(Figure 30), although in the multifactorial context of an infection this might result in different 

functional phenotypes, as we have previously shown (10).  

 

 

Figure 30. Distinct redistribution of PI3K heterodimers is not strain dependent.  
HeLa cells were co-transfected with indicated BiFC constructs and NS1 from different strains. At 19 hr p.t., 
cells were processed for immunofluorescence with antibody against NS1 (1A7). NS1 from different 
influenza A strains were able to relocalize the complexes with p110α and p110β to the focal adhesion 
regions and the complexes with p110β near the endosome in a strain independent manner. (BiFC in yellow, 
NS1 in red and nucleus in cyan). 
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4.5 Monomeric effector domain of NS1 is sufficient to redistribute the PI3K complexes. 
 

Structural and biochemical studies have revealed that the NS1 effector domain (ED) 

located at its carboxy-terminal end is sufficient to bind the inter-SH2 domain of p85β, and does 

not require dimerization (60, 62).  To ascertain whether this NS1 domain has the same impact on 

PI3K relocalization as the entire NS1, we expressed the NS1 ED on its own, without the N-

terminal RNA-binding domain (62), and carrying a known mutation (W187A) to prevent its 

dimerization (11, 59, 83), in the presence of our diverse PI3K BiFC complexes. As shown in 

Figure 31, we observed that the expression of the NS1 ED induced the same isoform dependent 

redistribution of the PI3K complexes as full-length NS1, confirming that just binding of p85β to 

NS1 is enough for isoform-specific PI3K relocalization. 

 

 
Figure 31. Relocalization of PI3K BiFC with effector domain of NS1.  
HeLa cells were transfected with the different PI3K complexes and monomeric effector domain of NS1, 
NS1 full length and mutant NS1. The monomeric effector domain of NS1 (NS1 ED with W187A) is 
sufficient to induce the same PI3K heterodimer relocalizations as full length NS1, NS1-Y89F was used as 
a negative control. (NS1: red, nucleus: cyan, BiFC: yellow). 
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4.6 Influenza A virus NS1 relocalizes PI3K complexes in proximity to focal adhesions or to 
endosomes depending on the p110 isoform. 
 

Next, we tried to spatially characterize the different isoform-dependent PI3K 

redistributions. In order to do that, we co-transfected HeLa cells with the various PI3K-NS1 BiFC 

combinations in the presence of NS1, and used different cell markers to identify potential 

colocalization. For p85β/p110α and p85β/p110δ complexes, their localization in the presence of 

NS1 resembled focal adhesions (174), plasma membrane-associated macromolecular assemblies 

that serve as sites for sensing and transducing extracellular cues, and therefore we co-expressed 

our BiFC system together with a focal adhesion marker. For this purpose, we expressed RFP-

tagged zyxin, a phosphoprotein that is concentrated at focal adhesions (14) (Figure 32A and B). 

We noted that the expression of zyxin mirrors the pattern we detected with the NS1-relocated PI3K 

BiFC complexes, and is in high proximity with these complexes. Similarly, we presumed that the 

distinct p85β/p110β dots we observed in the presence of NS1 could correspond with an endosomal 

compartment. To test this theory, we co-transfected our BiFC system with NS1 together with the 

early endosome marker Rab5 fused to RFP (77, 154, 173), and found that indeed the distribution 

pattern of this NS1-relocated PI3K complex coincides with the distribution of Rab5 (Figure 32C). 

These results indicate that in the presence of NS1, p85β/p110β heterodimers are directed towards 

early endosomes while p85β/p110α and p85β/p110δ are directed towards focal adhesion regions. 

Given that the NS1-p85β remains constant in all these scenarios, our data reveal that it is the p110 

subunit that determines heterodimer intracellular localization. It should be noted that only a small 

fraction of the NS1 co-localizes with the PI3K BiFC complexes, as expected for this multi-

functional protein that in addition to bind to p85β also associates with several other host factors. 

 



4. Results  

119 

 

Figure 32. Colocalization of redistributed PI3K complexes with different cellular markers. 
HeLa cells were co-transfected with the indicated BiFC constructs, RFP-tagged markers for different 
cellular compartments and wild type NS1. Cells were processed for confocal microscopy at 19 hr p.t. Cell 
edge phenotype associated with p110α and p110δ appeared to localize in close proximity to the focal 
adhesion marker, zyxin (A, B), whereas BiFC complexes with p110β colocalized with the early-endosome-
associated small GTPase Rab5 (C). (Green: BiFC, red: Rab5-RFP or Zyxin1-RFP; white on merged 
pictures: NS1). 
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4.7 Kinase activity of the isoform-specific PI3K complexes in the presence of NS1  

 

Next, we characterized the functionality of these PI3K complexes within the different 

relocalization patterns. The canonical signaling of active PI3K is based on the phosphorylation of 

PIP2, resulting in the generation of PIP3, which diffuses and promotes downstream activation and 

phosphorylation of Akt. Therefore, we expressed p85β in combination with the different isoforms 

of p110, as well as NS1, and detected the production of PIP3 by indirect immunofluorescence 

(Figure 33A). We observed production of PIP3 at the cell periphery when p85β was in complex 

with p110α and p110δ in the presence of NS1, concomitant with its relocalization to focal 

adhesions at the cell periphery. However, we were unable to visualize using this technique the 

production of PIP3 when NS1 was coexpressed with p110β-containing PI3K heterodimers. In order 

to confirm that the catalytic activity of each p110 was necessary for the NS1-mediated activation 

of the PI3K complexes, we treated our PI3K-BiFC/NS1 expressing cells with a PI3K inhibitor 

(wortmannin, which targets p110) and discerned that the distinct relocalizations of PI3K 

complexes were still taking place, but that there was no production of PIP3 (Figure 33B).  
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Figure 33. Differential catalytic activity of redistributed PI3K complexes.  
HeLa cells were co-transfected with the indicated BiFC constructs and wild type NS1. At 19 hr p.t., cells 
were processed for immunofluorescence with antibodies against NS1(blue) and (A) PIP3(red). Markedly 
increased levels of PIP3 could be appreciated in cells transfected with p110α/δ complexes, but not with 
p110β. Incubation with the pan-PI3K inhibitor wortmannin abrogated the production of PIP3, but not the 
redistribution of the PI3K complexes by NS1 (B). (BiFC in yellow, PIP3 in red and NS1 in cyan). 
 

 We further characterized the differential kinase activities using biochemical methods and 

performed in vitro lipid kinase assays. We measured the turnover of adenosine triphosphate (ATP) 

in the presence of 5% PIP2 vesicles by PI3K heterodimers and found that upon addition of NS1, 

only the activity of p110α/p85β complexes was significantly increased, while there was no 

significant difference in activity of p110β/p85β complexes or on the p110α/p85α complexes as 

expected (Figure 34 A-B). The activation of p110α/p85β was dose-dependent on NS1 (Figure 

34C). Notably, when we assayed NS1-Y89F in this in vitro system, we did not observe significant 

activation of p110α/p85β complex (Figure 34D), complementary to the results observed in the 

cell based assay. 



4. Results  

122 

 
Figure 34. NS1 leads to activation of only p110α/p85β, with no significant activation of p110β/p85β.  
A) Schematic of NS1 activation of class IA PI3Ks.  B) Relative activities of different combinations of 
catalytic and regulatory subunits of class IA PI3Ks in the presence and absence of 1 μM NS1. Assays 
measured the turnover of ATP in the presence of PI3K complexes at the following concentrations: 30 nM 
p110α/p85β, 300 nM p110β/p85β, and 60 nM p110α/p85α. Kinase assays contained 100 μM ATP, and 0.45 
mg/ml vesicles containing [5% PIP2 /15% PC/20% PS/45% PE/10% cholesterol/5% sphingomyelin]. C) 
Dose response of p110α/p85β with increasing amounts of NS1 protein. D) Mutation of Y89F in NS1 
prevents PI3K activation. Kinase assays were carried out under the same conditions as panel B, with both 
wild type and Y89F NS1 present at 1 μM. For all panels, assays were performed in triplicate (error shown 
as S.D., n = 3), with p values greater than 0.05 shown as not significant (N.S.). 
 

  
Next, we determined where in the cell activation of Akt occurs in this system. We therefore 

probed for pAkt (Ser-473) in our BiFC assays by immunostaining with an antibody specific for 

pAkt. We indeed, detected elevated levels of pAkt in the presence of NS1, especially at the cell 

periphery with p85β/p110α and p85β/p110δ isoforms, but not with p85β/p110β (Figure 35). These 
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results indicate that p85β/p110α and p85β/p110δ are catalytically active after being bound and 

relocated by NS1, but that p85β/p110β catalytic activity is not detectable despite its relocalization 

in the presence of NS1.  

 

 

Figure 35. Isoform dependent production of pAkt in relocalized PI3K complexes.  
HeLa cells were co-transfected with the indicated BiFC constructs and wild type NS1. At 19 hr p.t., cells 
were processed for immunofluorescence with antibodies against NS1(blue), pAkt(red) and phalloidin 
(white). Markedly increased levels of pAkt could be appreciated in cells transfected with p110α/δ 
complexes, but not with p110β. 
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4.8 An intact SH2 domain in p85β is required for NS1-mediated redistribution of PI3K 
complexes containing p110α and p110δ, but not p110β 

 

Canonical activation of PI3K is triggered by p85 binding to phospho-tyrosine (pY) residues 

via one of its SH2 (Src homology 2) domains, thereby relieving its inhibition of p110. These pY 

residues are commonly found in the cytoplasmic tails of growth factor receptors which are 

phosphorylated upon recognition of external growth stimuli. We next investigated whether a 

functional p85β SH2 domain was required for NS1-mediated relocalization of the different PI3K 

complexes. For this purpose, we introduced R355A and R647A (RARA) mutations into p85β in 

order to disrupt the interaction of p85β with pY residues (138). We expressed p85β RARA in our 

BiFC system along with NS1, and noticed that the mutant p85β nullifies the redistribution of the 

p110α and p110δ complexes to focal adhesion regions in the presence of NS1. However, the 

RARA mutations had no effect on the redistribution of p110β-containing complexes with NS1 

(Figure 36), indicating that there are different requirements for a functional SH2 domain of p85β 

for the NS1-mediated redistribution of PI3K complexes, and that these appear to be specific to the 

p110 isoform in the complex. 
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Figure 36. Phosphotyrosine binding is required for 110α and 110δ, but not 110β, BiFC phenotypes. 
When HeLa cells were co-transfected with NS1, YN-p110α, β or δ and either wild type p85β-YC or the 
double mutant p85β-YC R355A/R647A (RARA), accumulation of p110α/δ BiFC complexes in membrane 
focal adhesions was abolished, while it had no effect on the endosome-associated accumulation of p110β 
complexes. (BiFC in yellow, NS1 in red, and nucleus in cyan). 
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4.9 PI3K oncogenic mutations phenocopy the NS1-mediated relocalization of PI3K 
 

We next investigated whether activation of PI3K complexes by other known cellular 

stimuli different to NS1 results in similar redistributions of PI3K in a p110-specific manner. We 

therefore tested a constitutively-active HRas with previously described point mutations that lead 

to activation of the PI3K pathway (HRas C12V and T40C) (166). We observed that there was an 

isoform-independent relocalization of the PI3K complexes to membrane regions in all the 

combinations tested, including with both p85α and p85β (Figure 37).  In addition, we assessed the 

non-receptor tyrosine kinase Src in its constitutively active form (SrcY530F) and observed two 

distinct phenotypes that were isoform dependent. When we expressed SrcY530F together with 

p85α and any p110, we detected more membrane localization of the PI3K complexes, while similar 

complexes with p85β exhibited a more punctate distribution of PI3K near the nucleus and 

endosomal compartments (Figure 38). These relocalization phenotypes are strikingly divergent 

from what we have observed with NS1. 
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Figure 37. Relocalization of BiFC PI3K heterodimers by different cellular stimuli.  
A) HeLa cells were co-transfected with the indicated BiFC constructs together with pCAGGS-mCherry-
HRas V12 C40. The PI3K complexes relocalized to similar membrane regions with both p85α and p85β. 
B) Cells transfected with constitutively active Ras were used as controls. (BiFC in yellow, nucleus in cyan 
and Ras in red). 
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Figure 38. Relocalization of BiFC PI3K heterodimers by different cellular stimuli. 
When HeLa cells were co-transfected with PI3K BiFC constructs together with pCAGGS-Src-mCherry 
Y530F (A), we observed an isoform dependent redistribution of the PI3K complexes. Complexes with p85α 
redistributed to the cell edges while complexes with p85β formed a punctate distribution near the nucleus. 
B) Cells transfected with constitutively active Src were used as controls. (BiFC in yellow, nucleus in cyan 
and Src in red). 
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There are well characterized mutations in both p110 and p85 subunits that have been shown 

to play a role in cellular transformation in human cancers. We therefore wondered whether NS1 

activation could be reproducing these overactive pathway events. Consequently, we investigated 

whether PI3K oncogenic mutations could cause the same redistribution pattern of p85β/p110 

complexes as with NS1. Substitution H1047R is one of the hot spot mutations found in the kinase 

domain of p110α (141, 172), and is known to increase lipid kinase activity and potently activate 

PI3K/Akt signaling (24). This mutation is frequently found in cancers such as colon, lung, breast, 

ovarian, endometrial and many more (99). We introduced the H1047R (24, 99, 141, 172) mutation 

into our p110α BiFC construct and then evaluated the intracellular localization of this mutant 

p110α in combination with p85α or p85β in the absence of NS1 (Figure 39). We found that this 

oncogenic p110α led to the same redistribution to focal adhesion regions as seen when the wild-

type p110α:p85β complex was bound by NS1. However, the oncogenic p110α localization 

phenotype occurred case independently of the regulatory p85 subunit present. Since this mutation 

does not exactly replicate the activation we had seen with NS1, which is specific to p85β, we 

assessed whether another oncogenic mutation found in p85, and that could be applied to p85β, 

would better reflect NS1 action. 
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Figure 39. Relocation of BiFC PI3K heterodimers by naturally-occurring oncogenic mutations.  
HeLa cells were co-transfected with mutant YN-p110α (H1047R) and wild type p85α-YC or p85β-YC. The 
H1047R mutant generates the same phenotype associated to focal adhesions as the wild type NS1 but with 
both p85α and β. 
 

 

 We therefore introduced N561D (28, 149) to p85β (Figure 40), which is a mutation in the iSH2 

region (70) homologous to N564 substitutions found in p85a and naturally occurring in cancers 

such as endometrial (28) or melanoma (70, 75, 149).When we tested this mutant p85β in our BiFC 

system, we observed that heterodimers containing p110α and p110δ relocated to focal adhesion 

regions, similar to the effect of NS1 of wild-type versions of these complexes. Furthermore, the 

heterodimer of the mutant p85β with p110β also relocated to endosomal regions recreating the 

exact same phenotypic distribution as detected with NS1 and the wild-type complex. In addition 
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to the redistribution pattern, we tested the kinase activity of these mutant PI3K complexes and 

detected the production of PIP3 when mutant p85β was complexed with p110α and p110δ but not 

with p110β (Figure 41), similar to what we have observed with wild type PI3K heterodimers with 

NS1 (Figure 47). Moreover, we noticed the presence of PIP3 when mutant p110α was complexed 

with p85α and p85β (Figure 41). 

 

 

Figure 40. Relocation of BiFC PI3K heterodimers by naturally-occurring oncogenic mutations. 
When HeLa cells were co-transfected with mutant p85β-YC (N561D) and wild type YN-p110s, we 
observed recapitulation of the two distinct outcomes observed with NS1 expression. Actin fibers were 
stained with phalloidin. 
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Figure 41. Catalytic activity of mutant PI3K complexes 
Catalytic activity of mutant PI3K complexes was tested by co-transfecting HeLa cells with indicated wild 
type p110 constructs and p85β-N561D and 19 hr p.t. the cells were processed for fluorescence microscopy 
against PIP3 (red). As expected, we observed increased levels of PIP3 with p110α/δ complexes, but not with 
p110β. We also observed elevated levels of PIP3 when p110α-H1047R was co-transfected with p85α and 
p85β. (BiFC in yellow, PIP3 in red, and nucleus in cyan). 

 

4.10 Hyperactivating mutation in p85β partially rescues the growth phenotype of PI3K 
activation-defective virus. 
 

Finally, we designed a system to test whether the hyperactivating N561D mutation in p85β 

could rescue the growth phenotype of a recombinant influenza A virus whose NS1 has been 

engineered to be unable to bind and activate PI3K. Such a virus has been shown previously to 

suffer a loss in fitness (10, 61) in vitro and in vivo when compared to wild type viruses (10, 61). 

We generated a stable A549 cell line constitutively overexpressing HA-p85β-N561D, which was 
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confirmed by indirect immunofluorescence (Figure 42A) and by immunoblotting with specific 

antibodies (Figure 42B). 

 

 

 

Figure 42. Characterization of A549-p85β N561D cells.  
A stable cell line expressing constitutively active HA-p85β N561D in the A549 background was validated 
by (A) immunofluorescence and (B) western blot. A549 wt was used as a negative control, and staining 
was performed using antibodies against HA-tag (A, green), p85β (A, green), DAPI (A, blue) and β-actin 
for western blot loading control (B). 
 

Next, we infected A549 WT and A549-p85β-N561D cells with rPR8 WT and rPR8-Y89F 

at an MOI of 2 PFU/cell and tested activation of PI3K by assessing levels of pAkt (serine 473) at 

various time points post-infection (Figure 43). As expected, we did not see activation of pAkt in 

WT cells infected with rPR8-Y89F, but increasing levels of pAkt were detected over time after 

infection with rPR8 WT virus. On the other hand, we detected higher basal levels of pAkt in A549-

p85β-N561D cells as compared to WT cells, and pAkt levels were therefore high whether infected 

with rPR8-Y89F or rPR8 WT. Additionally, it was notable that we could detect the initial transient 

phosphorylation of Akt at an early time point (2hr post infection (p.i.)) due to virus entry and 

attachment in both cell lines and with both viruses (8, 43, 61, 151). However, a second increase in 
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pAkt levels only occurred in rPR8 WT infected cells, for both cell lines, starting 6hr p.i., consistent 

with expression of WT NS1.  

 

 

 

Figure 43. Time course 
Time course was performed on serum-starved cells (A549 WT and A549 expressing p85β-N561D) with 
rPR8 WT and rPR8-Y89F. Cells were infected at a multiplicity of infection of 2 PFU/cell and collected at 
0, 2, 4, 6 and 8-hours post infection. Levels of pAkt, NS1 and β-actin were detected by western blot. β-
actin was used as a loading control. 
 

We next performed growth kinetics with the two viruses on A549 WT and A549-p85β-

N561D cells (Figure 44) and observed a partial recovery of rPR8-Y89F fitness in the cells that 

express constitutively active p85β. Specifically, rPR8-Y89F grew to almost 2 logs lower infectious 

titers than rPR8 WT in A549 WT cells, while this difference was only of approximately 1 log in 

A549-p85β-N561D cells. In order to further validate this, we performed a competition assay with 

rPR8 WT and rPR8-Y89F in A549 wt and A549-p85β-N561D cells. We mixed equal number of 

PFU of each virus and then infected the different cell lines. We collected cells at 12, 24 and 48 

hours post infection and processed them for MinION sequencing. We compared the total number 

of reads for rPR8 WT versus rPR8-Y89F in the two cell lines. We observed that at 24 and 48 hours 

post infection, rPR8 WT could outcompete rPR8-Y89F in A549 WT cells, but in A549-p85β-

N561D cells, rPR8-Y89F performed slightly better, and was not outcompeted by rPR8 WT as 

rapidly (Figure 45).    
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Figure 44. Growth curve 
Growth curve was done on serum-starved cells with rPR8 WT and rPR8-Y89F viruses. Supernatant was 
collected at the indicated times post infection. Plaque assays were performed to determine viral titers. (n=3, 
error bars represent standard deviation). 
 

 

 

Figure 45. Competition assay 
Competition assay was performed to assess viral fitness in A549 wt and A549-p85β-N561D cells. rPR8 
WT and rPR8-Y89F were mixed in a 50:50 ratio and cells were infected at 10^3 PFU/mL, cells were 
collected at 12, 24, and 48 hrs post infection. All the samples were analyzed using MinION nanopore 
technology and the bars represent percentage of reads present for rPR8 WT and rPR8-Y89F in each sample. 
(n=3 (except for input), error bars represent standard deviation). 
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5. Discussion 

 
 The phosphoinositide 3-kinase (PI3K)-Akt signaling cascade serves as a critical checkpoint 

of multiple cellular processes, including translation, survival, proliferation, migration, and 

immunity responses. This pathway is also implicated in various pathological processes, such as 

cancer and diabetes (108). Upon activation, PI3K generates PIP3, which triggers downstream 

phosphorylation events leading to Akt activation. Once Akt is activated, it can phosphorylate more 

than 100 substrates that regulate diverse cellular functions (174). For example, Akt mediates 

phosphorylation of the pro-apoptotic protein BAD (Bcl-2-associated death promoter), resulting in 

its release from binding partners and preventing initiation of apoptosis (34). Another such group 

of proteins are FOXO (Forkhead box O1) proteins, Akt phosphorylates FOXO proteins in the 

nucleus and displaces FOXO transcription factors from target genes and triggers the translocation 

of FOXO to the cytoplasm and prevents the production of genes that promote apoptosis and cell-

cycle arrest (160). The extensive range of downstream effects posed by this signaling axis 

highlights the complexity and significance of its regulation. Understanding the variety of outcomes 

resulting from PI3K-Akt pathway activation remains a fundamental challenge in biological 

sciences.  

 Class IA PI3Ks, which act as obligate heterodimers, comprising several isoforms of both 

catalytic (p110α, p110β and p110δ) and regulatory subunits (mainly, p85α and p85β), leading to 

various possible combinations of the heterodimers. However, how this heterogeneity translates 

into potential functional diversity is poorly understood. p110-independent p85 has been shown to 

perform critical adaptor functions, including the sequestration and compartmentalization of key 

signaling proteins. Free p85 has roles in glucose homeostasis, cellular stress pathways, receptor 

trafficking, and cell migration. The balance between p110-independent p85 and p110-bound p85 

is essential for maintaining cellular function. Among the isoforms, p85α is the most abundant 

isoform in normal tissues and functions as a tumor suppressor and its expression is reduced in 

cancer (164). In contrast, p85β, which is also ubiquitously expressed, is frequently overexpressed 

in cancers and is considered a proto-oncogene (165). The adaptor functions of p110-independent 

p85 are localizing proteins and coordinating their activity. Most of these are in cellular stress-

induced pathways, such as unfolded protein response (130, 179, 180), p53-mediated senescence 
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(185), and insulin response. Additionally, critical roles in mediating cytoskeletal changes and 

endocytic trafficking (50, 76, 109). 

 Notwithstanding, one of the best characterized examples of specific isoform activation of 

PI3K is mediated by the influenza A virus NS1 protein, which only binds p85β, and so can only 

activate p85β- (and not p85α-) heterodimers with p110. Structural and biochemical studies have 

revealed that this specificity arises from key residues in the regulatory subunit that enable NS1 

binding to the iSH2 domain of p85β. However, the mechanisms by which NS1 leverages the 

diversity of PI3K heterodimer combinations to activate the pathway remain poorly understood. 

 To investigate whether the NS1-mediated activation of PI3K varies according to the p110 

isoform heterodimerizing with p85β, we employed a bimolecular fluorescence complementation 

(BiFC) assay to specifically tag and visualize each possible p85/p110 combination. The BiFC 

system, established in 2002, allows direct tracking of protein-protein interactions and their spatial 

dynamics through fluorescent signal reconstitution upon complex formation (68, 137). Using this 

approach, we observed that in the absence of NS1, all p85-p110 heterodimers exhibited a diffuse 

cytoplasmic distribution consistent with an inactive state. Also as expected, the presence of NS1 

did not affect the basal distribution of complexes containing p85α, but relocalized those 

specifically containing p85β, a change that could be prevented by the Y89F substitution in NS1, 

previously shown to abrogate NS1 binding to p85β (10, 61). This differential relocalization pattern 

persisted during infection with recombinant influenza virus strains, with wild type NS1 inducing 

relocalization, whereas the Y89F mutant maintained homogeneous distribution, confirming that 

the effect is physiologically relevant and not an artifact of NS1 overexpression.  Additionally, 

we observed that the relocalization was strain-independent when we transiently introduced NS1s 

from different subtypes indicating that the strain-dependent mechanism reported in the context of 

viral infection might be due to downstream mediators of this pathway leading to differential 

functional phenotypes. Furthermore, relocalization of the complex only required the monomeric 

effector domain of NS1, consistent with previously published structural studies demonstrating that 

other NS1 domains are dispensable for p85β binding and subsequent PI3K activation (60, 62). 

Notably, we identified two distinct PI3K phenotypes both spatially and functionally associated 

with NS1 expression, depending on the p110 isoform present in the heterodimer.  

 The first of these outcomes involved complexes containing p110α or p110δ, that, when 

engaged by NS1, were relocated to specific regions of the plasma membrane, which we identified 
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as focal adhesions. Focal adhesions are well characterized scaffolding structures that serve as 

critical hubs for assembling signaling complexes downstream of cell surface receptors (174). 

Consistent with this, the translocation of NS1-bound PI3K complexes to the focal adhesions 

required functional pY-receptor binding sites within the p85β subunit, and resulted in PI3K 

catalytic activation leading to PIP3 production and activation of Akt. All of this is consistent with 

the canonical activation mechanism of PI3K.  

 Supporting this, recent studies have shown that endogenous p110α labeled with 

mNeonGreen preferentially localizes to focal adhesions, where it becomes activated by focal 

adhesion kinase (FAK)-mediated signaling, leading to localized PIP3 production and Akt 

recruitment. These studies also observed similar focal adhesion recruitment and activation 

phenotypes for endogenous p110β and transiently expressed p110δ. The researchers propose that 

p85α binding to FAK is essential for class IA PI3K recruitment and PIP3 generation at focal 

adhesions under basal cellular conditions (174). Our findings corroborate the notion that canonical 

PI3K activation predominantly occurs at the plasma membrane focal adhesions, initiation 

subsequent signaling cascades. Although they describe a route of activation that is independent of 

growth factors and receptor tyrosine kinases, these findings indicate that, despite different 

upstream activators, the heterodimers are relocated to the focal adhesions. This suggests redundant 

mechanisms for the canonical mode of activation. Interestingly, when the studies tested epidermal 

growth factor receptor (EGFR) activation by treating cells with EGF, they did not observe 

localization at focal adhesion sites, but rather at EGFR spots, suggesting that the mechanism of 

class IA PI3K spatial targeting differs between basal and stimulated conditions in their system—

something that we also observed when we treating our BiFC complexes with EGFR.  

 The second outcome concerned PI3K heterodimers containing p110β. In this case, in stark 

contrast to the first outcome, the NS1-activated complexes translocated to punctate perinuclear 

structures, which we identified as early endosomes. This translocation was independent of 

functional pY-receptor binding residues in p85β, leaving unclear which factor(s) may serve as 

anchors of these complexes to the endosome; however, this is likely to be a specific determinant 

of p110β. Similarly, we did not detect clear production of PIP3, although others have found pools 

of this second messenger in endosomal membranes (5), nor could we detect localized activation 

of Akt. Additionally, no increase in kinase activity was detected in our in vitro lipid kinase assay, 

which further supports our pY-receptor binding results, considering that this assay tests activity 
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with vesicles containing PIP2, a step downstream of activation by pY-receptors (Figure 46).  The 

presence of PI3K complexes in the endosome is consistent with previous proteomics studies that 

found that active p110β binds to Rab5 (13), the same marker we have used to co-localize PI3K 

complexes containing p110β with early endosomes. This Rab5-p110β interaction has been 

associated with regulation of autophagy (38) independent of the receptor tyrosine kinase pathway. 

It has been reported that Rab5 interaction with the catalytic subunit is isoform specific, meaning it 

interacts with p110β but not with p110α (29, 92). It is important to note that class IA PI3Ks p110α, 

p110β, and p110δ signal downstream of receptor tyrosine kinase but p110β can also be activated 

by G-protein coupled receptors (GPCRs) (93), confirming multiple modes of activation for p110β 

independent of the receptor tyrosine kinase. Jonathan Backer and colleagues (38) proposed that 

there are two pools of p110β/p85, one that acts through the classical growth factor receptor 

signaling complex and another intracellular pool that promotes basal autophagy by binding to the 

small GTPase Rab5. The proposed mechanism is that the intracellular p110β/p85 protects Rab5-

GTP (active form) from GAP activity, leading to increased active Rab5 that interacts downstream 

with effectors like Vsp34 to induce autophagy. Additionally, GTPase Rab5 has been reported to 

play a critical role in endocytic trafficking and formation of autophagosome (136). They also 

reported that p110β increases its interaction with Rab5 upon growth factor limitation, indicating a 

possible regulatory role in balancing cell survival (canonical pathway) and autophagy depending 

on growth factor availability. These findings suggest that in the context of viral infection or NS1 

presence alone, a mechanism may promote p110β’s intracellular routing and enhanced interaction 

with Rab5. Future studies will have to determine if the NS1-relocalized p85β/p110β complexes 

similarly impact autophagy during influenza A virus infection by looking for the presence of Rab5-

GTP or its downstream effectors such as Vps34 and EEA1 (116). Additionally, it would be 

interesting to investigate whether endogenous p110α/p110β ratios are altered during viral infection 

to promote PI3K pathway activation, either through canonical or non-canonical mechanisms. It is 

also possible that this ratio changes in a time-dependent manner—canonically at earlier time points 

post-infection, to suppress autophagy and support viral replication, and non-canonically at later 

stages, in response to cellular stress or the depletion of growth factors. 

 Interestingly in our assays, we did not observe differences between p110α and p110δ-

associated phenotypes, so it remains unknown whether their activation could lead to different 

outcomes. The different p110 subunits have been shown to have different tissue and cell type 



5. Discussion  

143 

distributions, as well as interaction partners, and in addition p110α and p110δ signaling pathways 

may diverge downstream of Akt phosphorylation, in ways that will require further studies to 

elucidate. It has been reported that p110α and p110β are ubiquitously expressed in different cell 

types (145) but p110δ is restricted to the hematopoietic system and multipotential progenitors and 

to a lesser extent in neurons (12, 129). This possibility suggests that p110δ maybe the equivalent 

of p110α in immune cells in the context of its role in the PI3K heterodimers. However, it is 

important to note that PI3K isoforms can take up different roles in different cell contexts (129). 

For example, p110α is recruited by activated insulin receptor, vascular endothelial growth factor 

(VEGFR), among others (12, 57). In contrast, less is known about p110β, although it signals 

downstream of both receptor tyrosine kinases and GPCRs and may have overlapping functions 

with class IB PI3Kγ (58, 91), though, developmental studies indicate that it is essential for 

embryonic development, as mice homozygous for deletion alleles exhibit embryonic lethality (17). 

On the other hand, p110δ is directly or indirectly activated by receptors such as B-cell, T-cell and 

Toll-like receptors, among others. It has been shown that p110δ plays a critical role in the antiviral 

response against West Nile Virus (WNV) via the induction of type I interferon (69). Interestingly, 

in the context of influenza virus, differential immune responses have been observed in a subtype 

specific manner in dendritic cells (DCs). Viruses expressing NS1 from human strains (H1N1 and 

H3N2) have higher levels of type I and type III IFNs in comparison to NS1 from avian subtypes 

(H5N1, H7N9 and H7N2) (113, 159). Further studies would be required to elucidate if this distinct 

subtype phenotype is dependent on the different catalytic subunits of PI3K and to what extent.   

 Other studies have shown how specific inputs may act exclusively through some PI3K 

isoforms, such as HRas only activating p110α and p110δ, but not p110β (152). However, when 

we tested constitutively active Ras and Src, we were not able to distinguish a specific phenotype 

to any of the isoforms and this would require additional follow up to see if there is an advantage 

of one isoform over another in this context. However, our work shows that a single stimulus, NS1, 

can distinctively affect each p85β-containing complex of the class IA PI3K family, leading to 

different outcomes according to the p110 isoform. We speculate that the physiological result of 

the NS1 activation of PI3K would be greatly affected by the balance between the p110α/p110δ 

“focal adhesion” route or the p110β “endosome” route, a balance that will depend on the basal 

expression levels of each isoform. These complexities would help to explain how the physiological 
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impact of PI3K activation by influenza A viruses remains largely obscure, and may not be limited 

to delaying apoptosis (40, 102). 

 Our work demonstrates how the BiFC system described here can be used to investigate 

how PI3K activators differentially affect each hetero-isoformic member of the class IA PI3K 

family. Notably, the H1047R amino acid substitution in p110α, one of the most prevalent 

alterations found in colon and breast cancers, relocates PI3K to focal adhesions, regardless of 

whether it is paired with p85α or p85β. This may be due to the mutation weakening the stabilizing 

interaction that maintains the p110-p85 in an inhibited state, thereby lowering the activation 

threshold of the pathway, particularly given that the mutation resides in the kinase domain of p110 

(12, 41). H1047R is one of the top four hot spot mutations in p110α, accounting for 80-90% of all 

mutations found in p110α, and is used as a predictive biomarker in cancers, particularly breast 

cancer. (82, 141). We also introduced a homologous, naturally-occurring oncogenic mutation in 

p85β, N561D, which interestingly recapitulated the PI3K phenotypes observed during NS1 co-

expression. This result suggests that influenza A virus may have evolved to stimulate PI3K during 

infection to induce a cellular environment resembling that of cells harboring oncogenic PI3K 

mutations. It is also noteworthy that this effect is isoform-specific, with NS1 selectively activating 

the oncogenic properties of p85β. Furthermore, when we tested kinase activities of the oncogenic 

PI3K constructs, we observed PIP3 production downstream of the p110α H1047R mutant in 

complex with either p85α or p85β, confirming the expected active status of the kinase. More 

interestingly, similar to the relocalization pattern seen in NS1-activated PI3K, we also detected 

PIP3 production downstream of p85β N561D in complex with p110α and p110δ but not p110β. 

Further studies are required to determine the percentage of p110α/δ versus p110β complexes 

present in an oncogenic state and the downstream functionality of these distinct phenotypes. 

 In fact, we found that hyperactivated p85β-N561D partially compensated to some extent 

for the loss of fitness found in an influenza A virus expressing a mutated NS1 protein unable to 

activate PI3K. This partial incomplete rescue could be due to several factors, including differences 

in the magnitude and kinetics of p85β activation between virus-infected cells and the constitutively 

active p85β-N561D cells. Also, although previous studies have not definitively detected other 

functions of NS1 affected by the Y89F substitution, it cannot be ruled out that this mutation has 

further impacts than changing the binding to p85β, particularly given the location of Y89 at the 

interface with other host factors (87). One study has shown that PI3K mutant NS1 (NS1-Y89F) is 
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able to bind NXF1 but does not promote NXF1 interaction with M and does not promote the 

translocation of segment 7 (M) mRNA from the nucleus to the cytoplasm (131). This additional 

function could play a role in viral replication and the lack of complete rescue. In any case, our data 

are consistent with a role for the influenza A virus NS1 protein in establishing a transient PI3K-

driven “transformed-like” phenotype in infected cells that promotes optimal virus replication. 

Interestingly, some other factors associated with cell transformation, such as deficiencies in the 

interferon response (78) and oncogenic activation of the Ras/Raf/MEK/ERK signaling pathway 

(16, 133), have also been associated with increased influenza virus replication. 

 PI3K heterodimers and individual isoforms have been extensively studied due to the central 

role of this pathway in processes such as cell survival, proliferation, migration and immune 

responses. It is also implicated in numerous diseases, including cancer and autoimmune disorders. 

However, many questions remain unanswered, and recent discoveries have revealed additional 

roles for these isoforms, both as part of heterodimeric complexes and as independent proteins. 

These emerging findings underscore the need for new tools to better understand the complexities 

of this signaling pathway. Current research approaches include the use of transgenic mice, isoform-

specific and pan-PI3K inhibitors, endogenous protein tagging, and various biochemical and 

structural techniques. Here, we propose that our BiFC system can be employed alongside these 

methods to spatial-temporally track PI3K heterodimers and investigate their distinct phenotypes. 

More importantly, we suggest that NS1 could be used as a selective activator of PI3K heterodimers 

in an isoform-specific manner, enabling deeper characterization of the downstream signaling 

pathways driven by different catalytic isoforms. This strategy could not only enhance our 

understanding of the role influenza virus infection plays in an oncogenic state but also offer new 

avenues for dissecting PI3K activation mechanism in health and disease.  
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Figure 46. Isoform-specific activation and relocalization of PI3K heterodimers by NS1. 
The NS1 protein of influenza A virus activates and relocalizes PI3K complexes in an isoform-specific 
manner independent of catalytic activity. Complexes containing p110α or p110δ are activated and 
relocalized to focal adhesions. This leads to a mostly canonical activation of PI3K activity, dependent on 
binding to pY residues and leading the production of PIP3 and phosphorylated Akt. In contrast, 
heterodimers containing p110β are relocalized to the endosomal region independently of pY binding 
residues and do not become catalytically active. 
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6. Conclusion 

 
 Here we established a Bimolecular Fluorescence Complementation (BiFC) system to 

spatially visualize the localization of PI3K heterodimers at the cellular level and used this tool in 

combination with influenza A virus NS1 protein to study the activation of this complex pathway. 

We posit that the BiFC system we describe in this report can be applied to the study of PI3K 

signaling regulation beyond the virology field. Considering the central role of PI3K-Akt in some 

of the most prevalent human maladies, we propose our system as an interesting new tool for further 

understanding and addressing the role of this pathway in human health and disease. 
 

1. We successfully established a BiFC system to spatially visualize and characterize the 

location of PI3K heterodimers. In the absence of NS1, we observed inactive PI3K 

complexes with homogenous expression, whereas in the presence of NS1, we detected 

activated heterodimers with distinct relocalization. 

 

2. Utilizing the BiFC system, we identified isoform-specific activation of the PI3K signaling 

pathway by NS1: complexes with p110α/p110δ led to the canonical activation (“focal 

adhesion”), while complexes with p110β resulted in non-canonical activation 

(“endosomal”). 
 

3. We tested different pathological and physiological stimuli and identified an oncogenic 

mutation that mimicked the distinct phenotype observed upon NS1-mediated activation of 

the PI3K heterodimer. 
 

4. We assessed the fitness of wild-type and PI3K-activating mutant recombinant influenza 

viruses in cells expressing constitutively active p85β (harboring the oncogenic mutation) 

and wild-type cells. A partial rescue in the viral growth phenotype was observed in cells 

expressing the mutant p85β.  
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Figure 47. Controls 
We tested wt p110x and wild type p85β with NS1 as controls (D). (PIP3 in red, NS1 and DAPI in cyan, 
BiFC in yellow and Phalloidin in cyan). 
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Sequences used in the generation of the split YFP system 
The YFP sequence was obtained from GenBank (GQ221700.1) to generate the YFP system as described 
by Hu et al (68).   

 

YN (Amino acid 1-154) 

Nucleotide sequence 

atgtccaagggcgaggagctgttcaccggcgtggtgcctatcctcgtggagctcgacggcgacgtgaacggccacaagttcagcgtgtcc
ggcgagggcgagggcgacgccacctacggcaagctgaccctgaagttcatctgcaccaccggcaagctcccggtgccatggccaaccc
tggtgaccaccttcggctacggcctgcagtgcttcgccaggtaccccgaccacatgaagaggcacgacttcttcaagagcgccatgccag
agggctacgtgcaggagaggaccatcttcttcaaggacgacggcaactacaagaccagggccgaggtgaagttcgagggcgacaccct
ggtgaacaggatcgagctgaagggcatcgacttcaaggaggacggcaacatcctgggccacaagctggagtacaactacaactcccaca
acgtgtacatcatggcc 

Amino acid sequence 

MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTFG
YGLQCFARYPDHMKRHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGID
FKEDGNILGHKLEYNYNSHNVYIMA 

 

YC (Amino acid 155-238) 

Nucleotide sequence 

gacaagcagaagaacggcatcaaggtgaacttcaagatccgccacaacatcgaggacggctccgtgcagctggccgaccactaccagc
agaacaccccaatcggcgacggcccggtgctcctccctgacaaccactacctcagctaccagtccgccctcagcaaggacccgaacgag
aagagggaccacatggtgctgctggagttcgtgaccgccgccggcatcacccacggcatggacgagctctacaag  

Amino acid sequence 

DKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSYQSALSKDPNEKRDHM
VLLEFVTAAGITHGMDELYK 
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 17 

Abstract 18 

The non-structural protein 1 (NS1) of influenza A virus performs a broad variety of pro-viral 19 
activities in the infected cell, primarily mediating evasion from the host innate immune response by being 20 
the main viral interferon antagonist. However, there are several interactions whose biological relevance 21 
remains obscure, such as the ability of NS1 to bind and activate class IA phosphoinositide 3-kinases 22 
(PI3Ks). PI3Ks are highly regulated lipid kinases that act as critical nodes in multiple cell signaling 23 
networks and are also important proto-oncogenes. This activation is mediated by NS1 binding specifically 24 
to the p85β subunit. To better understand the consequences of this interaction, we developed a 25 
bimolecular fluorescence complementation (BiFC) assay to selectively track the different PI3K 26 
heterodimers and, using this system, we found that NS1 induces an isoform-specific relocation and 27 
activation of the different PI3K heterodimers. We found that clinically relevant oncogenic mutations in 28 
both catalytic and regulatory subunits of PI3K could mimic the effect caused by NS1, and partially rescue 29 
the loss of viral fitness in a recombinant virus encoding a p85β-binding deficient NS1.  30 
 31 
Significance 32 
Using a new cell biology system to locate PI3K complexes, we found that the behavior of these 33 
complexes during influenza infection and in the presence of NS1 is different not only depending on 34 
p85beta for activation, but also depending on the type of p110 isoform they have (alpha, beta or delta). 35 
By comparing the phenotypic behavior of PI3K complexes upon activation by diverse stimuli, we 36 
discovered that oncogenic mutations of PI3K best mimic the activation induced by influenza infection, 37 
suggesting that infection induces a transient PI3K transformed state in infected cells to increase viral 38 
replication. We believe this finding will inspire further research on the non-redundant role that the different 39 
subunits and complexes of PI3K have in the cell. 40 

Introduction 41 
Influenza A viruses are negative-sense, segmented single-stranded RNA viruses belonging to the 42 

Orthomyxoviridae family (1). Non-structural protein 1 (NS1) is encoded by segment 8 (NS) through 43 
alternative splicing. NS1 mRNA is translated into a 26 kDa polypeptide which consists of two functionally 44 
distinct globular domains separated by a linker region: an N-terminal RNA binding domain (RBD) and a 45 
C-terminal effector domain (ED) (2). NS1 is a multifunctional protein that is involved in various 46 
mechanisms to aid virus replication (3). Among these, NS1 is well characterized as an antagonist of the 47 
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host interferon response, it inhibits the host innate immune response by repressing type I/III interferon 48 
pathways (3). NS1 inhibits the interferon system both pre-transcriptionally through impeding the activation 49 
of the cytoplasmic viral RNA sensor, retinoic acid-inducible gene I (RIG-I), and post-transcriptionally by 50 
interfering with the pre-mRNA processing and mRNA nucleo-cytoplasmic export machinery of the host 51 
and suppressing expression of cellular genes (3-6).  52 

An intriguing function of NS1 is related to the phosphoinositide 3-kinase (PI3K) pathway. PI3Ks 53 
are lipid kinases that are involved in cell growth, proliferation, and survival (7). Due to the critical role of 54 
this pathway in cellular processes, it is also one of the most over-activated pathways in oncogenic 55 
transformation (8-10). Over-activated PI3K has been found in many human cancers such as colon, lung, 56 
ovarian, and many more (9, 11); as an example, up to 40% of breast cancers present mutations in PI3K 57 
(12, 13). Class IA PI3Ks are comprised of heterodimers that consist of a regulatory (p85) and a catalytic 58 
(p110) subunit. In its basal state, the heterodimers are inactive, with p85 inhibiting p110. The best 59 
characterized mechanism of activation of class IA PI3K involves translocation to the membrane upon 60 
certain stimuli (e.g. growth factors). The p85 subunit then binds to phosphotyrosine (pY) residues in 61 
activated tyrosine receptors, inducing a conformational change in the heterodimer and releasing the 62 
inhibition of the active site in p110, which in turn leads to production of the second messenger 63 
phosphatidylinositol-3,4,5-trisphosphate (PIP3) and downstream activation of protein kinase B (PKB or 64 
Akt) (14-16). Class IA PI3K activation and regulation is complicated by the existence of several isoforms 65 
of each subunit (p85α, p85β, p110α, p110β, p110δ), some of which are more or less abundant in different 66 
cell types, allowing for different combinations of catalytic and regulatory subunits with either distinct or 67 
redundant functions. The functional consequences of this PI3K diversity are not yet fully understood (17-68 
19).  69 

The interaction of influenza A viruses with PI3K is an interesting example of how such diversity 70 
can influence PI3K activation, as it has been shown that NS1 binds exclusively to p85β and not p85α 71 
(20). Through this interaction, influenza A virus infection activates the PI3K pathway, as measured by 72 
downstream phosphorylation of Akt (pAkt) (20). It has been suggested that such activation prevents, or at 73 
least delays, virus-induced apoptosis, thereby enhancing viral replication (21). However, the extent of 74 
impact of this activation on viral fitness is strain-specific, as observed with recombinant viruses carrying 75 
the NS1-p85β abrogating mutation, Y89F (20, 22), or with naturally-evolving strains in humans (23). 76 
Given the variety of processes regulated by PI3K, including cell survival, translation, endocytosis, vesicle 77 
trafficking, cell motility, innate immunity and oncogenesis, it is yet unclear what are the full consequences 78 
of NS1-mediated PI3K activation during viral infection. Additionally, the role of the different isoforms of 79 
p110 (α, β, δ) on NS1-mediated activation of p85β-containing PI3K heterodimers has not been studied. In 80 
order to deepen our understanding of the role of the p110 isoform in PI3K activation by NS1, here we 81 
established an in vitro system to visualize PI3K heterodimers with specific isoform combinations, assess 82 
their behavior in the presence or absence of NS1, and compare this with other known PI3K activating 83 
stimuli. Our observations should aid in ultimately characterizing the functional meaning of the NS1:PI3K 84 
interaction during viral infection, and may dissect the specific and common roles of the multiple PI3K 85 
isoforms. 86 

Results 87 
 88 
Influenza A virus NS1 relocalizes PI3K complexes in an isoform-specific manner 89 

First, we established a system to visualize the isoform-specific p85 and p110 heterodimers by 90 
using a bimolecular fluorescence complementation assay (BiFC). A similar assay was previously 91 
described by our group to study to the cellular behaviors of protein complexes during the induction of the 92 
innate immune response (24). We fused the N-terminal (YN) part of yellow fluorescent protein (YFP) to 93 
the N-terminus of the p110 subunits (YN-p110α, YN-p110β, YN-p110δ), and the C-terminal (YC) part of 94 
YFP to the C-terminus of the p85s (p85α-YC, p85β-YC) (Fig. 1A). In this way, upon transfection of a p85-95 
p110 pair into cells, only the heterodimer formed by the combination of the specific YN- and YC- tagged 96 
subunits can be visualized by a YFP signal, allowing us to ascertain the cellular localization of each PI3K 97 
heterodimer. All the possible p85-p110 BiFC combinations showed a similar fluorescence phenotype 98 
when co-expressed by transfection in HeLa cells (Fig. 1B): a diffuse, homogeneous cytoplasmic 99 



   
 

  3 
 

distribution. Then, we assessed changes to these localizations upon co-transfection with the NS1 protein 100 
from influenza A/Puerto Rico/8/34 virus (PR8, Fig. 1C). The presence of NS1 did not affect p85α 101 
heterodimers, consistent with the inability of NS1 to bind this specific isoform (20). On the other hand, 102 
NS1 expression resulted in a remarkable redistribution of the p85β-containing heterodimers. The 103 
redistribution of PI3K in the cytoplasm of NS1-expressing cells from a diffuse to a punctate pattern was 104 
different according to the p110 isoform present: those with p110α and p110δ showed accumulation at the 105 
edges of the cells, while those with p110β were relocated to a punctate phenotype close to the nucleus. 106 
To confirm that these changes were specifically due to the NS1-p85β interaction, we also co-transfected 107 
the PI3K BiFC heterodimers with PR8 NS1 carrying the Y89F mutation, which has previously been shown 108 
to abrogate NS1 binding to p85β (20, 22). As expected, NS1-Y89F failed to relocate the different PI3K 109 
heterodimers (Fig. 1D), which remained in the same diffuse cytoplasmic distributions as without any NS1 110 
present. We quantified the number of cells that were positive for their respective phenotype based on the 111 
different PI3K heterodimers being expressed with NS1. We observed that at least 80% of the cells 112 
expressing the PI3K BiFC with NS1 displayed either the accumulation at the cell edges (p110α and 113 
p110δ) or the punctate close to the nucleus (p110β) (Fig. 1E). We further corroborated the ability of NS1 114 
to bind to a dimer of p85β including any of the three catalytic p110 subunits by co-immunoprecipitation 115 
assays. We co-transfected 293T cells with plasmids expressing V5-GST, V5-NS1 wt, or V5-NS1 Y89F, 116 
together with Flag-p85α or p85β with each of the p110 isoforms (YN-p110α/β/δ). We confirmed the 117 
preferential binding of NS1 to p85β over p85α (SI Appendix, Fig. S1a) as well as the successful 118 
precipitation of all the dimer combinations with p85β and each different p110 (SI Appendix, Fig. S1b). 119 

Next, we tested if the distinct distribution of the PI3K heterodimers also occurred when cells were 120 
infected with influenza virus. We expressed the indicated PI3K complexes then infected cells with rPR8 121 
WT or rPR8-Y89F at a multiplicity of infection (MOI) of 10 PFU/cell and as predicted the BiFC complexes 122 
relocated to the cell edges for p110α and p110δ combinations when infected with rPR8 WT and closer to 123 
the nucleus for p110β. The complexes were in a diffuse, homogenous distribution when infected with 124 
rPR8-Y89F, similar to the mock infected cells (SI Appendix, Fig. S2).  125 

In order to evaluate whether the NS1-mediated relocalization of PI3K complexes is strain specific, 126 
we expressed NS1 proteins from H1 (A/Puerto Rico/8/1934, A/Brevig Mission/1/1918, A/Wilson-127 
Smith/1933, A/California/04/2009), H3 (A/Wyoming/03/2003), and H5 (A/Hong Kong/156/1997, 128 
A/Vietnam/1203/2004) subtypes. All different NS1s promoted similar relocalizations of the PI3K 129 
heterodimers, indicating that this phenomenon is not strain specific (SI Appendix, Fig. S3), although in the 130 
multifactorial context of an infection this might result in different functional phenotypes, as we have 131 
previously shown (22).  132 

Structural and biochemical studies have revealed that the NS1 effector domain (ED) located at its 133 
carboxy-terminal end is sufficient to bind the inter-SH2 domain of p85β, and does not require dimerization 134 
(25, 26).  To ascertain whether this NS1 domain has the same impact on PI3K relocalization as the entire 135 
NS1, we expressed the NS1 ED on its own, without the N-terminal RNA-binding domain (26), and 136 
carrying a known mutation (W187A) to prevent its dimerization (27-29), in the presence of our diverse 137 
PI3K BiFC complexes. As shown in SI Appendix, Fig. S4, we observed that the expression of the NS1 ED 138 
induced the same isoform dependent redistribution of the PI3K complexes as full-length NS1, confirming 139 
that just binding of p85β to NS1 is enough for isoform-specific PI3K relocalization. 140 
Influenza A virus NS1 relocalizes PI3K complexes in proximity to focal adhesions or to 141 
endosomes depending on the p110 isoform. 142 

Next, we tried to spatially characterize the different isoform-dependent PI3K redistributions. In 143 
order to do that, we co-transfected HeLa cells with the various PI3K-NS1 BiFC combinations in the 144 
presence of NS1, and used different cell markers to identify potential colocalization. For p85β/p110α and 145 
p85β/p110δ complexes, their localization in the presence of NS1 resembled focal adhesions, and 146 
therefore we co-expressed our BiFC system together with a focal adhesion marker. For this purpose, we 147 
expressed RFP-tagged zyxin, a phosphoprotein that is concentrated at focal adhesions (30) (Fig. 2A and 148 
B). We noted that the expression of zyxin mirrors the pattern we detected with the NS1-relocated PI3K 149 
BiFC complexes, and is in high proximity with these complexes. Similarly, we presumed that the distinct 150 
p85β/p110β dots we observed in the presence of NS1 could correspond with an endosomal 151 
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compartment. To test this theory, we co-transfected our BiFC system with NS1 together with the early 152 
endosome marker Rab5 fused to RFP (31-33), and found that indeed the distribution pattern of this NS1-153 
relocated PI3K complex coincides with the distribution of Rab5 (Fig. 2C). These results indicate that in the 154 
presence of NS1, p85β/p110β heterodimers are directed towards early endosomes while p85β/p110α and 155 
p85β/p110δ are directed towards focal adhesion regions. Given that the NS1-p85β remains constant in all 156 
these scenarios, our data reveal that it is the p110 subunit that determines heterodimer intracellular 157 
localization. It should be noted that only a small fraction of the NS1 co-localizes with the PI3K BiFC 158 
complexes, as expected for this multi-functional protein that in addition to bind to p85β also associates 159 
with several other host factors. 160 

 161 
Kinase activity of the isoform-specific PI3K complexes in the presence of NS1  162 

Next, we characterized the functionality of these PI3K complexes within the different 163 
relocalization patterns. The canonical signaling of active PI3K is based on the phosphorylation of PIP2, 164 
resulting in the generation of PIP3, which diffuses and promotes downstream activation and 165 
phosphorylation of Akt. Therefore, we expressed p85β in combination with the different isoforms of p110, 166 
as well as NS1, and detected the production of PIP3 by indirect immunofluorescence (Fig. 3A). We 167 
detected production of PIP3 at the cell periphery when p85β was in complex with p110α and p110δ in the 168 
presence of NS1, concomitant with its relocalization to focal adhesions at the cell periphery. However, we 169 
were unable to visualize using this technique the production of PIP3 when NS1 was coexpressed with 170 
p110β-containing PI3K heterodimers. In order to confirm that the catalytic activity of each p110 was 171 
necessary for the NS1-mediated activation of the PI3K complexes, we treated our PI3K-BiFC/NS1 172 
expressing cells with a PI3K inhibitor (wortmannin, which targets p110) and discerned that the distinct 173 
relocalizations of PI3K complexes were still taking place, but that there was no production of PIP3 (Fig. 174 
3B). We further characterized the differential kinase activities using biochemical methods and performed 175 
in vitro lipid kinase assays. We measured the turnover of adenosine triphosphate (ATP) in the presence 176 
of 5% PIP2 vesicles by PI3K heterodimers and found that upon addition of NS1, only the activity of 177 
p110α/p85β complexes was significantly increased, while there was no significant difference in activity of 178 
p110β/p85β complexes or on the p110α/p85α complexes as expected (SI Appendix, Fig. S5a-b). The 179 
activation of p110α/p85β was dose-dependent on NS1 (SI Appendix, Fig. S5c). Notably, when we 180 
assayed NS1-Y89F in this in vitro system, we did not observe significant activation of p110α/p85β 181 
complex (SI Appendix, Fig. S5d), complementary to the results observed in the cell based assay. 182 

Next, we determined where in the cell activation of Akt occurs in this system. We therefore 183 
probed for pAkt (Ser-473) in our BiFC assays by immunostaining with an antibody specific for pAkt. We 184 
indeed, detected elevated levels of pAkt in the presence of NS1, especially at the cell periphery with 185 
p85β/p110α and p85β/p110δ isoforms, but not with p85β/p110β (Fig. 3C). These results indicate that 186 
p85β/p110α and p85β/p110δ are catalytically active after being bound and relocated by NS1, but that 187 
p85β/p110β catalytic activity is not detectable despite its relocalization in the presence of NS1. 188 
An intact SH2 domain in p85β is required for NS1-mediated redistribution of PI3K complexes 189 
containing p110α and p110δ, but not p110β 190 

Canonical activation of PI3K is triggered by p85 binding to phospho-tyrosine (pY) motifs via one 191 
of its SH2 (Src homology 2) domains, thereby relieving its inhibition of p110. These pY motifs are 192 
commonly found in the cytoplasmic tails of growth factor receptors which are activated upon recognition 193 
of external growth stimuli. We next investigated whether a functional p85β SH2 domain was required for 194 
NS1-mediated relocalization of the different PI3K complexes.  For this purpose, we introduced R355A 195 
and R647A (RARA) mutations into p85β in order to disrupt the interaction of p85β with pY motifs (34). We 196 
expressed p85β RARA in our BiFC system along with NS1, and noticed that the mutant p85β nullifies the 197 
redistribution of the p110α and p110δ complexes to focal adhesion regions in the presence of NS1. 198 
However, the RARA mutations had no effect on the redistribution of p110β-containing complexes with 199 
NS1 (Fig. 3D), indicating that there are different requirements for a functional SH2 domain of p85β for the 200 
NS1-mediated redistribution of PI3K complexes, and that these appear to be specific to the p110 isoform 201 
in the complex. 202 
PI3K oncogenic mutations phenocopy the NS1-mediated relocalization of PI3K 203 
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We next investigated whether activation of PI3K complexes by other known cellular stimuli 204 
different to NS1 results in similar redistributions of PI3K in a p110-specific manner. We therefore tested a 205 
constitutively-active HRas with previously described point mutations that lead to activation of the PI3K 206 
pathway (HRas C12V and T40C) (35). We observed that there was an isoform-independent relocalization 207 
of the PI3K complexes to membrane regions in all the combinations tested, including with both p85α and 208 
p85β (SI Appendix, Fig. S6A/B).  In addition, we assessed the non-receptor tyrosine kinase Src in its 209 
constitutively active form (SrcY530F) and observed two distinct phenotypes that were isoform dependent. 210 
When we expressed SrcY530F together with p85α and any p110, we detected more membrane 211 
localization of the PI3K complexes, while similar complexes with p85β exhibited a more punctate 212 
distribution of PI3K near the nucleus and endosomal compartments (SI Appendix, Fig. S6B/C). These 213 
relocalization phenotypes are strikingly divergent from what we have observed with NS1. 214 

There are well characterized mutations in both p110 and p85 subunits that have been shown to 215 
play a role in cellular transformation in human cancers. We therefore wondered whether NS1 activation 216 
could be reproducing these overactive pathway events. Consequently, we investigated whether PI3K 217 
oncogenic mutations could cause the same redistribution pattern of p85β/p110 complexes as with NS1. 218 
Substitution H1047R is one of the hot spot mutations found in the kinase domain of p110α (36, 37), and is 219 
known to increase lipid kinase activity and potently activate PI3K/Akt signaling (38). This mutation is 220 
frequently found in cancers such as colon, lung, breast, ovarian, endometrial and many more (12). We 221 
introduced the H1047R (12, 36-38) mutation into our p110α BiFC construct and then evaluated the 222 
intracellular localization of this mutant p110α in combination with p85α or p85β in the absence of NS1 223 
(Fig. 4A). We found that this oncogenic p110α led to the same redistribution to focal adhesion regions as 224 
seen when the wild-type p110α:p85β complex was bound by NS1. However, the oncogenic p110α 225 
localization phenotype occurred case independently of the regulatory p85 subunit present. Since this 226 
mutation does not exactly replicate the activation we had seen with NS1, which is specific to p85β, we 227 
assessed whether another oncogenic mutation found in p85, and that could be applied to p85β, would 228 
better reflect NS1 action. We therefore introduced N561D (39, 40) to p85β (Fig. 4B), which is a mutation 229 
in the iSH2 region (41) that naturally occurs in cancers such as endometrial (39) or melanoma (40), and is 230 
homologous to the N564 substitutions found in p85a (41, 42).When we tested this mutant p85β in our 231 
BiFC system, we observed that heterodimers containing p110α and p110δ relocated to focal adhesion 232 
regions, similar to the effect of NS1 of wild-type versions of these complexes. Furthermore, the 233 
heterodimer of the mutant p85β with p110β also relocated to endosomal regions recreating the exact 234 
same phenotypic distribution as detected with NS1 and the wild-type complex. In addition to the 235 
redistribution pattern, we tested the kinase activity of these mutant PI3K complexes and detected the 236 
production of PIP3 when mutant p85β was complexed with p110α and p110δ but not with p110β (Fig. 4C), 237 
similar to what we have observed with wild type PI3K heterodimers with NS1 (Fig. 4D). Moreover, we 238 
noticed the presence of PIP3 when mutant p110α was complexed with p85α and p85β (Fig. 4C). 239 

Finally, we designed a system to test whether the hyperactivating N561D mutation in p85β could 240 
rescue the growth phenotype of a recombinant influenza A virus whose NS1 has been engineered to be 241 
unable to bind and activate PI3K. Such a virus has been shown previously to suffer a loss in fitness (20, 242 
22) in vitro and in vivo when compared to wild type viruses (20, 22). We generated a stable A549 cell line 243 
constitutively overexpressing HA-p85β-N561D, which was confirmed by indirect immunofluorescence 244 
(Fig. 5A) and by immunoblotting with specific antibodies (Fig. 5B). Next, we infected A549 WT and A549-245 
p85β-N561D cells with rPR8 WT and rPR8-Y89F at an MOI of 2 PFU/cell and tested activation of PI3K by 246 
assessing levels of pAkt (serine 473) at various time points post-infection (Fig. 5C). As expected, we did 247 
not see activation of pAkt in WT cells infected with rPR8-Y89F, but increasing levels of pAkt were 248 
detected over time after infection with rPR8 WT virus. On the other hand, we detected higher basal levels 249 
of pAkt in A549-p85β-N561D cells as compared to WT cells, and pAkt levels were therefore high whether 250 
infected with rPR8-Y89F or rPR8 WT. Additionally, it was notable that we could detect the initial transient 251 
phosphorylation of Akt at an early time point (2hr post infection (p.i.)) due to virus entry and attachment in 252 
both cell lines and with both viruses (3, 7, 20, 43). However, a second increase in pAkt levels only 253 
occurred in rPR8 WT infected cells, for both cell lines, starting 6hr p.i., consistent with expression of WT 254 
NS1. We next performed growth kinetics with the two viruses on A549 WT and A549-p85β-N561D cells 255 
(Fig. 5D) and observed a partial recovery of rPR8-Y89F fitness in the cells that express constitutively 256 
active p85β. Specifically, rPR8-Y89F grew to almost 2 logs lower infectious titers than rPR8 WT in A549 257 
WT cells, while this difference was only of approximately 1 log in A549-p85β-N561D cells. In order to 258 
further validate this, we performed a competition assay with rPR8 WT and rPR8-Y89F in A549 wt and 259 
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A549-p85β-N561D cells. We mixed equal number of PFU of each virus and then infected the different cell 260 
lines. We collected cells at 12, 24 and 48 hours post infection and processed them for MinION 261 
sequencing. We compared the total number of reads for rPR8 WT versus rPR8-Y89F in the two cell lines. 262 
We observed that at 24 and 48 hours post infection, rPR8 WT could outcompete rPR8-Y89F in A549 wt 263 
cells, but in A549-p85β-N561D cells, rPR8-Y89F performed slightly better, and was not outcompeted by 264 
rPR8 WT as rapidly (Fig. 5E).    265 

Discussion 266 
 267 

The PI3K-Akt signaling cascade is critical as a checkpoint of multiple cellular processes, including 268 
translation, survival, proliferation, migration, and immunity. It is also involved in several pathological 269 
processes. To understand the variety of outcomes associated with the activation of this pathway remains a 270 
challenge across multiple fields of biological sciences. Class IA PI3Ks, which act as obligate heterodimers, 271 
comprise several isoforms of both catalytic (p110α, p110β and p110δ) and regulatory subunits (mainly, 272 
p85α and p85β), but how this heterogeneity translates into potential functional diversity is poorly 273 
understood. Notwithstanding, one of the few well characterized examples of specific isoform activation of 274 
PI3K is mediated by the influenza A virus NS1 protein, which only binds p85β, and so can only activate 275 
p85β- (and not p85α-) heterodimers with p110.   276 

Here, we wanted to investigate whether the NS1-mediated activation of PI3K has different 277 
consequences based on the p110 isoform heterodimerizing with p85β. By using a bimolecular fluorescence 278 
complementation system to specifically tag each possible p85/p110 combination, we managed to track by 279 
microscopy the spatial changes of these complexes in the presence of NS1, as well as partially characterize 280 
their functionality. As expected, every p85-p110 combination when expressed alone had a diffuse 281 
cytoplasmic distribution, most probably in their inactive form. Also as expected, the presence of NS1 did 282 
not affect the basal distribution of complexes containing p85α, but relocalized those specifically containing 283 
p85β, a change that could be prevented by the Y89F substitution in NS1, previously shown to abrogate 284 
NS1 binding to p85β (20, 22). This pattern was consistently observed when cells expressing different PI3K 285 
complexes were infected with rPR8 wt (relocalized) or rPR8-Y89F (homogeneous). Relocalization of the 286 
complex only required the monomeric effector domain of NS1, consistent with previously published 287 
structural studies showing that other NS1 domains are dispensable for p85β binding and PI3K activation 288 
(25, 26). However, we observed two clearly distinct PI3K phenotypes both spatially and functionally 289 
associated with NS1 expression, depending on the p110 isoform present on the heterodimers.  290 

The first of these outcomes involved complexes containing p110α or p110δ, that, when engaged 291 
by NS1, were relocated to specific regions of the plasma membrane, which we identified as focal adhesions. 292 
These are well known structures that can act as scaffolding centers for the assembly of signaling complexes 293 
downstream of receptors. Indeed, movement of NS1-bound PI3K to the focal adhesions required functional 294 
pY-receptor binding residues in p85β, and resulted in PI3K catalytic activation leading to PIP3 production 295 
and activation of Akt. All of this is consistent with the canonical activation mechanism of PI3K. In our assays, 296 
we did not find differences between p110α and p110δ-associated phenotypes, so it remains unknown 297 
whether their activation could lead to different outcomes. The different p110 subunits have been shown to 298 
have different tissue and cell type distributions, as well as interaction partners, and in addition p110α and 299 
p110δ signaling pathways may diverge downstream of Akt phosphorylation, in ways that will require further 300 
studies to elucidate.  301 

The second outcome concerned PI3K heterodimers containing p110β. In this case, in stark contrast 302 
with the first outcome, the NS1-activated complexes moved to punctate perinuclear structures, which we 303 
identified as early endosomes. This translocation proved to be independent of having functional pY-receptor 304 
binding residues in p85β, so it remains unclear which factor(s) may serve as anchors of these complexes 305 
to the endosome, but it is likely to be a specific determinant of p110β. Also in this case, we could not detect 306 
clear production of PIP3, although others have found pools of this second messenger in endosomal 307 
membranes (44), nor could we detect localized activation of Akt. The presence of PI3K complexes in the 308 
endosome is consistent with previous proteomics studies that found that active p110β binds to Rab5 (45), 309 
the same marker we have used to co-localize PI3K complexes containing p110β with early endosomes. 310 
This Rab5-p110β interaction has been associated with regulation of autophagy (46), and future studies will 311 
have to determine if the NS1-relocalized p85β/p110β complexes similarly impact autophagy during 312 
influenza A virus infection. 313 
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Other studies have shown how specific inputs may act exclusively through some PI3K isoforms, 314 
such as HRas only activating p110α and p110δ, but not p110β (47), but our work shows that a single 315 
stimulus, NS1, can distinctively affect each p85β-containing complex of the class IA PI3K family, leading to 316 
different outcomes according to the p110 isoform. We speculate that the physiological result of the NS1 317 
activation of PI3K would be greatly affected by the balance between the p110α/p110δ “focal adhesion” 318 
route or the p110β “endosome” route, a balance that will depend on the basal expression levels of each 319 
isoform. These complexities would help to explain how the physiological impact of PI3K activation by 320 
influenza A viruses remains largely obscure, and may not be limited to delaying apoptosis (48, 49). 321 

Our work shows how the BiFC system described here can be used to explore how PI3K activators 322 
can differentially impact each hetero-isoformic member of the class IA PI3K family. Indeed, the H1047R 323 
amino acid substitution in p110α, one of the most prevalent alterations found in human cancers, relocated 324 
PI3K to focal adhesions, independent of whether it paired with p85α or p85β. We also introduced a naturally-325 
occurring oncogenic mutation in p85β, N561D, which interestingly recapitulated the PI3K phenotypes found 326 
with NS1 co-expression. This result suggests that influenza A virus may have evolved to stimulate PI3K 327 
during infection to induce a cellular environment similar to that present in cells containing oncogenic p85 328 
mutations. In fact, we found that hyperactivated p85β-N561D partially compensated to some extent for the 329 
loss of fitness found in an influenza A virus expressing a mutated NS1 protein unable to activate PI3K. This 330 
partial incomplete rescue could be due to several factors, including differences in the magnitude and 331 
kinetics of p85β activation between virus-infected cells and the constitutively active p85β-N561D cells. Also, 332 
although previous studies have not definitively detected other functions of NS1 affected by the Y89F 333 
substitution, it cannot be ruled out that this substitution has further impacts than changing the binding to 334 
p85β, particularly given the location of Y89 at the interface with other host factors (50). In any case, our 335 
data are consistent with a role for the influenza A virus NS1 protein in establishing a transient PI3K-driven 336 
oncogenic phenotype in infected cells that promotes optimal virus replication. Interestingly, some other 337 
factors associated with cell transformation, such as deficiencies in the interferon response (51) and 338 
oncogenic activation of the Ras/Raf/MEK/ERK signaling pathway (52, 53), have also been associated with 339 
increased influenza virus replication. 340 

Conclusion 341 
 342 
 Here we established a Bimolecular Fluorescence Complementation (BiFC) system to spatially 343 
visualize the localization of PI3K heterodimers at the cellular level and used this tool in combination with 344 
influenza A virus NS1 protein to study the activation of this complex pathway. Our findings show how a 345 
single PI3K stimulus can direct the signaling cascade induced by this kinase family into at least two 346 
different functional directions depending on the exact composition of the PI3K heterodimers. We have 347 
also shown how naturally-occurring hyperactivating mutations in p85β recapitulate the outcomes of NS1-348 
mediated PI3K activation found in our BiFC system, and can partially compensate for a loss of function 349 
mutation in a recombinant IAV. Moreover, we posit that the BiFC system we describe in this report can be 350 
applied to the study of PI3K signaling regulation beyond the virology field. Considering the central role of 351 
PI3K-Akt in some of the most prevalent human maladies, we propose our system as an interesting new 352 
tool for further understanding and addressing the role of this pathway in human health and disease. 353 
 354 
Figure Legends 355 
 356 
Figure 1. Split YFP system to study specific PI3K heterodimers. A) A schematic representation of the 357 
BiFC system to study the interaction of the catalytic and regulatory subunits of PI3K. N-terminal (YN) and 358 
C-terminal (YC) parts of YFP were added to the N- or C-terminus of p110 or p85, respectively. B) HeLa 359 
cells were transfected with the different BiFC combinations and processed 19 hr p.t. for fluorescence 360 
microscopy. All the heterotypic dimers showed a broad diffused distribution. C) When co-transfected with 361 
NS1, heterodimers containing p85β, but not p85α, were relocated to cell edges (p110α and p110δ) or 362 
acquired a punctate localization near the nucleus (p110β). D) None of these phenotypes were observed 363 
after co-transfection with an NS1 mutant unable to bind p85β (Y89F substitution). (NS1: red, DAPI: cyan, 364 
BiFC: yellow). E) When cells expressing the different heterodimers with NS1 were quantified, 80% of cells 365 
expressing PI3K complexes and NS1 showed a relocalization phenotype. (n = 30 cells/condition, and 366 
triplicates, error bars represent standard deviation). 367 
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Figure 2. Colocalization of redistributed PI3K complexes with different cellular markers. HeLa cells 368 
were co-transfected with the indicated BiFC constructs, RFP-tagged markers for different cellular 369 
compartments and wild type NS1. Cells were processed for confocal microscopy at 19 hr p.t. Cell edge 370 
phenotype associated with p110α and p110δ appeared to localize in close proximity to the focal adhesion 371 
marker, zyxin (A, B), whereas BiFC complexes with p110β colocalized with the early-endosome-372 
associated small GTPase Rab5 (C). (Green: BiFC, red: Rab5-RFP or Zyxin1-RFP; white on merged 373 
pictures: NS1). 374 

Figure 3. Differential catalytic activity of redistributed PI3K complexes. HeLa cells were co-375 
transfected with the indicated BiFC constructs and wild type NS1. At 19 hr p.t., cells were processed for 376 
immunofluorescence with antibodies against NS1(blue) and (A) PIP3(red). Markedly increased levels of 377 
PIP3 could be appreciated in cells transfected with p110α/δ complexes, but not with p110β. Incubation 378 
with the pan-PI3K inhibitor wortmannin abrogated the production of PIP3, but not the redistribution of the 379 
PI3K complexes by NS1 (B). Similar results were obtained when assessing activation of Akt (C). When 380 
HeLa cells were co-transfected with NS1, YN-p110α, β or δ and either wild type p85β-YC or the double 381 
mutant p85β-YC R355A/R647A (RARA) (D), accumulation of p110α/δ BiFC complexes in membrane 382 
focal adhesions was abolished, while it had no effect on the endosome-associated accumulation of p110β 383 
complexes. 384 

Figure 4. Relocation of BiFC PI3K heterodimers by naturally-occurring oncogenic mutations. A) 385 
HeLa cells were co-transfected with mutant YN-p110α (H1047R) and wild type p85α-YC or p85β-YC. The 386 
H1047R mutant generates the same phenotype associated to focal adhesions as the wild type NS1 but 387 
with both p85α and β. B) When HeLa cells were co-transfected with mutant p85β-YC (N561D) and wild 388 
type YN-p110s, we observed recapitulation of the two distinct outcomes observed with NS1 expression. 389 
Actin fibers were stained with phalloidin. Catalytic activity of mutant PI3K complexes was tested by co-390 
transfecting HeLa cells with indicated wild type p110 constructs and p85β-N561D and 19 ht p.t. the cells 391 
were processed for fluorescence microscopy against PIP3 (red). As expected, we observed increased 392 
levels of PIP3 with p110α/δ complexes, but not with p110β. We also observed elevated levels of PIP3 393 
when p110α-H1047R was co-transfected with p85α and p85β (C). We tested wt p110x and wild type 394 
p85β with NS1 as controls (D). (PIP3 in red, NS1 and DAPI in cyan, BiFC in yellow and Phalloidin in 395 
cyan). 396 
Figure 5. Characterization of A549-p85β N561D cells. A stable cell line expressing constitutively active 397 
HA-p85β N561D in the A549 background was validated by (A) immunofluorescence and (B) western blot. 398 
A549 wt was used as a negative control, and staining was performed using antibodies against HA-tag (A, 399 
green), p85β (A, green), DAPI (A, blue) and β-actin for western blot loading control (B). C) Time course 400 
was performed on serum-starved cells (A549 WT and A549 expressing p85β-N561D) with rPR8 WT and 401 
rPR8-Y89F. Cells were infected at a multiplicity of infection of 2 PFU/cell and collected at 0, 2, 4, 6 and 8-402 
hours post infection. Levels of pAkt, NS1 and β-actin were detected by western blot. β-actin was used as 403 
a loading control. D) Growth curve was done on serum-starved cells with rPR8 WT and rPR8-Y89F 404 
viruses. Supernatant was collected at the indicated times post infection. Plaque assays were performed 405 
to determine viral titers. (n=3, error bars represent standard deviation). E) Competition assay was 406 
performed to assess viral fitness in A549 wt and A549-p85β-N561D cells. rPR8 WT and rPR8-Y89F were 407 
mixed in a 50:50 ratio and cells were infected at 10^3 PFU/mL, cells were collected at 12, 24, and 48 hrs 408 
post infection. All the samples were analyzed using MinION nanopore technology and the bars represent 409 
percentage of reads present for rPR8 WT and rPR8-Y89F in each sample. (n=3 (except for input), error 410 
bars represent standard deviation). 411 

 412 
Material and Methods 413 

A detailed description of the Materials and Methods is available in SI Appendix. Cell culture, BiFC assays, 414 
immunofluorescence, viral infection, growth kinetics, Western blotting, RNA-sequencing, Co-IP, 415 
Baculovirus generation and amplification, expression and purification of recombinant proteins, lipid 416 
vesicle preparation and ATPase assays were performed. 417 
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Figure S1. NS1 binds to p85β-p110 dimers with no preference for a specific catalytic subunit. (A) Assessment 
of binding of NS1 to p85 subunits using 293T cells co-transfected for 48 h with plasmids expressing the indicated V5-
tagged NS1 protein (or GST) and FLAG-tagged p85α or p85β. NS1 preferentially binds to p85β only. (B) 293T cells 
were co-transfected with plasmids expressing the indicated V5-tagged NS1 protein (or GST), FLAG-tagged p85β 
and YN-tagged p110α or p110β or p110δ catalytic subunit and cell lysates were co-immunoprecipated with V5 
antibody and analyzed by SDS-Page and western blotting (soluble (input) and pulldown (V5-IP)). We detected that 
NS1 binds to all the p85β-p110x dimers with no preference for a specific catalytic subunit. 
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Figure S2. Relocalization of BiFC PI3K heterodimers by infection. HeLa cells were co-transfected with 
different BiFC complexes and 19 hr p.t. cells were infected with an MOI of 10 PFU/cell. 24 hrs post infection they 
were processed for fluorescence microscopy. Cells infected with rPR8 WT led to the distinct relocalization 
pattern of the PI3K heterodimers but with rPR8-Y89F the complexes were in a homogeneous distribution similar 
to the mock infected cells. (BiFC in yellow, NS1 in red and DAPI in cyan).
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Figure S3. Distinct redistribution of PI3K heterodimers is not strain dependent. HeLa cells were co-
transfected with indicated BiFC constructs and NS1 from different strains. At 19 hr p.t., cells were processed for 
immunofluorescence with antibody against NS1 (1A7). NS1 from different influenza A strains were able to 
relocalize the complexes with p110α and p110β to the focal adhesion regions and the complexes with p110β 
near the endosome in a strain independent manner. (BiFC in yellow, NS1 in red and DAPI in cyan).
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Figure S4. Relocalization of PI3K BiFC with effector domain of NS1. HeLa cells were transfected with the 
different PI3K complexes and monomeric effector domain of NS1, NS1 full length and mutant NS1. The 
monomeric effector domain of NS1 (NS1 ED with W187A) is sufficient to induce the same PI3K heterodimer 
relocalizations as full length NS1, NS1-Y89F was used as a negative control. (NS1: red, DAPI: cyan, BiFC: yellow).
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Figure S5. NS1 leads to activation of only p110α/p85β, with no significant activation of p110β/p85β. A) 
Schematic of NS1 activation of class IA PI3Ks.  B) Relative activities of different combinations of catalytic and regulatory 
subunits of class IA PI3Ks in the presence and absence of 1 μM NS1. Assays measured the turnover of ATP in the 
presence of PI3K complexes at the following concentrations: 30 nM p110α/p85β, 300 nM p110β/p85β, and 60 nM 
p110α/p85α. Kinase assays contained 100 μM ATP, and 0.45 mg/ml vesicles containing [5% PIP2 /15% PC/20% 
PS/45% PE/10% cholesterol/5% sphingomyelin]. C) Dose response of p110α/p85β with increasing amounts of NS1 
protein. D) Mutation of Y89F in NS1 prevents PI3K activation. Kinase assays were carried out under the same 
conditions as panel B, with both wild type and Y89F NS1 present at 1 μM. For all panels, assays were performed in 
triplicate (error shown as S.D., n = 3), with p values greater than 0.05 shown as not significant (N.S.).
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Figure S6. Relocalization of BiFC PI3K heterodimers by different cellular stimuli. A) HeLa cells were co-
transfected with the indicated BiFC constructs together with pCAGGS-mCherry-HRas V12 C40. The PI3K 
complexes relocalized to similar membrane regions with both p85α and p85β. B) When HeLa cells were co-
transfected with PI3K BiFC constructs together with pCAGGS-Src-mCherry Y530F, we observed an isoform 
dependent redistribution of the PI3K complexes. Complexes with p85α redistributed to the cell edges while 
complexes with p85β formed a punctate distribution near the nucleus. (BiFC in yellow, DAPI in blue and Ras/Src 
in Red). 



Material and Methods 

Cell lines and viruses 
A549, 293T, MDCK and HeLa cells were obtained from ATCC and were cultured in Dulbecco's Modified 
Eagle Medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, HyClone), 10 U 
penicillin per mL, 10 mg streptomycin per mL (Gibco) and grown at 37°C and 5% CO2. Influenza A 
viruses were grown in 8-10 day old embryonated chicken eggs (Charles River) for 2 days at 37 °C. 
Allantoic fluid was harvested and spun at 290 x g for 5 min at 4°C and supernatant was aliquoted and 
frozen at -80°C. Viral titers were determined using standard plaque assay on MDCK cells and 
immunostained using antibody against NP (PA532242, Invitrogen). 
  
Plasmids  
Constructs encoding the ORF of human p85α, p85β, p110α, p110β, p110δ and Src were purchased from 
OriGene and subcloned into pCAGGS (1). Constructs encoding the ORF of human Ras V12 was 
purchased from Clontech and subcloned into pCAGGS with an mCherry tag. The N-terminus (YN) of YFP 
was added to the N-terminus of p110s (YN- p110α, YN-p110β, YN-p110δ) and the C-terminus of YFP 
(YC) was added to the C-terminus of the p85s (YC-p85α, YC-p85β) by polymerase chain reaction (PCR). 
NS1 ORF from A/Puerto Rico/8/1934 was cloned into pCAGGS with a V5 tag at the N-terminus. Y89F, 
W187A, N561D, H1047R, T40C and Y530F mutations were introduced by site directed mutagenesis 
using overlapping primers. Zyxin-N-RFP and Rab5-N-RFP constructs were purchased from OriGene and 
subcloned into pCAGGS. pCAGGS with NS1 from A/Puerto Rico/8/1934, A/Brevig Mission/1/1918, 
A/Wilson-Smith/1933, A/California/04/2009, A/Wyoming/03/2003, A/Hong Kong/156/1997 and 
A/Vietnam/1203/2004 have been previously described (2). 
  
Bimolecular fluorescence complementation (BiFC) assay   
HeLa cells were co-transfected with plasmids containing p110s, p85s and/or NS1 using Lipofectamine 
2000 (Invitrogen) according to the manufacturer’s guidelines. 8-16 hrs post transfection, media was 
changed. 16 hrs post transfection cells were placed at 33 °C for 3 hrs. Cells were washed with phosphate 
buffer saline (PBS, Gibco) and fixed with ice cold methanol (sigma) for 20 minutes at 4 °C. Then they 
were washed with PBS and blocked with 1% bovine serum albumin (BSA)/PBS for 1 hr at room 
temperature (RT). Primary antibody (V5-tag (Invitrogen, 460705)) was diluted (1:500) in 1% BSA/PBS 
and added to the cells for 1 hr at RT. Cells were washed with PBS and incubated with secondary 
antibody (anti-mouse Alexa 633 (Invitrogen, A21052)) and 4′,6-diamidino-2-phenylindole (DAPI) 
(Invitrogen, D1306) diluted (1:1000) in 1% BSA/PBS for 1 hr at RT, followed by three PBS washes. 
Samples were stored in PBS at 4℃ and protected from light. Fluorescence was observed using confocal 
microscope (LSM 580 and LSM880) and images were acquired. For experiments involving wortmannin 
(Sigma, 681675-1MG), treatment was performed according to manufacturer’s instructions. For 
experiments involving different NS1 plasmids, 1A7 (anti-NS1) was used at 1:500 and anti-mouse Alexa 
633 (1:1000) as the secondary antibody (3). 
 
Modifications for PIP3 staining  
Cells were fixed with 2.5% paraformaldehyde (PFA) (Polyscience, 04018-1) for 5 mins at RT. Then they 
were washed with PBS three times and permeabilized with 0.5% saponin in PBS for 15 mins at RT. The 
rest was as described above, with the following antibodies and incubation conditions: Blocked with 10% 
BSA/PBS overnight at 4°C, primary antibody (Echelon Biosciences) diluted (1:200) in 1% BSA/PBS at 
37°C for 1hr, secondary antibody (anti-mouse Alexa 633, 1:1000) and DAPI (1:2000) diluted in 1% 
BSA/PBS at RT for 30 mins. 
 
Modifications for pAKT staining 
Cells were fixed with PFA 4% for 10 mins at RT followed by three PBS washes. They were permeabilized 
with 0.1% Triton X-100 (Fisher, BP151-500) for 5 min at RT. The rest was as described above, with the 
following changes: Blocked with 1% BSA/PBS overnight at 4℃, primary antibodies V5-tag (1:500), pAkt 
(1:200) (Cell Signaling Technology, 4060) diluted in 1% BSA/PBS for 1hr at RT, secondary antibodies 
anti-rabbit Alexa fluor 647 (1:1000) (Invitrogen, A21443), Pacific Blue anti-mouse (1:1000) (Invitrogen, 
P31582), and Phalloidin Alexa fluor 568 (1:40) (Invitrogen, A12380), diluted in 1% BSA/PBS at RT for 
1hr. 



 
BiFC with infection 
HeLa cells were co-transfected with the different BiFC constructs using Lipofectamine 3000 (Invitrogen) 
according to the manufacturer’s guidelines. 8-16 hrs post transfection, media was changed. 16 hrs post 
transfection cells were placed at 33 °C for 3 hrs. Cells were washed twice with OPTI-MEM I (Gibco, 
31985-062) and then infected with rPR8 WT and rPR8-Y89F with an MOI of 10 PFU/cell. At 1 hr p.i., the 
inoculum was removed and infection media (1xMem+0.2% BA+P/S) added and the cells were incubated 
at 33 °C for 24 hrs. At 24 hrs p.i., cells were processed for immunofluorescence with anti-NS1 antibody 
(Invitrogen, PA532243).  
 
Generation of a stable cell line   
HA-p85β-N561D ORF was cloned into pLVX-IRES-Puro lentivirus vector (Takara). 293T cells were co-
transfected with pLVX-IRES-Puro-HA-p85β-N561D, lenti-gag/pol, and pMD2VSV-G using TransIT-LT1 
(Mirus) according to the manufacturer’s guidelines. Supernatant was collected at 48 hrs post transfection 
and fresh media was added and collected at 60 hrs post transfection. Both supernatants were combined 
and spun at 1200 rpm for 10 min in a tabletop centrifuge (Eppendorf). The supernatant was filtered 
through a 0.45 µm cellulose acetate filter and aliquoted and frozen at -80 °C. A549 cells were seeded in a 
6 well plate and fresh media, lentivirus and polybrene (1ul of 12mg/ml stock) (Millipore, TR-1003G) were 
added. Four days post transduction cells were selected with puromycin. Clonal population was generated, 
and clones were tested by indirect immunofluorescence using anti-HA antibody (Invitrogen).  
   
Growth curve   
A549 wt and A549-p85β-N561D cells were seeded in 6 well plates in triplicates for each virus. They were 
washed with PBS and starvation media was added (1xMEM + P/S + 0.2% BA) for 24 hrs. Following 
starvation, cells were infected with A/Puerto Rico/8/134 (rPR8 wt) or A/Puerto Rico/8/1935-NS1-Y89F 
(rPR8-Y89F) at an MOI of 0.01 PFU/cell and supernatants were collected at 8, 24, 32, 48, 56, and 72 hr 
post infection. Plaque assays were performed on MDCK cells for viral titers.  
  
Immunofluorescence    
A549 wt and A549-p85β-N561D cells were seeded on 12 well glass bottom plates. Cells were fixed with 
4% PFA without methanol for 30 minutes. Cells were permeabilized with 0.1% triton x-100 for 15 mins 
and then washed with PBS. Cells were blocked with 1% BSA/PBS for 1 hr at RT. Primary antibodies (HA 
tag, Invitrogen, 326700), and p85β (Invitrogen, MS53215)) were diluted (1:1000) in 1% BSA/PBS and 
incubated for 1 hr at RT. Cells were washed with PBS and secondary antibodies (anti-rabbit Alexa 488 
(Invitrogen, A-11034)) and DAPI were diluted (1:1000) in 1% BSA/PBS and incubated for 1 hr at RT. 
Cells were washed with PBS three times and were stored in PBS at 4℃ (protected from light). 
Fluorescence was observed with LSM880, and images were acquired. Images were processed with 
ImageJ.  
  
Western blot and protein quantification   
A549 WT and A549-p85β-N561D cells were starved for 24 hrs with starvation media (1xMEM + P/S + 
0.2% BA) and then infected with A/Puerto Rico/8/1934 and A/Puerto Rico/8/1934-NS1-Y89F at an MOI of 
2 PFU/cell. Cells were collected at 0, 2, 4, 6, 8 hours post infection. Cells were lysed in RIPA buffer with 
protease/phosphatase inhibitor (Cell Signaling Technology) according to the manufacturer’s guidelines. 
Proteins from cell lysates were quantified using Pierce BCA protein assay kit (Thermo fisher) and 10 µg of 
total protein was mixed with Pierce lane marker reducing sample buffer (Thermo fisher). Samples were 
run on 4-20% reducing denaturing sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) (Bio-Rad) and the proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane 
(Bio-Rad) using turbo transfer system (Bio-Rad). The membrane was blocked with 5% (w/v) BSA in PBS 
containing 0.1% (v/v) Tween 20 (PBST) for 1 hr at RT on a shaker. The membrane was incubated with 
pAkt (Ser473) (1:1000) (Cell Signaling Technology, 4060S) diluted in 5% BSA in PBST overnight at 4℃ 
on a shaker. The membrane was washed with PBST three times (5 minutes incubation each time) on a 
shaker at RT. The membrane was incubated with anti-mouse-HRP (horseradish peroxidase) IgG diluted 
in 5% BSA in PBST (1:2000) for 1 hr at RT on a shaker. The membrane was washed three times with 
PBST and developed using Brightstar HCL (ASI). The HRP was inactivated by incubating the membrane 
with 1% sodium azide for 15 minutes on a shaker at RT. The membrane was washed overnight with 



PBST (changed several times) on a shaker. The membrane was incubated with monoclonal antibody 
against NS1 (Invitrogen, GT1653) diluted in 5% Milk/PBST (1:1000) overnight at 4℃ on a shaker. The 
membrane was washed three times and incubated with anti-mouse-HRP (Kindlebio) diluted in 5% 
milk/PBST (1:1000) and incubated for 1hr at RT on a shaker. The membrane was washed three times 
and developed with Brightstar HCL. The membrane was washed for 24 hrs with frequent change with 
PBST. The membrane was incubated with B-actin-HRP (Cell Signaling Technology, 12262) antibody 
diluted (1:2000) in 5% non-fat milk/PBST for 1 hr at RT on a shaker. The membrane was washed three 
times and developed with Brightstar HCL (ASI). Cell line validation western blot was performed as 
described above and the antibodies used were HA-tag-HRP conjugated (Cell Signaling Technology, 
2999S), p85β (Invitrogen, MA53215), and loading control β-actin-HRP (Cell Signaling Technology, 
12262).   
 
Competition assay 
rPR8 WT and rPR8-Y89F were diluted to 10^7 PFU/mL and then equal amounts of each virus was mixed 
for a 50:50 ratio. The mixed virus was diluted to 10^3 PFU/mL and A549 WT and A549-p85β-N561D cells 
were infected, and cells were collected in TRI Reagent (Invitrogen, 9738G) at 12, 24, and 48 hrs post 
infection. RNA extraction was performed using Direct-zol RNA miniprep extraction kit (Zymol, R2052) 
according to manufacturer’s instructions. Samples were prepared for MinION Oxford Nanopore 
sequencing. 
 
MinION sequencing 
5 µL of each viral RNA sample was used for RT-PCR using SuperScript IV One-Step RT-PCR System 
(Invitrogen). Each PCR product was purified using AMPure XP (Beckman Coulter) according to the 
manufacturer’s instructions and quantified by Qubit (Thermo Fisher Scientific). The library of purified 
samples was prepared for sequencing using the Native Barcoding Kit 96 V14 (SQK-NBD114.96, Oxford 
Nanopore) (4, 5) as per the manufacturer’s instructions. The library was loaded onto a MinION flow cell 
(R10.4.1, Oxford Nanopore), according to the manufacturer’s instructions. FASTQ were obtained for each 
samples and Geneious Prime (2025.1.1) was used to perform reference based alignment and the number 
of reads for rPR8 WT and rPR8-Y89F were identified. 

BiFC quantification 
HeLa cells were co-transfected with indicated p110s and p85s and NS1 wt using Lipofectamine 2000 
(Invitrogen) according to the manufacturer’s guidelines. 8-16 hrs post transfection, media was changed. 
16 hrs post transfection cells were placed at 33 °C for 3 hrs. At 19 hrs p.t., cells were processed for 
fluorescence microscopy following the protocol described above (BiFC assay) using antibodies against 
V5 tag. 30 cells per condition were checked first for positive BiFC and NS1 signals then their phenotype 
was checked to determine if they express the relocalization or not, each condition was quantified in 
triplicates (30 cells/replicate/condition). 
 
Co-Immunoprecipitation assay (Co-IP) 
Co-IPs were performed as described previously (6). In brief, using 293T cells transfected with 2 μg of the 
pLVX-IRES-ZsGreen1 plasmid (Clontech, CA) carrying V5-tagged NS1 proteins or GST (as appropriate), 
1 μg of the p3×FLAG-CMV7.1 plasmid (Sigma-Aldrich, MO) expressing FLAG-tagged human p85β or 
human p85α (provided by Hannah L. Turkington, University of Zurich, Zurich, Switzerland) (7) and 1 μg of 
the plasmid expressing one of the YN-tagged p110 subunits. Protein lysates (total and IP fractions) were 
resolved by SDS-PAGE on NuPAGE 4 to 12% Bis-Tris protein gels (Thermo Fisher), followed by transfer 
to nitrocellulose membranes. Proteins were detected by Western blotting using the following primary 
antibodies: mouse anti-V5 (cat# MCA1360; Bio-Rad), mouse anti-FLAG (cat# F1804; Sigma-Aldrich) and 
anti-YFP (cat# ab1218; Abcam). Secondary antibodies were fluorochrome-conjugated anti-mouse 
immunoglobulin (cat# 35519; Thermo Fisher Scientific) and anti-rabbit immunoglobulin (cat# SA5-10036; 
Thermo Fisher Scientific,). A Li-Cor Odyssey scanner was used for detection. 

Baculovirus Generation and Amplification 
The plasmids harboring class IA PI3K catalytic and regulatory subunits were transformed into 
DH10MultiBac cells (MultiBac, Geneva Biotech) containing the baculovirus viral genome (bacmid) and a 



helper plasmid expressing transposase to transpose the expression cassette harboring the gene of 
interest into the baculovirus genome. Bacmids with successful incorporation of the expression cassette of 
pFastBac/ pACEBac1 into the viral genome was identified by blue-white screening and were purified from 
a single white colony using a standard isopropanol-ethanol extraction method. Briefly, colonies were 
grown overnight (∼16 hours) in 3-5 mL 2xYT (BioBasic #SD7019). Cells were pelleted by centrifugation 
and the pellet was resuspended in 225 μL P1 Buffer (Qiagen MiniPrep Kit, #27106), chemically lysed by 
the addition of 225 μL Buffer P2, and the lysis reaction was neutralized by addition of 300 μL Buffer N3. 
Following centrifugation at 21130 rcf and 4°C (Rotor #5424 R), the supernatant was separated and mixed 
with 600 μL isopropanol to precipitate the DNA out of solution. Further centrifugation at the same 
temperature and speed pelleted the bacmid DNA, which was then washed with 500 μL 70% ethanol three 
times. The Bacmid DNA pellet was then dried for 1 minute and re-suspended in 50 μL Buffer EB. Purified 
bacmid was then transfected into Sf9 cells. 2 mL of Sf9 cells between 0.3-0.5Χ106 cells/mL were 
aliquoted into the wells of a 6-well plate and allowed to attach, creating a monolayer of cells at ∼ 70-80% 
confluency. Transfection reactions were prepared by the addition of 2-10 ug of bacmid DNA to 100 μl 
1xPBS and 12 μL polyethyleneimine (PEI) at 1 mg/mL (Polyethyleneimine “Max” MW 40.000, 
Polysciences #24765, USA) to 100 μL 1xPBS. The bacmid-PBS and the PEI-PBS solutions were mixed, 
and the reaction occurred for 20-30 minutes before addition drop-by-drop to an Sf9 monolayer containing 
well. Transfections were allowed to proceed for 5-7 days before harvesting virus containing supernatant 
as a PI viral stock. Viral stocks were amplified by adding P1 viral stock to suspension Sf9 cells between 1-
2x106 cells/mL at a 1/100 volume ratio. This amplification produces a P2 stage viral stock that can be 
used in final protein expression. The amplification proceeded for 4-5 days before harvesting, with cell 
shaking at 120 RPM in a 27°C shaker (New Brunswick). Harvesting of P2 viral stocks was carried out by 
centrifuging cell suspensions in 50 mL Falcon tubes at 2281 RCF (Beckman GS-15), collecting the 
supernatant in a fresh sterile tube, and adding 5-10% inactivated fetal bovine serum (FBS; VWR Canada 
#97068-085). 
 
Expression and purification of recombinant proteins 
All PI3K constructs were expressed and purified as described previously (8-10). In brief the catalytic 
subunit and regulatory subunits were expressed using the pFASTBAC/ pACEBac1 expression system in 
Sf9 cells. After expressing the cells at 27°C for 55 hrs the cells were harvested at 1739 x g at 4°C using 
Eppendorf Centrifuge 5810R and the cells were flash frozen using liquid nitrogen and stored in -80 °C. 
The frozen pellets were resuspended in lysis buffer containing 20 mM Tris pH 8, 10 mM Imidazole, 100 
mM NaCl, 5% glycerol [v/v], 2 mM βME, protease inhibitor [Protease Inhibitor Cocktail Set III, Sigma]) and 
sonicated for 2 min (15s on, 15 s off, level 4.0, Misonix sonicator 3000). Triton-X 100 was added to the 
lysate at a final concentration of 0.1% and then clarified by spinning at 15,366xg for 45 min (Beckman 
Coulter JA-20 rotor). The supernatant was loaded onto a 5 ml crude Ni-NTA column (GE healthcare) 
equilibrated in NiNTA A buffer containing 20 mM Tris pH 8, 100 mM NaCl, 10 mM Imidazole and 5% 
glycerol [v/v]. The column was washed using high salt buffer containing 20 mM Tris, 1 M NaCl, 10 mM 
Imidazole, 5% Glycerol [v/v] followed by NiNTA buffer wash (20 mM Tris pH 8, 100 mM NaCl, 21 mM 
Imidazole and 5% Glycerol). The protein was eluted using 100% NiNTA B buffer (20 mM Tris pH 8, 100 
mM NaCl, 200 mM Imidazole and 5% Glycerol). The elute from the nickel column was loaded onto 
Streptavidin column (GE healthcare) and subjected to buffer wash using Hep A buffer (20 mM Tris pH 8, 
100 mM NaCl, 5% Glycerol and 0.5 mM tris(2-carboxyethyl) phosphine [TCEP]). The column was 
incubated on ice for 3 hours in the presence of TEV protease and then eluted by a wash with HEP A 
buffer. Proteins were subjected to gel filtration using SuperdexTM 200 10/300 GL Increase column from 
GE healthcare. After gel filtration, the protein was concentrated, aliquoted, frozen, and stored at −80°C. 
NS1 constructs were transformed into Escherichia coli (BL21 (DE3)). Bacterial cultures were induced with 
1 mm isopropyl 1-thio-β-d-galactopyranoside after growth to an A600 of 0.6–0.9 in 2× YT (Sigma) broth 
containing ampicillin at 100 μg/ml. Induction was allowed to proceed for 4 h at 37 °C. The bacteria were 
harvested by centrifugation, and the pellets were stored at −80 °C. Frozen E. coli pellets were 
resuspended in lysis buffer and sonicated on ice for 5 min (10 s on, 10 s off, level 6.0, Misonix sonicator 
3000). Triton X-100 was added to the lysate at a concentration of 0.1% and centrifuged at 20 000 × g for 
45 min (Beckman Coulter Avanti J-25I, JA 25.50 rotor). The supernatant was then loaded onto a 5-ml 
GSTrap™ HP Column (cytivia) equilibrated in buffer containing 20 mM Tris pH 8, 100 mM NaCl, and 5% 
glycerol. The column was washed with 30 ml of this buffer. TEV protease was added to a final 
concentration of ∼0.3 mg/ml. The cleavage was allowed to proceed overnight at 4 °C. To de-enrich the 



TEV protease, the protein solution was loaded onto a HisTrapTM FF column and eluted with 10 ml of Ni-
NTA A buffer. The elution was concentrated to ∼2 ml. NS1 protein was injected onto a SuperdexTM 75 
10/300 GL size exclusion column (GE Healthcare) equilibrated in gel filtration buffer (20 mm HEPES (pH 
7.5), 150 mm NaCl, 1 mM TCEP). After gel filtration, the protein was concentrated, aliquoted, frozen, and 
stored at −80°C. 
 
Lipid Vesicle Preparation 
Assays were carried out with PM mimic vesicles consisting of 5% brain PIP2, 20% brain PS, 45% egg 
yolk PE, 15% egg yolk phosphatidylcholine (PC) (Avanti #840051C), 10% cholesterol (Sigma Aldrich, 
#47127-U), and 5% egg yolk sphingomyelin (Sigma Aldrich, #S0756). To generate vesicles, the lipid 
mixtures were combined in organic solvent. The mixture was then evaporated using a stream of argon 
gas followed by desiccation under vacuum for 45 minutes. The lipids were resuspended in a lipid buffer 
(25 mM HEPES pH 7, 100 mM NaCl, 10% Glycerol [v/v]) and the solution was subjected to sonication for 
15 mins. The vesicles were subjected to five freeze thaw cycles and extruded 11 times through a 100 nm 
filter (T and T Scientific: TT-002–0010). The extruded vesicles were sonicated again for 5 min, aliquoted 
and stored at −80°C.  
 
ATPase assay 
All PI3K assays used the Transcreener ADP2 Fluorescence Intensity (FI) assay (Bellbrook labs) which 
measures formation of ADP. 2 μL of a PI3K solution (final concentration 100nM-400nM) at 2X final 
concentration was mixed with 2 μL substrate solution containing ATP and lipid vesicles (final 
concentration of 0.45 vesicles and 100 μM ATP), and the reaction was allowed to proceed for 60 min at 
20°C.  For experiments examining activation by NS1 protein, the PI3K and NS1 protein were allowed to 
pre-incubate for 15 minutes before incubation with substrate, with NS1 being present at a final 
concentration of 1 μM in the kinase reaction. 
 The reaction was stopped with 4 μL of 2X stop and detect solution containing EDTA (chelates Mg2+, 
stopping kinase activity) along with 8 nM ADP Alexa Fluor 594 Tracer and 93.7 μg/mL ADP2 Antibody 
IRDye QC-1, and was allowed to incubate for 60 minutes. The fluorescence intensity was measured 
using a SpectraMax M5 plate reader at excitation 590 nm and emission 620 nm. This data was 
normalized against a 0–100% ADP window made using conditions containing a final concentration of 100 
μM ATP or ADP. % ATP turnover was interpolated from an ATP standard curve obtained from performing 
the assay on 100 μM (total) ATP/ADP mixtures with increasing concentrations of ADP. 
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