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Abstract

Acute respiratory infection by influenza virus is a persistent and pervasive public health problem. 

Antiviral innate immunity initiated by type I interferon (IFN) is the first responder to pathogen 

invasion and provides the first line of defense. We discovered that Axin1, a scaffold protein, was 

reduced during influenza virus infection. We also found that overexpression of Axin1 and the 

chemical stabilizer of Axin1, XAV939, reduced influenza virus replication in lung epithelial cells. 

This effect was also observed with respiratory syncytial virus and vesicular stomatitis virus. Axin1 

boosted type I IFN response to influenza virus infection and activated JNK/c-Jun and Smad3 

signaling. XAV939 protected mice from influenza virus infection. Thus, our studies provide new 

mechanistic insights into the regulation of the type I IFN response and present a new potential 

therapeutic of targeting Axin1 against influenza virus infection.
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In this study, we have discovered that the host protein Axin1 boosts host immunity in response 

to influenza virus infection. The finding presents a new potential therapeutic of targeting Axin1 

against influenza virus infection.
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Introduction

Influenza virus is a member of the Orthomyxoviridae family and is classified into three 

serotypes: A, B and C according to their internal protein sequences 1. With its global 

pandemic potential and up to 500,000 annual deaths worldwide during seasonal epidemics, 

influenza virus is a major public health concern and imposes an enormous economic burden 
2. Prevention relying on vaccination has several limitations, including the lag time for 

vaccine manufacture and the low coverage rate. Considering the increasing level of viral 

resistance to current anti-influenza drugs targeting the neuraminidase (NA) or M2 channels 
3, it is particularly important to develop novel broad spectrum antiviral drugs.

Interferon (IFN) was discovered in 1957 as an agent that inhibits replication of influenza 
4. The IFN family of cytokines is the most potent vertebrate-derived signal for mobilizing 

antimicrobial effector functions against intracellular pathogens 5. Three classes of IFN have 

been identified and classified according to the receptor complex through which they signal 
6. Type I IFNs (IFNβ, 14 IFNα’s, IFNδ, IFNε, IFNκ, IFNo and IFNτ), best known for 
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their antiviral properties, mediate the induction of both the innate immune response and 

subsequent adaptive immunity to viruses. Type II IFN (IFNγ) stimulates broad immune 

responses to various pathogens other than viruses. Type III IFNs (3 IFNλs) are also known 

to regulate antiviral responses and may be ancestral type I IFNs. It is widely accepted 

that viral attachment and viral dsRNA intermediates accumulating during virus replication 

are the primary mediators triggering IFN production, ultimately resulting in the expression 

of thousands of IFN-stimulated genes (ISGs) (OAS1, MX1, and etc.) that limits virus 

replication 7.

In the early phase of infection, Toll-like receptors, cytosolic RIG-1-like receptors (RIG-1 

and MDA5), NOD-like receptors and C-type lectin receptors are major players involved 

in innate recognition of influenza virus 8. The novel IFN-regulated viral RNA sensor 

interferon-induced protein with tetratricopeptide repeats 1 (IFIT1) was also identified to 

have antiviral properties 9. Activation of type I IFN expression by these pattern recognition 

receptors (PRRs) is tightly controlled by several transcription factors including c-Jun/ATF2 

(AP1), interferon regulatory factor 3/7 (IRF3/7), and p50/p65 (NF-κB) 10. Smad3, as a 

transcription factor, also enhances type I IFN expression by cooperating with IRF7 11. 

In the later phase of infection, the secreted type I IFN stimulates type I IFN receptor 

(IFNAR1/2) in an autocrine and paracrine fashion, which leads to the activation of the Janus 

kinase (JAK) – signal transducer and activator of transcription (STAT) pathway, and finally 

establishes a cellular antiviral status 12.

Axin, which was identified from analysis of the mouse-Fused locus, is a negative regulator 

of Axis formation in the development of mouse embryos 13. Axin protein, present in 

two isoforms (Axin1 and Axin2), acts as an architectural platform for the degradation 

of β-catenin 14,15. Axin1 has, in fact, emerged as a multidomain scaffolding protein for 

many other signaling pathways, including the c-Jun-NH2-kinase (JNK) mitogen-activated 

protein kinase (MAPK) signaling pathway, the p53 signaling pathway, and the transforming 

growth factor β (TGF-β) signaling pathway 16. Axin1 forms a complex with MEKK1/4 

and mediates JNK/c-Jun activation through MKK4/7 17. Axin1 also promotes Smad3 

phosphorylation in response to TGF-β 18, and downregulates the negative factor, Smad7, 

in TGF-β signaling 19. By forming a ternary complex, Axin1 stimulates p53 functions via 

activation of homeodomain-interacting protein kinase-2 (HIPK2) kinase 20. These intriguing 

roles of Axin1 in β-catenin-independent signaling open the door to its function in multiple 

physiological and pathological processes.

In infectious diseases, Axin1 prevents bacterial Salmonella tissue invasion and modulates 

inflammatory responses during the infection 21. Silencing of Axin1 up-regulates human 

immunodeficiency virus type I (HIV-1) gene expression and viral replication 22. The 

compound XAV939, a stabilizer of Axin1, was shown to specifically inhibit poly(ADP-

ribose) polymerase tankyrase1/2 (TNK1/2), which induces poly(ADP-ribosyl)ation of Axin1 

and in term promotes its proteasome-mediated degradation 23.

In this study, we first discovered that Axin1 was reduced in a mouse model of influenza 

virus-associated pneumonia. We then demonstrated that Axin1 inhibited replication of 

influenza virus and other viruses by boosting IFN responses through activation of the JNK/
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c-Jun and Smad3 signaling pathways. XAV939, a Axin1 stabilizer, protected mice from 

lethal influenza virus challenge. Our studies, for the first time, demonstrate the role of 

Axin1, a scaffold protein, in the antiviral network of IFNs.

Materials and Methods

Ethics Statement

The animal studies were performed in accordance with the recommendations in the Guide 

for the Care and Use of Laboratory Animals of the National Institutes of Health. The animal 

protocol (VM 15-38) was reviewed and approved by the Institutional Animal Care and Use 

Committee at Oklahoma State University. All animal studies were performed in a Biosafety 

Level 2 facility located at Oklahoma State University according to the approved protocol 

13-37 & 13-38 following the American Veterinary Medicine Association guidelines on 

euthanasia. Mice were euthanized if more than 30% of weight was lost. No survival surgery 

was performed, and all efforts were made to minimize the animal suffering.

Viruses

Influenza virus H1N1 strain A/Puerto Rico/8/1934 (PR/8) was obtained from American 

Type Culture Collection (ATCC, Manassas, VA). Influenza PR/8-Gaussia luciferase (GLuc) 

virus 24, and vesicular stomatitis virus with firefly luciferase gene (VSV-Luc) 25 were kind 

gifts from Dr. Peter Palese (Icahn School of Medicine at Mount Sinai, New York, NY), and 

from Dr. Sean Whelan (Harvard Medical School, Boston, MA), respectively. GFP-labeled 

respiratory syncytial virus (RSV) were generated as previously described 26.

Mouse model of influenza viral pneumonia

Male C57BL/6N mice (6-8 weeks of age) were anesthetized with intraperitoneal injection 

of ketamine (80 mg/kg body weight) and xylazine (10 mg/kg body weight), and inoculated 

with PR/8 (250 pfu/mouse) intranasally. Mice were weighed daily for the evaluation of 

loss of body weight and observed for clinical signs such as ruffled fur and respiratory 

distress. Animals were sacrificed on 0-7 days post infections (dpi). Unlavaged lungs were 

homogenized in liquid nitrogen by mortar and pestle, aliquoted and stored at −80°C prior to 

use.

Bronchoalveolar lavages (BAL) analysis

Lungs were lavaged with 1 ml of normal saline three times. BAL fluids were centrifuged at 

380 g for 10 min at 4°C. BAL cells were resuspended in normal saline and total cells were 

counted using a hemocytometer. For differential cell counts, cytospinned cells on the glass 

slides were stained with Wright-Giemsa.

Histopathology

Unlavaged lungs were instilled with 4% paraformaldehyde in phosphate-buffered saline 

(PBS) at 20 cm H2O pressure and fixed for 72 h, then embedded in paraffin and sectioned at 

4 μm thickness. The sections were stained with hematoxylin and eosin and examined under a 

light microscope.
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Survival study of lethal dose influenza virus infection

Male C57BL/6N mice (6-8 week old) were challenged intranasally with a lethal dose (1,000 

pfu) of influenza virus A/PR/8/34 H1N1 under anesthesia. XAV939 (SIGMA, St. Louis, 

MO) was dissolved in dimethyl sulfoxide (DMSO) and given to the mice orally using 

metal oral gavage in a dose of 50 mg/kg mixed with 1% methylcellulose (50 μl/mouse) 

every day, beginning at 1 day before infection (−1 dpi) and continued for 2 or 4 days 

post infection. Control animals were given vehicle alone in the same formulation. All 

animals were observed daily for body weight loss and for clinical signs such as ruffled 

fur, inactivity and difficulty in breathing until 21 days post infection. Animals that showed 

severe respiratory distress or lost more than 30% body weight were sacrificed.

Cell culture

Human embryonic kidney 293 (HEK293), human lung epithelial A549, and Madin-Darby 

canine kidney (MDCK) cells (all ATCC, Manassas, VA) were maintained in Earle's 

Minimal Essential Medium (EMEM) supplemented with 10% fetal bovine serum (FBS). 

Human epithelial type 2 (HEp2) cells (ATCC, Manassas, VA) were maintained in EMEM 

supplemented with 10% FBS, glutamine, and non-essential amino acids. Human bronchial/

tracheal epithelial cells (HBTEC, FC-0035) were from Lifeline Cell Technology (Frederick, 

MD) and maintained in BronchiaLife complete medium (LM-0023).

Plasmids and transfection

pCS2-based vectors expressing GFP (15681), Axin1 (21287) and Axin2 (21279) plasmids 

were obtained from Addgene (Cambridge, MA). All three plasmids had myc-tag. Smad3 

signaling and ISRE-luc reporter plasmids were purchased from bpsBioscience (# 60613, 

San Diego, CA). pRL-TK Renilla luciferase plasmid was obtained from Promega (Madison, 

WI). HEK293 cells were cultured on 96-well tissue culture plates (for dual luciferase assay) 

and 12-well tissue culture plates (for all other experiments) until 90% confluent, and then 

transfected with the appropriate plasmids using Lipofectamine 2000 (Invitrogen, Carlsbad, 

CA). Unless otherwise indicated, the plasmid amount used for 12-well plates is 2.5 μg/well 

for Axin1, Axin2 or GFP and the plasmid amount used for 96-well plates is 100 ng/well for 

Axin1, Axin2 or GFP, 30 ng/well for the ISRE reporter, 20 ng/well for Smad reporter and 

2.5 ng/ml for pRL-TK.

In vitro influenza virus infection

Cells were washed with serum-free complete DMEM and infected with influenza virus at 

various multiplicity of infection (MOI) in serum-free complete DMEM supplemented with 1 

μg/ml L-1-tosylamide-2-phenylethyl chloromethyl ketone (TPCK)-treated trypsin (SIGMA, 

St. Louis, MO) for 1 h. Fresh serum-free complete medium was added, and cells were 

cultured for an additional 2 to 48 h.

In vitro RSV infection

HEK293 and Hep2 cells were infected with GFP-labeled RSV at a MOI of 0.1 or 1 in 

complete DMEM for 1 h, as previously described 26. Then cells were changed into fresh 

complete medium and cultured for an additional 12 to 48 h.
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Quantitative real-time PCR

Total RNA was extracted from cells or lung tissues using TRI-Reagent (Molecular Research 

Center, Cincinnati, OH) and digested with TURBO DNase (Ambion, Austin, TX, USA) 

to remove the genomic DNA contamination. One μg of RNA was reverse-transcribed into 

cDNA using Moloney murine leukemia virus (M-MLV) reverse transcriptase (Invitrogen, 

Carlsbad, CA), random primers, and oligo dT (Promega, Madison, WI). Real-time PCR was 

carried out on a 7900HT Fast Real-Time PCR System using SYBR Green I detection Master 

Mix (Eurogentec, Fremont, CA,) as previously described 27. The primers were designed 

using Primer Express® software (Applied Biosystems, Foster City, CA), and are listed in 

Table 1.

Western blot

The cells and homogenized lung tissue were lysed in M-PER Mammalian Protein Extraction 

Reagent containing 1% Halt Protease and Phosphatase Inhibitor Cocktail (Pierce, Rockford, 

IL) by Dounce homogenizer, followed by sonication and 3 freeze/thaw cycles. The proteins 

were separated by 10% SDS-PAGE and transferred to nitrocellulose membranes. The blots 

were blocked for 1 h at room temperature with 5% dried milk in Tris-buffered saline TBS-T 

(10 mM Tris/HCl, 100 mM NaCl and 0.05% Tween, pH 7.5) and incubated overnight 

at 4°C with anti-Axin1 (1:1000, #20875, Cell Signaling Technology, Danvers, MA), anti-

p-JNK (1:1000, #46685, Cell Signaling Technology, Danvers, MA), anti-JNK (1:1000, 

#92525, Cell Signaling Technology, Danvers, MA), anti-p-STAT1 (Tyr 701) (1:1000, Cell 

Signaling Technology, Danvers, MA), anti-STAT1 (1:1000, Cell Signaling Technology, 

Danvers, MA), anti-p-c-Jun (1:1000, #23615, Cell Signaling Technology, Danvers, MA), 

anti-c-Jun (1:1000, #sc-1694, Santa Cruz Biotechnology, Santa Cruz, CA), anti-p-ATF2 

(1:1000, #5112p, Cell Signaling Technology, Danvers, MA), anti-ATF2 (1:1000, #350351, 

Cell Signaling Technology, Danvers, MA), anti-c-myc (1:2000, DHSB, Iowa City, IO), 

anti-RSV-M protein serum (1:50, Genscript, Piscataway, NJ), anti-RSV-G protein (1:200, 

Edward Walsh, University of Rochester School of Medicine, Rochester, NY), anti-NP (1:20, 

HB-65, ATCC), anti-NS1 (1:1000, #sc-130568, Santa Cruz), anti-β-actin (1:2000, SIGMA, 

St. Louis, MO) and anti-GAPDH (1:4000, #ab181602, Abcom, Boston, MA) antibodies. 

The blots were then rinsed in TBS-T, and incubated for 1 h at room temperature with 

goat anti-rabbit, or goat anti-mouse secondary antibodies, coupled to horseradish peroxidase 

(1:2000, Jackson Immunoresearch, West Grove, PA). After being washed, the blots were 

developed by SuperSignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL). 

The densities of bands were quantified by ImageJ software (http://rsb.info.nih.gov/ij/).

TCID50 assay

MDCK cells in 96-well plates were infected with serial dilutions (10−1 to 10−7) of virus 

samples in serum-free complete EMEM containing 1 μg/ml TPCK-treated trypsin for 1 h. 

The cells were cultured with the same medium for 4 days. TCID50 values (median tissue 

culture infective dose) were calculated by the method of Reed and Muench 28.
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Immunofluorescence

Human bronchial/tracheal epithelial cells were cultured on 96-well tissue culture plates. At 

the end of the experiment, the cells were briefly washed with ice-cold PBS and fixed with 

4% paraformaldehyde for 15 min at room temperature. After being washed with PBS again, 

the cells were permeabilized with 0.3% Triton X-100 for 10 min and blocked with 10% 

FBS for 1 h at room temperature. After being rinsed, the cells were incubated overnight 

with anti-NP antibodies (1:20, HB-65, ATCC). Subsequently, cells were washed with PBS 

and incubated with Alexa 546-conjugated goat anti-mouse IgG (1:200, Invitrogen, Carlsbad, 

CA) for 1 h. The nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI, 

1:1000, Invitrogen, Carlsbad, CA) for 2 min. Images were acquired using a Nikon Eclipse 

TE-2000 inverted fluorescence microscope.

Statistics analysis

The results were analyzed by one-way ANOVA followed with posthoc Tukey’s test for 

multiple comparisons of control and treatment groups, or Student’s t-test using GraphPad 

Prism (version 6). Survival rate between groups was analyzed by Mantel-Cox χ2 test on 

Kaplan-Meier probability estimates using GraphPad Prism. All results were reported as 

mean ± SD.

Results

Axin1 is reduced during influenza viral pneumonia

We used a mouse model of viral pneumonia caused by a sub-lethal dose of H1N1 influenza 

virus infection 29. Histological analysis showed massive infiltration of immune cells (Fig. 

1A). The number of neutrophils in BAL significantly increased at Day 3 and persisted 

until Day 7 (Fig. 1B). While macrophage numbers were increased from Day 5, infiltration 

of lymphocytes started on Day 6, thus representing the transition from innate immunity 

to adaptive immunity. To assess viral replication, we measured viral gene expression by 

measuring hemagglutinin (HA) and nucleoprotein (NP). The mRNA expression of the viral 

genes reached a peak at Day 5 (Fig. 1C), suggesting that the viral load reached maximum 

at Day 5. The IFN response was initiated from Day 2 as indicated by an increase in 

mRNA expression of IFNβ1 and MX1 (Fig. 1D). As a potential antiviral host factor, the 

expression of Axin1 protein in whole lung tissue was significantly reduced at Day 3 and 

Day 7 (Fig. 1E). The reduction in Axin1 protein levels was confirmed in the PR/8-infected 

human bronchial/tracheal epithelial cells (Fig. 1F). The protein levels of Axin1, but not 

Axin2 were also significantly reduced in THP1-derived human macrophages (Fig. 1G). The 

results suggest that Axin1 protein is reduced in the lungs at an early stage of influenza viral 

pneumonia.

Axin1 inhibits influenza virus replication

To evaluate the potential role of Axin1 in regulating influenza virus replication, we 

overexpressed Axin1 or Axin2 in HEK293 cells prior to virus infection. Overexpression 

of Axin1 or Axin2 had no effects on endogenous Axin2 or Axin1 protein levels (Fig. 2A). 

However, overexpression of Axin1, but not Axin2, inhibited viral NP, HA and matrix protein 
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(M1) mRNA levels (Fig. 2B). We then knocked down endogenous Axin1 using siRNAs. 

The knockdown of Axin1 did not affect Axin2 level, but increased viral NP protein levels 

(Fig. 2C, D). We further tested the effects of Axin1 overexpression on the infection of 

two nonsegmented negative-sense, single-stranded RNA viruses, VSV and RSV. Using a 

luciferase reporter virus assay, we found that Axin1 also inhibited VSV replication (Fig. 

2E). Similarly, Axin1 drastically reduced RSV viral G and M protein levels at 36 and 48 

hours post infection (Fig. 2F). Using GFP-labeled RSV virus, we observed a reduction 

of GFP signals in Axin1-overexpresing cells, but not in Axin2-overexpressing cells in 

comparison with blank control without plasmid transfection (Fig. 2G).

Axin1 boosts IFN response

To determine the possible mechanisms of Axin1-mediated inhibition of influenza virus 

infection, we examined the effects of Axin1 on IFN responses. Overexpression of Axin1, 

but not Axin2 markedly increased the mRNA expression of IFNβ1 in the PR/8-infetced 

cells (Fig. 3A). Accordingly, Axin1 also significantly augmented the mRNA expression of 

the type I IFN-targeted anti-viral gene, OAS1 in the PR/8-infected cells (Fig. 3B). The 

phosphorylation of STAT1, the transcription factor essential for turning on ISGs expression 
30, was also increased by Axin1 upon PR/8 infection (Fig. 3C). However, these effects were 

not observed in the uninfected cells (Fig. 3A-C), suggesting that Axin1 only boosts IFN 

response under the infection conditions and Axin1 alone is not sufficient for inducing IFN 

response.

To determine whether the Axin1-mediated antiviral effect is via its enhanced IFN response, 

we blocked IFN response using specific inhibitors of JAK1/2 or STAT1 and measured 

NP mRNA levels. As shown in Fig. 3D, JAK1/2 inhibitor ruxolitinib or STAT1 inhibitor 

fludarabine indeed reversed the Axin1-mediated antiviral effects.

JNK/c-Jun and Smad3 mediate Axin1-stimulated IFN response

Both Axin1 and Axin2 inhibit canonical Wnt/β-catenin signaling. However, Axin1, but not 

Axin2, increased the IFN response and inhibited influenza virus replication, suggesting that 

Axin1 acts via a different pathway 16. We examined the effects of Axin1 on the JNK/c-Jun 

pathway. We overexpressed Axin1 or Axin2 in HEK293 cells, infected the cells with PR/8 

and examined the phosphorylation of JNK, c-Jun and ATF2. As shown in Fig. 4A and B, 

overexpression of Axin1, but not Axin2 activated the JNK/c-Jun pathway by increasing 

the phosphorylation of both JNK and c-Jun without changing ATF2 phosphorylation. Both 

Axin1 and Axin2 had no effects on the phosphorylation of JNK, c-Jun and ATF2 in the 

uninfected control cells. Axin1 also specifically triggered the activation of Smad3 signaling 

as demonstrated by a reporter assay (Fig. 4C). Although Axin1 had a modest effect on 

Smad3 signaling in the uninfected control cells, Smad3 signaling was further enhanced by 

PR/8 infection.

The activity of the interferon-sensitive responsive element (ISRE), primarily responsible 

for the constitutive expression of ISGs is an indicator of IFN response 31. SP600125, a 

specific JNK inhibitor 32 and SIS3, a specific Smad3 inhibitor 33, successfully blocked 

Axin1-stimulated ISRE activity in the PR/8-infected cells (Fig. 4D). The results indicate that 

Guo et al. Page 8

Mol Microbiol. Author manuscript; available in PMC 2023 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



both the JNK/c-Jun and Smad3 signaling pathways participated in the Axin1-enhanced IFN 

response.

XAV939 attenuates influenza virus replication in vitro

To further validate the role of Axin1 against virus replication, XAV939, a tankyrase inhibitor 
23, was utilized to stabilize Axin1 in lung epithelial A549 cells. XAV939 markedly increases 

the protein levels of Axin1 in the presence or absence of influenza virus infection (Fig. 5A, 

B). As a result, XAV939 significantly attenuated the protein expression of influenza viral NP 

and NS1 (Fig. 5A, C). XAV939 also reduced influenza virus production in a time-dependent 

manner (Fig. 5D).

As A549 cells are adenocarcinomic human lung epithelial cells, we further examined 

the effects of XAV939 on influenza virus infection in primary human bronchial/tracheal 

epithelial cells. XAV939 reduced NP-positive cells in human bronchial/tracheal epithelial 

cells as determined by immunostaining (Fig. 5E, F).

Finally, XAV939 reduced RSV viral G and M protein levels (Fig. 5G) and virus replication 

(Fig. 5H) in HEp2 cells.

To determine whether XAV939-mediated inhibition of influenza virus infection is mediated 

by IFN activation, we examined the effects of IFN signaling inhibitors on influenza virus 

infection in the absence or presence of XAV939. JAK1/2 inhibitor ruxolitinib or STAT1 

inhibitor fludarabine reversed the XAV939-mediated decreases in viral NP and NS1 mRNA 

expression (Fig. 5I).

XAV939 protects mice from a lethal dose of influenza virus challenge

To further evaluate the therapeutic potential of Axin1 as a novel target for limiting virus 

infection, XAV939 was further tested as a potential antiviral agent in vivo (Fig. 6A). Oral 

administration of XAV939 significantly attenuated influenza virus replication in vivo (Fig. 

6B) and improved the survival rate of animals challenged with a lethal dose of the virus 

using two different strategies of XAV939 administration (−1 to 2 and −1 to 4 dpi) (Fig. 6C).

Discussion

The mortality rate of pneumonia and influenza virus infection continually declined 

throughout the 20th century because of the improvement of medical strategies that prevented 

secondary lung infections 2,34. However, acute pulmonary infection remains a substantial 

concern as acute lower respiratory infections still cause the most deaths and are the largest 

economic burden among all infectious diseases worldwide. Unlike respiratory syncytial 

virus (RSV), which is the major cause of respiratory illness (bronchiolitis or pneumonia) 

in young children 35, influenza virus sickens patients of all ages 36. In our study, we 

discovered the protective effect of Axin1 and its stabilizer XAV939 on influenza virus and 

RSV infection. Axin1 boosts the antiviral type I IFN response by augmenting JNK/c-Jun 

and Smad3 signaling. Targeting Axin1 to regulate the IFN response is therefore a potential 

broad-spectrum antiviral therapeutic approach.
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A unique feature in signaling transduction is that several different pathways depend on 

a group of crucial regulators referred to as scaffolds, which simultaneously bind several 

components in the same or different signaling pathways and augment specificity and 

efficacy during signal transduction. By serving as a multidomain scaffold, Axin1 coordinates 

several different protein complexes involved in regulating TGF-β/Smad, JNK/c-Jun, and p53 

signaling 16. In this study, we found that both transcription factors, c-Jun and Smad3, were 

activated by Axin1.

Axin2 did not amplify the type I IFN response and affect virus replication. A similar effect 

was also observed in bacterial Salmonella infection 21. Considering that both Axin1 and 

Axin2 inhibited Wnt/catenin signaling 14, the enhancement of type I IFN synthesis by Axin1 

is probably not through manipulation of Wnt/catenin signaling. Actually, Wnt3a has been 

reported to amplify IFN response 37 potentially through interaction between β-Catenin and 

LRRFIP1b 38. This implies that enhancement of type I IFN synthesis by Axin1 through 

JNK/c-Jun and Smad3 signaling is intensive enough to override the potential negative effect 

of suppressed Wnt/catenin signaling on ISREs responses. Considering the additional effect 

of type I IFN sensitizing the host to secondary bacterial pneumonia post influenza infection 
39 and promoting cell death 40 as Axin1 is normally involved 41, more detailed studies will 

need to be carried out.

Axin1 has been reported to be the rate limiting factor for β-catenin destruction complex 

assembly due to its low basal expression 42. This unique feature and its antiviral properties 

make it a perfect host factor for use against virus infection. In this study, we used XAV939 

to stabilize Axin1 and evaluated its potential antiviral activity against influenza virus in vitro 
and in vivo. XAV939 has previously been reported to inhibit herpes simplex virus replication 
43. Oral administration of XAV939 stabilizes Axin1 in the lung as previously reported 44. 

Our current studies indicate that XAV939 successfully reduces influenza virus replication in 
vitro and in vivo, and protects the mice from lethal influenza virus infection.

IFN exerts significant protection by limiting respiratory virus infection including highly 

pathogenic H5N1 influenza A virus infection in animals 45,46. However, viruses can block 

nearly all aspects of the IFN regulatory pathway through intimate interplay to avoid 

compromising virus replication 47. In our study, we found that Axin1, as an antiviral 

mediator, was reduced in influenza viral pneumonia. This could be due to the complicated 

systemic response to virus infection, sophisticated paracrine signaling, and an adequate set 

of protein degradation machinery. Several other components of the ubiquitin-proteasome 

pathway (USP34 and RNF146) and small ubiquitin-related modifier (SUMO) are also 

involved in regulating homeostasis of Axin1 48-50. Targeting these molecules to stabilize 

Axin1 could also be potentially utilized against virus replication.

Exploitation by influenza virus of host cellular signaling to support viral replication is 

very effective. However, this dependency might also be utilized to develop novel antiviral 

approaches. Our work here is an example of translating this information into potential 

therapeutics. We discovered a novel function of Axin1 in limiting virus infection and 

incorporated this scaffold protein into the antiviral network of interferon.
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Figure 1. Axin1 is reduced during influenza pneumonia.
Mice were intranasally inoculated with H1N1 influenza A/PR/8/34 virus (250 pfu/mouse). 

The lung tissue and bronchoalveolar lavage (BAL) were collected at 1 to 7 days post 

infection (dpi). (A) H&E staining of paraffin sections of lungs. Scale bar = 100 μm. (B) 
Differential immune cell counts in BAL. n=3. (C, D) Relative mRNA expression of viral 

genes (NP and HA) and IFNβ1 and MX1 in whole lung tissues were measured by real-time 

PCR and normalized to 18S rRNA. n=3. (E) Axin1 protein levels in the lung tissues were 

measured by Western blot. (F, G) Human bronchial/tracheal epithelial cells (HBTEC) and 

THP1-derived macrophages (MФ) were infected with H1N1 influenza A/PR/8/34 virus at an 

MOI of 0.1 for 24 h. Axin1, Axin2, viral NP and β-actin were determined by Western blot. 

Axin1 and Axin2 protein levels were quantitated to β-actin. Control: CON. n=3. *p < 0.05, 

****p < 0.0001 vs CON.
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Figure 2. Axin1 inhibits virus replication.
(A, B) HEK293 cells were transfected with GFP, Axin1, or Axin2 plasmid (OE-GFP, 

OE-Axin1 or OE-Axin2) for 24 h (A) and then infected with H1N1 influenza A/PR/8/34 

virus (MOI=2) (B). The cells were collected at 8 to 24 h post infection (hpi). Axin1 and 

Axin2 protein levels were determined by Western blot and mRNA expression of viral genes 

(NP, M1 and HA) was analyzed by real-time PCR and normalized to β-actin. n=2. (C, D) 
A549 cells were transfected with 10 μM of siRNA control or siRNA Axin1 (Dharmacon) for 

48 h using Lipfectamine RNAimax (C). The cells were then infected with H1N1 influenza 

A/PR/8/34 virus (MOI=0.01) for 48 h (D). Axin1, Axin2, β-actin and viral NP levels were 

determined by Western blot and quantified. n=3. *p < 0.05, ***p < 0.001 v.s. siCon. (E) 
HEK293 cells were transfected with GFP, Axin1 or Axin2 plasmid and infected with 1 MOI 

of IAV-Gluc, or VSV-Luc for 16 h. The luciferase activity was determined. n=3. *p <0.05, 

**P<0.01 v.s. OE-GFP. (F, G) HEK293 cells were transfected with GFP, Axin1, or Axin2 

plasmid for 24 h and then infected with GFP-labeled RSV (MOI=1) for indicated times. 
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Viral G and M protein levels were measured by Western blot in lysed cells with β-actin as 

a loading control. Myc-tagged Axin1, Axin2, and GFP protein levels were also determined 

using anti-myc antibody (F). GFP images of infected cells were taken (G). Scale bar = 100 

μm.
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Figure 3. Axin1 enhances type I IFN response during influenza virus infection.
(A, B) HEK293 cells were transfected with GFP, Axin1, or Axin2 plasmid (OE-GFP, 

OE-Axin1 or OE-Axin2) for 24 h and then infected with H1N1 influenza A/PR/8/34 virus 

(MOI=2) for 8 h. mRNA expression of IFNβ1 and OAS1 were measured by real-time PCR 

and were normalized to β-actin. n=3. ***p < 0.001 v.s. OE-GFP. (C) Western blot was 

carried out to determine the protein expression of p-STAT1 (Tyr 701) and total STAT1 

with and without virus infection (2 hpi). (D) HEK293 cells were transfected with GFP or 

Axin1 and then infected with H1N1 influenza A/PR/8/34 virus (MOI=2) in the presence 

of vehicle (DMSO), 30 μM fludarabine or 4 μM ruxolinitib for 16 h. NP mRNA levels 

were determined by real-time PCR and normalized to β-actin. n=3. *p < 0.05 v.s. vehicle-

OE-GFP, †p < 0.05 v.s vehicle-Axin1.
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Figure 4. Axin1 activates JNK/c-Jun pathway and Smad3 signaling.
(A, B) HEK293 cells were transfected with GFP, Axin1, or Axin2 plasmid (OE-GFP, OE-

Axin1 or OE-Axin2) for 24 h and infected without (Control) or with (PR/8) H1N1 influenza 

A/PR/8/34 virus (MOI=1) for 2 h. The protein levels of phosphorylated JNK (p-JNK), total 

JNK (JNK), phosphorylated c-Jun (p-c-Jun), total c-Jun (Jun), phosphorylated ATF2 (p-

ATF2), and total ATF2 (ATF2) were determined by Western blot. Relative band intensities of 

phosphorylated proteins were quantified and normalized to respective total proteins. n=4. *p 

< 0.05, **p < 0.01 v.s. OE-GFP. (C) Smad3 signaling reporter and pRL-TK plasmids were 

transfected together with GFP, Axin1, or Axin2 plasmid into HEK293 cells for 24 h and 

then infected without (Control) or with (PR/8) H1N1 influenza A/PR/8/34 virus (MOI=1) 

for 8 h. Dual-luciferase activities was performed. The results were expressed as a ratio of 

Smad3 signaling reporter Firefly luciferase activity to pRL-TK Renilla luciferase activity. 

n=3. **p < 0.05, ****p < 0.0001 v.s. OE-GFP. (D) HEK293 cells pretreated with 10 μM 

SP600125 (JNK inhibitor), 10 μM SIS3 (Smad3 inhibitor), or 0.05% DMSO (Vehicle) for 

6 h and were transfected with ISRE reporter together with Axin1 plasmid for 24 h. Cells 

were then infected with H1N1 influenza A/PR/8/34 virus (MOI=2) for 8 h. Dual-luciferase 

activities were determined and the ISRE_Luc Firefly luciferase activity was normalized to 

pRL-TK Renilla luciferase activity. n=3. *p < 0.05 v.s. Control. †p < 0.05, ††p < 0.01 v.s. 

vehicle.
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Figure 5. XAV939 inhibits virus replication in lung epithelial cells.
(A-C) A549 cells were pretreated with 10 μM XAV939 or 0.05% DMSO (vehicle) for 24 h. 

Cells were then infected with H1N1 influenza A/PR/8/34 virus (MOI=0.01) for 48 h. Protein 

levels of NP, NS1 and Axin1 were determined by western blots and quantitated. n=3. *p 

< 0.05 v.s vehicle. (D) A549 cells were pretreated with 20 μM XAV939 or 0.05% DMSO 

(vehicle) for 24 h. Cells were then infected with H1N1 influenza A/PR/8/34 virus (MOI=2) 

for indicated times. Virus titers in culture media from XAV939-treated A549 cells were 

determined by TCID50 assay. n=3. *p < 0.05 v.s. vehicle. (E, F) Human bronchial/tracheal 

epithelial cells were pretreated with 10 μM XAV939 or 0.05% DMSO (vehicle) for 24 

h and infected with H1N1 influenza A/PR/8/34 virus (MOI=1) for 8 h. The cells were 

immunostaining with NP antibodies and NP-positive cells were counted. n=3. *p < 0.05 v.s 

vehicle. (G, H) Hep2 cells were pretreated with 20 μM XAV939 or 0.05% DMSO (vehicle) 

for 24 h. Cells were then infected with GFP-labeled RSV (MOI=0.1 or 1) for 48 h. Viral G 

and M protein expression was measured by Western blot in lysed cells with GAPDH as a 

loading control. GFP images of infected cells were also taken. Scale bar = 100 μm. (I) A549 

cells were treated 10 μM XAV939 or 0.05% DMSO (vehicle) for 24 h and then infected with 

H1N1 influenza A/PR/8/34 virus (MOI=0.01) in the presence of vehicle (DMSO), 30 μM 

fludarabine or 4 μM ruxolinitib for 24 h. NP mRNA levels were determined by real-time 

PCR and normalized to β-actin. n=3. *p < 0.05 v.s. respective control.
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Figure 6. XAV939 protects mice from a lethal influenza virus challenge.
Mice were challenged intranasally with a lethal dose of H1N1 influenza A/PR/8/34 virus. 

XAV939 treatment was given orally and daily, beginning with one day before infection (−1 

dpi) and continued until 2 [XAV939 (I)] or 4 [XAV939 (II)] days post infection. Control 

animals received vehicle alone. (A) The illumination of experiment design. (B) Virus titer 

in the homogenized infected lungs at 2 dpi was measured by TCID50 assay in MDCK cells 

and normalized to total protein amount. n=5. *p < 0.05 v.s. vehicle. (C) Survival rate was 

monitored throughout the course of the study (10-11 mice/group). Mantel-Cox χ2 test on 

Kaplan-Meier survival data was used to compare the survival rate between groups.
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Table 1

PCR primer sequences

Gene Species Forward primers Reverse primers

18S Mouse ATTGCTCAATCTCGGGTGGCTG CGTTCTTAGTTGGTGGAGCGATTTG

IFNβ1 Mouse CAGCTCCAAGAAAGGACGAAC GGCAGTGTAACTCTTCTGCAT

MX1 Mouse GAAGGCAAGGTCTTGGATG GCTGACCTCTGCACTTGACT

β-actin Human CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT

IFNβ1 Human ATGACCAACAAGTGTCTCCTCC GGAATCCAAGCAAGTTGTAGCTC

OAS1 Human TGTCCAAGGTGGTAAAGGGTG CCGGCGATTTAACTGATCCTG

HA H1N1 influenza GGCCCAACCACAACACAAAC AGCCCTCCTTCTCCGTCAGC

NP H1N1 influenza TGTGTATGGACCTGCCGTAGC CCATCCACACCAGTTGACTCTTG

M1 H1N1 influenza CTTCTAACCGAGGTCGAAACGTA GGTGACAGGATTGGTCTTGTCTTTA
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