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Abstract 

The type I interferon (IFN) response is an integral immune response for host defense against 

viruses. When a virus enters a cell, cellular pattern recognition receptors bind to viral structures 

leading to transcription and synthesis of interferons ultimately resulting in viral clearance (5). 

More than twenty unique IFN genes have been found in humans. They are typically divided 

among three classes, simply labeled Type I IFN, Type II IFN, and Type III IFN. Interferons 

belonging to all three classes are important for fighting viral infections and for the regulation of 

the immune system. Specifically, the type I interferons are produced when cells recognize viral 

particles within them. Simply put, this response, which results in the production of IFN- β, is 

akin to an alarm being sounded, alerting the body to viral invasion. The transcriptional 

induction of IFN- β requires numerous signaling molecules that converge on the activation 

pathways of various transcription factors, ultimately leading to the antiviral response. Although 

well studied, many components of the type I interferon response are still being deciphered.  

 

Nup98, an amphiphilic nuclear pore complex protein is itself induced during the type I IFN 

response and thus may contribute to the induction of this pathway (9). In Drosophila, Nup98 

has been found to bind chromatin and facilitate transcriptional regulation during development 

and heat shock (6, 15). Furthermore, poliovirus, a prototypical member of the picornaviridae 

family, is a positive strand RNA virus that inhibits the type I response and causes the rapid 

proteolysis of Nup98 early in poliovirus infection (20). Cumulatively, these findings led us to 

hypothesize that Nup98 contributes to the transcriptional induction of the IFN-β signaling 

pathway in response to viral infection. 

 

To determine if Nup98 is involved in the induction of the type I interferon response, cells 

treated with 4 variants of small interfering RNA (siRNA) to knock down Nup98 expression were 

treated with dsRNA to induce the type I IFN response. IFN-β mRNA levels were then analyzed 

using real time-quantitative PCR (RT-qPCR) to examine whether Nup98 knockdown influenced 

the transcriptional induction of the IFN-β promoter. Nup98 knockdown was measured using 

Western Blot analysis. Because, Nup96 and Nup98 are co-translated from the same mRNA 

levels of Nup96 were also measured using Western Blot.  



 

In a subset of experiments, and only with cells of the HeLa lineage, Nup98 knockdown with 

siRNA showed decreased induction of IFN-β (from 46-96% IFN induction compared to control, 

depending on siRNA used), suggesting an effect on the activation of the IFN-β promoter. It was 

discovered that Nup98 specific knockdown also had corresponding knockdown effects on 

Nup96. Exploring Nup98 or Nup96’s role in the type I interferon response, as well as its 

inhibition by viral families like picornaviridae, will provide invaluable knowledge into the 

mechanisms employed by viruses in evasion of host immune defenses. These results will aid in 

determining the mechanisms that govern the type I interferon response and may identify 

potential therapeutic targets to combat viral replication across a host of different viruses. 
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Introduction/Significance 

IFN-β is a Type I interferon that is a critical component of the antiviral response. The synthesis 

of IFN-β is activated upon recognition of viral-associated molecular patterns by host receptors. 

These include membrane associated pattern recognition receptors, as well as cytosolic 

receptors MDA-5 and RIG-I (5). Activation of MDA-5 and RIG-I leads to an interaction with 

MAVS/IPS-1/Cardiff/VISA, a mitochondria-associated adaptor protein, resulting in the 

recruitment of a variety of other molecules leading to signal amplification and ultimately to the 

activation of three transcription factors: NF-κB, IRF-3 and ATF-2. Once activated, NF-κB, IRF-3 

and ATF-2 translocate to the nucleus where they activate transcription of the IFN-β promoter as 

well as other antiviral transcripts. Following synthesis and secretion of IFN-β autocrine and 

paracrine signaling via the Jak/STAT pathway leads to the transcription of hundreds of gene 

products, forming an antiviral response that prevents viral replication (23).  

 

Poliovirus, a positive strand RNA virus belonging to the picornaviridae family, is one of many 

viruses that has developed strategies to avoid the type I IFN response (14, 27, 29). Through 

RNase protection assays, it has been found that poliovirus infection results in very little IFN-β 

induction (7). To confirm this, HEC-1B cells, lacking a functional type I IFN receptor to eliminate 

autocrine or paracrine signaling, were infected with poliovirus and subsequently measured for a 

type I IFN response via real-time PCR (unpublished). Only a 2-fold increase in IFN-β mRNA was 

seen at 3-4 hours following infection. These results demonstrate a lack of type I IFN response 

upon poliovirus infection and suggest an inhibitory mechanism may be at play. 

 

To determine if this was indeed the case, cells were infected and subsequently treated with the 

dsRNA mimetic poly (I:C) to induce expression from the IFN-β promoter. Infected cells displayed 

a 6 and 55 fold induction of IFN-β mRNA following 1.5 or 2.5 hr poly (I:C) treatment, 

respectively. On the other hand, uninfected cells had IFN-β mRNA levels induced at 40 and 305 

fold following the same treatment (16). Thus, infection inhibits the cells’ ability to respond to 

poly (I:C). This data suggests that poliovirus not only evades host viral detection mechanisms, 

but also actively suppresses the type I IFN response by inhibiting the induction of IFN-β mRNA.   
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There may be many reasons for the lack of IFN-β mRNA induction in poliovirus infected cells. 

Poliovirus is known to decrease host transcription, but this inhibition is not complete at 3 hours 

post infection (1, 33). At 3 hours post infection, 85% inhibition in IFN-β mRNA synthesis is 

observed in our studies, suggesting that other inhibitory mechanisms may be at play (16). 

Another line of reasoning is that RIG-I, MDA-5, and MAVS are degraded post-infection and 

could account for the noted IFN-β inhibition. However, proteolysis of these factors was not 

apparent until 4 hours post infection (2, 3, 8, 16).  Since inhibition of IFN-β mRNA was evident 3 

hours post infection, before RIG-I, MDA-5, and MAVS are degraded, other mechanisms must 

contribute to IFN-β mRNA inhibition in poliovirus infected cells. Another possible mechanism 

for this inhibition is the ability of poliovirus to degrade NF-κB, one of the inducers of IFN-β 

transcription (17). Analysis of this phenomenon in HEC-1B cells revealed little proteolysis at 3 

hpi and showed that NF-κB had been activated and translocated to the nucleus suggesting that 

it is intact and activated at this time in infected cells (16). Another possible mechanism is that 

poliovirus may also interfere with IRF-3 activation, leading to type I IFN inhibition, however, 

following poly (I:C) treatment of infected cells, IRF-3 dimerization, a hallmark of IRF-3 activation 

was observed, albeit at reduced levels (13, 16). Cumulatively, these results suggest that 

additional mechanisms are at play to account for the nearly complete absence of IFN-β in 

poliovirus-infected cells. 

 

Recently, Nup98, a component of the nuclear pore complex (NPC), has been found to be 

induced by type I IFN, suggesting that it may have a role in the antiviral pathway (9). Nup98 is 

one of many nuclear pore proteins that allows for the movement of RNA and proteins between 

the cytoplasm and nucleus. The functions of Nup98 aside from mRNA and protein export 

include nuclear pore complex assembly, and regulation of the cell cycle (30). Adding to these 

roles, Nup98, alongside other NPC proteins, has been shown to have a direct role in 

transcriptional regulation in Drosophila melanogaster (6, 15). In these studies, it was found that 

Nup98 in the nucleoplasm associated more with transcriptionally active genetic loci and that 

reduced Nup98 levels correlated with less transcription of these genes. It was also found that 

during heat shock or hormone treatment, Nup98 was recruited to transcriptionally induced loci, 
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suggesting that Nup98 has a specific role in transcriptional activation. Nup98 has also been 

implicated in hematopoiesis and genetic alterations found in acute myeloid leukemia, being 

found to induce hyperplastic growth through its associations with oncogene elements and 

histone methylation of tumor suppressor genes (28). Nup96, a nuclear pore protein produced 

from the same mRNA coding for Nup98, has also been thought to contribute to these 

pathways, albeit to unknown degrees (31). 

 

More so, in Drosophila, Nup98 regulates the expression of a subset of rapidly activated antiviral 

genes in an effort to restrict RNA virus infection. In Drosophila, Nup98 promotes RNA 

polymerase occupancy at the promoters of these antiviral genes (19). This essentially allows for 

a role of Nup98 as an inducer of antiviral genes. In one of Panda et al.’s studies, Nup98 was 

found to work in conjunction with FoxK, a transcription factor active during viral infection. 

Knocking down FoxK led to significantly reduced Nup98-dependent induction of antiviral genes. 

In another study by Panda et al., Nup98 was found to be implicated in a mechanism of pausing, 

or facilitating the recruitment of activated RNA polymerase II for antiviral genes (18). In this 

study Nup98 was found to be directly bound to the promoters of virus-induced genes in order 

to promote the occupancy of the initiating form of RNA polymerase II. Prior to the activation of 

these genes, both Nup98 and RNA polymerase II were found on the promoters. These Nup98 

dependent virus induced genes are Cdk9 dependent and translation-independent, making them 

rapidly induced in the case of viral infection. In this study, depleting cdk9, the kinase 

responsible for activation of RNA polymerase II, led to the inhibition of gene activation. This 

leads to the notion that Nup98 is important for pausing, in an effort to allow more rapid 

activation of promoters in the event of viral invasion. The direct induction of genes and 

facilitating the recruitment of the activated form of RNA polymerase II for antiviral genes 

represent pivotal new roles for Nup98. This could also explain the reason why multiple viruses, 

including poliovirus selectively proteolyze Nup98 upon viral host cell infection (20, 22, 24, 30). 

Whether the same effect occurs in human cells is plausible, but must be studied.  
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Furthermore, although previous studies have shown that vesicular stomatitis virus (VSV) M 

protein forms a complex with Nup98 and Rae1 leading to the inhibition of mRNA export, a 

recent finding has shown that formation of this complex also leads to inhibition of host 

transcription (10, 21). In this study, depletion of Rae1 reduced formation of the Rae1/Nup98/M 

complex, leading to the attenuation of inhibition of host transcription by VSV. Furthermore, 

when Rae1 knockdown cells were infected with VSV, several IFN stimulated genes were 

upregulated, suggesting that targeting of Nup98/Rae1 by M may impair host transcriptional 

responses to infection. These findings raise the possibility that Nup98 may have a role in 

transcriptional induction of the type I IFN response.  

 

Supporting this rationale, several viruses, including poliovirus, prevent Nup98 function 

following infection (20, 22, 24, 30). In poliovirus infected cells, specifically, the degradation of 

Nup98 does not lead to an inhibition of mRNA export as would be expected, suggesting another 

reason for its targeting (20). In these cells, Nup98 seems to be one of several nuclear pore 

complex proteins targeted for proteolysis, however Nup98 is proteolyzed very rapidly, with 

levels down to 15% at 2 hours post-infection, compared to other NPC proteins (20). Nup98 

proteolysis therefore occurs at a time when the type I IFN response is inhibited (20 and 

unpublished). The rapidity with which poliovirus cleaves Nup98, along with the lack of mRNA 

export inhibition, supports the possibility that proteolysis of Nup98 during poliovirus infection 

contributes to inhibition of the type I IFN response. 
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Research Methods and Materials 

Previous studies have shown that mouse embryonic fibroblasts which lack Nup98 are still 

viable, and that knock down of Nup98 with siRNA can be successfully accomplished, giving us 

confidence in an siRNA-mediated reduction of Nup98 levels (31, 6, 21, 25). 

 

For our experiment, 3 different siRNAs specific for Nup98 were transfected into HeLa cells 

(Figure 1). To control for off-target effects of siRNA cells were also transfected with a non-

silencing siRNA (AllStar). Following transfection of siRNA, RNA and protein were harvested from 

the cells at 24, 48, and 72 hours and analyzed by western blot to confirm Nup98 protein down 

regulation. Comparisons of the Nup98 protein levels to those of nucleolin were used to 

determine the extent of Nup98 down regulation. Nup96 was also measured to determine any 

overlapping knockdown effects caused by Nup98 specific siRNA. The data from these 

experiments determined the conditions needed for maximum depletion of Nup98 with 

minimum effect on cell viability, as well as to determine the timing of other experiments that 

seek to examine the induction of type I IFN response in cells with down regulated Nup98. 
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Figure 1: siRNA sequences 3, 5, 7 
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Following successful knockdown of Nup98, HeLa cells were transfected with Nup98 specific and 

non-specific siRNA. After transfection, the type I IFN response was induced by means of 

transfecting with 100 ug of poly(I:C) for 2.5 hours, conditions that are optimal for IFN-β 

promoter induction (16). Total RNA, was then extracted and analyzed via RT-qPCR using primers 

specific for IFN-β and β-actin mRNA. IFN-β mRNA levels were then normalized to β-actin mRNA 

levels and changes in IFN-β mRNA were assessed. 
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Results 

Trial Experiments 

 

Initially, HEC-1B cells were used for transfection with siRNA, however due to issues with toxicity 

and decreased transfection rates, HeLa cells were used for the majority of the experiments. 

HeLa cells were very responsive to siRNA transfection. A pilot experiment (Figure 2) looking at 

optimal transfection timing determined that 48 hours had similar knockdown efficiency to 72 

hours when transfected with siRNA 3 and 7. Based on these results the majority of subsequent 

experiments were done at 48 hours.  
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Figure 2: Western Blot analysis of Nup98 protein expression post transfection with si-RNA 

sequence 3 and 7 
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Experimental Breakdown 

 

A series of experiments, with triplicate protein, and RNA analyses were performed analyzing 

the Induction of IFN-β following knockdown of Nup98 after treatment of HeLa cells with siRNA.  

 

Series 1  

 

These experiments analyzed the effects of siRNA3, 5, and 7 on knockdown of Nup98 protein 

levels at 48 hours and the subsequent effects on IFN-β induction. Nup96 analyses were not 

performed for this series.  

 

Experiment 1  

 

Experiment 1 in this series showed a significant reduction in Nup98 protein levels in cells 

transfected with siRNAs 3, 5 and 7 compared to the Allstar control. Quantitation of Nup98 

levels after normalizing to levels of nucleolin revealed knockdown of 55%, 76%, and 74% when 

transfected with siRNA3, 5, and 7 respectively (Figure 3A, Figure3B). Knockdown was calculated 

by quantitating the major Nup98 band each siRNA condition, normalizing to nucleolin and 

comparing to the corresponding Allstar band. Percent IFN-β induction, calculated by CT value 

analysis in comparison to All-star (control), revealed 71%, 110%, and 65% with siRNA 3, 5, and 7 

respectively (Figure 3C). Interestingly, high levels of siRNA 5 knockdown of Nup98 did not 

translate to decreased induction of IFN-β.  
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Figure 3A: Nup 98 protein expression in Series 1, Experiment 1 
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Figure 3B: Calculated % knockdown of Nup98 
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Figure 3C: Percent Induction of IFN- β in Series 1, Experiment 1 
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Experiment 2 revealed similar findings to Experiment 1, with Nup98 knockdown at 75%, 83%, 

and 92% with siRNA 3, 5, and 7 respectively (Figure 4A and B). As found in Experiment 1, RT-

qPCR analysis revealed IFN-β induction levels of 23%, 82%, and 39% with siRNA3, 5, and 7, 

respectively compared to Allstar treated cells (Figure 4C). This again showed a discrepancy 

between knockdown of Nup98 and the expected decrease in IFN-β induction when looking at 

the results of siRNA5. The other two siRNAs (3 and 7) showed a consistent decrease in IFN-β 

induction. 
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Figure 4A: Nup 98 protein expression in Series 1, Experiment 2 
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Figure 4B: Calculated % knockdown of Nup98 
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Figure 4C: Percent Induction of IFN- β in Series 1, Experiment 2 
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Experiment 3 revealed a Nup98 knockdown of 86%, 84%, and 83% with siRNA3, 5, and 7, 

respectively (Figure 5A, B). RT-qPCR analysis revealed IFN-β induction levels of only 44% for 

siRNA3, while siRNAs 5 and 7 had a negligible impact on IFN-B induction levels (94%, and 93%, 

respectively, Figure 5C).  
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Figure 5A: Nup98 protein expression in Series 1, Experiment 3 
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Figure 5B: Calculated % knockdown of Nup98 
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Table 5C: Percent Induction of IFN- β in Series 1, Experiment 3 
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Discussion 

Through these experiments, it appears that knockdown was effective with the 3 siRNAs used. 

All 3 siRNA sequences (siRNAs 3, 5, and 7), while showing strong reduction/KD of Nup98 on gel 

electrophoresis, demonstrated variable inhibitory effects of IFN, with only 2 of the 3 siRNAs 

(siRNA 3 and 7) demonstrating statistically significant inhibition of IFN-β induction (Figure 6). 

Cells treated with siRNA 3 demonstrated an average IFN- β induction of 46% (p<0.05). This 54% 

knockdown of the interferon response by siRNA3 was the largest and most consistent of the 

three siRNAs tested. Similar to siRNA3, siRNA 7 provided a substantial reduction of IFN- β 

induction by about 35%.  Cells treated with siRNA7 showed average IFN- β inductions of 65% 

(p<0.04). siRNA5, despite efficient knockdown of Nup98 protein level, had little impact on IFN- 

β inhibition. These conditions showed an average IFN- β induction of 96% (p=0.064) compared 

to the Allstar control.   

  



23 

 
 

Figure 6: Percent Induction of IFN- β in all Series 1 experiments 
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The reason for the differing impact of the siRNAs on IFN-β induction are unclear. One possibility 

is that Nup98 is not the only Nup protein inhibited by the different siRNAs, a hypothesis that 

could be tested in future experiments. Is one siRNA targeting more than one nuclear pore 

protein with its sequence, while another is only targeting one? This may be an important 

question to answer, especially since all three siRNAs used showed strong inhibition of Nup98. 

Whether these off-target knockdown effects affect the induction of Interferon is plausible, and 

should not be unaccounted for in future experiments, possibly by analyzing the knockdown of 

control multiple nuclear pore proteins in comparison to Nup98. Another point to address is that 

each siRNA may impact unknown, non-Nup, targets that may account for the results seen, this 

however may be more difficult to account for in future experiments. 

 

Evaluating whether other Nups may be at play within these experiments was attempted with 

the probing of Nup96 alongside Nup98 in the, but these experiments were unsuccessful. 

Whether it is Nup96, Nup98 or both that is a player in IFN-β induction needs to be clarified. The 

similarities in Nup98 and Nup96, including the sharing of the same mRNA between the two, 

should not go unexplored (30). For subsequent experiments, it may be most useful to focus on 

perfecting the protocol with siRNA3, and to look again at both Nup98 and Nup96 when probing 

with Western Blot and analyzing protein levels with RT-qPCR. This would decrease the IFN 

response significantly, as well as decipher whether Nup98, Nup 96, or both may be contributing 

to this response. With more concise experimental protocols, there may be a stronger 

correlation between Nup98 and/or Nup96 knockdown and a muted IFN response, and a 

clarification as to which nuclear pore protein is more significant for the induction of IFN.  
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Conclusion 

Through a subset of our experiments, Nup98 was found to contribute to the transcriptional 

induction of the type I IFN response, a critical host defense system against viruses. The current 

model for the transcriptional regulation of the type I IFN response does not include a role for 

nuclear pore complex proteins, such as Nup98 and/or Nup96. Conventionally, nuclear pore 

proteins had not been thought to associate with direct transcriptional regulation or host 

defense induction, however new research suggests otherwise (9, 6, 15).  

 

Nup98 and/or Nup96 may have a role in the transcriptional activation of the type I IFN 

response, potentially indicating an important role for Nups in host antiviral defenses and 

explaining why Nup98 is induced by IFN and targeted by multiple viruses, including poliovirus 

(16). A potential model for Nup98, reinforced by Panda et al.’s findings, suggests that Nup98 

may interact with transcription factors or directly with the promoter of antiviral genes, which 

ultimately places the pore protein at the chromatin level (18, 19) (Figure 7). This interaction 

with transcription factors or pausing to facilitate activated RNA polymerase II recruitment, may 

be a necessary step in the induction of antiviral gene expression during host cell viral invasion. 

This would explain why knockdown of Nup98, in the experiments performed in this study, led 

to an overall reduction of the IFN response. It would also explain the mechanism evolved by 

poliovirus, as well as other viruses, to proteolyze Nup98 immediately after host cell invasion. 

This model, of Nup98 as an active component of the interferon response, challenges the 

conventional mechanism of the type I interferon induction, in which nuclear pore proteins only 

play a passive role, such as being channels for transcription factors. Whether Nup98 is actively 

involved in the induction of the pathway, particularly at the DNA level, is gathering more 

backing with studies like that of Panda et al, and requires more study to confirm. Experiments 

should be done to clarify the role of Nup98 in antiviral gene induction. Particularly, is Nup98 

responsible for transcriptional activation or pausing to facilitate the recruitment of active RNA 

polymerase at the IFN- β promoter. These experiments could be done by examining the 

proteins that, in conjunction with Nup98, have been implicated in these processes, particularly 

FoxK and cdk9.    
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Figure 7: Conventional notion of Nup98 role in IFN Induction (left) vs. 2 model pathways for 

Nup98 role in IFN Induction (middle, right) 
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The results from repeat experiments, under ideal conditions, may provide new insights into 

these mechanisms. Repeating these experiments, and seeing whether Nup98 directly interacts 

with the promoters of human antiviral genes through studies like Chromatin 

Immunoprecipitation (ChIp), may also present us with a better understanding of how our own 

defenses work as well as insight into the development of antiviral therapies to prevent polio 

and perhaps other picornaviridae family viruses from evading these systems. 

 

Furthermore, repeating and expanding these experiments may shed light on the other, possibly 

more important roles that nuclear pore complex proteins may play in various cellular processes, 

including transcriptional regulation. Of major interest will be to determine if Nup98 and/or 

Nup96 help to recruit transcription factors (NF-κB, IRF-3, ATF-2), scaffold proteins, chromatin 

and histone modifying enzymes, or other transcription machinery to promoters. This could 

place Nup98 and/or Nup96, as well as numerous other nuclear pore proteins into various 

signaling pathways and amplification events that have previously been undiscovered. 

Furthermore, these studies could open a new area of research looking at the role of other 

nuclear pore proteins in host defense against pathogens.  

 

Should repeat experiments find no role for Nup98 or Nup96 in the transcriptional activation of 

the type I IFN response, it would leave open the question as to why poliovirus degrades this 

class of nuclear pore proteins immediately upon infection. Whether Nup98 or Nup96 is 

detrimental to poliovirus survival and replication, or whether these Nup98 is inadvertently 

proteolyzed due to structural or sequence similarity to another protein would then need to be 

assessed. The design and implementation of experiments aimed at answering these questions 

would be a logical next step. 
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