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ABSTRACT 

Title of Dissertation: Intracellular stability of precursor IL-33 is maintained through 

interaction with importin-5 

Andrew Clerman, Doctor of Philosophy, 2018 

Dissertation Directed by: Sergei P. Atamas, M.D., Ph.D., Professor of Medicine, 

Department of Medicine 

Interleukin (IL)-33 is a member of the IL-1 family and a potent regulator of 

immunity. The precursor, or full-length (FLIL33), form behaves differently from the 

mature (MIL33) cytokine. MIL33 is a potent pro-Th2 cytokine acting through the T1/ST2 

receptor, whereas FLIL33 is constitutively expressed and resides predominantly in the 

nucleus of epithelial and endothelial cells, as well as fibroblasts. Increasing evidence 

suggests that this intracellular FLIL33 can mediate inflammatory responses and wound 

healing in a non-Th2 and receptor-independent manner. Additionally, nuclear retention of 

FLIL33 is essential to maintain homeostasis and prevent unintentional sterile 

inflammation. FLIL33 has been shown to bind histones and chromatin, but the 

mechanism of nuclear localization remains elusive. Though FLIL33 contains a conserved 

bipartite nuclear localization sequence (NLS), this is not required for nuclear localization. 

Importins are a family of proteins that act as chaperones for import of proteins 

through the nuclear pore complex (NPC). Here, importin-5 (IPO5) is identified as a 

unique intracellular binding partner of IL-33 based on co-immunoprecipitation of HA-

tagged IL-33 from normal human lung fibroblasts (NHLF). It was hypothesized that 

IPO5 binds the N-terminal domain of FLIL33 and that nuclear localization of FLIL33 is 

dependent on IPO5. To test this hypothesis, HA-tagged FLIL33 and HA-tagged peptide 



 
 

fragments of FLIL33 were expressed in cell culture and immunoprecipitated. We show 

that FLIL33, but not MIL33, co-immunoprecipitates with IPO5 and that this interaction 

localizes to the N-terminal domain of FLIL33. Knockdown of IPO5 in NHLFs using 

RNA interference did not prevent nuclear localization of FLIL33. Instead, attenuation of 

IPO5 led to a significant decrease in the intracellular protein levels of overexpressed 

FLIL33, which was reversed by treatment of cells with bortezomib, a proteasome 

inhibitor. Furthermore, FLIL33 mutant proteins deficient in IPO5-binding remained intra-

nuclear. These mutants also had reduced protein levels that were restored by proteasome 

inhibition with bortezomib. These data indicate that the interaction between FLIL33 and 

IPO5 localizes to specific segments of the FLIL33 protein, is not required for nuclear 

localization of FLIL33, and results in its protection from proteasome-dependent 

degradation.
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CHAPTER 1: INTRODUCTION 

 

Interleukin (IL)-33 is a member of the IL-1 family and is a potent regulator of 

immunity (1-7). The IL-1 family contains a diverse group of cytokines with activities that 

encompass both receptor agonists and antagonists, pro- and anti-inflammatory properties, 

and both T-helper (Th)1- and Th2-type immunologic activities (Table 1) (8,9). IL-33 is a 

relatively recently described member of the IL-1 family with unique properties and a 

growing body of literature supporting its complex contribution to immune function and 

human disease (4-7). The IL-33 precursor, or full-length (FLIL33) form, behaves 

differently from the mature (MIL33) cytokine. MIL33 is a powerful pro-Th2 cytokine 

acting through the T1/ST2 receptor. FLIL33, on the other hand, can be basally or 

inducibly expressed and resides in the nucleus of a wide variety of abundant cell types (4-

7,10). These include epithelial and endothelial cells, as well as fibroblasts, macrophages, 

and dendritic cells (6,11). Increasing evidence suggests that intracellular FLIL33 can 

mediate inflammatory responses, wound healing, and perhaps other processes in a non-

Th2 and receptor-independent manner (12-14). Our lab has shown that overexpression of 

FLIL33 in the lungs of T1/ST2 knockout mice results in pulmonary inflammation, 

consistent with a receptor-independent process (14). We also observed that FLIL33 

overexpression in mouse lungs can potentiate bleomycin (BLM)-induced lung injury and 

fibrosis (13-15). The mechanism of these unique and unexpected FLIL33 effects remains 

unclear. 
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Table 1. IL-1 family members. 

 
Adapted from “The Interleukin-1 Family: Back to the Future,” by Garlanda, C., 
Dinarello, C. and Mantovani, A., 2013, Immunity 39, 6. Copyright 2013 by Elsevier. 
Adapted with permission, license # 4320820670541. 
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To date, IL-33 has been regarded as an alarmin—an intracellular molecule whose 

release signals tissue injury to the surrounding cells. Similar to other alarmins, such as 

IL-1α and high mobility group box (HMGB)1, FLIL33 resides within the nucleus of cells 

and is released following cell injury or necrosis, leading to activation of Th2-type 

immune responses (5-7). A recent investigation has shown that retention of FLIL33 

within the nucleus is essential to maintaining homeostasis and preventing unintentional 

sterile inflammation (16). The N-terminal domain of FLIL33 appears to be responsible 

for nuclear localization (7,10,11,17-19); however, the mechanisms of nuclear localization 

and nuclear retention are unknown and appear to be unconventional. 

The mechanisms that control intracellular levels of IL-33 also remain 

incompletely understood. We have recently reported that IL-33 protein levels are 

decreased by interferon (IFN)-γ through expression of immunoproteasome subunit LMP2 

(20). Additionally, IL-33 is cleaved intracellularly by pro-apoptotic and pro-

inflammatory caspases, but unlike IL-1 family members IL-1β and IL-18, this cleavage is 

not required for activation and, in fact, eliminates the biologic activity of IL-33 by 

targeting the receptor-specific cytokine domain (21-23). Given that IL-33 is basally 

expressed in a variety of cells, mechanisms that maintain the pool of available IL-33 are 

likely important factors mediating IL-33 pathology. 

The unique intracellular properties of IL-33 are not well understood based on the 

current literature (7,17-19). Given this gap in knowledge, we sought to assess the 

spectrum of intracellular binding partners of FLIL33 in an attempt to identify molecular 

regulators of its nuclear shuttling and protein stability. As the initial step, there was a 

coordinated effort by multiple members of our laboratory to perform exploratory 
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experiments, which sought to determine intracellular binding partners of FLIL33 using 

liquid chromatography tandem mass spectrometry (LC-MS/MS) of FLIL33 co-

immunoprecipitates. These preliminary experiments consistently revealed that importin-5 

(IPO5, also referred to as karyopherin β3 [KPNB3] and ras-related nuclear protein-

binding protein 5 [RANBP5]) interacts with FLIL33 intracellularly. 

IPO5 is a member of the importin family of proteins that act as chaperones for 

import of macromolecules through the nuclear pore complex (NPC). More recently, it has 

been shown that importins can be involved in the secretion of cargo from cells (24) and 

protection of cargoes from degradation (25,26). This project is focused specifically on 

IPO5, with the hypothesis that IPO5 interacts with the N-terminal portion of FLIL33 and 

that this interaction is necessary for the nuclear import of FLIL33. Additionally, we 

hypothesize that the interaction between FLIL33 and IPO5 may affect the stability of the 

FLIL33 protein. 

 

1.1 Background and literature review 

1.1.1 IL-33 subtypes, expression, and signaling 

IL-33 is a member of the IL-1 family of cytokines that has been implicated as a 

major regulator of immune homeostasis and a contributor to pathologic inflammatory and 

fibrotic processes (3-7,27). In terms of pulmonary disease, increased levels of IL-33 have 

been shown in asthma (21,28,29), chronic obstructive pulmonary disease (COPD) 

(13,30), and idiopathic pulmonary fibrosis (IPF) (15,27). Receptor-mediated cytokine 

activity of IL-33 is driven by its C-terminal region (MIL33), which is a proteolytic 

product of the precursor protein (FLIL33) (9,11). Both FLIL33 and MIL33 can bind to 
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the T1/ST2 receptor (21-23), but MIL33 binds with much higher affinity and is a far 

more potent inducer of Th2 responses (14). The major differences between the FLIL33 

and MIL33 proteins are highlighted in Figure 1. Like some other receptors of the IL-1 

family, the T1/ST2 receptor utilizes the co-receptor, termed IL-1 receptor associated 

protein (IL-1RAcP) (Table 1) (3,6-9,31). This interaction is required for downstream 

signaling and leads to the Th2-type immune response classically associated with IL-33 

(7-9,31). 

IL-33 was first described in 2003 as a nuclear factor found in the high endothelial 

venules of lymphoid organs (17). At the time, it was fittingly named nuclear factor from 

high endothelial venules (NF-HEV) as its cytokine activity and much wider distribution 

in multiple organs was still unrecognized. Around the same time, the gene for NF-HEV 

was identified on the short arm of chromosome 9 at 9p24.1 (17). Shortly thereafter, in 

2005, IL-33 was recognized as a cytokine (32), but the connection was not made with the 

prior description of NF-HEV. The C-terminus of IL-33 was determined to have a similar 

three-dimensional structure to the IL-1 family of cytokines (32). It was also found to bind 

to the orphan T1/ST2 receptor, was expressed in numerous cell types, and was able to 

stimulate the production of Th2 cytokines IL-4, IL-5, and IL-13 in vivo (32). It was not 

until 2007 that IL-33 and NF-HEV were found to be one and the same (11). It was also at 

this time that IL-33 was identified as being primarily nuclear and associated with 

chromatin (11). 
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Figure 1. Two major forms of the IL-33 protein. 
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The intracellular precursor of IL-33, FLIL33, is found in a wide variety of organs, 

including the lung, skin, central nervous system, and gastrointestinal tract (29). Within 

these organs, FLIL33 is expressed in a variety of cell types, including epithelial cells, 

endothelial cells, and fibroblasts (29). Notably, there are significant differences between 

the expression patterns in humans when compared to mice (5,7,29). Generally speaking, 

humans express IL-33 protein in barrier tissues and connective tissues, such as epithelial 

and endothelial cells, as well as fibroblasts, keratinocytes, and smooth muscle cells (5-

7,29). IL-33 RNA has been detected in human macrophages and dendritic cells, but not 

IL-33 protein (5-7,29). Mice, on the other hand, have been shown to express IL-33 in 

macrophages, dendritic cells, and mast cells, but not in epithelial cells or fibroblasts (5-

7). These differences must be taken into consideration in experimental design and when 

extrapolating functional effects from mice and mouse cells to human cells and human 

disease. The organ and cell-type distributions, as well as differences between mouse and 

human IL-33 expression, are summarized in Table 2. Representative staining of IL-33 in 

epithelial and endothelial cells of various human tissues, with evident nuclear 

predominance, is illustrated in Figure 2. 
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Table 2. Expression of IL-33 in cells and organs. 

 

Adapted from “Disease-associated functions of IL-33: the new kid in the IL-1 family,” by 
Liew, F. Y., Pitman, N. I., and McInnes, I. B, 2010, Nature Reviews Immunology 10, 
103-110. Copyright 2010 by Springer Nature. Adapted with permission, license 
#4318820580556. 
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Figure 2. IL-33 expression in epithelial and endothelial cells of various human 
tissues.  
A, High-endothelial venule in tonsil showing endothelial cell expression of IL-33 (IL-33, 
red, HEV, green). B, Epithelial cells and endothelial cells in bronchus (IL-33, brown). C, 
Upper stomach glandular epithelial cells in the upper stomach (IL-33, brown). D, 
Nasopharyngeal epithelial cells (IL-33, brown). E, Skin keratinocytes and endothelial 
cells (IL-33, brown). Reprinted from “Interleukin‐33 (IL‐33): A nuclear cytokine from 
the IL‐1 family,” by. Cayrol, C., & Girard, J, 2017, Immunological Reviews 281(1), 154–
168. Copyright 2017 by the authors. Open access. Licensed CC BY 4.0. 
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FLIL33 is constitutively expressed in the aforementioned cell types at a basal 

level, but expression can also be induced (1,3-7,10,33). Induced expression is generally a 

result of an inflammatory milieu; however, there are some specific mediators of inducible 

expression that are both immune and non-immune (4-7,10,33-36). Immune-mediated 

inducible expression includes signaling from allergens, interferons, and Toll-like 

receptors (TLRs) (5,29,33,35). One non-immune inducer of IL-33 expression includes the 

mechanical stretching of cells (28,37), which may be related to the anti-parasitic response 

of the host. The induction of IL-33 in response to stretch may be associated with the 

physical disturbance of tissues by a larger parasite like a helminthic worm. The Th2 

response induced by IL-33 would be protective against such an infection. 

In humans, IL-33 is primarily produced by barrier cells, including endothelial and 

epithelial cells, and is able to act locally to initiate an immune response (4-7). Once a 

barrier is breached and cells are destroyed, IL-33 is released from its nuclear storage site 

and is able to signal to surrounding tissues through the T1/ST2 receptor (4-7). The 

T1/ST2 receptor is expressed in a wide variety of immune cells, including mast cells, 

innate lymphoid cells (ILC), regulatory T-cells (Tregs), eosinophils, basophils, Th1 and 

Th2 cells, and dendritic cells (7). The expression of the T1/ST2 receptor is both 

constitutive and inducible, which may explain the pleotropic effects of IL-33, with ability 

to impact both Th1 and Th2 immunity (5-7). T1/ST2 shares an intracellular 

Toll/interleukin-1 receptor (TIR) domain with the other IL-1 family receptors (3-7). 

There is also a soluble form of the T1/ST2 receptor, known as soluble ST2 (sST2), which 

can act as an IL-33 sink, reducing the inflammatory response resulting from IL-33 release 

(2,3,5-7,31). Once IL-33 binds to the T1/ST2 receptor, signaling occurs in conjunction 
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with co-receptor IL-1RAcP by recruiting myeloid differentiation primary response 88 

(MyD88) (6,7,31). A complex is formed between MyD88 and interleukin-1 receptor-

associated kinase (IRAK)1 and 4, as well as tumor necrosis factor receptor-associated 

factor (TRAF) 6 (3-7,29). This signaling complex ultimately leads to activation of 

nuclear factor kappa B (NF-κB) and mitogen activated protein kinase (MAPK) pathways, 

both of which are strong inducers of pro-inflammatory cytokine production and immune 

cell proliferation (6,7,31). IL-33 signaling through the T1/ST2 receptor is summarized in 

Figure 3. 

The consequence of IL-33 receptor binding and subsequent signaling is complex 

and dependent on cell type. It has been shown in human cell lines that IL-33 signaling 

can change the phosphorylation state of almost 700 proteins (6), and can result in the 

upregulation or downregulation of nearly 700 genes (6). A wide variety of immunologic 

functions are associated with IL-33 signaling through the T1/ST2 receptor (Figure 4). It is 

able to stimulate both myeloid and lymphoid immune cells, leading to their survival and 

proliferation (5-7). IL-33 signaling is also able to initiate a robust Th2-type immune 

response, especially through downstream production of IL-5 and IL-13 in IL-33-

responsive cells (7). Increasing interest and investigation into ILCs has revealed that IL-

33 is a primary activator of ILC2s, leading to enhanced Th2-type immune responses and 

local wound healing (1,4,6,7). 
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Figure 3. IL-33 signaling through the T1/ST2 receptor.  
IL-33 binds to the heterodimer of T1/ST2 and IL-1RaP, which forms a dimer of TIR 
domains. The MyD88 complex, including IRAK1/4 and TRAF6, is recruited. 
Downstream signaling occurs through the NF-κB and MAPK pathways. Adapted from 
“A role for interleukin-33 in TH2-polarized intestinal inflammation?,” by J B Seidelin, G 
Rogler & O H Nielsen, 2011, Mucosal Immunology 4: 496-502. Copyright 2011 by 
Springer Nature. Adapted with permission, license #4382531344692. 
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The majority of IL-33 research has focused on MIL33, but many of the diseases 

in which IL-33 has been implicated or has been shown to be upregulated are not mediated 

by Th2-type inflammation. These include the lung diseases COPD and IPF (13,27), the 

gastrointestinal disorders gastroesophageal reflux disease (GERD) (35,38) and 

inflammatory bowel disease (IBD), rheumatoid arthritis (RA), and multiple sclerosis 

(MS) (1-3,5,7,29). While the contribution of IL-33 to these disease states is varied and 

complex, it cannot be discounted that IL-33 is unique in its basal expression and 

intranuclear presence, and that mounting evidence suggests some intracellular, receptor-

independent activity (2-4,12,14,15,27). 

1.1.2 Intracellular localization and trafficking 

It is well established that FLIL33 is a nuclear protein (6,7,11,17-19). Early studies 

showed FLIL33 associated with heterochromatin and mitotic chromosomes in cell culture 

(11). FLIL33 contains a conserved bipartite nuclear localization sequence (NLS) within 

its N-terminus, but mutations of this sequence that render the NLS non-functional do not 

have an effect nuclear localization (11). Instead, a helix-turn-helix (HTH) motif was 

identified and deletion mutations within this motif prevented nuclear localization (11). 

Subsequently, a chromatin binding motif (CBM) was identified that allows FLIL33 to 

dock into the acidic pocked formed by the histone H2A-H2B dimer and regulate 

chromatin compaction (19). Interestingly, this motif showed significant similarity to a 

Kaposi sarcoma herpesvirus nuclear antigen. Mutation of the CBM prevented nuclear 

translocation. (19). 

The functional domains thought to be responsible for nuclear localization occur 

within the N-terminus of FLIL33 and are distributed in a linear fashion along the peptide 
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sequence (Figure 5) (5-7,11,17-19). Despite the identification of these conserved domains 

within the N-terminus, the definitive mechanism of nuclear localization is unclear. In 

fact, much of the work has been contradictory by showing mutation of these domains 

independently of each other, and in separate works, was able to prevent nuclear 

translocation (7,11,19). 

Regardless of the activities of FLIL33 in the nucleus and the mechanism by which 

it gets there, failure of FLIL33 to localize to the nucleus has been shown to be 

detrimental to the organism, resulting in untoward or exuberant inflammation through 

unregulated extracellular release (16,39,40). In one report, genetically modified mice 

were engineered to express a mutant form of IL-33 under the control of the native 

promoter (16). In this mutated form of IL-33, the N-terminus was replaced by red 

fluorescent protein (RFP) (16). This mutation abolished nuclear localization of IL-33, but 

ability to bind to the ST2 receptor was retained (16). These mice had markedly elevated 

systemic levels of IL-33 without any inciting factors, developed severe granulocytic 

infiltrates in multiple organs with associated organomegaly, and died of unprovoked 

sterile Th2-type inflammation (16). 

More recently, alternatively spliced variants of IL-33 were identified in human 

airway epithelial cells (39). These splice variants lacked segments of the N-terminus and 

were primarily localized to the cytoplasm when overexpressed in cell culture (39). They 

were also secreted extracellularly, and retained the capacity for receptor binding and 

immunologic effects. Increased levels of these transcripts were found in the airways of 

asthma patients with type-2 inflammation, providing direct clinical relevance to failed 

nuclear localization of IL-33 (39). 
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1.1.3 Proteolytic processing, activation, and degradation 

Both FLIL33 and MIL33 are able to bind to and activate the T1/ST2 receptor, 

however, MIL33 has increased potency (41,42). Processing of FLIL33 to MIL33 occurs 

in the presence of inflammatory proteases, including neutrophil elastase, cathepsin G, and 

mast cell proteases (9,41,42). Unlike IL-1 family members IL-1β and IL-18, IL-33 

activation is caspase-independent. In fact, cleavage by apoptotic caspases 3 and 7 occurs 

within the IL-1-like domain of IL-33 that is responsible for receptor binding. This results 

in IL-33 inactivation (9,22), suggesting a protective mechanism to prevent release of 

active cytokine from apoptotic cells. A diagram summarizing the cleavage sites of 

various inflammatory proteases and caspases on IL-33 is shown in Figure 6. These 

mechanisms of activation and inactivation have been shown in vitro and in cell culture, 

however, in vivo studies are lacking. 

Further complicating the process of IL-33 activation is that exposure to these 

activating proteases requires extracellular release. IL-33 release is widely thought to 

occur in response to cell necrosis (4,6,9,29); however, mechanical stress has also been 

shown to result in release (28), implying a mechanism for escape from the cell 

independent of cellular necrosis. There is also the potential for spontaneous release of 

truncated splice variants, as described in asthma patients with Th2 airway inflammation 

(39). To date, there is no evidence supporting intracellular proteolytic processing, 

resulting in conversion of FLIL33 to MIL33, but the lack of evidence does not exclude 

the possibility that this can occur. Without an intact N-terminus, IL-33 seems to have an 

inherent mechanism for release, as evidenced by the work in asthma splice variants (39) 

and transgenic mice lacking the N-terminus (16), but how this occurs remains a mystery.  
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Figure 6. Proteolytic processing of select IL-1 family members.  
Diagram depicting the cleavage sites of IL-1α, IL-1β, IL-18, and IL-33 by specific 
proteases (NE, neutrophil elastase; GzmB, granzyme B; CathG, cathepsin G; PR-3, 
proteinase-3). Proteases listed in green result in increased biologic activity, whereas red 
represents decreased activity. Reprinted from “Proteolytic Processing of Interleukin-1 
Family Cytokines: Variations on a Common Theme,” by Afonina, I., Müller, C., Martin, 
S., Beyaert, R., 2015, Immunity 42, 991–1004. Copyright 2015 by Elsevier. Reprinted 
with permission, license #4327170470271. 
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A new avenue of research in the processing of IL-33 has emerged with the recent 

observation that extracellular oxidation of the cytokine domain of IL-33 results in the 

formation of disulphide bonds that render IL-33 unable to activate the ST2 receptor (43). 

The authors proposed that oxidation represents a ‘molecular clock’ to limit the 

downstream inflammatory response resulting from released IL-33 (43). This reaction 

occurs extracellularly, following the release of IL-33, but it raises the possibility that 

intracellular oxidative stress may alter the conformation of FLIL33, with the potential to 

impact intracellular interactions with other proteins or extracellular release. 

IL-33 expression in epithelial cells, endothelial cells, and fibroblasts occurs at 

basal levels, resulting in a stable pool of available IL-33 in most organs in the human 

body at any given time (4,6,13,17,30). In addition to basal expression, production of IL-

33 can be induced under inflammatory conditions (5,13,33,44,45). Once expressed, the 

mechanisms maintaining the intracellular supply of IL-33 protein available for release are 

not well understood. We have recently reported that intracellular levels of FLIL33 protein 

are regulated by Th1 and Th2 cytokines post-translationally through proteasomal 

degradation (20). Specifically, co-expression of FLIL33 and interferon (IFN)-γ lead to 

reduced levels of FLIL33, both in cell culture and in vivo. This action was not mediated 

by caspases, as evaluated by co-administration with caspase inhibitors. Instead, it was 

found that the degradation of FLIL33 protein in response to IFN-γ was a result of STAT-

1-mediated expression of immunoproteasome subunit LMP2 (20). Additionally, two 

recent studies have shown that deubiquitinases USP17 and USP21 are able to 

deubiquitinate IL-33, resulting in protein stabilization within the cell (46,47). 
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Regulation of intracellular IL-33 protein levels is an interesting and biologically-

relevant area of research, but it is not being widely pursued as evidenced by a relative 

lack of publications. Better understanding of this regulation could contribute to the 

knowledge of how FLIL33 turnover is managed at the molecular, cellular, tissue, organ, 

and organism levels. Understanding the intricate details of how this regulation works may 

provide novel therapeutic targets and could have a profound impact on human diseases 

partially or wholly mediated by IL-33. 

1.1.4 Intracellular activity and effect on cell functions 

While the majority of IL-33 research has focused on secreted IL-33 and 

consequent immunologic effects through the T1/ST2 receptor, increasing evidence points 

to IL-33 being a dual function cytokine. This concept of a dual function cytokine implies 

that IL-33 can influence the function of the cell in which it is produced and resides prior 

to secretion, independently of interaction with its receptor. The literature supporting IL-

33 as a dual function cytokine is broad, but fragmented. At the molecular level, nuclear 

FLIL33 can bind to histones and is associated with euchromatin and heterochromatin 

(11,12,17,19). An early study showed that overexpressed FLIL33, when overexpressed in 

a vector containing the Gal4-DNA-binding domain, was able to suppress transcription in 

a reporter gene assay. This activity could be localized to the N-terminal domain of the 

FLIL33 protein (11). More recently, FLIL33 was reported to interact with the p65 subunit 

of NF-κB, also through the FLIL33 N-terminal domain. This interaction lead to reduced 

DNA binding by p65 and reduced functionality of NF-κB activity (12). These are the 

only two reports showing specific intracellular interactions of FLIL33 effecting 

downstream functions within the cell. 
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Despite the relative lack of knowledge regarding the functional effects of 

intracellular FLIL33 or interactions with other intracellular molecules, FLIL33 has been 

shown to mediate a number of processes independently of release and receptor binding in 

vivo. We have reported that FLIL33 overexpression can exacerbate non-Th2-mediated 

inflammation in vivo, even in the absence of the ST2 receptor (14). In these experiments, 

FLIL33 was delivered to mice by intra-tracheal infection with adenovirus (Adv) to 

deliver a plasmid encoding FLIL33. Non-Th2-type inflammation was identified even in 

ST2 knockout mice, and was not a result of the viral infection itself as Adv delivering a 

null plasmid showed no appreciable inflammation (Figure 7) (14). 

In a subsequent study, our lab showed that FLIL33 delivery potentiates BLM-

induced lung injury in mice, a model of human pulmonary fibrosis. Increased 

inflammation was identified through increased lymphocyte counts in bronchoalveolar 

lavage (BAL) fluid (Figure 8-A). Augmented collagen deposition was quantified by 

collagen mRNA expression as well as total collagen protein in lung tissues, suggesting 

increases in pathologic fibrosis (Figure 8-B, C). Supporting the notion that these are 

unique effects of intracellular FLIL33, the inflammation observed was non-Th2-type and 

histologically distinct from that seen when MIL33 was delivered in an identical manner 

(15).
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Figure 7. IL-33 overexpression in WT and ST2 deficient mice.  
BAL cell counts in mouse FLIL33 (flmIL-33) and mouse MIL33 (mmIL-33) 
overexpressing mice on day 14 following Adv delivery of constructs to WT (top left 
panel) and ST2-/- mice (top right panel). Significant differences from NULL Adv are 
indicated with asterisks (p<0.05). Bottom panels show H&E staining of lungs in similar 
experiments. Arrows point to inflammatory infiltrates. Adapted from “Full-length IL-33 
promotes inflammation but not Th2 response in vivo in an ST2-independent fashion” by 
Luzina I, Pickering E, Kopach P, Kang P, Lockatell V, Todd N, Papadimitriou J, 
McKenzie A, and Atamas S. 2012, Journal of Immunology 189(1):403–10. Reproduced 
with permission.
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Intracellular activity of FLIL33 has also been implicated in human disease, both 

in clinical tissue samples and experiments done in primary human cell culture. Nuclear 

IL-33 was shown to be upregulated in the esophageal mucosa of patients with reflux 

esophagitis and was correlated with increased levels of pro-inflammatory cytokines IL-6 

and IL-8 (38). The same group then showed that in normal human esophageal epithelial 

cells, nuclear IL-33, but not exogenous IL-33, was able to augment IFN-mediated 

production of pro-inflammatory cytokines (35). 

In contrast to promotion of tissue damage by intracellular IL-33 activity, IL-33 

knockout mice exhibited delayed wound healing (4,48). This delay was not reproduced 

by overexpression of the soluble IL-33 receptor, sST2, which neutralizes extracellular IL-

33 and prevents receptor binding. This finding supports the notion that the delayed 

wound healing observed is an intracellular effect of FLIL33. Interestingly, administration 

of a NF-κB inhibitor to the IL-33 knockout mice reversed the delayed wound healing in 

IL-33 knockout mice, which stands in contrast to the prior in vitro data suggesting that 

FLIL33 is an NF-κB inhibitor (48). 

Taken together, there is substantial evidence to support the concept that FLIL33 is 

a dual function cytokine, exhibiting effects within FLIL33 expressing cells, in addition to 

receptor-mediated immunologic effects following release. In spite of these fascinating 

results, the mechanistic underpinnings of such effects remain elusive. 

1.1.5 Importin biology and IPO5 literature review 

Importins are chaperone proteins primarily involved in the delivery of 

macromolecules across the NPC through recognition of an NLS on their cargoes (49,50). 
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They are classified into the importin-α and importin-β families, with importin-βs being 

responsible for recognition of the NLS and nuclear translocation, and importin-αs acting 

as adapters (49,50). Nuclear import of cargoes depends on importin interaction with the 

Ran-GTP system. Ran-GTP is more prominent in the nucleus and is able to displace the 

cargo from the importin, allowing for delivery of the cargo to the nucleus and recycling 

of the importin back into the cytoplasm (Figure 9) (49,51). 

IPO5 is a member of the importin-β superfamily (24,52-57) and has a number of 

previously identified cargoes (Table 3). These include recombination activating gene 

(RAG)-2 (57), ribosomal proteins (RP) (25,55), viral proteins, and core histones (51). 

Some of these cargoes, including core histones and ribosomal proteins, have a significant 

degree of redundancy as other importin family members can also perform their nuclear 

import. Other targets, such as RAG-2 and influenza protein PB1, appear to be unique to 

IPO5. 

In addition to nuclear import, there are a number of reports showing that 

importins can perform non-traditional functions within the cell. IPO5 was specifically 

shown to be associated with apolipoprotein A-I, a protein associated with lipid 

metabolism and atherosclerosis. Interestingly, the investigators showed that IPO5 was 

responsible for secretion of apolipoprotein A-I from human cells (24). Importins have 

also been shown to be involved in protein turnover, promoting both the stability of their 

cargo (25), as well as their degradation through ubiquitination (26). Moreover, importins 

can have a protective function, preventing the aggregation of proteins by shielding their 

basic domains within the cytoplasm (58). 
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Figure 9. Schematic of importin-mediated transport of cargoes across the NPC.  
Typically, an import cargo is first recognized by its importin in the cytoplasm. The cargo-
loaded importin translocates through the NPC into the nucleus, where the cargo is 
dissociated from the importin by binding of importin to RanGTP. The importin-RanGTP 
complex recycles back to the cytoplasm for the next round of import. Adapted from 
“Importin-beta-like nuclear transport receptors” by Anne-Christine Ström and Karsten 
Weis, 2001, Genome Biology 2(6): reviews3008.1–reviews3008.9. Open access. Licensed 
CC BY 4.0.
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Table 3. Previously identified nuclear import cargoes of IPO5. 

 

Adapted from “Nuclear import by karyopherin-βs: recognition and inhibition” by Chook 
YM and Süel KE, 2011, Biochimica et Biophysica Acta 1813(9):1593–606. Copyright 
2011 by Elsevier. Reprinted with permission, license #4340820910156.
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It is clear that importins play a unique and essential role in cells, and that their 

biology may be more complex than straightforward mediation of nuclear import. To date, 

no other cytokine has been shown to interact directly with a member of the importin 

family. That IL-33 is a nuclear protein leads to the obvious hypothesis that IPO5 may 

participate in its nuclear import. On the other hand, it is interesting to consider the myriad 

effects that could arise from this interaction, both in terms of IPO5 interaction with its 

known cargoes as well as regulation of FLIL33 transport and function. 

1.1.6 Overview of intracellular degradation pathways 

In this work, we show that the interaction between FLIL33 and IPO5 controls the 

degradation of FLIL33 protein in the cell. The eukaryotic cell has two highly conserved 

pathways to degrade proteins: the lysosome pathway and the ubiquitin-proteasome 

pathway. The lysosome pathway is primarily concerned with cytoplasmic, long-lived 

proteins, as well as the process of autophagy. The ubiquitin-proteasome system, on the 

other hand, performs much more targeted functions. This includes the targeting and 

degradation of short-lived and time-sensitive proteins such as transcription factors, cell 

cycle mediators, and stress response proteins (59). 

Lysosomes are intracellular compartments responsible for the degradation of 

proteins, polysaccharides, and lipids (60,61). Lysosomes contain numerous hydrolases 

that degrade these cellular components into their respective building blocks (60,61). The 

process of autophagy is one mechanism by which intracellular targets for degradation are 

delivered to the lysosome. Autophagy is a highly conserved intracellular degradation 

pathway that serves to protect the cell from stress and starvation by recycling 

macromolecules into their respective building blocks, which can then be used for energy 
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by the cell (61,62). A process known as chaperone-mediated autophagy (CMA) can target 

specific proteins to the lysosome (61,62). This process has only been identified in 

mammalian cells and utilizes cytosolic chaperones to deliver target proteins, one-by-one, 

to the surface of the lysosome (60-62). Targets for CMA contain a CMA-targeting motif, 

which can be recognized by the primary chaperone, heat shock cognate protein of 70 kDa 

(hsc70) (62). Once delivered to the surface of the lysosome, the protein is unfolded, 

translocated across the lysosomal membrane, and degraded (60-62). 

The proteasome pathway for targeted protein degradation begins with ubiquitin. 

Ubiquitin is a small (76 amino acid, 8.5 kDa), highly conserved protein that exists in all 

eukaryotic cells (59,63). A key step in degradation by the ubiquitin-proteasome system 

involves ubiquitination (addition of an ubiquitin molecule) of the target protein on a 

designated lysine (59). Ubiquitination is accomplished through a chain of reactions by a 

specific set of enzymes. These enzymes are the E1 ubiquitin activating enzyme, the E2 

conjugating enzyme, and the E3 ubiquitin ligase (59,63). This process is summarized in 

Figure 10. The target protein can either be the protein of interest or the prior ubiquitin 

molecule in a growing chain. The E3 ubiquitin ligase, of which there are estimated to be 

500-1000 in humans, has a unique repertoire of targets and determines the specificity of 

the system (64). Within the ubiquitin protein, there are a number of lysines available to 

ubiquitinate. The lysine targeted determines the functional outcome of ubiquitination. For 

example, ubiquitination on K48 will target a protein for destruction by the proteasome, 

whereas ubiquitination on K63 will result in other processes such as endosomal 

trafficking or destruction by the lysosome (59,64,65).
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Figure 10. The ubiquitination process.  
Ubiquitin is first loaded onto the E1 activating enzyme utilizing ATP. The E1 activating 
enzyme is then exchanged for the E2 conjugating enzyme, where ubiquitin binds to its 
active site. Lastly, the E3 ligase catalyzes the transfer of the ubiquitin molecule to a 
lysine on the target. Reprinted with permission. Created by Rogerdodd, CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=7677277.

https://commons.wikimedia.org/w/index.php?curid=7677277
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The proteasome is a 2.5 MDa, macromolecular structure composed of multiple 

subunits (59,63). The primary components include the 20S core particle responsible for 

proteolysis, and the 19S regulatory particle that is considered a gate keeper and regulates 

molecules entering the core particle (59,63,66). The combination of the 20S and 19S 

particles forms the 26S proteasome. In eukaryotes, the 20S core particle is composed of α 

and β subunits. The α subunits are primarily structural, whereas the β subunits are 

responsible for catalytic activity (66). Subunits β1, β2, and β5 are responsible for trypsin-

like, chymotrypsin-like, and peptidyl-glutamyl peptide-hydrolyzing (PHGH) proteolytic 

activities, respectively (67). Ubiquitinated proteins are delivered to the 26S proteasome 

for degradation and the ubiquitin is recycled for reuse in the cell. This process and the 

structure of the proteasome is diagramed in Figure 11. 

The proteasome can be targeted for inhibition by a number of compounds. We 

utilize a proteasome inhibitor, bortezomib, in a number of our experiments. Bortezomib 

falls into the peptide boronate class of proteasome inhibitors and specifically targets the 

chymotrypsin-like activity of the 20S subunit (68). The peptide boronate class is much 

more potent and selective than the preceding class, the peptide aldehydes, which includes 

another proteasome inhibitor commonly used in laboratory studies, MG132 (68). 

Bortezomib is currently approved for treatment of multiple myeloma, as well as other 

hematologic malignancies (67,69).
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Figure 11. Components of the proteasome.  
The proteasome is made up of the 20S core particle (left) and the 19S regulatory particle 
to form the 26S proteasome (right). Ubiquitinated proteins are targeted to the 26S 
proteasome for degradation. Reprinted from “The proteasome: a novel target for cancer 
chemotherapy” by Almond JB and Cohen GM, 2002, Leukemia 16, 433–443. Copyright 
2002 by Springer Nature. Reprinted with permission, license # 4344331124985.
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Overall, the ubiquitin-proteasome system is much more complex and dynamic 

than can be described in this introductory section. This system is already being targeted 

for therapeutic purposes (67-73), making it a topic of significant interest in the current 

biomedical and clinical research communities. This investigation provides a unique 

insight into the connection between the ubiquitin-proteasome system, nuclear import, and 

IL-33. 

 

1.2 Significance 

IL-33 is a cytokine with unique properties. Despite a great degree of interest and a 

growing body of literature, the biology of IL-33, and especially its intracellular activity, 

is poorly understood. A better understanding of the intracellular activity of IL-33 is 

relevant to human disease and immunologic function for three specific reasons: 

1. Basal expression of IL-33 in diverse and abundant cell types creates a large pool of 

available cytokine that could initiate inflammation or contribute to inflammatory 

disease processes. 

2. The subcellular distribution of FLIL33, controlled by its N-terminal domain, plays an 

important role in sequestration of the cytokine to prevent uninitiated release. 

3. There is mounting evidence that FLIL33 has an effect on cellular processes 

independent of traditional cytokine-receptor interactions, but the mechanisms for 

these effects remain unclear. 

Given these complexities and unanswered questions, in-depth investigations into 

the intracellular regulation and activity of FLIL33 through its N-terminal domain are 

warranted. This is a novel area of study as the vast majority of IL-33 research has focused 
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on receptor-mediated activities and downstream effects. Though these downstream 

properties are of great importance, they fail to address the unique aspect of IL-33 being 

expressed constitutively and inducibly in abundant non-immune cells (i.e., epithelial 

cells, endothelial cells, and fibroblasts). This property creates a unique opportunity to 

study IL-33 at its source. This could lead to a better understanding of IL-33 turnover, 

subcellular distribution, and intracellular effects. This new knowledge creates the 

potential for novel therapeutic targets. 

To begin the investigation of the intracellular regulation of IL-33, our laboratory 

performed exploratory experiments using LC-MS/MS of FLIL33 co-immunoprecipitates 

and found IPO5 to be a unique and consistent intracellular binding partner of FLIL33. 

Further investigation into the nature of the interaction between FLIL33 and IPO5 may 

elucidate the mechanisms of FLIL33 nuclear translocation, protein stability and 

degradation, or may reveal other novel intracellular functions of FLIL33. 

1.3 Specific Aims 

1. Determine consistency of the interaction between FLIL33 and IPO5 in living cells 

and in vitro, and identify the regions of FLIL33 responsible for this interaction. 

2. Evaluate the dependence of nuclear translocation and extracellular secretion of 

FLIL33 on interaction with IPO5. 

3. Determine the role of IPO5 binding in controlling the intracellular stability of the 

FLIL33 protein.  
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CHAPTER 2: METHODS 

 

2.1 Liquid chromatography-tandem mass spectrometry 

These experiments were done in collaboration with Brian Hampton from the 

Protein Analysis Lab in the Center for Innovative Biomedical Resources at the University 

of Maryland School of Medicine, as well as commercial partner, Poochon Scientific 

(Frederick, MD). The following representative protocol for LC-MS/MS was generously 

provided by Brian Hampton: 

Proteins were extracted from cell pellets in 50 mM TRIS pH 8.0, 150 mM NaCl, 

0.5% sodium deoxycholate, 0.1% SDS, 1% IGE-PAL CA630. After sonication disulfide 

bonds were reduced with dithiothreitol and the resulting sulfhydryl groups alkylated with 

chloroacetamide. Proteins were digested with trypsin overnight at 37°C. The reaction 

mixture was then acidified with formic acid, insoluble material removed by 

centrifugation, and the peptides were recovered free of detergent by hydrophilic 

interaction solid phase extraction on PolyHYDROXYETHYL A TopTips (PolyLC, 

Columbia, MD) according to the manufacturer’s recommendations. The purified peptides 

were analyzed by LC-MS/MS on a Thermo LTQ-Orbitrap. Peptides were separated using 

a 2 hr chromatographic gradient online with a data dependent MS/MS duty cycle of the 

top 10 most abundant ions. Database search and peptide quantification was performed 

using MaxQuant (74) version 1.5.5.1. 
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2.2 Cell culture 

De-identified normal human lung fibroblasts (NHLF) derived from healthy adult 

volunteers were purchased from Lonza (Walkersville, MD). Each experiment was 

performed in primary fibroblast cultures from at least two different donors. Overall, 

NHLFs from seven different donors were used throughout the course of this study. The 

cultures were maintained in T75 culture flasks (NEST Biotechnology, Rahway, NJ) in a 

humidified atmosphere of 5% CO2 at a temperature of 37° C in Dulbecco’s-modified 

Eagle’s medium (DMEM) supplemented with 4.5 g/L glucose, L-glutamine, and sodium 

pyruvate (Corning, Corning, NY), 10% bovine calf serum, minimum essential media 

(MEM) non-essential amino acids (Gibco/Thermo Fisher Scientific, Waltham, MA), and 

antibiotic-antimycotic cocktail (Gibco) to a final concentration of 100 units/mL of 

penicillin, 100 µg/mL of streptomycin, and 0.25 µg/mL of amphotericin B. For 

experiments, cells were harvested by trypsinization at passages 4 to 6, washed, counted, 

and seeded on 6-well culture plates (NEST) at a density of 5×105 cells/well. Human 

embryonic kidney (HEK)293T cells (American Type Culture Collection, Manassas, VA) 

were cultured and maintained in a similar fashion. Each experiment in HEK293T cells 

was performed on multiple independent occasions as stated in the corresponding figure 

legend for each experiment. Gene delivery was achieved using electroporation of cells 

with recombinant plasmids utilizing the Amaxa Nucleofector (Lonza). In each reaction, 5 

× 105 – 1 × 106 cells and 0.5 – 2.0 µg of plasmid were used, based on preliminary 

experiments to optimize expression of each delivered recombinant protein. Alternatively, 

infections of cultured cells with replication-deficient recombinant AdV constructs were 

used to overexpress proteins or peptides of interest. For these infections, 1 × 105 to 5 × 
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106 plaque-forming units/ml of AdVs were used per 2.5 × 105 cells in culture. 

Overexpression of the proteins and peptides of interest was confirmed by Western 

blotting. The proteasome inhibitor bortezomib (Cell Signaling Technology, Danvers, 

MA) was used in cell culture at a concentration of 500 nM; bortezomib was added 24 h 

after plasmid delivery for an additional 24 h of culture. Cycloheximide (Sigma-Aldrich, 

St. Louis, MO) was used in cell culture at a concentration of 100 µg/mL. 

2.3 Recombinant Plasmid and Adenoviral Constructs 

All recombinant constructs in this study were cloned into the VQAd5CMVK-

NpA plasmid (ViraQuest, North Liberty, IA) downstream of the cytomegalovirus (CMV) 

promoter. This plasmid can be used for gene expression in mammalian cells as well as a 

shuttle plasmid for constructing AdV in the RAPAd system (75). The RAPAd system 

utilizes a proprietary plasmid design to simplify and accelerate AdV production. The 

plasmid backbone does not containing wild-type viral genes required for replication, 

which reduces contamination with wild-type virus, reduces reversion to the wild-type 

phenotype, and allows for more rapid isolation of the desired AdV by reducing the need 

for repetitive plaque purification (75). The mRNA sequences of IL-33 and IL-37 from 

National Center for Biotechnology Information GenBank (accession numbers 

NM_033439 and NM_014439, respectively) were used to design the recombinant 

constructs. The stop codon was removed, a linker peptide (GGGGSGGGGSGGGGS)-

encoding sequence was added on the 3’-end, followed by the HA tag (YPYDVPDYA)-

encoding sequence and a stop codon. The DNA sequence was codon-optimized for 

mammalian expression, synthesized (Genscript, Piscataway, NJ), and transferred into the 

VQAd5CMVK-NpA plasmid. Additionally, recombinant constructs similarly encoding 
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FLIL33 segments and mutants were all prepared identically. To produce FLIL33-

encoding and FLIL37-encoding replication-deficient AdV vectors, the corresponding 

plasmid constructs were utilized using RAPAd technology (ViraQuest). All AdV vectors 

were purified by two rounds of CsCl gradient centrifugation, and the particle 

concentration was determined by the absorbance at 260 nm. The resulting purified virus 

particles had a concentration of approximately 1×1012 particles/ml and an infectious titer 

of 4×1010 pfu/ml in all cases. All AdV constructs were screened for a replication-

competent adenovirus by PCR and by growth on permissive cell line A549. Serial 

dilutions of virus particles were applied to cells at approximately 50% confluence in 3 ml 

of MEM (4% FBS and 1% penicillin/streptomycin), and 24 h later 4 ml of complete 

medium was added. Plates were observed at days 7 and 14 for the presence of viral foci. 

Human IPO5myc-encoding plasmid was purchased from Origene (Rockville, MD). 

 

2.4 Reagents and Molecular Biology Techniques 

Concentrations of IL-33 protein in cell lysates and cell culture supernatants were 

tested in ELISAs for IL-33 by following the provided protocol (R&D Systems; this assay 

does not discriminate between MIL33 and FLIL33). Standards, controls, or samples were 

added to the microplate and incubated at room temperature for 2 h on a horizontal orbital 

microplate shaker. The liquid was aspirated and the plate was washed four times with 

ELISA wash buffer (R&D Systems). Conjugate was added and incubated for 2 h at room 

temperature, followed by washing. Substrate solution was added to each well and plate 

was incubated for 30 min at room temperature. Stop solution was added to each well and 

the plate was read in a microplate reader at 450 nm. 
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Immunoprecipitation of HA-tagged proteins was performed using the Pierce HA-

Tag Magnetic IP/Co-IP Kit (ThermoFisher) according to the manufacturer’s 

recommendations. To assure nuclear membrane disruption, lysates were passed ten times 

through a 26G hypodermic needle in IP Wash/Lysis Buffer (ThermoFisher) prior to 

proceeding with immunoprecipitation. Samples were then incubated for 1 h at room 

temperature with the provided magnetic beads bound to a high-affinity mouse IgG1 

monoclonal antibody that recognizes the HA-epitope tag. Bound proteins were eluted 

using a low-pH elution buffer and the beads were removed using a magnetic stand. Non-

reducing loading buffer was added with DTT to a final concentration of 50 mM then 

boiled for 10 minutes to prepare for reducing gel analysis. 

IPO5myc immunoprecipitation was performed using Pierce Myc-Tag IP/Co-IP 

Kit (ThermoFisher) according to the manufacturer’s recommendations to purify 

recombinant IPO5. Cells were lysed in IP Wash/Lysis Buffer (ThermoFisher). Lysate 

was then incubated with anti-c-myc antibody bound to agarose beads overnight at 4° C. 

After washing, IPO5myc was eluted using low-pH elution buffer. 

For in vitro FLIL33-IPO5 binding assays, the immunoprecipitated and eluted 

IPO5 preparation was diluted 1:10 in TBS containing 0.05% TWEEN 20 and 2.5% 

bovine serum albumin. Three hundred microliters of this mixture was added to HA-

magnetic beads that were pre-incubated with HA-tagged protein. Following 2 h 

incubation at room temperature, beads were washed, and elution procedures were 

completed, followed by Western blotting analyses of the eluate. 

Nuclear and cytoplasmic extracts were prepared using the Active Motif (Carlsbad, 

CA) Nuclear Extract Kit per the manufacturer’s recommendations. The cells were first 
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collected in cold PBS with phosphatase inhibitors, collected by centrifugation at 800 × g, 

and then resuspended in a hypotonic solution with detergent to release proteins from the 

cytoplasmic compartment while keeping the nuclei intact. Cytoplasmic disruption was 

confirmed using light microscopy and the lysate was centrifuged at 14,000 rpm for 10 

min to form the nuclear pellet. The supernatant was collected as the cytoplasmic fraction. 

The remaining nuclear pellet incubated with lysis buffer in the presence of protease and 

phosphatase inhibitors. Protein concentration was determined using the Pierce BCA 

Protein Assay Kit. Each fraction was diluted 1:1 with Laemmli sample buffer and boiled 

for 10 min to prepare for reducing gel analysis. 

IPO5 RNA interference was performed using FlexiTube small-interfering 

(si)RNA (Qiagen). Cells were transfected with siRNA or AllStars Negative Control 

siRNA (Qiagen) at a concentration of 300 nM using electroporation as described above 

and incubated for 48 h in a 75 cm2 flask. A second transfection was performed with the 

recombinant plasmid, and the cells were incubated an additional 48 hours in 6-well 

plates. IPO-5 knockdown was confirmed by Western blotting. 

Western blotting was performed using the Novex system (ThermoFisher). All 

samples were run on tris-glycine gels per the manufacturer’s recommendations. Wet 

transfer was performed using the XCell II Blot Module (ThermoFisher) at 22V for 2 h to 

a polyvinylidene difluoride (PVDF) membrane (Bio-Rad). All membranes were blocked 

and incubated with primary and secondary antibodies using tris-buffered saline with 0.1% 

tween-20 and 5% bovine serum albumin. The antibodies used include anti-HA antibody 

from Abcam (Cambridge, UK) (catalog number ab18181), anti-IPO5 antibody from 

Sigma-Aldrich (St. Louis, MO) (catalog number SAB4200178), anti-myc antibody from 
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Cell Signaling Technology (catalog number 2278), β-actin antibody from Cell Signaling 

Technology (catalog number 4967S), histone deacetylase (HDAC)2 from Abcam (catalog 

number 32117), α-tubulin from Cell Signaling Technology (catalog number 2144), and 

GAPDH from Cell Signaling Technology (catalog number 5174). All listed antibodies 

were developed in rabbit, except the anti-HA antibody, which was mouse. Secondary 

antibodies used were goat anti-rabbit from EMD Millipore (Billerica, MA) (catalog 

number 12-348) and goat anti-mouse from Santa Cruz Biotechnology (Dallas, TX) 

(catalog number sc-2005). Following incubation with the corresponding horseradish 

peroxidase (HRP)-bound secondary antibody, membranes were developed using 

SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) and 

autoradiography film. Stripping was performed using ReBlot Plus Strong Antibody 

Stripping Solution (EMD Millipore). Band densitometry was performed using ImageJ 1.x 

software (76). 

For immunocytochemistry, cultured HEK293T cells were transfected as described 

above and seeded at a density of 15–20 × 103 cells per well in two-well chamber slides 

(Falcon, Becton Dickinson Labware, Franklin Lakes, NJ). Staining was performed 48 h 

after transfection. Cells were fixed by incubating with methanol at 20° C for 20 min, 

washed with PBS, and blocked for 1 h at room temperature with 5% BSA in 0.1% Tween 

20 in PBS. Cells were incubated overnight with primary antibody to HA (Abcam) at a 

1:100 dilution, washed, incubated with a secondary FITC-labeled goat anti-mouse 

antibody from Jackson ImmunoResearch (West Grove, PA) at 1:1,000 dilution for 1 h, 

and visualized with a Keyence (Itasca, IL) BZ-X700 fluorescent microscope.  
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CHAPTER 3: THE N-TERMINAL DOMAIN OF FLIL33 BINDS TO IPO5 

 

3.1 Originally planned experimental approach 

Aim 1: Determine the consistency of the interaction between FLIL33 and IPO5, and 

identify the regions of FLIL33 responsible for this interaction. 

This study will confirm the preliminary finding from LC-MS/MS experiments 

that FLIL33 co-immunoprecipitates with IPO5. Tagged FLIL33 will be expressed in both 

primary cells and transformed cell lines, then immunoprecipitated. Co-

immunoprecipitates will be screened for IPO5 by Western blotting. Tagged segments of 

the FLIL33 protein, as well as alanine-scanning mutants of FLIL33, will be used in a 

similar fashion to determine IPO5 binding locations on the FLIL33 protein. 

a) Specific Hypothesis: We hypothesize that FLIL33 interacts directly with IPO5 

through a specific region in its N-terminal domain. 

b) Rationale: Using LC-MS/MS of FLIL33 co-immunoprecipitates in preliminary 

experiments, our laboratory identified IPO5 as a potential unique intracellular 

partner of FLIL33. Although the high sensitivity of LC-MS/MS allowed for the 

initial identification of unique binding partners, these data must be validated using 

more targeted and quantitative experimental approaches. Furthermore, since IPO5 

binding by FLIL33 has not been previously described, nothing is known about the 

mechanics of such interaction. There is a need to identify the region of FLIL33 

that is responsible for binding IPO5 in order to be able to manipulate such binding 

in the future, possibly as part of innovative therapeutic interventions. 



43 

c) Experimental Approach: The following experiments will be performed to 

answer the following specific questions. 

i) Is the entire length of the FLIL33 molecule required for consistent binding of 

IPO5 in primary and transformed cultured cells, or only its N-terminal or C-

terminal (FLIL33) portion is sufficient for the interaction? In these 

experiments, the human FLIL33 gene will be delivered to both primary human 

cell cultures and transformed human cell lines using electroporations with 

HA-tagged FLIL33-encoding recombinant plasmids. In addition to FLIL33, 

plasmids encoding the HA-tagged N-terminal segment (amino acids 1-111) 

and C-terminal segment (MIL33, amino acids 112-270) will be overexpressed 

in these cells similarly. Following transfection, immunoprecipitation will be 

performed and co-immunoprecipitates probed by Western blotting for IPO5 

protein. 

ii) Can FLIL33 and IPO5 bind directly outside of the cellular milieu? We will 

affinity-purify FLIL33 and IPO5 using their HA and myc tags, respectively, 

from the lysates of overexpressing cells, and perform binding assays to assess 

for the interaction between FLIL33 and IPO5. Recombinant, myc-tagged 

IPO5 will be expressed in cultured cells and purified by immunoprecipitation. 

This purified IPO5myc will be incubated with anti-HA antibody covalently 

immobilized to magnetic beads pre-loaded with HA-tagged FLIL33. After 

washing, the HA-tagged FLIL33 will be eluted and the eluate analyzed by 

Western blotting for antibody against myc. 
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iii) What is/are specific region(s) of the FLIL33 molecule responsible for IPO5 

binding? For mutational analysis, clusters of charged amino acids in the N-

terminal or C-terminal domains (depending on the outcome of sub-aim a. 

above), will be mutated to alanine and plasmids constructed in a similar 

fashion as above. This targeting of clustered charges that are likely to be 

involved in protein-protein interactions within in the cell will allow us to 

screen for requisite amino acids involved in the FLIL33-IPO5 interaction. 

d) Expected and unexpected results: The experiments in this Aim were designed 

not to determine whether FLIL33 binds IPO5, as such binding has been 

definitively demonstrated in previously performed and reproduced in the LC-

MS/MS experiments. Rather, we seek to characterize this interaction in greater 

depth, for its consistency in primary and transformed cells, intracellularly and in 

vitro, and for specific localization of the interaction in the FLIL33 molecule. We 

expect that the interaction between FLIL33 and IPO5 occurs regardless of cell 

type because of a direct interaction. Direct interaction will be confirmed by in 

vitro pull-down of IPO5 by FLIL33. The binding of IPO5 occurs within the N-

terminal domain of FLIL33. Within the N-terminal domain, IPO5 binding will be 

isolated to a cluster of charged amino acids, and the mutation of this cluster to 

alanine(s) will result in loss of IPO5 binding. 

We do not exclude the possibility that the FLIL33 – IPO5 interaction 

occurs only in cells, but not in vitro. If FLIL33 fails to bind to IPO5 in vitro, we 

will presume that this interaction occurs in the context of a protein complex. 

Further co-immunoprecipitation experiments of known IPO5 binding partners 



45 

could elucidate other members of this complex. The remainder of this Specific 

Aim will continue to be relevant as they will identify the requisite portions of the 

FLIL33 molecule responsible for interaction with the IPO5-FLIL33 complex. We 

have no reason to expect that primary and transformed cells will demonstrate 

differences in IPO5 binding by FLIL33, but should such differences be observed, 

we will follow up with additional experiments beyond the scope of this project to 

investigate the underlying molecular reasons; in such a case the experiments in 

Aims 2 and 3 will focus only on the cell types for which the FLIl33 – IPO5 

interaction is consistent. 

It is important to note that the planned experiments, while investigating 

the consistency of FLIL33 – IPO5 binding, are not designed to determine whether 

such binding is direct, i.e., requires only FLIL33 and IPO5 without participation 

of other intracellular proteins. Even in the planned direct molecular interaction 

studies, a possibility exists that other proteins will remain bound to wither FLIL33 

or IPO5 and facilitate the interaction between these two molecules. The issue of 

the direct interaction between FLIL33 and IPO5 will be addressed in a separate 

study by creating bacterially expressed GST constructs and testing them in pull-

down tests and/or in one-on-one yeast-2-hybrid assays. 

e) Potential pitfalls, limitations, and alternative approaches: By its very design, 

this Aim seeks to address unexpected phenomena, such as a possibly inconsistent 

FLIL33–IPO5 binding in primary versus transformed cells. Clarifying whether 

both kinds of cells or only primary cells demonstrate this interaction will have a 

substantial impact on the subsequent understanding of FLIL33 biology, and the 
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applicability of this work to fields like cancer biology or to homeostatic immune 

and non-immune regulation by FLIL33. We are also fully cognizant of the well-

known phenomenon in which mutated or truncated proteins may become 

proteolytically unstable in cells and/or removed through ubiquitin/proteasome 

mechanism, or induce the unfolded protein response (26,73,77). These factors 

may interfere with our ability to test the interaction between FLIL33 variants and 

mutants, and IPO5. To avoid such a complication, we will, for each mutant or 

segment of FLIL33, test the level of its expression with Western blotting. If the 

level of expression is low, we will inhibit the proteasome using confirmed 

inhibitors, such as bortezomib, to increase protein accumulation. 

In health, fibroblasts express less FLIL33 than epithelial and endothelial 

cells, though all of these cells express FLIL33 at low levels under basal 

conditions. We study FLIL33 biology in adult human pulmonary fibroblasts 

because of their central pathophysiological role in pulmonary fibrosis and the 

known increased expression of FLIL33 by lung fibroblasts in these patients. 

Given the low levels of endogenous FLIL33 in quiescent normal lung fibroblasts, 

as well as the lack of available high-quality anti-IL-33 antibodies, it is necessary 

to overexpress a tagged form of FLIL33 for this work. Based on prior lab 

experience, primary fibroblasts are easily maintained, with lower cost and fewer 

resources, than primary epithelial or endothelial cells. Additionally, in our 

experience, primary fibroblasts are more amenable to electroporation, 

demonstrating better viability following transfection than other primary cell types. 

It is for these reasons that primary fibroblasts were chosen for this work. 
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3.2 LC-MS/MS of FLIL33 co-immunoprecipitates 

To identify intracellular partners of IL-33, exploratory LC-MS/MS experiments 

were performed independently by current lab member, Dr. Irina Luzina, and former 

laboratory members, Dr. Zahid Noor and Rita Fishelevich. These experiments were 

performed on six separate occasions over a period of two years. In these experiments, the 

human FLIL33 gene was delivered to primary adult human pulmonary fibroblasts using 

infection with FLIL33-encoding recombinant replication-deficient AdV or 

electroporations with FLIL33-encoding recombinant plasmids. Similar constructs with 

the same AdV backbone or plasmid backbone that encode full-length precursor form of 

human IL-37 (FLIL37) were used as controls. This control was chosen as FLIL37 is also 

a member of the IL-1 family, but is not nuclear in its subcellular localization and has 

markedly different immunologic effects. In all of these constructs, the encoded proteins 

were fused to an HA tag through a flexible peptide linker on the C-terminus of the 

molecule. The resulting fusion proteins are referred to as FLIL33HA and FLIL37HA. 

Following overexpression of these HA-tagged proteins in de-identified adult primary 

normal human lung fibroblast (NHLF) cell cultures, cell lysates were incubated with anti-

HA antibody covalently immobilized to magnetic beads. Eluates from the beads used to 

capture FLIL33HA or FLIL37HA were analyzed by LC-MS/MS. The experimental 

design is diagrammed in Figure 12. The results of these exploratory experiments were 

pooled and analyzed, and suggested that FLIL33HA but not FLIL37HA co-

immunoprecipitated with IPO5. Outputs from two of the six independent LC-MS/MS 

experiments are shown in Figure 13.
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Figure 12. LC-MS/MS experimental design.
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3.3 IPO5 interacts with FLIL33, but not MIL33 

To validate these LC-MS/MS observations, Western blotting assays of the co-

immunoprecipitates were performed and probed with anti-IPO5 antibody. These 

experiments confirmed that FLIL33HA, but not FLIL37HA, co-immunoprecipitated 

IPO5 (Figure 14). These experiments included NHLFs transfected using electroporation 

(Figure 14-A), as well as replication-deficient Adv (Figure 14-B) for plasmid delivery. 

To evaluate the reproducibility and validity of these results, identical experiments 

were performed with HEK293T cells electroporated with the same FLIL33HA- and 

FLIL37HA expressing plasmids. These experiments showed similar results (Figure 14-

C), with IPO5 co-immunoprecipitating with FLIL33 and not FLIL37, suggesting that this 

interaction is not unique to NHLFs and can be replicated in other cell types. It also 

allowed for the use of HEK293T cells, which are more robust and amenable to 

recombinant protein expression, to assess the interaction of FLIL33 with IPO5, as well as 

subcellular localization of FLIL33 in future experiments. 

In all of these Western blots, whole-cell lysate analysis was included alongside 

the immunoprecipitation samples. The protein levels of IPO5 were unchanged following 

overexpression of FLIL33 or FLIL37. It should be noted that additional, non-specific 

bands were observed in whole cell lysates when using the anti-IPO5 antibody in some 

experiments, but were not observed in co-immunoprecipitated samples. Co-

immunoprecipitation experiments consistently showed a single band corresponding to the 

predicted size of IPO5 (124 kDa). 
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Taken together, these results confirmed the findings of the preliminary LC-

MS/MS experiments, were consistent across transfection techniques, and showed 

reproducibility in different cell types, including a human cell line and a transformed 

human cell line. 

IPO5 was the most consistent co-immunoprecipitated protein across the initial 

LC-MS/MS experiments; however, the absence of other consistent FLIL33 co-

immunoprecipitated proteins does not exclude the possibility that other importins may 

also interact with FLIL33. As an additional control and to assess the specificity of the 

interaction between FLIL33 and IPO5, Western blots of the same co-immunoprecipitated 

samples from NHLFs were evaluated for co-immunoprecipitation with other importins. 

These Western blots were probed with an antibody against importin β1 (KPNB1) and an 

antibody specific to importin α1 (KPNA2) (Figure 15). The latter antibody is also cross 

reactive to importins α3, α5, and α7. No co-immunoprecipitation with these additional 

importins was identified by these experiments, leading to the conclusion that the FLIL33 

interaction with IPO5 is likely to be specific to IPO5 and does not involve other importin 

family members. 

In all of these experiments, intracellular interaction with IPO5 was assessed. An 

additional experiment was performed to determine whether purified FLIL33 can bind 

IPO5 outside of the cellular milieu. HEK293T cells were electroporated with a non-

coding control NULL plasmid or MIL33HA- or FLIL33-encoding plasmids, and the 

proteins were immunoprecipitated from cells lysates utilizing anti-HA antibody 

immobilized on magnetic beads.



53 

 

Figure 15. FLIL33 does not co-immunoprecipitate other importins.  
Overexpression of FLIL33HA or FLIL37HA was achieved in cultured NHLFs using 
electroporations with plasmids, as indicated. Non-coding plasmid was used as a control 
(NULL). Cell lysates were loaded whole (W) or after immunoprecipitation (IP), and 
Western blots developed with antibodies against KPNB1, KPNA2 (with cross reactivity 
to importins α3, α5, and α7), or HA, as indicated. Repeated twice with similar outcomes.
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Separately, HEK293T cells were electroporated with a plasmid encoding an 

IPO5-myc fusion construct, which was then immunoprecipitated from cell lysates using 

anti-myc antibody immobilized on agarose beads. Following elution of IPO5-myc from 

the beads, the eluent was applied to the anti-HA coated magnetic beads already loaded 

with either MIL33HA or FLIL33HA, prepared as described above. After washing away 

any unbound proteins, the remaining protein complexes were eluted from the magnetic 

beads and analyzed by Western blot probed with anti-myc and anti-HA antibodies. It was 

observed that, similar to their intracellular interactions, FLIL33HA, but not MIL33HA, 

was able to bind IPO5 (Figure 16). 

This result showed that the interaction between FLIL33 and IPO5 does not require 

cellular machinery or specific subcellular localization to occur. Because both FLIL33 and 

IPO5-myc were purified from human cells, the possibility cannot be eliminated that 

accessory protein(s) are involved, although no evidence of this was apparent from the 

initial LC-MS/MS experiments as no other protein was identified as a possible binding 

partner of FLIL33 as consistently as IPO5. These data further support the specificity of 

the interaction between FLIL33 and IPO5. A conclusion was made that FLIL33, but not 

FLIL37 or MIL33, interacts specifically with IPO5 in living cells and outside the cellular 

milieu.
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Figure 16. IPO5 interacts with FLIL33 in vitro.  
IPO5myc was expressed in HEK293T cells then immunoprecipitated. The purified 
IPO5myc-containing eluate was then incubated with anti-HA beads loaded with 
MIL33HA, FLIL33HA, or control beads (NULL) for 1 h at room temperature. The beads 
were then washed thoroughly, and the eluates were analyzed by Western blotting using 
antibodies against myc or HA, as indicated. Repeated on two independent occasions with 
similar results.
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3.4 The N-terminus of FLIL33 is responsible for IPO5 binding 

Having shown that FLIL33, but not MIL33, reliably interacts with IPO5 

intracellularly and outside of the cellular milieu, we sought to establish the location 

within the FLIL33 protein that is responsible for IPO5 binding. The N-terminal domain 

of FLIL33 is responsible for nuclear localization and other known protein-protein 

interactions (i.e., NF-κB and histones), suggesting its importance in FLIL33 intracellular 

activities. Given our observation that MIL33 does not interact with IPO5 and the 

established importance of the N-terminus in intracellular activity of FLIL33, we 

hypothesized that the N-terminal domain was responsible for the interaction between 

FLIL33 and IPO5. 

To investigate the potential interaction between the N-terminus of FLIL33 and 

IPO5, a separate plasmid construct was prepared that encoded the N-terminal (aa1-111) 

segment of FLIL33. As before, the encoded protein was tagged with HA, similarly to 

FLIL33HA and MIL33HA. HEK293T cells were chosen for these experiments as it has 

been established that the FLIL33 interaction with IPO5 is reproducible in these cells 

(Figure 14) and they are more amenable to recombinant protein expression than NHLFs. 

HEK293T cells were electroporated with the N-terminal construct alongside MIL33HA 

and FLIL33HA. Co-immunoprecipitation revealed that the N-terminal segment interacts 

with IPO5 similarly to FLIL33HA, whereas MIL33HA showed no detectable binding of 

IPO5 in HEK293T cells (Figure 17). This confirms the hypothesis that the N-terminal 

domain of FLIL33 is responsible for IPO5 binding.
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Figure 17. IPO5 interacts with the N-terminus of FLIL33.  
Expression of HA-tagged N-terminal segment of FLIL33 (aa1-111, N-term), along with 
MIL33HA and FLIL33HA, was achieved in cultured HEK293T cells using 
electroporation with recombinant plasmids. Cell lysates were loaded after 
immunoprecipitation (IP), and Western blots developed with antibodies against IPO5 or 
HA, as indicated. Repeated on three independent occasions with similar results.
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3.5 Localization of IPO5 binding using FLIL33 N-terminal fragments 

Having observed that FLIL33 and its N-terminal segment, but not MIL33, binds 

IPO5, we sought to narrow down the IPO5-binding region within the N-terminal segment 

of FLIL33. Better understanding of the specific location on FLIL33 required for 

interaction with IPO5 would allow for targeted mutagenesis, as well as provide for 

potential small molecule targets to alter this interaction. 

To localize the site(s) of interaction with IPO5 to a specific area of FLIL33, the 

peptide-scanning technique was used. Recombinant plasmids encoding 90 amino-acid-

long, overlapping segments of FLIL33 were constructed (Figure 18). All of the segments 

were HA-tagged on the C-terminus through the peptide linker, identical to that in the 

constructs described above. Electroporations of HEK293T cells with the individual 

constructs were performed, followed by immunoprecipitation for HA and Western 

blotting for IPO5 and HA. Truncated segments of FLIL33 were not detectable by 

Western blotting, suggesting rapid proteasomal degradation. Indeed, HEK293T cells 

treated with the proteasome inhibitor bortezomib readily expressed all of the recombinant 

FLIL33 segments. It was observed that aa1-90 and aa45-135 fragments, but not the aa91-

190 fragment, co-immunoprecipitated IPO5 (Figure 19), confirming binding of IPO5 to 

the N-terminal segment of FLIL33 and suggesting that the aa45-90 region of IL-33 may 

be sufficient for IPO5 binding, but not eliminating the possibility that there might be 

multiple sites of interaction. 



59 

 

 
  

Fi
gu

re
 1

8.
 F

ra
gm

en
ts

 o
f F

L
IL

33
 u

til
iz

ed
 in

 th
e 

pe
pt

id
e 

sc
an

ni
ng

 te
ch

ni
qu

e.
  

R
ec

om
bi

na
nt

 p
la

sm
id

s e
nc

od
in

g 
aa

1-
11

1 
(N

-te
rm

), 
aa

11
2-

27
0 

(M
IL

33
), 

as
 w

el
l a

s 9
0 

am
in

o-
ac

id
-lo

ng
 o

ve
rla

pp
in

g 
se

gm
en

ts
 o

f F
LI

L3
3 

w
er

e 
co

ns
tru

ct
ed

. A
ll 

of
 th

e 
se

gm
en

ts
 w

er
e 

H
A

-ta
gg

ed
 o

n 
th

e 
C

-te
rm

in
us

 th
ro

ug
h 

th
e 

pe
pt

id
e 

lin
ke

r 
as

 d
es

cr
ib

ed
 in

 th
e 

M
et

ho
ds

 se
ct

io
n.

 



60 

 

Figure 19. IPO5 interacts with aa1-90 and aa45-135.  
Plasmids expressing 90-amino acid long, HA-tagged segments of FLIL33 were designed 
and transfected into HEK293T cells. The proteasome inhibitor, bortezomib, was used to 
boost their expression. The segments were immunoprecipitated and eluates analyzed by 
Western blot with antibodies against IPO5 and HA, as indicated. Repeated on two 
independent occasions with similar results.  
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Continuing with the peptide scanning technique in an attempt to localize IPO5 

binding within the N-terminal segment of FLIL33 more precisely, shorter 45-amino-acid-

long peptide fragments were designed. Having shown that aa45-135 is sufficient for the 

interaction with IPO5, this segment of FLIL33 was the focus of subsequent experiments. 

These fragments were similarly overexpressed in HEK293T cells. To boost their 

expression to levels that could be evaluated by Western blotting, these cells were then 

treated with bortezomib to attenuate protein degradation. Immunoprecipitation was 

performed using anti-HA antibody as before, then Western blot of the 

immunoprecipitates was performed. It was observed that fragment aa45-90, but not 

fragment aa67-113, bound IPO5 (Figure 20). 

The N-terminus of FLIL33 contains a conserved bipartite NLS that has been well 

described (5,11,18,19). Interestingly, this NLS is not required for nuclear localization. 

However, given the known propensity of importins to identify and bind to the NLS of 

their targets, the potential contribution of the FLIL33 NLS to the IPO5 interaction was 

evaluated. To determine the effect of NLS mutation on the IPO5 interaction, the aa1-90 

segment was mutated within the NLS at indispensable locations (R67A, K71A) (11), 

rendering the NLS inactive based on prior publications (11) and a published NLS 

prediction algorithm (78). This segment was overexpressed in HEK293T cells using 

electroporation, then immunoprecipitated. The aa1-90 fragment containing a mutated 

NLS was still able to co-immunoprecipitate IPO5 (Figure 21), suggesting that the 

FLIL33-IPO5 interaction is not dependent on an intact NLS. This experiment shown in 

Figure 21 also shows an independent trial of the same 45-amino-acid segments from the 

previous figure co-immunoprecipitating IPO5 (Figure 20).
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Figure 20. IPO5 interacts with FLIL33 aa45-90 but not aa67-113.  
Plasmids expressing 90- and 45-amino acid long, HA-tagged segments of FLIL33 were 
designed and transfected into HEK293T cells in the presence of bortezomib. The 
segments were immunopreciptated and eluates analyzed by Western blot with antibodies 
against IPO5 and HA, as indicated. Repeated on two separate occasions with similar 
results.
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Figure 21. IPO5 does not require an intact NLS to interact with FLIL33.  
A plasmid expressing the aa1-90 segment with double-mutated nuclear localization 
sequence (R67A, K71A) was designed. This plasmid, as well as corresponding 90- and 
45-amino acid long, HA-tagged segments of FLIL33 were transfected into HEK293T 
cells. The proteasome inhibitor, bortezomib, was used to boost their expression. The 
segments were immunopreciptated and eluates analyzed by Western blot with antibodies 
against IPO5 and HA, as indicated. Repeated on two separate occasions with similar 
results.
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These findings, taken together, indicate that IPO5 is likely to bind to FLIL33 

within the aa45-67 region, as illustrated in Figure 22. The peptide scanning technique 

used in these experiments provides insight into the location within the FLIL33 N-

terminus that is responsible for IPO5 binding. The ability of even small fragments of the 

FLIL33 N-terminus to co-immunoprecipitate IPO5, in contrast to the complete and highly 

expressed recombinant MIL33 peptide that does not, allows for the conclusion that the N-

terminus is responsible for the FLIL33-IPO5 interaction. Furthermore, the interaction can 

be narrowed down to a specific, short peptide sequence within the FLIL33 N-terminus. 
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Figure 22. FLIL33 segments interacting with IPO5 based on co-
immunoprecipitation data.  
Taken together, our data strongly support the concept that IPO5 binds in the region 
between amino acids 45 and 65. Peptide segments are drawn to scale; the IPO5-binding 
segments are indicated as shaded bars, whereas non-binding segments are shown as open 
bars.
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3.6 IPO5 interaction with FLIL33 mutants 

The peptide scanning technique was useful for identifying the specific location 

where IPO5 interacts with FLIL33 but is limited in its ability to assess any functional 

consequences of the FLIL33-IPO5 interaction. This is due to the small size of these 

fragments, their likely abnormal folding, and the possible exclusion of other functional 

domains. FLIL33 mutagenesis was performed to better establish the binding and 

functional implications of the FLIL33 interaction with IPO5. 

For the FLIL33 mutagenesis experiments, mutants of FLIL33 with alanine 

substitutions in the N-terminal domain were designed. The mutants were HA-tagged on 

the C-terminus through the peptide linker, identically to prior recombinant FLIL33 

constructs. The location of these mutations was based on a clustered-charge-to-alanine 

system (79-81) in which clusters of charged amino acids within the N-terminal domain 

were identified. These clusters, including both the charged and uncharged amino acids, 

are then replaced with an equivalent number of alanine residues. 

Seven clusters were immediately apparent when the FLIL33 N-terminal domain is 

evaluated visually with color coding of the charged amino acids (Figure 23). These 

clusters varied in length from seven to ten amino acids, and were replaced with an 

equivalent number of alanines. The naming of the identified clusters is summarized in 

Table 4. This method was chosen given the unusually high density of charged amino 

acids within the N-terminus of FLIL33. It was postulated that these charged amino acids 

are likely to participate in essential protein-protein interactions, including the interaction 

with IPO5 and any potential mediators of nuclear translocation. 



67 

 

  

Fi
gu

re
 2

3.
 C

lu
st

er
s o

f c
ha

rg
ed

 a
m

in
o 

ac
id

s i
de

nt
ifi

ed
 in

 th
e 

FL
IL

33
 N

-te
rm

in
us

 ta
rg

et
ed

 fo
r 

al
an

in
e 

su
bs

tit
ut

io
n 

m
ut

ag
en

es
is

. 
Th

e 
di

ag
ra

m
 sh

ow
s a

m
in

o 
ac

id
s 1

-1
20

 o
f F

LI
L3

3.
 C

lu
st

er
s a

re
 id

en
tif

ie
d 

as
 C

1 
th

ro
ug

h 
C

7 
fr

om
 th

e 
N

-te
rm

in
al

 to
 C

-te
rm

in
al

 
di

re
ct

io
n.

 P
os

iti
ve

ly
 c

ha
rg

ed
 (r

ed
) a

nd
 n

eg
at

iv
el

y 
ch

ar
ge

d 
(b

lu
e)

 re
si

du
es

 a
re

 id
en

tif
ie

d.
 T

he
 se

qu
en

ce
 w

ith
 c

ol
or

 c
od

in
g 

w
as

 
ad

ap
te

d 
fr

om
 h

ttp
s:

//s
w

is
sm

od
el

.e
xp

as
y.

or
g/

. 
 



68 

Table 4. Descriptive naming of alanine substitution mutants of FLIL33. 

 

Mutated clusters are embedded within the 270 amino acid FLIL33 protein. Mutated 
stretches of amino acids are identified by the starting and ending amino acids, followed 
by the length of the stretch. For example, the mutant corresponding to cluster C1, 
FLIL33(2/11-A10), contains the entire FLIL33 protein sequence, except that amino acids 
2 through 11. These amino acids 2 through 11 are mutated to a stretch of 10 alanines. 
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Electroporations of HEK293T cells with the mutants were performed followed by 

immunoprecipitation for HA. Whole cell lysate and the immunoprecipitate from these 

experiments were analyzed by Western blotting. Western blots were probed with 

antibodies against IPO5 and HA. All clusters were readily expressed in HEK293T cells. 

It was observed that mutants FLIL33(2/11-A10) and FLIL33(46/56-A11), corresponding 

to clusters C1 and C4, respectively, did not co-immunoprecipitate IPO5 (Figure 24). 

The mutant FLIL33(2/11-A10), corresponding to C1, has unique homology to a 

specific sequence of RAG-2. RAG-2 is a protein that is central to V(D)J recombination 

that occurs in the development of B cells and T cells of the adaptive immune system (57). 

RAG-2 was previously shown to interact with IPO5 for nuclear import. The requisite 

sequence for IPO5 interaction and successful nuclear import occurred between amino 

acids 499 and 508 in RAG-2 (57), which aligns closely with the mutated section of 

FLIL33 mutant FLIL33(2/11-A10) (Figure 25). 
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Figure 24. IPO5 co-immunoprecipitation with FLIL33 alanine cluster mutants. 
Electroporation was performed in HEK293T cells with plasmids encoding FLIL33 
clusters C1 through C7, wild-type FLIL33, and MIL33. Non-coding plasmid was used as 
a control (NULL). Cell lysates were loaded whole (WC) or after immunoprecipitation for 
HA (IP). Western blots were developed with antibodies against IPO5 or HA, as indicated. 
Repeated three times with similar results.



71 

 

Figure 25. FLIL33 and RAG-2 local sequence alignment.  
Wild-type FLIL33 amino acids 1-13 are shown (top). This location corresponds to the 
mutated cluster FLIL33(2/11-A10). RAG-2 amino acids 498-509 are shown (bottom). 
This location was identified as being essential for IPO5 binding and nuclear import of 
RAG-2 (57).
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Despite this alignment and lack of IPO5 interaction on co-immunoprecipitation, 

cluster FLIL33(2/11-A10) falls outside the previously established window within FLIL33 

sufficient for IPO5 binding, as determined by the peptide scanning experiments that 

localized binding to aa45-67 (Figure 22). Further experimentation with this cluster will 

be pursued in a separate project, as the current goal of these experiments is to identify a 

specific region of FLIL33 necessary for IPO5 binding. 

The other mutant that did not have detectable binding to IPO5 by co-

immunoprecipitation was FLIL33(46/56-A11), which corresponds to C4. This cluster of 

charged amino acids falls within the range of aa45-67 sufficient for IPO5 binding 

established in the peptide scanning experiments, making it likely to be significant in the 

process of IPO5 binding to FLIL33. 

Interestingly, an area within C4 that was mutated to alanines in FLIL33(46/56-

A11) matches a consensus NLS in the yeast Saccharomyces cerevisiae. The consensus 

sequence is V/IxK, where x is any amino acid (Figure 26) (53). This conserved NLS is 

found on cargoes of Kap121p, which is the S. cerevisiae homologue of human IPO5, and 

is required for nuclear import of these cargoes (51,53). This provides some additional 

evidence in support of this cluster of charged amino acids within FLIL33 being involved 

in the interaction with IPO5. While we have not yet established that IPO5 is responsible 

for the nuclear localization of FLIL33, it is a reasonable hypothesis to suspect that this is 

the case.
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Figure 26. Kap121p-specific NLS consensus sequence is present in FLIL33. 
An alignment of NLS sequence targeting cargoes to Kap121p, the IPO5 homologue in S. 
cerevisiae (top). The consensus sequence is shown above the sequence alignment with 
required amino acids highlighted in red. The location of this consensus sequence in 
FLIL33 is shown at bottom. Adapted from “Structural basis for cell-cycle-dependent 
nuclear import mediated by the karyopherin Kap121p,” by Kobayashi, J. and Matsuura, 
Y., 2013, Journal of Molecular Biology 425, 11, 1852–68. Copyright 2013 by Elsevier. 
Adapted with permission, license #4323130552985. The amino acid sequence of FLIL33 
cluster C4 corresponding to mutant FLIL33(46/56-A11) (bottom). The consensus 
sequence is highlighted (red).
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Cluster C4 is the only cluster that both falls within the aa45-67 region and has a 

mutant, FLIL33(46/56-A11), that does not co-immunoprecipitate IPO5. For these 

reasons, further experimentation with mutant FLIL33(46/56-A11) was pursued. We 

decided to use the mutant of C5, referred to as FLIL33(61/67-A7), as a control in these 

experiments given that it also falls within the aa45-67 region and retains co-

immunoprecipitation with IPO5. To provide additional evidence regarding the 

involvement of C4 on the FLIL33 interaction with IPO5, we created deletion mutants 

corresponding to C4 and C5. These mutants were termed FLIL33(46/56DEL) and 

FLIL33(61/67DEL), respectively. A diagram depicting the protein sequences of these 

mutants is shown in Figure 27. 

Electroporation of HEK293T cells with the deletion constructs was performed 

followed by immunoprecipitation for HA and Western blotting for IPO5 and HA. IPO5 

co-immunoprecipitated with FLIL33(61/67DEL) and non-mutated FLIL33, whereas 

FLIL33(46/56DEL) bound IPO5 minimally (Figure 28). Whole-cell lysate revealed that 

these decreases in co-immunoprecipitation were not a result of decreased overall IPO5 

levels as IPO5 protein levels were unaffected by the co-expression of wild-type or mutant 

FLIL33. Notably, FLIL33(46/56DEL) was expressed at lower levels than both FLIL33 

and FLIL33(61/67DEL). The retained minimal binding of FLIL33(46/56DEL), as 

evidenced by a visible band in Figure 28, could be due to the fact that the deletion mutant 

may have created a unique binding site or may have brought other charged amino acids 

together, causing non-specific binding. This is in contrast to the alanine substitution 

mutants that replaced a charged cluster with a defined stretch of uncharged amino acids. 
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Figure 27. FLIL33 alanine-substitution and deletion mutants.  
Charged cluster-to-alanine mutagenesis of the IPO5 binding domain of FLIL33 resulted 
in two FLIL33HA mutants, termed FLIL33(46/56A11) and FLIL33(61/67A7); the 
corresponding deletion mutants were termed FLIL33(46/56DEL) and 
FLIL33(61/67DEL). 
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Figure 28. Co-immunoprecipitation of IPO5 with FLIL33 deletion mutants.  
Western blot of co-immunoprecipitates (IP) and whole cell lysates (W) from HEK293T 
cells transfected with plasmids encoding FLIL33(46/56DEL) and FLIL33(61/67DEL) 
was performed and probed with anti-IPO5 and anti-HA antibodies, as indicated. Repeated 
twice with similar results.
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3.7 Discussion 

The initial experiments within Aim 1 confirmed and extended the results of an 

exploratory LC-MS/MS study that identified intracellular binding partners of FLIL33, in 

which IPO5 consistently co-immunoprecipitated with FLIL33, but not FLIL37. These 

findings were expanded to show that this interaction is specific to FLIL33, and that 

MIL33 does not interact with IPO5. Co-immunoprecipitation of IPO5 by FLIL33 was 

shown in HEK293T cells, NHLFs, and in a cell-free pull-down assay, supporting a robust 

and reproducible interaction between the proteins that can occur in different cell types 

and in the absence of cellular machinery. 

The interaction between IPO5 and FLIL33 was localized to the N-terminus of 

FLIL33. Amino acids 45-67 of FLIL33 were found to be sufficient for IPO5 binding 

based on the outcome of peptide scanning experiments, which utilized truncated, 

overlapping segments of the FLIL33 protein. Clustered-charge-to-alanine mutagenesis of 

the FLIL33 N-terminus revealed two prospective binding sites for IPO5, clusters C1 and 

C4. While mutations of both clusters eliminated co-immunoprecipitation of IPO5, cluster 

C4 was the only one to fall within aa45-67 domain identified by the peptide scanning 

technique. This lead to the conclusion that cluster C4 plays a significant role in IPO5 

binding, which is further supported by reduced co-immunoprecipitation by the C4 

deletion mutant FLIL33(46/56DEL). 

Upon further investigation and review of the literature, it came as no surprise that 

C1 and C4 were the clusters that failed to bind to IPO5 based on co-immunoprecipitation. 

C1 is located at the far N-terminus of FLIL33. It has unique homology to a short 

sequence in RAG-2, a confirmed IPO5 cargo, which was previously shown to be 
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responsible for RAG-2 binding to IPO5 and consequent nuclear translocation (57). 

Despite this interesting finding, C1 did not fall within the range of amino acids identified 

by the peptide scanning experiments. It is likely that C1 is involved in the binding of 

FLIL33 to IPO5, but does not appear to be essential based on the current data. 

C4 is the other cluster of charged amino acids within the N-terminus of FLIL33 

that failed to bind to IPO5 when mutated to uncharged alanines in mutant in the 

corresponding mutant, FLIL33(46/56-A11). This cluster contains a unique consensus 

sequence that has been described in studies of Kap121p, the yeast homolog of IPO5 

(51,53). This consensus sequence is required by the cargoes of Kap121p to bind to 

Kap121p and translocate to the nucleus (53). The consensus sequence is only present 

once in the FLIL33 peptide and occurs in C4 between amino acids 46 and 56. The alanine 

substitution FLIL33(46/56A11) and deletion FLIL33(46/56DEL) mutants targeting C4 

did not bind IPO5 or, in the case of the deletion mutant, minimally associated with it. The 

conclusion that cluster C4 is significant in IPO5 binding to FLIL33 is supported by both 

the peptide-scanning experiments, as well as the mutational analyses. The homology of 

C4 to cargoes of Kap121p further supports this conclusion. Subsequent experiments will 

utilize the C4 mutant to evaluate the functional effects of FLIL33 binding to IPO5, 

including the effect of IPO5 binding on nuclear translocation. 

The experiments covering Aim 1 sought to isolate a specific region of the FLIL33 

N-terminus responsible for IPO5 binding; however, it is more likely that multiple regions 

of the N-terminus are involved with varying degrees of importance. Another way to look 

at this data is to conclude that, amongst the identified clusters of charged amino acids, C4 

is the most important region in IPO5 binding, with C1 being the second most important. 
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In fact, all of the clusters showed varying amounts of co-immunoprecipitated IPO5, 

suggesting a more complex system at work. Unfortunately, the co-immunoprecipitation 

technique is not adequate to quantify the degrees of binding to IPO5. In future 

experiments, direct binding experiments, such as surface plasmon resonance of 

bacterially express and purified FLIL33 and IPO5, would be needed to provide 

quantitative binding information. 

Another observation that was made in our work with the FLIL33 mutants is that 

there were often additional bands seen on Western blots in both IP and whole-cell lysate 

samples of FLIL33 or the FLIL33 mutants. An example of this can be seen in Figure 24. 

These bands were usually of a smaller molecular weight than the primary band, 

suggesting a cleavage product. FLIL33 processing by proteolysis is an active area of 

research. To date, extracellular processing by inflammatory proteases and allergen-

associated proteases are the only known mechanisms for FLIL33 to be converted to 

MIL33 (9,41,42). The additional bands seen with each mutant could represent novel 

proteolytic byproducts of FLIL33 and could help to identify potential intracellular 

processing mechanisms or new cleavage sites.  
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CHAPTER 4: NUCLEAR TRANSLOCATION OF FLIL33 IS NOT DEPENDENT 
ON THE INTERACTION WITH IPO5 
 

4.1 Originally planned experimental approach 

Aim 2: Evaluate the dependence of nuclear translocation and extracellular secretion 

of FLIL33 on interaction with IPO5. 

This study will utilize RNA-interference (RNAi) of IPO5 to determine the effect 

on subcellular localization of FLIL33 by Western blotting of nuclear and cytoplasmic 

extracts, as well as immunocytochemistry and fluorescence microscopy. Additionally, 

any IPO5 binding-deficient mutants of FLIL33 will be evaluated for subcellular 

localization in a similar fashion. 

a) Specific Hypothesis: We hypothesize that FLIL33 nuclear translocation, and not 

secretion, is dependent on interaction with IPO5. 

b) Rationale: The mechanism for nuclear translocation of FLIL33 appears to be 

dependent on the N-terminal segment of the protein; however, the mechanism by 

which the protein is transported remains unclear. With IPO5 being a nuclear 

transport protein, a logical hypothesis would be that it is responsible for transport 

of FLIL33 into the nucleus. Though nuclear transport is the classic function of 

importins, secretion of cargo has by importins, specifically IPO5 (24), has been 

shown and requires investigation. Nuclear localization and secretion of IL-33 are 

fundamental aspect of IL-33 biology and the proposed experiments will determine 

the contribution of IPO5 to these events. 

c) Experimental Approach: The following experiments will answer the following 

specific questions. 
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i) Does attenuation of IPO5 levels prevent nuclear translocation of FLIL33 in 

primary and transformed cells in culture? IPO5 levels will be attenuated using 

short-hairpin (sh)RNA. Attenuation of IPO5 levels will be confirmed by 

Western blotting for IPO5 protein. Following knockdown, the human FLIL33 

gene will be delivered to both primary human cell cultures and transformed 

human cell lines using electroporations with HA-tagged FLIL33-encoding 

recombinant plasmids. Nuclear localization will be assessed using nuclear and 

cytoplasmic protein extraction followed by Western blots probed with anti-

HA antibody. Additionally, visualization of FLIL33 subcellular localization 

will be achieved using immunocytochemistry with anti-HA antibody. 

ii) Does attenuation of IPO5 levels result in reduced extracellular release of 

either FLIL33 or MIL33 in primary and transformed cells in culture? IPO5 

levels will be attenuated as described above. The human FLIL33 and MIL33 

genes will be delivered to both primary human cell cultures and transformed 

human cell lines using electroporations with HA-tagged recombinant 

plasmids. Extracellular levels of IL-33 will be measured using ELISA for IL-

33 protein. 

iii) Does overexpression of IPO5 result in increased extracellular release of either 

FLIL33 or MIL33 in primary and transformed cells in culture? IPO5 will be 

overexpressed using a recombinant plasmid for IPO5-myc. Overexpression 

will be confirmed using Western blot probed for IPO5. The human FLIL33 

and MIL33 genes will be delivered to both primary human cell cultures and 

transformed human cell lines using electroporations with HA-tagged 
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recombinant plasmids. Extracellular levels of IL-33 will be measured using 

ELISA for IL-33 in cell lysates and media. 

iv) Do mutations in FLIL33 that eliminate IPO5 interaction result in changes in 

nuclear translocation or changes in extracellular release? Alanine substitution 

mutants that do not bind to IPO5 will be assessed for nuclear translocation by 

nuclear and cytoplasmic extraction of transfected cells followed by Western 

blotting. These results will be confirmed using immunocytochemistry in 

similarly transfected cells. Extracellular levels of these mutants will be 

assessed using ELISA, with antibodies that recognize an epitope in the native 

C-terminal receptor-binding domain, for IL-33 protein in cell lysates and 

media. 

d) Expected and unexpected result: We expect that IPO5 attenuation will result in 

reduced or absent FLIL33 nuclear localization and will have no effect on 

secretion of either FLIL33 or MIL33. This expectation is based on the fact that 

IPO5 is being widely accepted to participate in nuclear transport, while data 

supporting control of secretion is limited. If FLIL33 retains nuclear localization in 

this experimental context, two alternatives will be considered. First, IPO5 

attenuation may be incomplete and residual IPO5 is sufficient to transport FLIL33 

into the nucleus. Second, it is possible that IPO5 does not participate in the 

nuclear localization of FLIL33. In this case, an alternative consequence of the 

FLIL33-IPO5 interaction would need to be hypothesized and investigated. This 

would include control of secretion, as well as intracellular degradation, or a novel 

action of IPO5 that has not yet been described. Finally, there is the possibility that 
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this interaction is entirely stochastic and does not underlie any particular 

mechanism or biologically relevant action. 

e) Potential pitfalls, limitations, and alternative approaches: Addressing this 

Aim depends on the manipulation IPO5 levels in cultured cells. Importins, 

including IPO5, participate in essential cellular functions and are highly 

conserved in eukaryotic cells. Knockout or attenuation of IPO5 may not be 

possible while also maintaining cell viability. This will require preliminary 

experiments with shRNA, which is likely to decrease levels of IPO5 to 

undetectable levels. If this is unsuccessful, IPO5 gene editing with CRISPR/Cas9 

will be attempted with a commercially available kit (Genscript, Piscataway, NJ). 

Again, this is expected to decrease levels of IPO5 to undetectable levels. If cells 

are unable to tolerate this degree of IPO5 manipulation, small interfering (si)RNA 

targeting IPO5 mRNA will be utilized. This is expected to reduce levels of IPO5, 

but not fully abrogate them to below the level of detection. If this is the case, a 

limitation of this approach is that residual IPO5 may be able to maintain functions 

associated with FLIL33 (i.e., nuclear translocation or secretion). To overcome this 

limitation, mutants of FLIL33 known to abrogate association between FLIL33 

and IPO5 will be utilized. If FLIL33 mutants are identified that fail to associate 

with IPO5, then the behavior of these mutants, with respect to nuclear 

translocation or secretion, will be concluded to be independent of IPO5 binding. 

This approach would overcome the limitation of limited IPO5 attenuation. 

One limitation of the planned ELISA experiments is that this technique is 

unable to differentiate between FLIL33 and MIL33. Instead, it will provide total 
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protein levels in the lysates and supernatants. If IPO5 attenuation has an effect on 

the secretion of IL-33, as measured by ELISA, we would be unable to conclude 

whether this is a result of FLIL33 being released from the cell or whether it is the 

result of intracellular processing (in the absence of IPO5 binding) leading to the 

secretion of MIL33. If significant changes in secretion are observed, lysates and 

supernatants can be evaluated by Western blotting to determine the molecular 

weight of the detected IL-33. In the case of the supernatant, Western blotting will 

have to be performed following protein filtering of the media or 

immunoprecipitation of HA-tagged proteins from the media. The molecular 

weights of the species of IL-33 detected by ELISA will provide insight into 

whether reduced IPO5 binding leads to secretion of FLIL33 or processing to 

MIL33, followed by secretion. 

 

4.2 IPO5 attenuation does not prevent nuclear localization of FLIL33 

FLIL33 is predominantly nuclear, and this nuclear localization is dependent on 

the N-terminal domain of FLIL33 (6,11,17-19). The N-terminal domain contains a 

conserved bipartite NLS; however, the NLS is not necessary for nuclear localization of 

FLIL33 (7,11). As we showed previously, mutation of the NLS does not abrogate the 

FLIL33 interaction with IPO5 (Figure 21). Though the nuclear localization of FLIL33 is 

well-established in the literature (5,7,11,17-19), the mechanism by which FLIL33 is 

transported into the nucleus remains unknown. 

IPO5 is an importin that is responsible for the nuclear import of a number of 

proteins (49,55,56). Based on the well-known predominant nuclear localization of 
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FLIL33, and the main function of IPO5 as a chaperone of nuclear import, it was 

hypothesized that the interaction of FLIL33 with IPO5 facilitates nuclear import of 

FLIL33. To investigate this possibility, IPO5 levels were attenuated using RNA 

interference in HEK293T cells and NHLFs. Attempts were made to fully abrogate IPO5 

using commercially available short-hairpin RNA (shRNA) or clustered regularly 

interspaced short palindromic repeats (CRISPR)/Cas9 constructs were unsuccessful in 

that the cells became non-viable in the absence of IPO5. This observation was not 

surprising considering that IPO5 is a highly-conserved protein (49-51,53) that 

participates in an indispensable eukaryotic cell function (49,50). 

Before conducting experiments on the effects of IPO5 on nuclear translocation of 

FLIL33, we sought to validate the nuclear and cytoplasmic localization of our primary 

recombinant forms of FLIL33. To achieve this, HEK293T cells were electroporated with 

plasmids encoding HA-tagged FLIL33, MIL33, and the N-terminal domain of FLIL33. 

Nuclear and cytoplasmic extractions were performed, and these extracts were analyzed 

by Western blot. As expected, FLIL33 and the N-terminal domain were primarily 

nuclear, while MIL33 was primarily cytoplasmic (Figure 29).
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Figure 29. Nuclear and cytoplasmic localization of FLIL33 regions.  
Nuclear and cytoplasmic distribution of FLIL33 regions. Electroporations were 
performed with plasmids encoding the N-terminal domain of FLIL33 (N-term), MIL33, 
and FLIL33. Nuclear (N) and cytoplasmic (C) extraction was performed and Western 
blotting was performed with antibodies against HA, HDAC2, or α-tubulin as indicated. 
This experiment was repeated three times with similar results.
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Cultured HEK293T cells were electroporated with either non-targeting siRNA 

control or with IPO5-targeting siRNA. After 48 hours, recombinant FLIL33HA plasmid 

was additionally introduced by electroporation. Nuclear and cytoplasmic fractionation 

was performed, and Western blots were performed with the resulting extracts. This 

experimental process is diagrammed in Figure 30. Robust depletion of IPO5 in HEK293T 

cells was achieved as determined by Western blot of whole cell lysates probed with 

antibody against IPO5 (Figure 31-A). Despite significant depletion in IPO5, there was no 

difference seen in the proportions of nuclear and cytoplasmic FLIL33HA protein when 

comparing cells treated with non-targeting control siRNA and IPO5-specific siRNA. 

These results were visualized by Western blot of nuclear and cytoplasmic extracts probed 

with anti-HA antibody (Figure 31-B). 

These experiments were also performed in NHLFs to control for the possibility 

that the functional effects of IPO5 attenuation on FLIL33 may be altered in a transformed 

cell line. IPO5 levels were attenuated using IPO5-specific siRNA with subsequent 

introduction of FLIL33HA by electroporation, identically to the experimental design with 

HEK293T cells (Figure 32-A). Western blot analysis of nuclear and cytoplasmic extracts 

probed with anti-HA antibody revealed unchanged nuclear predominance in the setting of 

attenuated IPO5 (Figure 32-B). This was similar to the results seen in HEK293T cells and 

provided further evidence that normal IPO5 levels are not required for the nuclear 

translocation of FLIL33.
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Figure 30. Experimental design for IPO5 silencing and nuclear extraction.
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Figure 31. Attenuation of IPO5 levels with siRNA does not prevent nuclear 
localization of FLIL33 in HEK293T cells.  
A, Transfection of HEK293T cells with non-targeting siRNA (Ctrl) does not, whereas 
IPO5-specific siRNA does attenuate the basal levels of IPO5. For comparison, 
overexpression IPO5 using electroporation of an IPO5-encoding plasmid is also shown. 
The membranes were stripped and re-developed for β-actin. B, Overexpressed 
FLIL33HA detected with anti-HA antibody is predominantly intranuclear in both non-
targeting siRNA-transfected (Ctrl) and IPO5-targeting siRNA-transfected HEK293T 
cells. Electroporations with a non-coding plasmid (NULL) were used as controls. Nuclear 
fractions are labeled with “N” and cytoplasmic with “C.” The membranes were stripped 
of antibodies and re-developed for nuclear and cytoplasmic markers, HDAC2 and α-
tubulin, respectively, as indicated. Repeated twice with similar results.
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Figure 32. Attenuation of IPO5 levels with siRNA does not prevent nuclear 
localization of FLIL33 in NHLFs.  
A, Transfection with non-targeting siRNA (Ctrl) does not, whereas IPO5-specific siRNA 
does attenuate the basal levels of IPO5 in NHLFs. This attenuation is not impacted by 
FLIL33HA transfection as compared to the non-coding (NULL) plasmid. B, 
Overexpressed FLIL33HA detected with anti-HA antibody is predominantly intranuclear 
in both non-targeting siRNA-transfected (Ctrl) and IPO5-targeting siRNA-transfected 
NHLFs. Nuclear fractions are labeled with “N” and cytoplasmic with “C.” Bands specific 
for FLIL33HA (black arrow) and non-specific bands (white arrow) are identified. The 
membranes were stripped of antibodies and re-developed for nuclear and cytoplasmic 
markers, HDAC2 and α-tubulin, respectively, as indicated. Repeated twice with similar 
results.
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To confirm the Western blot findings, identical experiments were performed in 

HEK293T cells using IPO5-specific siRNA, with subsequent introduction of recombinant 

FLIL33HA. Instead of lysing cells and performing nuclear and cytoplasmic extractions, 

these cells were processed for immunocytochemistry. Retained nuclear localization of 

FLIL33HA was confirmed in HEK293T cells transfected with either non-targeting or 

IPO5-specific siRNA and probed with anti-HA antibody (Figure 33). For comparison, 

MIL33HA was also expressed and visualized, and found to be primarily cytoplasmic 

(Figure 33-right panel). Thus, substantial attenuation of IPO5 levels did not alter nuclear 

localization of FLIL33 when analyzed by Western blot of nuclear and cytoplasmic 

extracts. This finding was confirmed by immunocytochemistry showing retained nuclear 

localization of FLIL33HA following IPO5 attenuation. 
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Figure 33. Immunofluorescent staining of FLIL33 following attenuation of IPO5. 
Immunofluorescent staining of cultured HEK293T cells for the HA tag (green) after 
electroporation with indicated siRNAs and then FLIL33HA demonstrates that FLIL33 
remains intranuclear without (left) or with (middle) IPO5 attenuation. For comparison, 
cells similarly electroporated with MIL33HA express mature IL-33 in the cytoplasm 
(right). Nuclei were stained with DAPI (blue). Repeated twice with similar results.
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4.3 IPO5 binding-deficient mutants retain nuclear localization 

The IPO5 attenuation experiments provide substantial evidence to support the 

notion that IPO5 does not facilitate the nuclear localization or translocation of FLIL33; 

however, these studies were limited by the inability to silence IPO5 expression entirely, 

as some detectable IPO5 protein always remained. The possibility exists that this residual 

IPO5 protein is not only capable of sustaining cellular function, as evidenced by lack of 

toxicity seen in the siRNA experiments, but also that this residual IPO5 is sufficient for 

the nuclear translocation of FLIL33. 

To further investigate the effect of IPO5 on the subcellular localization of 

FLIL33, the previously described alanine substitution mutants were evaluated. Having 

shown that their binding to IPO5 is deficient, assessment of their subcellular localization 

would provide further evidence for or against the involvement of IPO5 in the nuclear 

localization of FLIL33, independent of the IPO5 attenuation studies. To determine the 

subcellular localization of the mutants, nuclear and cytoplasmic extracts of HEK293T 

cells transfected with FLIL33(46/56A11) or FLIL33(61/67A7) were analyzed by Western 

blot for HA. Both mutants retained nuclear localization, similarly to native FLIL33 

(Figure 34). 



94 

 

 
 

Figure 34. IPO5-binding-deficient mutants have similar nuclear localization to 
FLIL33.  
Nuclear and cytoplasmic extraction was performed on HEK293T cells transfected with 
plasmids encoding FLIL33(46/56A11), FLIL33(61/67A7), or WT FLIL33HA. The 
membranes were stripped of anti-HA antibodies and re-developed for nuclear and 
cytoplasmic markers, HDAC2 and α-tubulin, respectively, as indicated. Repeated twice 
with similar results.



95 

Nuclear localization was confirmed using immunofluorescence in HEK293T cells 

transfected with FLIL33(46/56A11) or FLIL33(61/67A7), as well as FLIL33(46/56DEL) 

or FLIL33(61/67DEL), by staining with anti-HA antibody (Figure 35). Though both 

mutants were predominantly nuclear, FLIL33(46/56A11) and FLIL33(46/56DEL) 

consistently showed a granular appearance within the nucleus, whereas the distribution of 

FLIL33(61/67A7) and FLIL33(61/67DEL) was homogenous. 

Importins, including IPO5, can perform other functions in addition to facilitating 

nuclear import of their cargo. One report found that IPO5 is involved in the secretion of 

apolipoprotein A1 (APOA1) from cells (24). Given that no evidence was seen that 

supports a role for IPO5 in the nuclear localization of FLIL33, the possibility was 

evaluated that IPO5 may control FLIL33 secretion from cells. 

To date, there is no known mechanism for IL-33 secretion aside from necrosis of 

the cell, although there is some evidence that mechanical stress and spontaneous release 

may be possible (28,39). To evaluate the possible effect of IPO5 attenuation on the 

secretion of IL-33 from the cell, ELISA was performed on lysates and supernatants of 

NHLFs electroporated with plasmids encoding FLIL33, without or with IPO5 siRNA. 

These experiments were performed on three separate occasions, utilizing a different 

primary NHLF culture each time. In all three of these experiments, IL-33 was detected in 

the lysates, but no IL-33 was detected in the supernatant in NHLFs transfected with 

FLIL33. Absence of IL-33 in the supernatant was observed regardless of IPO5 

attenuation. 
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Figure 35. IPO5-binding-deficient mutants retain nuclear localization. 
Immunofluorescent staining of cultured HEK293T cells for the HA tag (green) after 
electroporation with plasmids encoding FLIL33(46/56A11), FLIL33(46/56DEL), 
FLIL33(61/67A7), and FLIL33(61/67DEL). Nuclei were stained with DAPI (blue). 
Repeated twice with similar results. 
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4.4 Discussion 

The experiments pursued in Aim 2 tested the hypothesis that IPO5 controls the 

nuclear translocation of FLIL33. The recombinant FLIL33HA used in this study is 

primarily nuclear, consistent with previously published literature investigating subcellular 

localization of IL-33. Surprisingly, our data indicate that IPO5 is unlikely responsible for 

its nuclear translocation. 

First, we utilized siRNA to reduce IPO5 levels. Despite robust reduction of IPO5 

protein, FLIL33 remained intranuclear. The observed lethality of complete IPO5 

elimination from cells in our experiments using CRISPR/Cas9 or shRNA supports the 

notion that IPO5 is indispensable for cell function, making FLIL33 binding of IPO5 all 

the more intriguing. IPO5 attenuation with siRNA was well tolerated by the cells, 

suggesting that reduced levels of IPO5 are still sufficient to sustain cellular processes. 

A corollary of this notion is that while the cell can manage with reduced, but not 

absent, IPO5, it is possible that low levels of IPO5 may be sufficient for nuclear 

translocation of FLIL33. To account for this potential low-level activity of IPO5, we 

evaluated the subcellular localization of the C4 mutants FLIL33(61/67A7) and 

FLIL33(61/67DEL). Despite their deficiency in IPO5 binding, the C4 mutants localized 

to the nucleus. This was determined by experiments analyzing nuclear and cytoplasmic 

extracts, as well as by direct visualization by immunocytochemistry. These observations 

further support the lack of involvement of IPO5 in nuclear translocation of FLIL33. 

Nonetheless, this does not fully exclude the possibility of a contribution from residual 

IPO5-FLIL33 interaction. A caveat associated with these studies is that determination of 

a lack of IPO5 binding by mutated FLIL33 is limited by the sensitivity of the co-
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immunoprecipitation technique. Overall, the conclusion regarding IPO5 non-involvement 

in FLIL33 nuclear translocation is well supported by the data presented. Nonetheless, this 

conclusion should be made with caution given the limitations and alternative 

explanations described above. 

An interesting observation in the immunocytochemistry experiments is the change 

in granularity seen in the nucleus between the C4 and C5 mutant, with C4 being highly 

granular and C5 appearing more similar to wild-type FLIL33. It is possible that this is the 

result of absent IPO5 binding and subsequent change in the intranuclear localization of 

the C4 mutant, although similar changes were not seen with wild-type FLIL33 when 

IPO5 levels were attenuated with siRNA. Another possibility is that the C4 mutation 

occurs within the CBM that was previously identified (19). Lack of binding to chromatin 

by the C4 mutant could account for the change in intranuclear localization. The 

implications of this change are unclear, but in future work these mutants could be utilized 

to help delineate the nuclear effects of FLIL33 and how chromatin binding of FLIL33 

may impact cellular function. 

Importin cargoes, including those of IPO5, are known to bind to additional 

nuclear import receptors (Table 3). Redundancy in this process is not surprising given the 

essential cellular functions support by nuclear import. In addition to residual low levels of 

IPO5-FLIL33 interaction leading to nuclear localization, another possibility is an 

alternative nuclear import chaperone being involved in this process. In the initial LC-

MS/MS experiments, importin-7 was identified as a binding partner of FLIL33, though 

its presence in FLIL33 co-immunoprecipitates was much less abundant than IPO5, and it 

was not identified in all LC-MS/MS experiments, as compared to IPO5 which was 
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consistently identified. Attempts were made to reproduce FLIL33 co-

immunoprecipitation of importin-7 using Western blotting, but no importin-7 could be 

detected by this technique. 

Nuclear translocation of proteins may also be a passive process. It has been 

reported that macromolecules smaller than 40 kDa can passively diffuse through the NPC 

(50,51). Because FLIL33 contains a CBM and is less than 40 kDa, its mechanism of 

nuclear translocation could be passive, and nuclear retention a result of chromatin 

binding. Though possible, this mechanism seems less likely given the importance of 

nuclear translocation to prevent the unintended release of FLIL33 extracellularly. An 

active nuclear import process is the more likely scenario.  
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CHAPTER 5: IPO5 PROMOTES THE INTRACELLULAR STABILITY OF 

FLIL33 

 

5.1 Originally planned experimental approach 

Aim 3: Determine the role of IPO5 binding in controlling the intracellular stability 

of the FLIL33 protein. 

This study will investigate the biologic implications of the FLIL33 interaction 

with IPO5. Effects on subcellular localization will be measured as described above. 

Additionally, effects of IPO5 attenuation on secretion and protein stability will be 

measured by ELISA and Western blot of proteins isolated from lysates and supernatants. 

a) Specific Hypothesis: We hypothesize that FLIL33 is stabilized and protected 

from degradation by interaction with IPO5. 

b) Rationale: Maintenance of intracellular levels of FLIL33 remains poorly 

understood. In addition to nuclear transport and secretion, importins have been 

implicated in control of intracellular degradation. We have reported that FLIL33 

degradation can be induced in a proteasome-dependent manner (20). With 

FLIL33 being basally expressed throughout the body (1,5,7,29,32) and its 

involvement in immune pathology following its release (1-3,5-7,27,29), 

maintenance of the intracellular pool becomes a novel target for therapeutics. If 

the interaction with IPO5 protects FLIL33 from degradation, targeting this 

interaction could result in decreased levels of FLIL33 and reduction in IL-33-

associated pathologies, making investigation of this aim warranted. It is important 
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to note that effects on stability are not mutually exclusive of effects on nuclear 

localization and, in fact, may be part of the same regulatory machinery. 

c) Experimental Approach: The following experiments will answer the following 

specific questions. 

i) Does attenuation of IPO5 levels result in changes in FLIL33 protein levels? 

IPO5 levels will be attenuated using the methods described in Specific Aim 2 

in cultured primary and transformed cells. Following IPO5 knockdown, the 

human FLIL33 gene will be delivered to both primary human cell cultures and 

transformed human cell lines using electroporations with HA-tagged FLIL33-

encoding recombinant plasmids. FLIL33 levels will be assessed using 

Western blots probed with anti-HA antibody. Total IL-33 levels will be 

assessed further using ELISA for IL-33 in whole cell lysates. 

ii) Are FLIL33 mutants that are deficient in IPO5 binding expressed at different 

levels than wild-type FLIL33? Mutated and wild-type FLIL33 genes will be 

delivered to cultured primary and transformed cells as previously described 

and in an identical fashion. Levels of expression will be measured using 

Western blots probed with anti-HA antibody. Mutants that both retain and 

eliminate IPO5 binding will be tested alongside one another as a control. 

iii) Can levels of FLIL33 in IPO5-attenuated cells, as well as mutants deficient in 

IPO5 binding, be rescued by inhibition of the proteasome? IPO5 attenuation 

and delivery of FLIL33 genes will be performed as described in Specific Aims 

1 and 2. Cells will be treated without and with bortezomib. Bortezomib is the 

proteasome inhibitor of choice for these experiments because of its high 
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potency, reducing potential vehicle effects, as well as its high specificity for 

the proteasome and lack of effect on other non-proteasome proteases. Levels 

of the FLIL33 recombinant proteins will be measured by Western blot probed 

with anti-HA antibody. 

d) Expected and unexpected result: We have no evidence to suggest whether the 

interaction with IPO5 contributes to intracellular stability of FLIL33. However, 

such a contribution cannot be excluded, and if it occurs, it does not necessarily 

exclude IPO5’s contribution to the regulation of nuclear localization of FLIL33. 

The results will clarify whether such regulation should or should not be 

considered in planning new approaches to therapeutic manipulation of 

intracellular FLIL33 levels. 

e) Potential pitfalls, limitations, and alternative approaches: These experiments 

are designed to show the effects of IPO5 binding on FLIL33 levels and 

degradation. Any residual IPO5 in attenuation experiments may be sufficient to 

protect intracellular FLIL33, even when utilizing overexpression, although we 

expect to see changes in levels of FLIL33 that are proportional to the 

corresponding level of IPO5 reduction. Utilization of IPO5 binding-deficient 

mutants of FLIL33 provides some redundancy to the experimental plan as we 

would expect that these mutants are more unstable than either wild-type FLIL33 

or a similar mutant that retains IPO5 binding. Alternative techniques to assess 

degradation pathways associated with the FLIL33-IPO5 interaction include 

assessment for ubiquitination using tagged ubiquitin experiments. Experiments 

may also be performed in which specific subunits of the proteasome are silenced, 
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as was performed in our prior work showing inducible proteasome-dependent 

degradation of FLIL33 by subunit LMP2 (20). 

 

5.2 IPO5 attenuation leads to degradation of FLIL33 

The observations that attenuation of IPO5 levels did not alter subcellular 

localization or secretion of FLIL33 prompted the additional consideration that IPO5 

binding may control intracellular degradation of FLIL33. This possibility was based on 

previous reports that importins have the ability to regulate intracellular degradation of 

target proteins through the ubiquitin-proteasome system (25,26). To date, no mechanism 

has been identified for maintaining intracellular levels of FLIL33 protein. Given the 

constitutive expression of FLIL33 in a wide variety of abundant cell types, it is likely that 

cellular machinery regulating protein turnover and degradation, such as the ubiquitin-

proteasome system, would play significant role in IL-33 biology and homeostasis. 

To assess the possibility that IPO5 is contributing to the stabilization or 

degradation of FLIL33, effects of IPO5 attenuation on overexpressed FLIL33 were 

investigated. NHLFs were transfected with IPO5-targeting siRNA, followed by 

transfection with the FLIL33HA-encoding plasmid. FLIL33HA levels were evaluated 

using Western blot of the transfected cell lysates probed with anti-HA antibody. 

Substantial and consistent reduction in FLIL33 protein levels were observed with IPO5 

attenuation compared to non-targeting siRNA (Figure 36, lanes 1-4). Conversely, MIL33 

was reduced slightly, but to a much lesser extent than FLIL33, by IPO5 attenuation 

(Figure 36, lanes 5-6). 
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Figure 36. Attenuation of IPO5 levels results in reduced levels of FLIL33 when 
overexpressed in NHLFs.  
A, NHLFs transfected with IPO5-targeting or control scrambled siRNAs as indicated and 
then electroporated with either FLIL33HA-encoding plasmid (two separate experiments 
shown on the left side of panel A) or MIL33HA (on the right side of panel A). The lanes 
are numbered on top of the gel images. B, HA band densities normalized to the 
corresponding reference protein band densities (β-actin or GAPDH as indicated); the bars 
are numbered to match numbering of the sample lanes in panel A. Repeated on two 
independent occasions with similar results.
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5.3 Proteasome inhibition restores FLIL33 protein levels after IPO5 attenuation 

Reduction in FLIL33 levels following IPO5 attenuation suggests that IPO5 may 

stabilize FLIL33 or protect it from cellular degradation machinery. Interestingly, this 

effect is much more pronounced with FLIL33 than with MIL33. These findings support 

the notion that the protective function of IPO5 is related to the N-terminus of FLIL33, 

which we previously showed to be required for the interaction between FLIL33 and 

IPO5. 

Cells have two primary mechanisms for the turnover and degradation of proteins: 

the ubiquitin-proteasome system and the lysosome pathway. There are reports suggesting 

involvement of the ubiquitin-proteasome system on FLIL33 degradation (20,46,47), as 

well as importins being able to mediate proteasome-dependent degradation (26). Previous 

experiments carried out in this study have utilized the proteasome inhibitor bortezomib, 

the presence of which increased the levels of recombinant FLIL33 protein, as well as the 

various segments and mutants of FLIL33. This led us to the hypothesis that IPO5 protects 

FLIL33 from proteasome-dependent degradation. 

Having shown that IPO5 attenuation leads to a reduction in FLIL33 levels (Figure 

36), we sought to determine the effects of proteasome inhibition with bortezomib on 

FLIL33 levels following IPO5 depletion. NHLFs were treated with bortezomib to 

suppress the activity of the proteasome. ELISA tests of cell lysates revealed that IL-33 

levels were partially rescued by proteasome inhibition in the setting of IPO5 attenuation 

(Figure 37). These findings indicate that the interaction between FLIL33 and IPO5 results 

in stabilization of the FLIL33 protein, and that this stabilization may be a result of 

protection from proteasome-dependent degradation. 
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Figure 37. FLIL33 levels are partially rescued by proteasome inhibition following 
IPO5 attenuation.  
ELISA for IL-33 was performed with NHLF lysates following siRNA-mediated depletion 
of IPO5 and electroporation with the FLIL33HA-encoding (left) or vehicle control 
(NULL, right). Mean ± SD values pooled from 3 separate experiments with each 
condition tested in duplicates are shown. Significantly decreased (p < 0.05) IL-33 levels 
were observed with IPO5 attenuation in FLIL33HA-overexpressing cells as indicated by 
asterisks; there was a tendency to lower intracellular endogenous IL-33 in NULL-
transfected cells, but it did not reach statistical significance. Treatment with the 20S 
proteasome inhibitor, bortezomib, was used, as indicated, and resulted in partial 
restoration of IL-33 levels. 
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Interestingly, the ELISA test detected endogenous FLIL33 in the NULL 

transfected samples. Endogenous IL-33 levels were increased with bortezomib treatment, 

suggesting some basal level of degradation. Additionally, endogenous IL-33 also showed 

reductions with IPO5 attenuation (Figure 37, right bar graph). One caveat to the ELISA 

experiments is that the antibodies used do not differentiate between FLIL33 and MIL33 

forms. Also of note, the IPO5-dependent FLIL33 protein stabilization was observed in 

NHLFs, which are primary cell cultures, but not in HEK293T cells, a transformed cell 

line. This distinction is important because fibroblasts are a known source of FLIL33 in 

humans, and the observation that FLIL33 stabilization occurs in NHLFs, but not 

HEK293T cells, supports its relevance to IL-33 related biology and pathology. 

In NHLFs, FLIL33(61/67A7) was readily expressed following electroporation, 

and IPO5 attenuation with IPO5-targeting siRNA led to decreased levels of 

FLIL33(61/67A7), similarly to wild-type FLIL33 (Figure 38-A). Conversely, 

FLIL33(46/56A11) was expressed at low levels in NHLF lysates when analyzed by 

Western blotting for HA, both in the absence or presence of IPO5-targeting siRNA 

(Figure 38-A, right). Levels of FLIL33(46/56A11) in NHLFs were rescued by 

proteasome inhibition with bortezomib (Figure 38-B). Rescue of FLIL33(46/56A11) in 

NHLFs occurred similarly in NHLF cultures without and with IPO5 attenuation using 

IPO5-targeting siRNA, consistent with the notion that IPO5 does not bind or protect this 

mutant (Figure 38-B).
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Figure 38. Mutations within the IPO5 binding region of FLIL33 result in protein 
degradation.  
A, Whole cell lysates from NHLFs transfected with plasmids encoding wild-type (WT) 
FLIL33HA, FLIL33(46/56A11), or FLIL33(61/67A7), with or without IPO5 attenuation 
by IPO5-targeting siRNA, were analyzed by Western blot. B, Whole cell lysates of 
NHLFs transfected with plasmid encoding FLIL33(46/56A11) and IPO5-targeting 
siRNA, with or without bortezomib were analyzed by Western blot. Repeated twice with 
similar results.
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To further assess and quantify the reduction of FLIL33(46/56A11) protein levels, 

cycloheximide (CHX) chase experiments were performed to determine the half-life of the 

mutant protein (82). CHX is an antibiotic compound that inhibits the elongation of the 

peptide chain during protein synthesis (82). Following electroporation of NHLFs with 

FLIL33(46/56A11) and FLIL33(61/67A7), cells were treated with bortezomib to boost 

basal levels, then bortezomib-containing media was exchanged for media containing 

CHX to inhibit translation. Cells were lysed at sequential time points and protein levels 

were measured by Western blot analysis for HA. Protein levels of FLIL33(46/56A11) 

decreased more rapidly than FLIL33(61/67A7) (Figure 39). This finding is consistent 

with an increased rate of degradation in the absence of IPO5 binding and protection, and 

provides further evidence that FLIL33 binding to IPO5 contributes to its stability. 

These results show that amino acids 46 through 56, which are important for IPO5 

binding, also play a significant role in IPO5-mediated protection of FLIL33 from 

proteasomal degradation. Mutation or deletion of amino acids 46 through 56 of FLIL33 

results in reduced protein levels as a result of proteasome-dependent degradation. The 

relative instability of FLIL33(46/56A11) is further demonstrated by a reduced half-life in 

CHX-chase experiments when compared to FLIL33(61/67A7). Taken together, these 

results support the notion that FLIL33 amino acids 46 through 56 play a significant role 

in both IPO5 binding and subsequent protection of FLIL33 from proteasome-dependent 

degradation.
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Figure 39. Mutations within the IPO5 binding region of FLIL33 lead to more rapid 
protein degradation.  
A, NHLFs transfected with plasmids encoding FLIL33(46/56A11) or FLIL33(61/67A7) 
were treated with bortezomib, then the media was exchanged to replace bortezomib with 
CHX. Lysates were collected at the indicated time points following CHX administration. 
Western blots were probed with anti-HA antibody, as indicated. B, HA band densities 
were normalized to the corresponding reference protein band densities (β-actin) and were 
graphed on a time curve. Experiments were performed in NHLFs from two different 
donors with consistent results.
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5.4 Discussion 

In Aim 3, it was observed that IPO5 attenuation using siRNA leads to reduction in 

recombinant FLIL33HA levels, and that this reduction can be partially reversed by 

proteasome inhibition with bortezomib. Further supporting the notion that IPO5 protects 

FLIL33 from degradation is the observation that the C4 mutant FLIL33(46/56A11), 

which does not bind IPO5, is expressed at low levels when compared to wild-type 

FLIL33 or the C5 mutant FLIL33(61/67A7). These comparatively low levels were shown 

at a single time point as well as in a CHX chase experiment. Much like the IPO5 

attenuation experiments, the low levels of C4 mutant FLIL33(46/56A11) could be 

partially restored by inhibition of the proteasome, suggesting a proteasome-dependent 

process. 

Other members of the importin family have been implicated in the protection of 

their targets from intracellular degradation or regulation of their ubiquitination and 

degradation (25,26). Ribosomal protein L4 (RpL4) has been shown in yeast to be 

protected from its corresponding E3 ubiquitin ligase by interaction with Kap104, a yeast 

importin. The binding site for Kap104 sequesters the ubiquitin binding site on RpL4, 

preventing ubiquitination and targeting for proteasome-dependent degradation (25). 

Some importins not only facilitate nuclear import, but can also have a protective effect by 

shielding the basic proteins normally found in the NLS and DNA-binding domains of 

their cargoes bound for the nucleus (58). These basic regions have a tendency to promote 

precipitation of the protein in the cytoplasm, which would render them non-functional 

and unable to be transported (58). Additionally, these basic amino acids could lead to the 

protein being targeted by the cellular degradation machinery (i.e., lysine, the target of 
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ubiquitination, is a basic amino acid), including the proteasome. Review of the literature 

that supports these alternative functions of importins ultimately resulted in our evaluation 

of FLIL33 turnover and degradation, and how IPO5 may contribute to these processes. 

In support of our conclusion that IPO5 protects FLIL33 from proteasome-

dependent degradation is the reductionist mechanisms by which the cell degrades 

unwanted proteins: the ubiquitin-proteasome system and the lysosome. FLIL33 is a 

nuclear protein, which makes it a more likely target for the proteasome (59). 

Additionally, the proteasome inhibitor bortezomib has been used experimentally to 

activate autophagy, which utilizes the lysosome (72,73,77). If the lysosome were 

responsible for degradation of FLIL33, then we would expect bortezomib to result in 

increased degradation, as opposed to the observed increase in protein levels. Future 

experiments will include the use of lysosome and autophagy inhibitors, such as 

chloroquine that raises the lysosomal pH and prevents proteolysis (83), to assess and 

quantify the contribution of the lysosomal degradation pathway to FLIL33 turnover. 

The conclusion that FLIL33 degradation in the absence of IPO5 binding is the 

result of proteasomal degradation has multiple limitations. One of these is that rescue of 

FLIL33 levels with proteasome inhibition was always partial in these experiments. The 

treatment with bortezomib was notably toxic to cells and complete inhibition is likely 

impossible without resulting in substantial cell death. We also were not able to show 

causality that proteasome inhibition directly counteracts the degradation of FLIL33 

absent IPO5 binding. The possibility remains that degradation of FLIL33 in the absence 

of IPO5 binding, and increase in levels with proteasome inhibition, are two independent 
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events. Nonetheless, the data presented is supportive of the conclusion that IPO5 protects 

FLIL33 from degradation by the proteasome. 

Another limitation is the use of only one proteasome inhibitor, bortezomib. 

Bortezomib was chosen because of its high potency, requiring a much lower 

concentration (500 nM) than other commonly utilized proteasome inhibitors. Bortezomib 

also has greater specificity for the proteasome and minimal effects on other intracellular 

proteases (72). Furthermore, bortezomib is approved by the Food & Drug Administration 

for treatment of multiple myeloma and mantle cell lymphoma, having underwent 

extensive testing in animals and humans (69-73,84). This makes any future in vivo or 

clinical applications of this work easier to pursue.   
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CHAPTER 6: DISCUSSION 

 

6.1 Summary 

In this work, we identified a unique interaction between the IL-33 precursor 

FLIL33 and the nuclear import chaperone IPO5. Initially, an exploratory experiment 

utilized LC-MS/MS to identify intracellular binding partners of FLIL33. It was observed 

in these LC-MS/MS experiments that IPO5 consistently co-immunoprecipitated with 

FLIL33, but not FLIL37 in NHLFs (Figure 13). This observation was confirmed by 

Western blot analysis of FLIL33 co-immunoprecipitates from NHLFs and HEK293T 

cells (Figure 14), and in a cell-free pull-down assay using purified FLIL33 and IPO5 

(Figure 16). Additionally, it was observed that the N-terminus of FLIL33 binds IPO5, but 

that MIL33 does not, suggesting that this interaction is mediated by the N-terminus of 

FLIL33 (Figure 17). By using truncated, overlapping fragments of the FLIL33 protein, 

we showed that the binding activity between FLIL33 and IPO5 is localized to the N-

terminus of the FLIL33 protein between amino acids 45-67 (Figures 19, 20, and 22). 

Mutagenesis of charged amino acid clusters within the N-terminus of FLIL33 revealed 

that amino acids 46-56 are important for the FLIL33-IPO5 interaction (Figures 24 and 

28). 

It was initially hypothesized that IPO5 mediates the nuclear import of FLIL33 

based on the previously described function of IPO5 as a nuclear import chaperone 

(49,50,55-58,85) and the established nuclear localization of FLIL33 (4,6,7,11,17,19,86). 

Attenuation of IPO5 levels through RNAi did not alter the predominant nuclear 

localization of FLIL33 (Figures 31, 32, and 33). Additionally, FLIL33 mutants deficient 
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in IPO5 binding retained nuclear localization (Figures 34 and 35). Nuclear predominance 

in the absence of IPO5 binding was identified by Western blotting of nuclear and 

cytoplasmic extracts (Figures 31, 32 and 34), and was confirmed using 

immunocytochemistry (Figures 33 and 35). 

Alternative hypotheses were evaluated, including whether IPO5 binding could 

affect the stability of FLIL33. In prior studies, importins were shown to protect their 

cargoes from degradation (25,26,57). We found that IPO5 attenuation with RNAi induced 

the degradation of FLIL33 in NHLFs (Figure 36), with fibroblasts being a well-described 

source of IL-33 in humans (1-7,20,27,29,32). In addition, FLIL33 mutants deficient in 

IPO5 binding were expressed at low levels in NHLFs (Figure 38), suggesting their rapid 

degradation. Partial rescue of this degradation, of both wild-type FLIL33 following IPO5 

attenuation and IPO5-binding-deficient mutants, was achieved by inhibition of the 

proteasome with bortezomib (Figures 37 and 38). 

 

6.2 Conclusion 

FLIL33 and IPO5 are intracellular binding partners in primary and transformed 

human cells, and this interaction can also occur outside the cellular milieu. The binding 

between FLIL33 and IPO5 occurs through the N-terminus of FLIL33 and amino acids 

46-56 play an important role. FLIL33 is primarily intranuclear, but the interaction with 

IPO5 is not essential for nuclear localization. Instead, the interaction between FLIL33 

and IPO5 leads to maintenance of intracellular FLIL33 protein levels. The maintenance 

of FLIL33 protein by IPO5 appears to be a result of protection from proteasome-

dependent degradation. 
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6.3 Future directions 

The intracellular functions and interactions of FLIL33 have been studied since its 

first description as a nuclear factor over a decade ago, but these investigations have 

lagged in quantity and breadth when compared to the studies of MIL33 and T1/ST2 

receptor-mediated biology. The unique intracellular behaviors of FLIL33 are of 

substantial biologic importance for three specific reasons: 

1. IL-33, like its IL-1 family member IL-1α, is a potent cytokine that is expressed 

basally in a variety of cell types throughout the human body and has been implicated 

in many disease processes (1,5-8,12,32). Mechanisms that maintain the intracellular 

pool of FLIL33 will likely impact the amount of mature cytokine available for 

inflammatory processes. 

2. Nuclear FLIL33 levels are elevated in some diseases where Th2-type inflammation is 

not apparent (1,4,5,7,13-15,27,38,44). In these cases, FLIL33 has been implicated in 

receptor-independent cellular processes contributing to pathology, but the exact 

mechanisms of such contributions remains unclear (5-7,13,33-36). 

3. The intracellular trafficking and nuclear localization of FLIL33 are essential to 

maintain homeostasis and failure of these processes can lead to untoward or 

exuberant inflammation through unintentional release or secretion of FLIL33 (19,20). 

Here, we provide an in-depth investigation into a specific intracellular interaction 

of FLIL33 with IPO5, and its effect on the turnover and degradation of FLIL33. The 

question remains as to how IPO5 is able to protect FLIL33 from proteasome-dependent 

degradation. To date, there have been no studies identifying a specific E3 ubiquitin ligase 

targeting IL-33. It is possible that IPO5 shields FLIL33 from its corresponding E3 
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ubiquitin ligase, preventing ubiquitination. Another possibility is that the interaction with 

IPO5 promotes FLIL33 interaction with deubiquitinases. In fact, other groups have 

shown that deubiquitinases USP17 (47) and USP21 (46) stabilize IL-33, leading to its 

deubiquitination and stabilization. A third possible mechanism for FLIL33 protection 

from degradation is for IPO5 to prevent delivery of FLIL33 to the proteasome itself, 

regardless of ubiquitination status. This could potentially occur by sequestration of the 

FLIL33 away from the proteasome or by IPO5 shielding FLIL33 sites of ubiquitination, 

preventing recognition by the proteasome. These hypothetical mechanisms require further 

investigation in future studies. 

The ubiquitin-proteasome system has already been shown to play an important 

role in the inflammatory response (20,59,63,67,87). A widely cited contribution of the 

ubiquitin-proteasome system’s contribution to inflammation is the ubiquitination and 

degradation of IκB in the NF-κB inflammatory pathway (63,87). In fact, inhibition of IκB 

degradation by the use of proteasome inhibitors is thought to be the mechanism by which 

bortezomib is efficacious in the treatment of multiple myeloma (67,70,71,84). 

Additionally, inhibition of specific proteasome subunits can result in altered 

phosphorylation of inflammatory signaling molecules in macrophages responding to 

lipopolysaccharide (63,87). This work, as well as our previous work showing that 

FLIL33 can be degraded by an immunoproteasome subunit LMP2 (20), provides a direct 

link between proteasome function and FLIL33 degradation. In future experiments, 

specific proteasome subunits will be targeted for inhibition, by use of small-molecule 

inhibitors or knockout mice, to determine whether IPO5 specifically protects FLIL33 
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from a particular proteasome subunit, or which subunits are necessary for FLIL33 

degradation. 

In addition to providing insight into the turnover and degradation of FLIL33, this 

work also raises the question of how FLIL33 may influence the functions of the cell in 

which it is expressed. There are a number of reports showing that intracellular FLIL33 is 

able to impact cellular and tissue functions in a T1/ST receptor-independent manner. 

These functions include wound healing and fibrosis, inflammation, and the cell cycle 

(4,5,12,14,15,35,38,48,88). Despite these observations, the mechanism by which 

intracellular FLIL33 is able to have these effects is unknown. It is possible that this 

influence could be mediated through the interaction of FLIL33 with IPO5. By interacting 

with IPO5, FLIL33 may impact the nuclear import of other IPO5 cargoes, acting through 

competitive inhibition as an IPO5 sink, or by directly altering IPO5 function. IPO5 

cargoes include essential cellular components, such as histones and ribosomal proteins, 

which are vital to cell function. It is certainly conceivable that the interaction with IPO5 

gives FLIL33 the potential to impact cellular functions by changing the dynamics of 

nuclear import of essential proteins for nuclear functions, including gene expression and 

ribosome assembly. Conceptually, this gives FLIL33 the ability to have the broad 

downstream effects on cells. 

There is some evidence to support the idea that FLIL33 directly acts as an 

inhibitor of transcription (11) or can directly interact with transcription factors to impact 

their functions (12). These claims remain controversial, and more recent evidence 

contradicts these observations. A recent study showed no effect on protein expression 

following knockdown of endogenous FLIL33 by using on whole proteome analysis (89). 
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Our lab has been pursuing whole transcriptome analysis in cells with overexpressed 

FLIL33, and the preliminary results show no significant changes. These negative results 

suggest that FLIL33 has little to no effect on resting cells; however, it does not exclude 

the possibility that FLIL33 impacts the function of cells that are being stimulated or 

stressed. This would explain the cellular effects seen in our lab, such as inflammatory 

infiltrate in ST2 knockout mice (14) and potentiation of BLM-induced pulmonary 

inflammation (15) when FLIL33 is overexpressed in vivo. Additionally, it could explain 

the observations that nuclear FLIL33 impacts wound healing, the cell cycle, and 

downstream cytokine production (35,38,48,88). Whether or not these observations are 

related to FLIL33’s interaction with IPO5 remains unknown, but it must now be 

considered that altering the nuclear import of IPO5 cargoes could provide an explanation 

for the cellular effects associated with nuclear FLIL33. 

Another consideration, to this effect, is the subcellular localization of the FLIL33-

IPO5 interaction. Importin-β, another member of the importin family, has been shown to 

impact endoplasmic reticulum-associated degradation (ERAD), the process by which 

misfolded proteins in the endoplasmic reticulum (ER) are targeted for proteasomal 

degradation (26). In this work, we only looked at the subcellular localization of FLIL33, 

which is primarily nuclear. Nonetheless, there is a cytoplasmic component of FLIL33 that 

was consistently seen on Western blot of cytoplasmic extracts. We did not investigate the 

specific subcellular localization of IPO5, and we do not know which FLIL33 population, 

nuclear or cytoplasmic, is interacting with IPO5. Future experiments could be designed to 

isolate the FLIL33-IPO5 interaction to a specific organelle, which could be done using 

bioluminescence resonance energy transfer (BRET), or organelle isolation followed by 
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co-immunoprecipitation. The specific subcellular localization of the FLIL33-IPO5 

interaction could provide clues to other cellular effects of this interaction, whether it is 

nuclear import of other IPO5 cargoes, sequestration of FLIL33 to a specific cellular 

compartment, or participation in the ERAD process. 

IPO5 is not only responsible for the nuclear import of intrinsic proteins, but is 

also utilized by a number of viruses for nuclear import of their reproductive machinery 

(49,50,56,85,90,91). IPO5 has been implicated in pathogenesis of influenza, HIV, and 

HPV, among others (51,85,90,91). It is interesting to speculate how FLIL33 may impact 

the utilization of IPO5 by these viruses. The PB1 protein of influenza A has garnered the 

most interest among the viral cargoes of IPO5. PB1 is a component of the influenza A 

viral RNA polymerase and has been shown to interact directly with IPO5. This 

interaction leads to the nuclear import of PB1 and promotes viral replication (85,90,91). 

Interestingly, IL-33 has been shown to be upregulated by viral infections, including 

influenza (34,36,92,93), and increased IL-33 levels have been shown to be protective 

against bacterial superinfection in humans with influenza (94). These observations are not 

entirely explained by IL-33’s function as a Th2 cytokine, which would theoretically 

provide little protection against viral infection. Given IL-33’s status as an innate cytokine 

that resides in barrier tissues, and IL-33’s presumed dual-function activity, it is logical to 

hypothesize that intracellular IL-33 may be responsible for the protective effect seen 

during influenza infection. This protective effect could be a result of its interaction with 

IPO5, possibly serving as a competitive inhibitor or antagonist preventing PB1 from 

nuclear translocation, and thus, viral replication. This hypothesis warrants further study 
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and serves as one example of how the FLIL33-IPO5 interaction can directly impact 

human health and disease. 

 

6.4 Clinical implications 

The identification of the FLIL33-IPO5 interaction has many interesting clinical 

and therapeutic implications. IL-33 is involved in the pathology of myriad human 

diseases (1-3,5-7,27). Of particular interest in our laboratory are the fibrotic lung 

diseases, especially IPF. We have previously shown that FLIL33 protein is upregulated in 

the lungs of IPF patients (14,15,27), and FLIL33 overexpression is pro-inflammatory in a 

ST2-independent fashion (14) and can potentiate BLM lung injury in mice (15). The 

specific cellular mechanism for these observations remains unclear, but could potentially 

involve the interaction between FLIL33 and IPO5. It is possible that FLIL33 binding to 

IPO5 prevents the nuclear import of essential proteins, as discussed above. Because IPF 

is considered a disease of aging, the proteins impacted could include telomerases or 

sirtuins, both of which have been implicated in the pathogenesis of IPF (95-98). 

Oxidative stress has been associated with the development of fibrotic lung disease 

(99,100). The IL-33 cytokine domain was previously shown to be deactivated by 

oxidation extracellularly, forming two disulfide bonds in the ST2-binding domain, 

rendering IL-33 inactive as a cytokine (43). It is possible that under oxidative stress 

conditions inside the cell, the conformation of FLIL33 becomes altered. An alteration in 

conformation, especially in the N-terminal domain, could lead to a change in the affinity 

of FLIL33 for IPO5. With increased affinity between FLIL33 and IPO5, any 

consequences of the FLIL33-IPO5 interaction may be exaggerated. This could lead to 
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further alteration of nuclear import of IPO5 cargoes. It could also lead to more robust 

protection of FLIL33 by IPO5, resulting in increased levels of intracellular FLIL33. 

Though the specific mechanism for the intracellular effects of FLIL33 remains unclear, 

increased levels could accentuate these effects. In the case of IPF, this could lead to 

increases in inflammation and fibrosis (14,15,27). 

Targeting of cytokines is an increasingly popular means of treating autoimmune 

and auto-inflammatory disease, but therapies have primarily consisted of monoclonal 

antibodies that target a specific cytokine that has already been released. There are clear 

limitations to this approach in terms of cost and complexity to manufacture these drugs, 

the cumbersome delivery that is limited to subcutaneous injection or intravenous routes, 

and their limited ability to target a disease process at an early stage. IL-33 has been 

implicated in a variety of disease processes and, as an alarmin present in barrier tissues, 

plays a significant role in the initiation Th2 inflammation (1-7,29). Despite this central 

role in human pathology, the presence of FLIL33 in the nucleus at basal levels prevents 

targeting with monoclonal antibodies prior to release. Small molecule inhibitors or 

permeable decoy peptides could therefore be designed to target the binding site between 

FLIL33 and IPO5, and disruption of this binding would be expected to harness the 

inherent degradation machinery of the cell to reduce basal IL-33 levels and potentially 

ameliorate the downstream inflammatory effects of IL-33. Though hypothetical, a unique 

therapeutic approach like this could greatly impact the treatment of inflammatory 

diseases mediated by release of IL-33. 

A similar approach to targeting the interaction between FLIL33 and IPO5 would 

be to reduce IPO5 expression levels, thereby leading to reduced FLIL33 protection and 
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reduced FLIL33 levels. Our experiments showed that complete IPO5 knockout was not 

tolerated by cells, which is not surprising given its essential function in nuclear import; 

however, we were able to knockdown IPO5 levels quite successfully with no 

immediately apparent negative effects on cell viability. Bench to bedside research into 

the use of siRNA and microRNA is already being pursued (101), and there has also been 

successful clinical testing of a DNA enzyme in asthma, which cleaves a targeted mRNA 

to reduce subsequent protein expression (102). Of course, FLIL33 gene expression could 

be targeted directly, but it is expressed at low levels basally and can be inducibly 

expressed under inflammatory conditions (6,7,10,33,35,36). This may make dosing and 

timing of treatment a barrier to any effective therapy. Theoretically, IPO5 expression 

should be more predictable and readily responsive to this type of expression-targeted 

therapy, and reducing IPO5 levels could prevent IL-33-mediated pathology. 

Gene editing is an intense area of research and is likely to become a viable 

therapeutic option in the clinic, or in some cases is already being utilized (103). The gene 

for FLIL33 would be a desirable target given its involvement in the early initiation of 

Th2 inflammation, especially in common diseases like allergy and asthma. IL-33 

knockout mice have some detriment in wound healing, as would be expected with a 

diminished Th2 response, but are otherwise healthy (4,48). A robust Th2 immune 

response is also less desirable in developed nations as the risk of auto-inflammatory 

disease resulting from the Th2-type response (i.e., allergy and asthma) is greater than the 

risk of endemic parasitic infections. That being said, understanding the intracellular 

effects of FLIL33 would be absolutely essential before pursuing editing of the FLIL33 

gene. It is possible that editing of the FLIL33 gene for therapeutic purposes could be 
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performed by solely eliminating the IL-1 cytokine-like domain, therefore retaining 

nuclear localization and any nuclear effects while reducing the downstream inflammation 

that follows release. Similarly, gene replacement could also create new cleavage sites to 

inactivate any extracellular or cytoplasmic IL-33. The clustered charge-to-alanine 

mutants from this work provide some clues to differential processing of FLIL33, and this 

could be investigated in the future to form a better understanding of any intracellular 

processing of the FLIL33 molecule. 

As discussed above, IPO5 has been shown to be utilized by viruses to import viral 

machinery into the nucleus of the host cell (49,50,90). IL-33 has been shown to have 

protective effects during viral infection (3,93,94), and it is possible that intracellular 

FLIL33 has a role in this protection. The interaction between FLIL33 and IPO5 raises the 

possibility of FLIL33 impacting the nuclear import of IPO5 cargoes, and this includes 

viral proteins. Could protective effects of IL-33 in viral infections be the result of FLIL33 

interfering with nuclear import of viral proteins? If so, this concept creates the potential 

for novel ways to combat viral infections, such as peptides or small molecules attempting 

to replicate the interaction between FLIL33 and IPO5. This would be especially relevant 

to the treatment of influenza, from which there are thousands of deaths and enormous 

morbidity in the United States annually, and limited therapeutic options once infection is 

established (104). 

In conclusion, this work has established that FLIL33 and IPO5 associate 

intracellularly, leading to protection of FLIL33 from proteasome-dependent degradation, 

but not affecting its nuclear translocation. Additional investigations are required to gain a 

better understanding of the nature and biologic consequences of this interaction. With 



125 

increasing evidence of IL-33 being a key mediator of human disease, further elucidation 

of its complex intracellular biology could lead to better understanding of disease 

pathogenesis and targeted therapies.
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