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The Type I interferons (IFN-α/β) are critical mediators of antimicrobial function 

and cell turnover. Increasingly, IFN has been demonstrated to have a vital role in the 

maintenance of intestinal homeostasis and protection from inflammatory bowel disease 

(IBD). RNase-L is a downstream mediator of IFN function that also induces a positive 

feedback mechanism through innate immune receptors to amplify IFN levels. RNase-L is 

widely accepted as an antiviral protein and its antibacterial functions have recently been 

elucidated. The goal of this work was to investigate the role of RNase-L in 

gastrointestinal (GI) diseases to discover new therapeutic targets with translational 

potential. First, the role of RNase-L in experimental colitis and colitis-associated cancer 

was investigated. Next, the role of IFN expression and RNase-L activity following 

infection with a diarrheal agent that causes mortality in infants, Enteropathogenic 

Escherichia coli (EPEC), was determined. 

 

Vital roles for IFN and RNase-L in intestinal inflammatory disease and infection 

were identified. Results demonstrated that RNase-L is protective against injury-induced 

colitis through regulation of the immune response including increased IFN expression, 



and that RNase-L inhibits tumor growth in experimental colitis-associated cancer (CAC). 

Antibacterial function against EPEC by IFN and RNase-L were also demonstrated. IFN 

signaling was found to have a critical role in intestinal epithelial cell (IEC) homeostasis 

and protection against EPEC infection. Furthermore, RNase-L was necessary to prevent 

translocation of EPEC across the IEC barrier. Supporting a protective role for IFN and 

RNase-L, secreted EPEC effectors inhibited IFN expression and RNase-L activity. 

Results indicate that IFN and RNase-L are important mediators of intestinal homeostasis 

with protective roles against infection and inflammatory disease. 
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1. Introduction 

 

1.1 Type I interferon 

 

Overview. There are three types of interferon (IFN): type I, type II and type III. The 

type I IFN family has 16 members comprised of several IFNα genes and a single IFNβ 

gene, type II IFN consists of only IFNγ, and type III IFN comprises IFNλ1/2/3. Type III 

IFN has been more recently characterized; although it induces many of the same IFN-

stimulated genes (ISGs) as type I IFNs, it has a different structure and interacts with 

different receptors that are expressed on limited cell types (1). Production of type I IFN 

(hereafter referred to as IFN) occurs in almost all cell types as a response to pathogens 

and cell stress and has vital functions in innate and adaptive immunity. IFN expression is 

induced following activation of pattern recognition receptors (PRRs) by pathogen-

associated molecular patterns (PAMPs) and damage-associated molecular patterns 

(DAMPs). PRR signaling activates various transcription factors that induce IFN 

expression. IFN is then secreted and acts in a paracrine or autocrine fashion to induce 

ISGs that mediate its biologic activities, including anti-microbial and tumor suppressor 

functions. 

 

Induction of IFN signaling by PRRs. The stimulation of various PRRs by microbial 

or damage-associated signaling molecules leads to the induction of IFN and other 

cytokines. There are several categories of PRR, including toll-like receptors (TLRs), 

Nod-like receptors (NLRs), and RIG-I-like receptors (RLRs). TLRs are a large family of 
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at least 11 different receptors and are localized to the plasma membrane and endosomes 

(2). Several of these have been reported to induce IFN expression, including TLR2/3/4/7 

and 9, following activation by bacterial or viral ligands including flagellin, double-

stranded RNA (dsRNA), lipopolysaccharide (LPS), single-stranded RNA (ssRNA) and 

cytosine-phosphate-guanine (CpG) DNA, respectively (3-6). NLRs are cytoplasmic 

receptors that recognize bacterial and viral components or DAMPs. The NLR pyrin 

(NLRP) subgroup forms inflammasomes, complexes that process inflammatory cytokines 

IL-1β and IL-18 that can induce pyroptosis. The NLR CARD (NLRC) subgroup, which 

includes NOD1 and NOD2, induce IFN expression following stimulation by bacterial cell 

wall components (7), and NOD2 has more recently been discovered to bind ssRNA (8) 

demonstrating a vital role for NOD1 and NOD2 as primary responders to various 

pathogens. The cytosolic RLRs, RIG-I and MDA5 induce IFN following activation by 

RNA and have roles in antiviral and antibacterial function (9, 10).  PRRs interact with a 

range of adaptor molecules that recruit downstream signaling molecules resulting in the 

activation of transcription factors nuclear factor (NF)-κB, IFN regulatory factor 3 (IRF3) 

and IRF7, which work together to induce IFN expression. 

TLRs, NLRs, and RLRs utilize overlapping downstream signaling pathways resulting 

in the induction of IFN. All TLRs contain a Toll/interleukin-1 (IL-1) receptor (TIR) 

domain, and most recruit the adaptor molecule myeloid differentiation factor 88 

(MyD88), which in turn recruits IL-1R-associated kinase 1 (IRAK1), IRAK4, tumor 

necrosis-factor (TNF)-receptor-associated factor 6 (TRAF6) and TRAF3. TRAF6 

activates the inhibitor of NF-κB kinase (IκK) complex, which phosphorylates IκB 

targeting it for degradation, which releases NF-κB to enter the nucleus (11, 12). TRAF3 
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is key to the induction of IFN, but not inflammatory cytokines, through activation of 

TRAF-family-member-associated NF-κB -activator-binding kinase (TBK1) (13, 14), 

which activates IRF3 and IRF7. MyD88 is essential for IRF7 activation and IFNα 

expression downstream of TLR7, TLR8, and TLR9 (15, 16). Further, IRAK1 controls 

MyD88-mediated phosphorylation and activation of IRF7 downstream of TLR7 and 

TLR9 (17). In addition to MyD88, TIR-domain-containing adaptor protein inducing 

IFNβ (TRIF) is an important adaptor molecule that mediates TLR4 and TLR3-induced 

IFNβ expression (18). Similar to MyD88, TRIF recruits TRAF3 to activate TBK1, which 

then phosphorylates IRF3 and IRF7 to induce IFNβ (19). TRIF also activates NF-κB, 

though in contrast to MyD88, TRIF-mediated activation occurs through interactions with 

receptor-interacting protein 1 (RIP1) and RIP3 (20). Another TLR adaptor protein, TRIF-

related adaptor molecule (TRAM), acts exclusively downstream of TLR4 and interacts 

with TRIF to activate both NF-κB and IRF3 (21, 22). The RLRs, NOD1 and NOD2 

contain a caspase-recruitment domain (CARD), which interacts with RIP2, to activate 

NF-κB. Similar to IFN induction downstream of TRIF, RIP2 cooperates with TRAF3 to 

induce TBK1 and activate IRF3 and IRF7 (23). Furthermore, NOD2 interacts with 

mitochondrial anti-virus signaling (MAVS) adaptor protein to activate TBK1 leading to 

phosphorylation of IRF3 and IRF7 (8). The cytoplasmic RNA receptors, RLRs, include 

retinoic-acid-inducible gene I (RIG-I) and melanoma-differentiation-associated gene 5 

(MDA5). RLRs also signal through MAVS to activate IRF3, IRF7, and NF-κB (24, 25). 

IRF3 and IRF7 are key transcription factors that regulator IFN. IRFs are activated by 

phosphorylation and homo or heterodimerization, enabling translocation to the nucleus 

and interaction with co-activators and NF-κB to form the interferon enhanceosome (26). 
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IRF3 is constitutively expressed and interacts with the IFNΒ promoter while IRF7 is 

induced by IFN and binds both the IFNA and IFNΒ promoters, suggesting that IFNβ is a 

primary response that induces IRF7 as a secondary phase of the IFN response (27, 28), 

though some studies suggest that low levels of IRF7 are required for initial PRR-induced 

IFN response (29). IFN is secreted and acts in an autocrine or paracrine fashion to induce 

the expression of hundreds of IFN-stimulated genes (30-32) that promote innate and 

adaptive immune responses. 

 

IFN signal transduction. IFN signaling occurs through the ubiquitously expressed 

IFNα/β receptor (IFNAR) heterodimer, which is comprised of IFNAR1 and IFNAR2. 

IFNAR lacks intrinsic kinase activity and is constitutively associated with Janus kinase 1 

(JAK1) and non-receptor tyrosine kinase 2 (TYK2). Ligand binding causes dimerization 

of receptor subunits, auto-phosphorylation and activation of JAKs, and tyrosine 

phosphorylation of IFNAR1 and IFNAR2 (33). The phosphorylated tyrosine on IFNAR1 

(Y466) provides a docking site for the Src homology 2 (SH2) domain of signal transducer 

and activator of transcription 2 (STAT2) which is itself phosphorylated (Y690), thus 

recruiting and phosphorylating STAT1 causing STAT1:STAT2 dimerization (34). The 

phosphorylation of tyrosine residues on STATs by activated JAKs is necessary for STAT 

dimerization and translocation to the nucleus (30). The STAT1/STAT2 dimer forms a 

complex with IRF9, known as the IFN-stimulated gene factor 3 (ISGF3) (35), which 

binds the IFN-stimulated response elements (ISREs) inducing the expression of hundreds 

of ISGs (Fig 1.1) (32). Furthermore, histone deacetylase 1 interacts with STAT1 and 

STAT2, and its activity is required for transcription of ISGs (36). Other STAT complexes  
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Figure 1.1 The type I interferon signaling pathway. IFN signaling occurs through the 
IFNα/β receptor (IFNAR) heterodimer. Ligand binding causes cross-phosphorylation of 
the attached Janus kinase 1 (JAK1) and non-receptor tyrosine kinase 2 (TYK2). 
Activation of the JAK kinases induces downstream activation of signal transducer and 
activator of transcription (STAT)1 and STAT2. The STAT1/STAT2 dimer forms a 
complex with IRF9, known as the IFN-stimulated gene factor 3 (ISGF3), which binds the 
IFN-stimulated response elements (ISREs) inducing the expression of hundreds of IFN-
stimulated genes (ISGs). 
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are also induced by IFN (37) thus increasing the complexity of the IFN response. JAK-

STAT signaling is regulated by several mechanisms. A key regulator of JAK activiation 

is suppressor of cytokine signaling (SOCS) protein. The SH2 domain of SOCS binds 

phosphotyrosines on JAKs directly blocking activity (38). Additionally, protein tyrosine 

phosphatases (PTPs) de-phosphorylate and inactivate JAKs. Importantly, IFNs also 

activate non-STAT pathways such as mitogen-activated protein kinase (MAPK) p38 and 

extracellular signal-regulated kinase 1 (ERK1) and ERK2 pathways, and 

phosphoinositide 3-kinase (PI3K) (39). STAT-dependent and STAT-independent 

pathways work together to carry out the various functions of IFN. 

 

IFN anti-microbial activity. Type I IFN is a critical component of immune responses 

to pathogenic and commensal microbes. More than 50 years ago, IFN was described as 

an antiviral cytokine. Its antiviral functions are executed by various ISGs that directly 

inhibit viral proliferation while initiating a protective host response. Examples of antiviral 

ISGs are protein kinase R (PKR), which inhibits translation, 2’-5’ oligoadenylate 

synthase (OAS), which activates RNase-L thereby mediating RNA degradation, and 

adenosine deaminases, that inactivate viral RNA. Furthermore, IFN induces MHC class I, 

which facilitates stimulate of antigen presenting cells (APCs), and activation of cytotoxic 

T cells (CTCs) resulting in CTC-mediated apoptosis of infected cells (40, 41). Currently, 

IFN is used as a therapy for chronic hepatitis C infection, thus demonstrating its 

therapeutic relevance (42). More recently, antibacterial activities of IFN have been 

discovered. IFN expression is protective against several types of bacterial infection, 

including Streptococcus pneumonia, Escherichia coli, Legionella pneumophila (43-45) 
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and others (46). The antibacterial functions of IFN include production of reactive oxygen 

and reactive nitrogen species (ROS/NS) that are toxic to bacteria, and the promotion of 

autophagy-induced lysosomal killing (47). Antibacterial ISGs include inducible nitric 

oxide synthase (iNOS), which produces RNS (48). Importantly, though IFN acts as an 

instigator of inflammation during infection by inducing antimicrobial molecules and 

inflammatory cytokines such as IFNγ and IL-2 that promote cytotoxic T cell 

development, IFN-associated pathways are essential in driving the anti-inflammatory 

mucosal immune response to commensal microbiota thus promoting intestinal 

homeostasis (2, 49). The homeostatic functions of IFN at mucosal sites may be due to its 

ability to inhibit expression of TNFα, IFNγ, IL-17, and IL-1β production through the 

inhibition of inflammasome activation (50, 51). Furthermore, IFN has been shown to 

promote the expression of anti-inflammatory cytokine IL-10 and the differentiation of T 

regulatory cells (Tregs), which are necessary to promote tolerance to luminal microbes 

(52). The anti-inflammatory contribution of IFN at mucosal sites has been demonstrated 

by numerous in vivo colitis experiments, and by the efficacy of IFN treatment as a 

therapeutic for IBD in a subset of patients (52-57).  

 

Modulation of adaptive immunity by IFN. Many antimicrobial functions of IFN are 

carried out through cell intrinsic pathways. IFN activates non-immune cells in an 

autocrine or paracrine manner to induce the expression of ISGs and other pathways that 

assist cells in viral or bacterial clearance. Another vital function of IFN is to support the 

activation of adaptive immunity through effects on T and B cells, and dendritic cells 

(DCs) (58-60) that function to target pathogens and infected cells and provide memory 
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against re-infection. IFN was found to increase T and B cell responses when given at the 

time of immunization with influenza vaccine (61), was necessary for CTL function 

following lymphocytic choriomeningitis virus (LCMV) infection (62), and promoted 

memory T cell expansion following infection with the bacterium Listeria monocytogenes 

(63). IFN impacts both T and B cells by upregulating an early activation marker, CD69, 

causing retention of cells in lymph nodes (64), and by inducing cytokines and signaling 

molecules, such as IL-2R and IL-21, that contribute to T and B cell development, 

respectively (65, 66). Furthermore, IFN increases T cell conjugation with DCs thus 

promoting T cell activation (67). T cell differentiation and expansion of activated CTLs 

(68), plus formation and expansion of memory T cells are increased by IFN signaling (69, 

70). Moreover, IFN treatment increases the production of immunoglobulin IgG2 (61). 

Clearly, IFN is essential for a robust adaptive immune response against many pathogens. 

 

Role of IFN in intestinal homeostasis. The commensal microbiota is vital to 

intestinal homeostasis, as manipulation of the microbiota results in impaired development 

of the mucosal immune system, disrupted homeostasis, and increased susceptibility to 

disease (71). In fact, altered microbiota are found in human patients and experimental 

models of diseases such as inflammatory bowel disease (IBD), colorectal cancer (CRC), 

diabetes, obesity, and allergy (71-76). Therefore it is important to study immune factors 

that are altered during dysbiosis to dissect their roles in disease. An important mediator of 

intestinal homeostasis that is altered by the intestinal microbiota is IFN. In addition to its 

anti-inflammatory role in the intestinal mucosal immune response, a recent study 

demonstrated that IFN signaling in response to commensal microbes is protective from 
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both systemic and mucosal viral infection (77). Specifically, mice treated with antibiotics 

to eradicate their microbiota, were compared to conventionally housed mice following 

infection with LCMV or influenza virus to determine commensal-dependent immune 

responses to viral infection. Results from this study showed reduced IFN levels in serum 

from antibiotic-treated compared to conventional mice. Moreover, there was reduced 

expression of IFNβ, Stat1 and ISGs in macrophages from lungs of antibiotic-treated 

compared to conventional mice. The diminished IFN response was further demonstrated 

by deficient CTL development and reduced response to influenza or LCMV infection, 

thus demonstrating that commensal bacteria promote the function of innate and adaptive 

immunity through the induction of protective tonic IFN signaling. An additional study 

further elucidated the role of commensal bacteria in promoting IFN signaling during 

systemic infection; it demonstrated that poly (I:C)-treated NK cells isolated from germ-

free mice were deficient in expression of antibacterial peptides and IFNγ compared to 

conventional mice (78). Furthermore, in mouse cytomegalovirus (MCMV)-infected mice, 

NK cell activation was deficient in antibiotic-treated versus conventional mice. It was 

determined that the inability to activate NK cells in germ free/antibiotic-treated mice was 

due to reduced IFN following stimulation (78). Additionally, a recent investigation 

identified a role for bacterial RNA from commensal but not pathogenic enteric bacteria in 

inducing a protective IFN response (51). Specifically, RNA from the small intestine 

commensal microbe, lactic acid bacteria (LAB), stimulates endosomal TLR3 signaling. 

Overall, these studies demonstrate that IFN expression is induced by commensal bacteria 

and indicate the critical role of IFN in intestinal homeostasis and protection from enteric 

infection and inflammatory disease.  
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Expounding on the impact of IFN in intestinal homeostasis, mutation or deletion of 

receptors upstream of IFN signaling, and downstream ISGs are associated with increased 

risk of IBD and CAC in animal models and patients. For example, mutations in the 

NOD1 and NOD2 PRRs are associated with IBD (79, 80). Also, RIG-I and MAVS 

knockout mice displayed enhanced sensitivity to DSS-induced intestinal injury in 

experimental colitis (55, 57). Importantly, deficiency in the type I IFN receptor (IFNAR) 

confers sensitivity to DSS-induced colitis (81). Furthermore, downstream effectors of 

IFN are important in intestinal homeostasis, as PKR-/- and IRF-1-/- mice show increased 

susceptibility to DSS colitis compared to WT mice (54, 82). Additionally, the anti-

inflammatory and anti-tumor functions of IFN indicate that expression of IFN is likely to 

be protective against inflammation-induced colon cancer. Though IFN contributes to 

intestinal homeostasis and protection from inflammatory disease, due to the pleotropic 

effects of IFN and toxicity of treatment, it is important to further investigate the role of 

IFN effectors for novel, less toxic targets for therapeutic intervention. A promising 

downstream target is the ISG, innate immune endoribonuclease RNase-L. 

 

Anti-tumor function: roles of IFN in cell turnover and immunomodulation. The 

role of IFN in the inhibition of tumorigenesis and cancer progression is well established, 

though the underlying mechanisms are not fully understood. IFN modulates cellular 

behavior through both intrinsic and immunomodulatory effects. The intrinsic roles of IFN 

include regulation of cell proliferation, apoptosis, and autophagy, which are thought to 

play a role in tumor suppression (83). Through cell intrinsic regulation, IFN can induce 

apoptosis in macrophages, lymphocytes and epithelial cells by various mechanisms (83). 
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In macrophages, IFN promotes apoptosis through the upregulation of caspases and 

inflammasome components (84, 85). In epithelial cells, IFN-dependent apoptosis can be 

induced by BH3-only proteins Puma and Noxa which mediate caspase-9-dependent cell 

death (86). Alternatively, IFN-induced apoptosis can be caused by TRIF-dependent 

inhibition of the protein kinase Akt and degradation of the cell cycle inhibitor p27 (87, 

88). Moreover, several ISGs have been implicated in pro-apoptotic and anti-proliferative 

function including RNase-L (89), PKR (90) and IRF-1 (91). IFN activates cell-based 

immunity to inhibit tumor initiation and growth through the stimulation of CTLs, DCs, 

and natural killer (NK) cells (92). IFN signaling in DCs promotes priming of both NK 

cells and CTLs allowing targeting and eradication of immunogenic tumor cells. Though 

many cells express low endogenous levels of IFN, tissue damage within the body caused 

by tumorigenesis can induce ‘sterile inflammation’, in which IFN may be activated by 

TLR signaling through recognition of DAMPs such as self DNA and chromatin-binding 

protein high mobility group B1 (HMGB1) which can promote an IFN-dependent anti-

tumor response (92). Endogenous IFN was demonstrated to inhibit the growth of both 

carcinogen-induced tumors and transplanted tumors in experimental models (93). IFNs 

have been used extensively for treating hairy cell leukaemia (94), lymphoma (95), 

melanoma (96), renal cell carcinoma (97) and Karposi’s sarcoma (94). Evidence further 

suggests that IFN may be an effective cancer vaccine adjuvant (40). Unfortunately, IFN 

treatment has severe side-effects including inflammatory and autoimmune symptoms, 

therefore, the development of targeted treatments that have the benefits of IFN without 

the consequences, is desirable. 
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1.2 RNase-L 

 

Overview. The endoribonuclease RNase-L is an established component of the 

innate immune response that mediates IFN-induced antimicrobial and tumor suppressor 

activities. IFN induces the expression of hundreds of ISGs including the family of 2’5’-

oligoadenylate synthetase (OAS) enzymes, which are activated by binding dsRNA and 

convert ATP into 2-5A (px5’A(2’p5’A)n; x=1-2; n ≥ 2) (98). The only established 

function of 2-5A is the activation of RNase-L (99-101). This small molecule activator 

binds latent RNase-L monomers inducing dimerization and higher order oligomerization 

and activation of the endonucleolytic domain allowing enzymatic cleavage of ssRNA 

resulting in various biological functions (102-104) (Fig 1.2). The 2-5A/RNase-L system 

was one of the first discovered mediators of IFN activity (103). It was initially described 

as an antiviral effector and was discovered to have anti-proliferative and pro-apoptotic 

functions (100, 105). More recently, a broader role for RNase-L in innate immune 

functions, including antibacterial activity and cytokine production has been described 

(89, 106). Furthermore, RNase-L plays a role in senescence, differentiation, autophagy 

and acts as a tumor suppressor in many types of human cancer (101, 107-112). 

Importantly, RNase-L was discovered to promote IFN expression through a positive 

feedback mechanism in which RNase-L processes cellular and viral RNAs into small 

RNA PAMPs, which activate RLR/MAVS signaling, thus amplifying the innate immune 

response (113, 114). The roles of RNase-L in fighting pathogenic infection and 

carcinogenesis and the ability of small molecules to activate RNase-L make it a 

promising target for therapeutic intervention. 



!

! 13!

 

Figure 1.2 The 2-5A/RNase-L pathway. IFN induces the expression of hundreds of ISGs  
including the family of 2’5’-oligoadenylate synthetase (OAS) enzymes, which are 
activated by binding double stranded RNA (dsRNA) and convert ATP into 2-5A 
(px5’A(2’p5’A)n; x=1-2; n ≥ 2). 2-5A binds RNase-L monomers inducing dimerization and 
higher order oligomerization and activation of the endonucleolytic domain allowing 
enzymatic cleavage of single stranded RNA (ssRNA) resulting in various biological 
functions.!
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Structure of RNase-L. RNase-L is constitutively expressed as a latent monomer 

by most mammalian cell types and undergoes dimerization and higher order 

oligomerization and enzymatic activation after binding to its allosteric activator 2-5A. 

RNase-L contains 3 major domains: 8.5 N-terminal ankyrin repeat (ANK) domains, a 

pseudo-protein kinase (PK) domain and a C-terminal endoribonuclease (RNase) domain 

(115) (Fig 1.3). ANK is a common motif that mediates protein-protein interactions and is 

involved in RNase-L oligomerization. Mutagenesis and structural studies indicate that 2-

5A binds at ANK 2 and 4 (116, 117) and upon binding it forms dimers and high-order 

complexes by cooperative activation (102) as observed for a transmembrane paralog of 

RNase-L, the unfolded protein response (UPR) protein Ire1 (102). Though the PK 

domain of RNase-L has high homology with the protein kinase Ire1, it 

 lacks kinase activity. However, the PK domain is essential for oligomerization and 

optimal activation (118). Furthermore, the PK domain of RNase-L is closely related to 

the functional PK domain of PKR (119), and both bind ADP and ATP, indicating 

homology between the proteins (120, 121). Recent analysis of full crystal structures of 

RNase-L, indicate that ATP binding to the PK domain stabilizes the RNase-L/2-5A dimer 

structure (122). The parallel back-to-back dimer configuration between PK domain-

RNase-domain modules is necessary for nuclease activation (122). This activation 

requirement of 2-5A provides a mechanism to tightly regulate RNase-L activity and this 

control is an essential feature of its transient roles in host defense.  
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Figure 1.3 RNase-L domains. RNase-L contains 3 major domains: 9 N-terminal ankyrin 
repeat (ANK) domains, a pseudo-protein kinase (PK) domain and a C-terminal 
endoribonuclease (RNase) domain. 

 

Regulation of RNase-L activity. RNase-L is an important defense mechanism 

against infection and tumorigenesis, although dysregulated activation can cause non-

target destruction of RNA leading to apoptosis (105), therefore, rapid induction is 

necessary for immediate responses to pathogens and damage, and abroggating this 

response is necessary to limit RNase-L-induced damage. RNase-L expression and 

activity is tightly regulated through several mechanisms. Though RNase-L is 

constitutively expressed, production of the small molecule activator of RNase-L must be 

induced. 2-5A is produced by OAS enzymes only in the presence of IFN or stress signals. 

The OAS enzymes are encoded by ISGs that are induced downstream of IFN signaling. 

In humans, three isoforms of OAS exists which contain 1, 2 or 3 OAS units. 

Interestingly, mouse and rat have eight OAS1 genes, in addition to OAS2 and OAS3 

homologues (123).  The IFN-induced protein OASL, is an OAS-like protein that contains 

a complete OAS unit but does not have 2’-5’ OAS activity. OASL contains a ubiquitin-

like domain and has demonstrated antiviral activity though an undefined mechanism 

(124). The OAS isoforms exist in various subcellular locations and appear to have non-

redundant functions. The family of OAS enzymes are considered (PRRs) because they 
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are activated by double-stranded RNA (dsRNA) (98). As stated previously, the IFN-

induced production of 2-5A molecules by OAS enzymes causes dimerization and 

activation of RNase-L. In order to limit the activities of RNase-L, 2-5A molecules are 

quickly inactivated by 5’-phosphatases and then degraded by 2’-phosphodiesterase 

(2’PDE) (125). Another mechanism of control involves the inhibitor of RNase-L, RNase-

L inhibitor (RLI), also known as ATP binding cassette E1 (ABCE1). RLI forms a 

complex with RNase-L and inhibits 2-5A binding (126). Additionally, RNase-L is 

regulated by several post-transcriptional mechanisms. During periods of cell stress the 

RNA-binding protein (RBP) HuR can bind to RNase-L mRNA thus stabilizing the 

transcript and increasing translation (127). In the absence of stress signals, RNase-L 

mRNA is targeted and degraded by micro-RNA (miRNA)-29 (128). Furthermore, 

proteasome-dependent degradation of RNase-L has been demonstrated (129). Overall, 

mechanisms of RNase-L regulation allow for its activation in response to conditions of 

cell stress or infection, and limit activity to prevent detrimental effects such as 

dysregulated rRNA cleavage leading to cell death. 

 

Mechanisms of action. The known mechanisms of RNase-L function involve 

RNA cleavage by the RNase domain. Specifically, RNase-L cleaves viral RNA to block 

replication, it cleaves rRNA into discrete products which can induce apoptosis 

(Silverman, Skehel et al. 1983), and directly regulates cellular mRNA stability and 

translation. Although RNase-L is a defense mechanism against infection and 

tumorigenesis, dysregulated activation can cause non-target destruction of RNA leading 

to apoptosis (105). 
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RNase-L carries out its known biological functions through the cleavage of RNA. 

Active RNase-L cleaves endogenous and exogenous RNAs with a preference for UU and 

UA dinucleotides in single stranded regions (104). Through its endonuclease activity, 

RNase-L regulates mRNA substrates, destroys pathogen RNA, modulates translation 

through the cleavage of rRNA and creates small RNA PAMPs to stimulate the 

RLR/MAVS pathway. Specifically, RNase-L is active against many RNA viruses by 

direct targeting of viral genomes and by the indirect regulation of cytokine expression in 

infected cells, including picornaviruses such as encephalomyocarditis virus (EMCV) 

(130), hepatitis C virus (HCV) (114), west nile virus (WNV) (131), and influenza (132). 

Additional antiviral functions are carried out through p38 and JNK-dependent cleavage 

of the 28S rRNA subunit leading to apoptosis of infected cells (133). Furthermore, 

RNase-L has antibacterial function possibly as a result of bacterial RNA degradation or 

modulation of the innate immune response (106). The ability of 2-5A-activated RNase-L 

to cause specific patterns of rRNA cleavage followed by caspase-3-dependent apoptosis 

(105, 134) supports its role in killing infected cells and tumor cells. Though RNase-L 

cleaves RNA indiscriminately in situations of extreme stress and high levels of 2-5A, 

most of its function is through the selective cleavage of target mRNA (135). Microarray 

analysis of RNase-L-dependent gene expression revealed that it targets distinct subsets of 

mRNA in different physiologic and pathologic settings (106, 107, 136-138). Several 

transcripts have been validated as RNase-L substrates (41). It has been suggested that 

RNase-L targets specific mRNA substrates for degradation by binding to RBPs such as 

tristetraprolin (TTP) to form a complex with target mRNA (89, 139). Though candidate 

mRNA substrates have been identified, we have yet to isolate RNase-L substrate 
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intermediates which will be an important step to identifying the mechanisms of RNase-L 

cleavage of cellular mRNA (135).  

In addition to the cleavage of RNA, physiological roles of RNase-L may be 

mediated by protein-protein binding. Some functions of RNase-L may rely on its protein 

binding ability with or without activation of the RNase domain (89). RNase-L has various 

protein-binding partners. An important RNase-L binding protein and mediator of its 

activity is RLI/ABCE1, an ATP-binding cassette (ABC) transporter. RLI inhibits 

activities of RNase-L including binding to 2-5A, cleavage of RNA and antiviral function 

(126, 140-142). RLI is ubiquitously expressed and is induced by dsRNA or virus 

infection (126). Interesting, RLI is involved in rRNA processing and nuclear export, 

assembly of the translation preinitiation complex and translation termination (143-145). 

RNase-L forms a protein complex with RLI and eRF3, which plays a role in translation 

termination (146). The translation termination release factor eRF3 has been shown to 

have increased interaction with RNase-L in the presence of 2-5A and promotes its 

enzymatic activity (126). When RNase-L is not activated, eRF3/PABP interaction allows 

for productive reinitiation of translation, however RNase-L activation and binding to 

eRF3 inhibits reinitiation and promotes stop codon read-through, which may induce 

RNase-L regulated nonsense-mediated decay of transcripts (146). In addition to binding 

RLI and eRF3, which allow RNase-L to regulate mRNA translation, RNase-L can also 

bind the mitochondrial translation initiation factor (IF2mt), which promotes IFNα-

dependent mt mRNA degradation (147). RNase-L has several other known protein-

binding partners. These include androgen receptor (AR) that may provide a mechanism 

for the role of RNase-L in prostate cancer (148, 149). A recently discovered binding 
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partner IQ motif-containing Ras GTPase-activating-like protein 1 (IQGAP1), a large 

scaffolding protein that is involved with vital cellular activities, binds RNase-L during 1-

(3-C-ethynyl-β-D-ribo-pentofuanosyl) cytosine (ECyd)-induced cell death (150). Though 

many functions of RNase-L have been discovered, the specific mechanisms of action are 

not completely understood. 

 

Antimicrobial functions of RNase-L. The 2-5A/RNase-L system was one of the 

first discovered mediators of the antiviral activity of IFN (103). It defends against many 

RNA and DNA viruses (151) and more recently has been discovered to have antibacterial 

functions. RNase-L exerts its antiviral effects, in part through the direct cleavage of viral 

RNAs (152), but may have a greater impact on pathogens through regulation of the innate 

immune response including the induction of IFN expression. The antibacterial function of 

RNase-L was demonstrated by the increased susceptibility of RNase-L-/- mice to gram-

positive and -negative bacteria and corresponded with a diminished induction of 

proinflammatory cytokines including IFNβ, IL1β and TNFα (106, 153). Thus, regulation 

of cytokines is critical in RNase-L-dependent antimicrobial function and is thought to 

occur through multiple mechanisms. For example, the products generated from RNase-L 

cleavage of host and viral RNAs induce IFNβ in a positive feedback mechanism thereby 

indirectly amplifying antiviral activity (113, 153). RNase-L-mediated induction of IFNβ 

is dependent on RLRs. MAVS signalosome-associated kinases then activate the IFN 

regulatory factors- (IRF) 3 and -7 and NFκB, resulting in their nuclear translocation and 

transcriptional induction of proinflammatory cytokines (154) (Fig 1.4). Thus RNase-L-

generated RNAs activate RLR signaling to induce proinflammatory cytokines. The 
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mechanism for RNase-L regulation of IFNβ has been thoroughly described, although the 

role of RNase-L in the regulation of TNFα is under investigation. The post-

transcriptional regulation of TNFα mRNA stability is known to be a critical mechanism 

by which its expression is regulated, and is mediated by tristetraprolin (TTP) (155). TTP 

is an RBP that binds A-U-rich elements in the 3’-untranslated regions of mRNAs 

encoding TNFα and other proinflammatory mediators to stimulate their degradation 

(139). RNase-L protein interacts with TTP and downregulates a subset of TTP targets 

(135) suggesting that TTP directs RNase-L to cleave TNFα mRNA. Together these 

findings indicate RNase-L functions in the innate immune response in part, through the 

modulation of cytokine induction. 

Antiproliferative and tumor suppressor functions of RNase-L. The functions of 

RNase-L in limiting cell proliferation, and promoting differentiation have led researchers 

to hypothesize a role for RNase-L as a tumor suppressor gene (100, 101, 127, 150). Early 

studies showed that RNase-L is induced during growth inhibition (156) and has 

antiproliferative and proapoptotic activity (100, 101). In fact, initial studies showed that 

dominant negative mutant RNase-L inhibited apoptotic activity in virally infected cells in 

comparison to cells with WT RNase-L (100). Subsequent research showed that apoptosis 

was suppressed in primary thymocytes from RNase-L-/-mice (101). In addition, ectopic 

expression of RNase-L in a cell line induced senescence, while activation of endogenous 

RNase-L promoted senescence and apoptosis (127). An established mechanism of RNase-

L-induced apoptosis is through the cleavage of rRNA, which induces stress-activated 

protein kinases, c-jun NH2-terminal kinases (JNKs) (157) that induce apoptosis through 

Bax (158), or sensitize cells to fas-mediated apoptosis (159). 
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Figure 1.4 Products generated from RNase-L cleavage of host and viral RNAs induce 
IFNβ in a positive feedback mechanism. RNase-L cleaves host and viral RNAs to create 
RNA PAMPs that bind cytosolic PRRs inducing activate of MAVS adapter protein. MAVS 
signalosome-associated kinases then activate the IFN regulatory factors (IRF) -3 and -7 
and NFκB, resulting in their nuclear translocation and transcriptional induction of 
proinflammatory cytokines thus amplifying antimicrobial activity. 
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Moreover, experiments in JNK-deficient mice demonstrated that RNase-L-induced 

apoptosis requires JNK (160) and caspase-3 (134). Also, initial studies showed that 

RNase-L is upregulated during differentiation (Krause, Silverman et al. 1985), and recent 

discoveries have indicated a vital role for RNase-L in the differentiation of adipocytes 

and muscle cells (110). Resistance to apoptosis and the inability to differentiate increase 

the likelihood of carcinogenesis, consequently, the ability of RNase-L to promote cell 

death and differentiation indicates a potential involvement in tumor suppression (161). 

This theory was tested in a xenograft mouse model and it was determined that RNase-L 

inhibits tumor growth in vivo (162). Tumor suppressor functions of RNase-L have also 

been observed in several cancer cell lines (162, 163). Moreover, genetic studies have 

implicated this molecule in various human cancers. The association between RNase-L 

mutation and prostate cancer is widely studied (164). The hereditary prostate cancer 1 

(HPC1) gene has been mapped to RNase-L and variants of RNase-L have been correlated 

with increased risk for prostate cancer in patient studies (165, 166). RNase-L mutation 

has also been associated with uterine cervix, head and neck, and breast cancer (167). In 

addition, researchers have found a role for RNase-L in familial adenomatous polyposis 

(FAP) (168). Generally, RNase-L is recognized to have tumor suppressor functions and 

may be valuable as a therapeutic target or diagnostic indicator. 

 

Potential as a therapeutic target. RNase-L is uniquely activated by the 2-5A 

molecule and functions in diverse cellular activities from fighting pathogens to regulating 

cell growth and death (89). The therapeutic activation of RNase-L may be beneficial 

against infection with viral or bacterial pathogens, or against carcinogenesis and tumor 
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growth. The natural activator of RNase-L, 2-5A, is not amenable to therapeutic use 

because it is rapidly degraded by phosphatases and cannot be taken up by cells. Several 

attempts have been made to create stable, lipophilic 2-5A analogs to facilitate the uptake 

and in vivo stability of the 2-5A drug (169, 170). Recent progress has been made in the 

development of a 2-5A analog that can be taken up by cells in vitro and activates RNase-

L, plus demonstrated functional activity (171). In addition to endogenous mechanisms to 

attenuate RNase-L, the ATP-competitive kinase inhibitor sunitinib was shown to inhibit 

the activity of RNase-L and PKR (120). The capacity of pharmacologic agents to 

modulate RNase-L activity may provide a strategy for RNase-L-directed therapeutic 

intervention.  

 

1.3 Intestinal homeostasis 

 

Overview. Intestinal homeostasis is maintained through communications between 

the intestinal epithelial cells (IECs), the lumen microbiota, and the lamina propria (LP) 

immune cells (Fig 1.5). Each of these populations develops in response to the others as 

the microbiota has evolved with mammals and exists in a symbiotic relationship. The IEC 

monolayer serves the dual purposes of absorbing nutrients necessary for survival, and 

serving as a barrier from the outside environment. The protective functions of the IEC 

monolayer are carried out through innate immune functions, and by the ability to form a 

semipermeable barrier between the lumen and the underlying LP. IECs receive signals 

from the microbiota PAMPs, which stimulate PRR signaling to produce protective 

cytokines and antimicrobial peptides that assist in promoting an anti-inflammatory 
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microenvironment and preventing overgrowth of bacteria. Furthermore, epithelial cells 

are polarized and have apical and basolateral sections which contain distinct lipid and 

protein compositions, thus allowing the formation of apical tight junctions which seal the 

intercellular space between cells, blocking the translocation of lumen antigens and 

microbes into the LP. The regulation of IEC turnover is vital to maintaining barrier 

function as renewal of the entire population occurs every few days. The commensal 

microbiota is essential to homeostasis as it assists in digestion of food products, 

contributes to the development of the mucosal immune system, and protects from 

colonization of pathogenic bacterial strains (172). Signals from commensal lumen 

bacteria trigger the expression of noninflammatory cytokines by IECs. Moreover, the 

microbiota provides immune stimulation that protects against enteric viral pathogens 

(77). LP resident immune cells include macrophage and dendritic cells (DCs), and 

intraepithelial lymphocytes. They are largely protected from direct contact with lumen 

microbes, though LP immune cells can contribute to intestinal homeostasis through the 

sampling of lumen antigens and the production of anti-microbial peptides. During disease 

states, intestinal homeostasis is interrupted by damage to the IEC monolayer or by a 

dysregulated inflammatory response to allergens or pathogens. Loss of epithelial barrier 

function causes exposure of LP immune cells to luminal contents resulting in 

inflammation. During acute disease, induction of an inflammatory response is followed 

by resolution of inflammation and restitution of damaged tissue. Chronic inflammation 

caused by loss of barrier function and dysregulated immune response is known to 

increase the risk of IBD, and developing colorectal cancer CRC. It is important to  
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Figure 1.5 Gastrointestinal homeostasis, IBD and CRC. Homeostasis occurs through 
communications between the intestinal epithelial cell (IEC) monolayer, the lumen 
microbiota and the lamina propria (LP) immune cells. During homeostasis a basal anti-
inflammatory response is maintained. Following damage to the IEC monolayer, the LP is 
exposed to luminal antigen, which promote an inflammatory immune response. Chronic 
inflammation can cause inflammatory bowel disease (IBD), which increased the risk of 
developing colorectal cancer (CRC). 

  

investigate factors that promote intestinal homeostasis in order to prevent and treat 

chronic infections, IBD and decrease the risk of developing CRC. 

 

IEC regulation of immune response. The IEC monolayer is the first line of 

defense against luminal microbes and antigens. IECs receive signals from the commensal 

microbiota that inhibit inflammation and promote repair of epithelial damage to sustain 

intestinal homeostasis. Recognition of microbes occurs through PAMPs, which stimulate 

various PRRs on the apical and basolateral surfaces and in the cytosol and endosomes. 

PRRs are innate immune receptors that can detect both commensal and pathogenic 

microbes and can sense cell damage. These include TLRs, NLRs and RLRs (Pott and 

Hornef 2012) (Fig 1.6) that recognize diverse PRR ligands such as flagellin, 

lipopolysaccharide, polysaccharide A, lipoproteins, and nucleic acids. Ligation of  
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Figure 1.6 Intestinal mucosal immune response. Microbial PAMPs from the lumen 
microbiota stimulate PRRs on IECs to activate innate immune responses. PRRs 
distribution varies between the apical and basolateral surfaces of IECs and can also be 
found in the cytosol and endosomal compartments. The commensal microbiota maintain 
an anti-inflammatory response to promote intestinal homeostasis, while pathogenic 
microbes initiate an inflammatory response to fight infection and stimulate repair. 
Imbalance in inflammatory versus anti-inflammatory response can cause disease. 
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 PAMPs with PRRs induces pathways that regulate barrier function, cytokines production 

to stimulate LP cells, and anti-microbial peptides including defensins and IgA. Due to the 

polarity of epithelial monolayers, the expression of plasma membrane PRRs is localized 

to specific regions. For example, TLR5 is usually expressed in the basolateral region, 

which may limit inflammatory signaling (173). Overall, TLR signaling is beneficial to 

maintaining intestinal homeostasis, as TLR and MyD88-deficient mice are more 

susceptible to inflammatory disease (173). The cytoplasmic NLRs, NOD1 and NOD2, 

induce transcriptional responses, which are protective against enteric bacteria infection 

and colitis. Importantly, mutations in these genes are associated with inflammatory bowel 

disease (IBD) (79, 80). A separate group of NLRs activate the inflammasome to process 

IL-1 and IL-18. The role of inflammasome-inducing NLRs in intestinal homeostasis is 

controversial (172). For example, the role of NLRP3 in colitis and colon cancer has been 

described as having protective and detrimental roles by different studies. Crucial 

protective roles from experimental colitis and colon cancer have been described (174, 

175), while an opposing report described increased disease severity due to NLRP3 

exacerbation of inflammation (176). The RLRs, RIG-I and Mda5, detect nucleic acids in 

the cytosol and signal through MAVS to induce IFN and inflammatory cytokines. The 

RLR/MAVS pathway is stimulated by bacterial RNA to induce IFN and protect against 

experimental colitis (55, 57, 177). Overall, the recognition of bacterial PAMPs by IEC 

PRRs promotes intestinal homeostasis by stimulating a basal anti-inflammatory immune 

response, and protects against infection and disease by mounting an inflammatory 

response to invading pathogens, followed by repair and resolution of inflammation. 
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The interaction of IECs with luminal commensal microbiota induces the 

production of anti-inflammatory cytokines such as IFN, TGF-β, and IL-10 that promote 

the differentiation of Tregs and the expression of antimicrobial peptides to promote 

intestinal homeostasis (178). Furthermore, contact with commensal bacteria inhibits the 

induction of inflammatory cytokines, including IL-22, IL-17, IFNγ and TNFα, produced 

by LP immune cells including macrophage, DCs, and lymphocytes, thus promoting IEC 

barrier integrity (179). During prolonged mucosal barrier damage or invasion, direct 

exposure of LP immune cells to commensal bacteria can cause chronic inflammation 

leading to IBD. Furthermore, pathogenic bacterial strains, including attaching and 

effacing Escherichia coli, induce an acute inflammatory response, including leukocyte 

infiltration in the infected area, increased cytokine production and helper T cell 

differentiation. Interestingly, the presence of mucosally adherent E. coli is increased in 

patients with IBD and CRC (72, 180, 181), indicating that chronic infection with 

pathogenic bacteria may be a risk factor for IBD and related cancers. Overall, microbial 

dysbiosis in combination with defective immune responses promotes chronic 

inflammation and can lead to the development of IBD and associated malignancies.  

 

Epithelial barrier function/tight junctions. An important characteristic of GI 

homeostasis is IEC monolayer barrier function, which is regulated by tight junctions 

(TJs). TJs maintain the integrity of epithelial cell monolayers and TJ dysfunction is an 

important factor in loss of intestinal homeostasis, which occurs during diseases such as 

IBD, enteric bacterial infection, and sepsis. TJs are a part of apical junction complexes, 

which seal the intercellular space between IECs to block the infiltration of luminal  
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Figure 1.7 Tight junctions (TJs) and barrier function. TJs are the apical-most component 
of apical junction complexes; they consist of transmembrane proteins occludin (OCLN) 
and claudins (CLDNs), and cytoplasmic adaptor proteins zonula-occludens (ZO-1/2/3). 
TJs seal the paracellular space between IECs and allow size and charge-selection 
permeability.  
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 contents and control the transport of water, ions, and small molecules across the 

epithelium to support nutrient absorption. TJs undergo constant remodeling, as they must 

allow for the rearrangement of epithelial cells during development and repair while 

maintaining barrier function. These junctions are made up of the transmembrane proteins 

occludin and claudins, junctional adhesion molecules (JAM)-1/2/3, plus cytoplasmic 

adaptor proteins zonula occludins (ZO-1/2/3) (182), which link transmembrane proteins 

with the actin cytoskeleton (183) (Fig 1.7). Occludin is a tetra-spanning membrane 

protein, which stabilizes TJs and interacts with ZO-1 and claudins. Claudin family 

proteins form cell-cell interactions with their extracellular loops and are thought to be the 

pore-forming proteins of TJs. In mammals, the claudin family consists of at least 24 

members, which are differentially expressed depending on cell type and state of 

maturation. Claudins expressed in the gastrointestinal tract include 1-5, 7, 8, 10, 12, 15, 

18-2, 20, 21, and 23 (184). Claudins are either barrier-forming or pore-forming; 

specifically, 1, 5, and 8 promote barrier function, while 2, 10b, and 15 create pores which 

increase cation flux (184, 185). Defects in TJ structure impact monolayer barrier 

function, thus allowing increased take-up of antigens that can induce inflammatory 

responses. In fact, paracellular permeability is increased in patients with IBD (186) and 

following EPEC infection (187, 188). Aberrant TJ component expression occurs during 

intestinal disease. For example, reduced occludin expression is found in Crohn’s disease, 

ulcerative colitis and celiac disease (189). Furthermore, CLDN2 is upregulated in patients 

with IBD (185). It is unknown if defects in barrier function are a cause or effect of 

disease, though interestingly, increased epithelial permeability is found in relatives of CD 
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patients that have not developed disease, indicating that loss of barrier function may 

increase risk of IBD, but requires other contributing factors to initiate disease. 

TJ components are regulated by multiple factors, both endogenous and 

exogenous, including intracellular molecular mechanisms, autocrine and paracrine 

cytokine signaling, and enteric pathogens. Transcription of the TJ components occludin 

and claudin-1 is activated by thyroid transcription factor 1 (TTF1) (190) and repressed by 

binding of the transcriptional repressor Snail to the promoter region of these genes (191). 

TJs and monolayer permeability are regulated, in part, by post-transcriptional 

mechanisms. RNA-binding proteins, such as HuR, TTP and CUG RNA binding protein1 

(CUGBP1) have been shown to play roles in mRNA stability and translation of TJ 

proteins, occludin and claudin-1, thus impacting intestinal permeability (192, 193). 

Furthermore, TJs are dynamic structures in which components are endocytosed and either 

recycled or degraded. In fact, the E3-ubiquitin ligases Itch and Nedd4-2 have been shown 

to induce downregulation of occludin thus promoting irritable bowel syndrome (IBS) 

(194). Also, the E3-ubiquitin ligase ligand of numb protein X1 (LNX1) has been 

demonstrated to target claudin-1 to promote endocytosis and degradation (195). It is well 

established that the inflammatory cytokines IFNγ, TNFα, and IL-1β disrupt barrier 

function in vivo and in vitro (196-198). This occurs through various mechanisms 

including occludin endocytosis, selective claudin endocytosis (199), displacement of ZO-

1, and contraction of the perijunctional actomyosin ring. Furthermore, IL-13 induces the 

expression of the pore-forming TJ component, claudin-2. Interestingly, non-inflammatory 

cytokines IL-10 and TGFβ promote barrier functions. Furthermore, TGFβ upregulates 

claudin-4 thus promoting barrier function in IECs. Intestinal microbiota components also 
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impact the IEC monolayer. Attaching and effacing (A/E) pathogenic bacteria impact 

barrier function through two mechanisms: indirectly, through the induction of 

inflammatory cytokines, and directly by interfering with localization of proteins at the 

TJs. EPEC has been shown to interrupt TJs in both in vivo and in vitro systems (200, 

201). EPEC induces expression of proinflammatory cytokines TNFα and IFNγ, in 

addition to interrupting the association of ZO-1 with transmembrane TJ proteins, and 

causing diffusion of occludin and claudin-1 (202). Overall, the regulation of TJ 

components controls barrier function of the IEC monolayer. IEC barrier function is thus 

essential for intestinal homeostasis, protection from enteric pathogens and factors that 

disrupt barrier integrity are important risk factors for chronic inflammatory diseases. 

As mentioned previously, anti-inflammatory cytokines promote barrier function 

through the regulation of TJ components. Recent research shows that IFNs promote 

barrier function in brain endothelial cells (203) and IFN enhanced barrier function in lung 

epithelium to confer protection from pneumococcal infection (45); these observations 

suggested that IFN may regulate IEC barrier function as a host defense mechanism 

against enteric pathogens that disrupt barrier integrity. Interestingly, the ISG interferon-

induced transmembrane protein 1 (IFITM1) was recently identified as a hepatic TJ 

protein that inhibits entry of hepatitis C virus (HCV) by interacting with HCV co-

receptors CD81 and occludin (204).  Additionally, RIG-I, the RLR induced by IFN that 

acts in a positive feedback mechanism to increase IFN expression, is localized at TJs in 

polarized IECs and is induced following disruption of the actin cytoskeleton (205). The 

CD-associated gene, NOD2, is another important ISG that was shown to localize at TJs 

(206). RNase-L may contribute to barrier function by indirect mechanisms including 
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antibacterial activity and regulation of cytokine expression (106). Furthermore, RNase-L 

may be involved in post-transcriptional regulation of specific TJ component mRNAs 

such as occludin or claudin-1. Interestingly, occludin and claudin-1 mRNA are regulated 

by RBPs HuR, CUGBP1, and TTP (193). Our lab has recently demonstrated that RNase-

L binds TTP (89), therefore, specific targeting of 3’UTRs of TJ component mRNA 

through RBP: RNase-L interactions are a potential mechanism of IFN-induced barrier 

regulation. As critical mediators of barrier function, it is important to better understand 

their regulation in order to develop strategies to modulate their function for therapeutic 

application.  

 

Epithelial cell differentiation and turnover. The mammalian IEC monolayer is 

constantly undergoing cycles of proliferation, differentiation and apoptosis. This 

intestinal barrier renews itself every 3-5 days (207). The base of each intestinal crypt 

contains stem cells that proliferate and differentiate into 1 of 4 types of IECs: 

enteroendocrine, goblet, paneth, and absorptive enterocytes. Enteroendocrine cells secrete 

hormones to regulate intestinal function. These cells make up approximately 1% of 

enterocytes. Goblet cells secrete mucins and trefoil proteins, which protect the intestine 

and assist in movement of luminal contents. These cells increase in proportion to other 

enterocytes from the duodenum to the distal colon. Paneth cells are secretory enterocytes 

located at the bottom of crypts and release anti-bacterial peptides and cytokines. These 

cells are critical to IEC immune function (208). Absorptive enterocytes are the most 

abundant cells of the epithelial layers at 80%. These cells have an apical brush border that 

contains digestive enzymes, and they absorb nutrients from the lumen. Due to the rapid 
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turnover of IECs and the necessity to differentiate into different cell types, proliferation, 

differentiation and cell death must be tightly regulated. The Wnt pathway is vital to IEC 

proliferation. In the absence of Wnt signaling, β-catenin is phosphorylated and undergoes 

proteasomal degradation. The degradation complex is made up of axin, adenomatous 

polyposis coli (APC) and kinases. Wnt signaling interrupts the complex allowing β-

catenin to accumulate in the cell resulting in translocation to the nucleus and activation of 

transcription factors. Wnt signaling is active in normal proliferating intestinal epithelial 

and in colorectal cancer (CRC) (207). In fact, constitutive activation of the Wnt pathway 

initiates the majority of CRC (209). Additionally, Notch signaling influences enterocyte 

differentiation into secretory or absorptive enterocytes (207). Most enterocytes travel 

towards the top of the crypt as they differentiate, and continue to migrate towards the tip 

of the villus in the small intestine. Paneth cells are unusual as they migrate to the bottom 

of crypt and live for up to 3 weeks. Not long after terminal differentiation, IECs undergo 

apoptosis and are sloughed off into the lumen. Stringent regulation of cell turnover and 

differentiation is essential to intestinal homeostasis and dysregulation can lead to IBD 

and CRC. 

 

1.4 Inflammatory bowel disease 

 

Inflammatory bowel disease (IBD), comprised of ulcerative colitis (UC) and Crohn’s 

disease (CD), is a major health concern that is diagnosed annually in approximately 1.4 

million people in the United States and 2.2 million in Europe (210). UC is characterized 

by chronic mucosal inflammation of the distal colon whereas CD can occur throughout 



!

! 35!

the GI tract and is characterized by discontinuous ulcerous inflammation. IBD is caused 

by a combination of factors including genetic susceptibility, external environment, and 

intestinal microbiota, that induce intestinal inflammation. The first IBD susceptibility 

gene discovered was NOD2 (80).  Additionally, genes related to autophagy including 

ATG16L (211) and IRGM (212), and IL-23R which is involved in producing T-helper 17 

(Th17) cells (213), were connected to IBD. Recent genome-wide association studies 

(GWAS) of IBD patients revealed over 100 IBD-related genes (214). Increasing evidence 

has demonstrated the role of environmental factors on the development of IBD. 

Environmental risk factors include smoking, diet, drugs, stress, and geography (215). 

Innate and adaptive immune responses are important in the development of IBD. Studies 

of the adaptive immune response have demonstrated that CD is correlated with a Th1 

response (216), while UC is linked to a Th2 response (217), while the inflammatory Th17 

response is linked to both forms of IBD (218).  The discovery of the innate immune 

receptor NOD2 as an important genetic factor in IBD has set in motion research into 

innate immunology and IBD. 

Innate immune responses are vital to intestinal homeostasis, and dysregulation of 

these responses can lead to chronic inflammation and IBD. In healthy individuals, a basal 

anti-inflammatory response is maintained by interactions between gut commensal 

microbiota and IECs and LP immune cells that produce anti-inflammatory cytokines and 

antibacterial peptides that limit bacterial growth (172, 219). During acute infection, IECs 

and LP immune cells produce inflammatory cytokines to promote bacterial clearance, 

repair of damaged intestinal epithelial cells (IECs) and, finally, resolution of 

inflammation. An impaired capacity to detect pathogens and initiate or resolve the innate 
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immune response to gut microflora results in chronic inflammation that is the hallmark of 

IBD and an important risk factor for the development of colon cancer (220). Consistent 

with a critical role for innate immune components in intestinal homeostasis, mutation or 

aberrant expression of the cytosolic PRRs, NOD2 (80, 221), and NLRP3 (222), the 

proinflammatory cytokine interleukin IL-18 (223), and multiple TLRs that sense PAMPS 

on the cell surface and in endosomes (173) are associated with CD in humans. Similarly, 

genetic disruption of PRRs (174, 175, 179), their signaling components (224), and 

effector cytokines (225, 226) in mice dramatically impacts susceptibility to injury-

induced colitis and demonstrated the functional roles of innate immune mediators in GI 

homeostasis.  

IFN is an important innate immune mediator that functions in the gut and induces 

adaptive immune responses. It is protective against experimental colitis (52, 227, 228) 

and has been used as a therapeutic in patients with some efficacy (40, 229, 230). 

Interestingly, mutations of PRRs upstream of IFN expression (i.e. NOD1/NOD2) are 

associated with IBD in humans, and IFN receptor-deficient (IFNR-/-) mice show an 

increased susceptibility to DSS colitis (81). Supporting a protective function for IFN, 

mice deficient in ISGs, including PKR-/- and IRF-1-/- show increased disease severity 

following treatment with DSS (54, 82). Unfortunately, IFN has been shown to exacerbate 

colitis when used as a treatment for chronic hepatitis C infection (231) and promote the 

development of colitis in some patients treated for multiple sclerosis (232). Due to the 

toxicities of IFN treatment, it may be beneficial to target downstream effectors of IFN 

that have a protective response while avoiding the detrimental effects of IFN treatment. 

As mentioned previously, RNase-L-/- mice exhibited increased susceptibility to gram-
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positive and -negative bacteria that corresponded with modulation of the innate immune 

response (106). In addition, RNase-L-generated RNAs are part of an RLR-dependent 

positive feedback mechanism to increase IFN expression (113, 114). In light of the 

antibacterial activities of RNase-L and RLRs/MAVS, their complementary roles in the 

production of RLR agonists and signal transduction induced by these ligands 

respectively, and the novel role of MAVS in monitoring commensal bacteria through 

sensing bacterial RNA, work in chapter 2 tests the hypothesis that RNase-L may 

contribute to intestinal homeostasis and protection from IBD.  

 

1.5 Colorectal cancer 

 

Colorectal cancer (CRC) is the third leading cause of cancer in men and women 

and the second leading cause of cancer death (CDC). Environmental factors appear to 

play a large role in the development of CRC, as only about 20% of cases involve 

significant family history (233). One important factor in the development of CRC is a 

patient history of IBD. UC increases risk of colitis-associated cancer (CAC) by 20% and 

CD increases risk of colon carcinogenesis by 8% (234, 235). In contrast to inflammation-

induced CRC, sporadic CRC is initiated by the accumulation of genetic and epigenetic 

modification of genes caused by several factors. Inherited mutations are responsible for 

the development of both hereditary non-polyposis colorectal cancer (HNPCC), and 

familial adenomatous polyposis (FAP). Environmental risk factors for developing CRC 

include body mass index (BMI), smoking status, diet, and use of nonsteroidal anti-

inflammatory drugs (NSAIDs). GWAS studies have identified several genetic loci 



!

! 38!

correlated with CRC risk and environmental factors may act in combination with genetic 

factors to impact overall risk (236). Furthermore, low levels of inflammation may 

contribute to the development of sporadic colon cancer due to intestinal damage causing 

exposure of luminal contents to the LP immune cells, but does not appear to play a role in 

initiation (237). The progression of genetic mutations is thought to occur differently in 

sporadic versus inflammation-induced CRC. As mentioned previously, mutations leading 

to constitutive activation of the Wnt/β-catenin pathway, often in the adenomatous 

polyposis coli (APC) gene, initiate most sporadic CRC. Increased β-catenin signaling 

appears to occur later in the development of CAC possibly as a result of inflammatory 

signaling and not due to genetic mutations in the Wnt/β-catenin pathway (238). The role 

of IBD in colon carcinogenesis can be recapitulated in mouse models. For example, in 

certain mouse strains (i.e. C57BL/6) the carcinogen azoxymethane does not cause 

tumorigenesis in mice unless paired with the induction of colitis by methods such as 

DSS. The dysregulated inflammatory response to DSS-induced epithelial damage in mice 

lacking innate immune components confers increased sensitivity to carcinogen-induced 

colorectal cancer and recapitulates the key role of inflammation in human malignancies 

(174, 175, 224, 239). Thus, the innate immune sensors and effectors essential for 

protection from chronic inflammation and IBD can also protect from malignant 

transformation (210, 240). Due to the role of RNase-L in promoting innate immune 

activity including IFN expression, its role in cells turnover and tumor suppressor 

function, we tested the prediction that RNase-L may protect from the development of 

inflammation-associated CRC in research described in chapter 2. 
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1.6 Enteropathogenic Escherichia coli (EPEC) 

 

Mechanisms of EPEC infection. Enteropathogenic Escherichia coli (EPEC) is a 

diarrhea causing strain of E. coli mainly infecting children in developing countries and 

contributes to the deaths of hundreds of thousands per year (241). Furthermore, EPEC 

may play a role in chronic inflammatory disease as there is an increased incidence of 

mucosally adherent E. coli in IBD and CRC patients compared to healthy controls (180, 

181, 242). EPEC differs from commensal E. coli due to the pathogenicity island called 

the locus of enterocyte effacement (LEE) that contains virulence genes. Infection of the 

host enterocyte is carried out through a multistep system referred to as adhesion and 

effacement (A/E). A/E infection allows bacteria to manipulate the host cell actin 

cytoskeleton and disrupt the IEC monolayer barrier function as mechanisms of virulence. 

In the first step of infection, adhesive type IV bundle forming pili (BFP) in EPEC allow 

binding to enterocytes and aggregate formation, which promotes localized adherence 

(LA) (243). Following secure attachment of the bacterium to the enterocyte, the type III 

secretion system (T3SS), a needle like structure, injects effector molecules from the 

bacterium into the cytosol of the host cell (244). The secreted effector translocated 

intimin receptor (Tir) is embedded into the apical membrane of the host cell allowing 

tight binding of the bacterium surface integrin-like protein, intimin (245). Translocated 

effector proteins induce changes in the host cell that further interrupt barrier function and 

alter the immune response and are required to cause disease in humans (246).  
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EPEC secreted effectors. EPEC has several mechanisms of disrupting barrier 

function thus inducing symptoms of infection including diarrhea. During LA, pilus 

retraction may induce cell signaling through direct contact of the bacterium with cell 

membrane surface receptors. Signals from host cell surface receptors induce the 

formation of lipid rafts, which become actin-rich pedestals for bacterium adherence. The 

actin pedestals disrupt TJ function by dislocating ZO-1, endocytosis and 

dephosphorylation of occludin (247) and contraction of the perijunctional actin-myosin 

ring (248). Furthermore, the majority of EPEC microcolonies adhere over intracellular 

junctions (243) as an additional mechanism to directly disrupt TJs and barrier function. It 

has also been demonstrated that EPEC infection in mice causes endocytosis of occludin 

and claudin-1 resulting in increased intestinal permeability (188). Mechanisms of TJ 

disruption and loss of barrier function have been demonstrated for several T3SS 

effectors. A vital protein for EPEC pathogenesis, E. coli secreted protein F (EspF), is 

required for barrier disruption and carries out this function through sorting nexin 9 (SNX-

9)-mediated regulation of clathrin-mediated endocytosis that appears to decrease TJ-

associated occludin (202). Mitochondrial-associated protein (MAP) is involved in 

cytoskeleton rearrangement and acts synergistically with EspF to decrease barrier 

function (249). Additionally, EspG contribute to loss of barrier function through 

depolymerization of microtubules (250). Disruption of barrier function is a critical 

mechanism of EPEC pathogenesis. 

The increased GI permeability following EPEC infection increases exposure of host 

PRRs to EPEC-derived PAMPs and induces a host immune response through NFκB and 

MAPK pathways. The EPEC genome has evolved to inhibit host immune response 
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allowing prolonged survival. Major EPEC PAMPs include flagellin that is recognized by 

toll-like receptor (TLR) 5 during attachment to IECs (251), and LPS that stimulates 

TLR4 in lamina propria immune cells (252). Studies of host immune response to A/E 

bacteria have been performed in vivo using the mouse pathogen, Citrobacter rodentium, 

which is an A/E bacterium similar to EPEC. Infection of mice with C. rodentium has 

been shown to activate NLRs and induce inflammasome assembly as part of the innate 

immune response (253). TLR and NLR activation leads to the induction of 

proinflammatory cytokines including TNFα, IFNγ and IL-1β that modulate intestinal 

permeability and thus play an important role in EPEC pathogenesis (188, 254). Critically, 

decreased barrier function allows increased induction of proinflammatory cytokines, 

which further promote loss of barrier function. TNFα induces increased permeability in 

both cultured IECs and mouse intestine (182, 255), and inflammatory cytokines can 

induce TJ remodeling during which claudins are selectively endocytosed (199). Although 

EPEC-derived PAMPS can initiate inflammatory immune responses, several T3SS 

effectors are capable of inhibiting these responses (244). For example, non-locus of 

enterocyte effacement effectors-B, C, D, and E (NleB, NleC, NleD, and NleE) directly or 

indirectly block activation of the NFκB and MAPK pathways that mediate induction of 

proinflammatory cytokines. NleB inhibits TNFα-induced NF-κB activation; NleC is a 

metalloprotease that directly cleaves NF-κB subunits; NleD cleaves JNK to inhibit 

inflammatory signaling, and NleE blocks IκK degradation to inhibit NF-κB  activation 

(256-259). These opposing effects of EPEC on inflammatory mediators result in limited 

inflammation that is thought to enhance virulence by reducing barrier function without 

inducing a robust host immune response. 
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The modulation of proinflammatory mediators by EPEC is well studied, however less 

is known about the impact of EPEC infection on host anti-inflammatory mechanisms, and 

how this effect may impact pathogenesis. In this regard IFNs mediate anti-inflammatory 

activity through multiple mechanisms that include the enhanced induction of IL-10 and 

maintenance of Tregs in a T cell adoptive transfer model of colitis (52), inhibition of 

inflammasome activity and IL-1β production in human primary monocytes (50), and 

suppression of IL-17A in mice (260). Furthermore, several lines of evidence have 

established IFNs as critical components of host-microbiome interactions in the GI tract 

(77, 78, 261, 262). Tonic IFN signaling induced by commensal microbiota in the GI tract 

was recently shown to mediate an optimal immune response to systemic viral infection 

(77, 78). Furthermore, IFN enhanced barrier function in lung epithelium to confer 

protection from pneumococcal infection (45) demonstrating that IFN regulates IEC 

barrier function as a host defense mechanism against bacterial pathogens that disrupt 

barrier integrity. As described above, RNase-L has increased survival in mice following 

bacterial infection (106). We predicted that EPEC may inhibit IFN and ISGs such as 

RNase-L as a mechanism of virulence. Therefore, we investigated a role for the 

IFN/RNase-L pathway in immune response and barrier function during EPEC infection 

as explained in chapter 3. 

 

1.7 Scope of work 

 

Significance. The long-term goal of this research is to identify novel therapeutic 

targets for diseases involving intestinal inflammation and barrier dysfunction such as UC 



!

! 43!

and CAC. It is important to discover novel targets for inflammatory intestinal disease, as 

current therapies are inadequate. Current medications for UC, including 5-amino-salicylic 

acid (5-ASA), immunosuppressants, corticosteroids, and biological therapies such as anti-

TNF antibodies (i.e. infliximab) may show low efficacy, or suppress the immune 

response, leaving patients susceptible to infection and certain cancers. The surgical 

option, removal of the colon (colectomy), is the most common procedure for UC that is 

refractory to treatment or has developed into dysplasia or cancer. The removal of the 

colon and rectum can be curative, but carries significant risk of infection and remaining 

tissues may still develop tumors (263). Treatment options for CAC are not adequate as 

mortality rates remain high. It is important to recognize the impact of enteric microbiota 

components on the development of IBD and CRC (180, 181), which may be due to 

impact on mucosal immune response and IEC barrier function. Pathogenic enteric 

bacteria cause acute disease leading to mortality in infants, and may also play a 

significant role in chronic disease. Effectors of IFN, such as RNase-L have potential as 

novel therapeutic targets for UC and CAC and may show the benefits of IFN treatment 

without the toxicities. 

The Type I IFN/RNase-L pathway is a promising therapeutic target for intestinal 

inflammatory disease. First, IFNβ is protective against experimental colitis and has been 

shown to induce remission in a high percent of steroid-refractory UC in clinical trials 

(229, 264). IFN promotes epithelial and endothelial barrier function (45, 265). IFN and 

RNase-L have both been determined to have antibacterial functions. Furthermore, 

production of IFN by the mucosal immune system has an anti-inflammatory effect that is 

protective against intestinal disease. RNase-L induces a positive-feedback mechanism 
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that increases IFNβ expression through the activation of pattern recognition receptors 

(PRRs) (113, 114, 153). Selectively targeting RNase-L activation may have therapeutic 

results due to increased specificity, and may alleviate cytotoxic effects of IFNβ treatment. 

The unique mechanism of RNase-L activation makes it an excellent target for 

therapeutics. 2-5A analogs, which can penetrate the cell membrane and are not easily 

degraded have been developed with some success (170, 171). Genetic risk factors have 

been established for several types of CRC. For example, defects in the DNA mismatch 

repair proteins MLH1, MSH2 and MSH6 are linked to the development of hereditary 

nonpolyposis colon cancer (HNPCC), while APC mutations result in the adenomatous 

polyposis syndrome (266). The association of RNase-L deficiency with inflammation-

induced cancer may indicate its potential use as a diagnostic indicator of disease risk. At 

present, RNase-L mutations are associated with increased risk for various types of cancer, 

the most established association being prostate cancer (165, 166). Studies have also 

implicated RNase-L mutation with cancer risk in CRC and other cancers including head 

and neck, uterine cervix, breast and pancreatic (167, 267, 268). The identification of 

RNase-L as a tumor suppressor in CAC may indicate that RNase-L mutations could 

correlate with increased risk thus indicating a potential use as a novel genetic marker. 
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 We hypothesize that the type I IFN/RNase-L pathway promotes intestinal 

barrier function and immune responses that mediate protective activities against 

intestinal inflammatory disorders and enteric pathogen infection. 

Our specific aims are as follows: 

I. Investigate the impact of RNase-L deficiency on the development of experimental 

colitis and colitis-associated cancer in an animal model. Our subaims are as follows. 

i. Determine the impact of  RNase-L-deficiency in the dextran sulphate sodium 

(DSS) model of experimental colitis by comparing clinical phenotype in RNase-L-/- 

and wild type (WT) mice. ii. Investigate immune responses in RNase-L-/- vs. WT 

mice following induction of colitis, including cytokine production and immune cell 

infiltration. iii. Examine role of RNase-L in inflammation-induced colon cancer by 

treating RNase-L-/- and WT mice with azoxymethane (AOM) to induce 

tumorigenesis. 

II. Determine the role of IFN expression and RNase-L activity in EPEC infection, 

including immune response and barrier function. Our subaims are as follows. i. 

Define the immune response and impact on barrier function of IEC monolayers in 

response to EPEC infection by measuring cytokine expression and barrier function 

of the intestinal epithelial cell line, Caco-2, following WT and non-pathogenic 

EPEC infection. ii. Examine the function of RNase-L in response to EPEC infection 

by comparing the cytokine expression and barrier function of stable RNase-L 

knockdown vs. control Caco-2 cells following infection. iii. Investigate the effects 

of IFN treatment on barrier function and tight junction regulation on IEC monolayer 

using Caco-2 cells. 
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This study examines the role of RNase-L in mouse models of UC, CAC and EPEC 

infection. Our study is the first to investigate the impact of RNase-L deficiency in a 

chemically-induced animal model of inflammation-induced cancer. Our work further 

provides the first information on the roles of type I IFN and RNase-L in IECs following 

enteric bacterial infection. Our results revealed novel protective functions for RNase-L 

against colitis, inflammation-induced colon cancer, and enteric bacterial infection 

through the regulation of immune response and IEC barrier function. These findings 

suggest that RNase-L represents a viable therapeutic target. 
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2. RNase-L deficiency exacerbates experimental colitis and colitis-

associated cancer 

 

2.1 Introduction: background and significance 

 

Inflammatory bowel disease (IBD), comprised of ulcerative colitis (UC) and 

Crohn’s disease (CD), is a major health concern that is diagnosed annually in 

approximately 1.4 million people in the United States and 2.2 million in Europe (210). 

UC is characterized by chronic inflammation of the distal colon resulting from 

compromised GI barrier function which interferes with intestinal homeostasis (219). In 

healthy individuals, (PAMPs) from commensal microbes are sensed by PRRs in host 

immune and epithelial cells, which, in turn, activate signaling pathways to induce 

proinflammatory cytokines, chemokines and antibacterial effectors. This regulated 

response leads to bacterial clearance, repair of damaged intestinal epithelial cells (IECs) 

and resolution of inflammation. However an impaired capacity to detect pathogens or 

initiate an innate immune response to gut microflora results in excessive inflammation 

that is the hallmark of IBD and an important risk factor for the development of colon 

cancer (220). Consistent with a critical role for innate immune components in intestinal 

homeostasis, mutation or aberrant expression of the cytosolic PRRs, NOD2 (80, 221), 

and NLRP3 (222), the proinflammatory cytokine IL-18 (223), and multiple TLRs that 

sense PAMPS on the cell surface and in endosomes (173) are associated with CD in 

humans. Similarly, genetic disruption of PRRs (174, 175, 179, 269), their signaling 

components (224), and effector cytokines (225, 226) in mice dramatically impacts 
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susceptibility to DSS-induced GI epithelial injury in an experimental model of UC and 

demonstrated the functional roles of innate immune mediators in GI homeostasis. The 

dysregulated inflammatory response to DSS-induced epithelial damage in mice lacking 

innate immune components confers increased sensitivity to carcinogen-induced colorectal 

cancer and recapitulates the key role of inflammation in human malignancies (174, 175, 

224, 239). Thus innate immune sensors and effectors are essential for intestinal 

homeostasis and their inactivation can predispose to chronic inflammation and malignant 

transformation (210, 270). 

 A complex array of gene products contributes to intestinal homeostasis and, if 

mutated or deleted, may result in pathologic outcomes. However, the full spectrum of 

host components that function to maintain a balanced interaction between host immune 

cells, IECs and intestinal microbiota remains to be determined. The endoribonuclease 

RNase-L is an established component of the innate immune response that mediates IFN-

induced antiviral, antibacterial and antiproliferative activities. RNase-L is constitutively 

expressed as a latent monomer that upon binding to its allosteric activator 2-5A 

(pppA(2’p5’A)n, n ≥2), undergoes a conformational change resulting in dimerization and 

enzymatic activation. 2-5A is produced by a family of IFN-regulated 2’, 5’-

oligoadenylate synthetase (OAS) enzymes that are activated by double-stranded RNA 

(dsRNA). Active RNase-L cleaves host and viral RNAs with a preference for UU and 

UA dinucleotides in single stranded regions; however the mechanisms by which 

endonucleolytic cleavage contributes to its biologic activities are not resolved. For 

example, while RNase-L may exert its antiviral effects through the direct cleavage of 

viral RNAs (152), the products generated from RNase-L cleavage of host and viral RNAs 
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can induce IFNβ and indirectly amplify antiviral activity (113, 271). RNase-L-mediated 

induction of IFNβ is dependent on RLRs, cytosolic PRRs that bind viral RNA PAMPs to 

activate the MAVS adaptor protein. MAVS signalosome-associated kinases then activate 

the IFN regulatory factors- (IRF) 3 and -7 and NFκB, resulting in their nuclear 

translocation and transcriptional induction of proinflammatory cytokines (154). Thus 

RNase-L-generated RNAs activate RLR signaling to induce proinflammatory cytokines. 

In addition to their roles in antiviral activity, RNase-L, RIG-I and MAVS have recently 

been reported to function in antibacterial defense. RNase-L-deficient (RNase-L-/-) mice 

exhibited increased susceptibility to gram-positive and -negative bacteria that 

corresponded with a diminished induction of proinflammatory cytokines including IFNβ, 

IL-1β and TNFα (106). LPS-induced bacterial phagocytosis was impaired in RIG-I-

deficient macrophages and RIG-I knockout mice were more susceptible to Escherichia 

coli (E. coli) infection (272). Consistent with this antibacterial activity, RIG-I and MAVS 

knockout mice displayed enhanced sensitivity to DSS-induced intestinal injury in 

experimental colitis (55, 57). Importantly, this study identified bacteria-derived RNA as a 

novel RLR PAMP providing a potential mechanism by which RLRs/MAVS monitor 

commensal bacteria and regulate proinflammatory cytokines in the maintenance of GI 

homeostasis (55). 

In light of the antibacterial activities of RNase-L and RLRs/MAVS, their 

complementary roles in the production of RLR agonists and signal transduction induced 

by these ligands respectively, and the novel role of MAVS in monitoring commensal 

bacteria through sensing bacterial RNA, we hypothesized that RNase-L may contribute to 

intestinal homeostasis and protection from pathological consequences of chronic GI 
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damage. Consistent with this idea, a deficiency in the type I IFN receptor, which 

regulates 2-5A/RNase-L pathway activity, confers sensitivity to DSS-induced colitis (81). 

Type I IFN promotes intestinal homeostasis in animal models and has shown efficacy in 

the treatment of UC (40). Furthermore, OAS2, which functions upstream of RNase-L, 

interacts with the CD susceptibility gene NOD2 (273). 

To investigate a role for RNase-L in GI homeostasis we examined the response of 

RNase-L-/- mice to DSS-induced colitis. RNase-L-/- mice demonstrated delayed leukocyte 

infiltration and diminished expression of IFNβ, TNFα, IL-1β and IL-18 at early times 

post DSS treatment. The impaired immune response corresponded with increased tissue 

damage and inflammation-associated pathology at later times post-DSS treatment. The 

increased sensitivity to DSS resulted in an increase in carcinogen-induced tumor burden 

and mortality. A potential mechanism by which RNase-L functions in the response to 

commensal bacteria was revealed by the finding that RNase-L promotes IFNβ production 

and suggests a model in which RNase-L cleaves bacterial RNA to stimulate cytokine 

induction via the RLR/MAVS pathway. Together these results identify a novel role for 

RNase-L in the homeostatic response to bacteria in the GI tract. 

 

2.2 Materials and Methods 

 

Animals WT and RNase-L-/- C57BL6 were housed in the UMB animal facility and 

were used in accordance with animal facilities at the University of Maryland School of 

Medicine and IACUC-approved protocols. Wild-type C57BL6 mice were purchased from 
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the NCI and Jackson Laboratory or were derived from RNase-L/ C57BL6 backcrosses 

(Fig. 2.5). Helicobacter testing was performed on fecal samples by Idexx Radil. 

 

Induction of DSS Colitis and DSS/AOM CAC To induce colitis, sex-matched 8-10-

week-old WT and RNase-L-/- mice were treated with 2.5% DSS (MP Biomedicals, 

36,000-50,000 Da) in the drinking water for 9 days. For the DSS recovery assay, mice 

received DSS in the drinking water for 7 days followed by regular water for 7 days. 

Control mice received regular water only. To induce tumorigenesis, mice were 

administered AOM (10 mg/kg) via IP injection at weeks 0 and 1, followed by 3 cycles of 

2% DSS treatment beginning at weeks 2, 5 and 8 which lasted for 7, 4 and 4 days 

respectively. DSS/AOM control mice received PBS injections and regular water for the 

duration of the experiment. To minimize any influence of the microbiome that could 

obscure interpretation of the RNase-L-/- phenotype, purchased WT mice were acclimated 

for 12 days prior to beginning experimentation using an established flora transfer regimen 

adapted from that described in the Jackson Laboratory DSS-protocol (274). During this 

acclimation period, imported WT mice were housed with bedding previously used for 

RNase-L-/- mice that were bred at the UMB animal facility. This bedding, including fecal 

material to promote transfer of GI flora and reduce the variability in microbiota between 

mice from different facilities, was changed at 12 and 7 days prior to DSS treatment.  

 

Tissue Processing Tissues were collected from mice at the time of euthanization and 

frozen at -70⁰C or fixed in 10% formalin overnight then embedded in paraffin. Colon 

tissue was rinsed 2x in PBS before processing. Whole blood was added to heparin then 
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centrifuged at 1300 rpm. Serum was separated from erythrocytes and leukocytes and 

frozen until use.  

 

Measuring Clinical Parameters Clinical score is the sum of factors including weight 

loss, stool score and occult blood (174). Weight loss is assigned a value of 0-4 for 0-20% 

loss. Stool is assigned a value of 0-4 for normal to diarrhea. Occult blood is assigned a 

score of 0 for no fecal blood, 2 for fecal blood (Hema Screen STAT FOBT) and 4 for 

rectal bleeding. Hemoglobin level was measured using 15 uL of whole blood (HgB Pro, 

ITC). Histopathology Paraffin-embedded colon tissue was cut into 5 µm sections and 

stained with H&E. Slides were coded then analyzed by two independent pathologists and 

scored according to previous methods (275). 

 

Myeloperoxidase Activity Colon tissues were weighed then homogenized using an 

electric homogenizer in 0.5% hexa-decyl-trimethyl-ammonium bromide in 50 mmol/L 

potassium phosphate buffer (pH 6) and centrifuged at 12,000 rpm for 10 min. Aliquots of 

the supernatant were mixed with a chromogenic peroxidase substrate (BM blue, Roche) 

and allowed to react for 20 min. Absorbance was measured by spectrophotometry at 450 

nm. Human purified myeloperoxidase enzyme was used to create standard curves. 

Myeloperoxidase activity was determined by calculating OD vs. mass of tissue sample. 

 

 Multiplex ELISA Multiplex ELISA of mouse serum for various cytokines was 

performed by the University of Maryland Cytokine Core Laboratory using the Luminex 

100 System. 
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Quantitative Real-Time Polymerase Chain Reaction Total RNA was isolated using 

TRIzol reagent (Invitrogen) following manufacturers protocol. Specific RNA sequences 

were quantified using the iScript One-Step RT-PCR Kit with SYBR Green reagents (Bio-

Rad) and the C1000 Touch Thermal Cycler (Bio-Rad). Primers used were as follows: 

TNFα forward (ACGGCATGGATCTCAAAGAC) TNFα reverse (CGGACTCCGCAA 

AGTCTA AG), IL-6 forward (TGTCTATACCACTTCACAAGT CGGAG) IL-6 reverse 

(GCACAACTCTT TTCTCATTTCCAC), IL-1β forward (CAGGCAGGCAGTATCAC 

TCA) IL-1β reverse (AGGCCACAGGTA TTTTGTCG), IFNβ forward (ATAAGCAGC 

TCCAGCTCCAA) IFNβ reverse (GCAACCACCACT CATTCTGA), IL-18 forward 

(GACAACTTTGGCCGACTTCA CTGT) IL-18 reverse (CAGTCATATCCTC 

GAACACAGGCT). Expression levels of cytokines were normalized to GAPDH, primer 

sequence: GAPDH forward (CCTCGTCCCGTAGAC AAAATC) GAPDH reverse 

(TGAAGGGGTCGTTGATGGC). For all primer sets, annealing temperature 

optimization and melting curve analysis were performed. Gene expression analysis was 

performed using CFX Bio-Rad software. 

 

Immunohistochemistry Colon tissue was frozen in O.C.T. Compound (VWR, 

Radnor, PA) and cut into 6 µm sections. Sections were fixed in acetone, blocked, stained 

with primary antibody to F4/80 (Biolegend, San Diego, CA), 33D1 DC marker  

(eBioscience, San Diego, CA), Gr-1 (eBioscience, San Diego, CA), and CD3 (LifeSpan 

Biosciences, Seattle, WA) followed by biotinylated secondary antibody if necessary. 

Tissues were then incubated with Avidin (Vectastain ABC kit, Vector Laboratories, 



!

! 54!

Burlingame, CA), followed by incubation with peroxidase substrate (StableDAB, KPL, 

Gaithersburg, MD). Tissues were counterstained with hematoxylin and eosin or Dapi 

(Invitrogen, Grand Island, NY), dehydrated and mounted. Control sections were 

incubated with IgG from the host species. 

 

Isolation of bone marrow macrophage and bacterial RNA. Bone marrows were 

flushed out from freshly-dissected mouse femurs and macrophages were cultured in 

DMEM containing 10% FBS, 15% L929 cell conditioned media (Bone marrow culture 

media). Cells were used for experiments after 7 d of culturing.  Total bacterial RNA was 

isolated using Ambion® mirVana™ miRNA Isolation Kit (Life Technologies, Grand 

Island, NY).  

 

Single ELISA assay for IFNβ Transfections of bone marrow macrophages with 

bacterial RNA were performed using Lipofectamine 2000 (Life Technologies, Grand 

Island, NY). Following transfections, cell supernatants were collected and used to 

measure IFNβ with VeriKineTM Mouse Interferon-Beta ELISA KIT (PBL 

InterferonSource, Piscataway, NJ).  E. coli strains TOP10 (Life Technologies) or LF82 

were grown to exponential phase in L broth and used at multiplicities of infections of 5 

and 20 to infect bone marrow macrophages in bone marrow cultured media (in the 

absence of antibiotics) for 1.5 hr after which gentamycin (Life Technologies, Grand 

Island, NY) was added to the media at a concentration of 100 µg/ml. Cell supernatants 

were used for IFNβ determination by ELISA. 
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2.3 Results 

 

RNase-L has a protective role in the development of experimental colitis and 

promotes recovery following DSS treatment. To investigate a role for RNase-L in the 

development of experimental colitis, DSS (2.5% w/v in drinking water) or water vehicle 

was administered to RNase-L-/- and RNase-L +/+ (wild type, WT) mice for 9 days and 

clinical parameters were measured. Colitis-associated symptoms include weight loss, 

reduction in stool consistency, and increase in fecal occult blood, which were combined 

to provide an overall clinical score. For each of these indicators, by 7-9 days of exposure 

DSS-treated RNase-L-/- mice exhibited more severe symptoms than their WT counterparts 

(Fig. 2.1A-D). Decreased colon length is an additional macroscopic indicator of intestinal 

damage from colitis. Colon length in DSS-treated RNase-L-/- mice showed a significantly 

greater decrease than was observed in WT mice (Fig. 2.1E and 2.2A). Blood loss due to 

ulceration from DSS-induced intestinal injury is reflected in a decrease in hemoglobin 

levels and provides a further measure of GI damage. Hemoglobin levels were lower in 

RNase-L-/- compared to WT mice at days 7 and 9 (Fig. 2.2B) indicating more extensive 

colon damage. Thus, RNase-L-/- mice displayed increased sensitivity to DSS treatment 

suggesting a novel protective function for RNase-L in response to GI damage. To 

determine if this protective role promoted recovery following DSS treatment, RNase-L-/- 

and WT mice were treated with DSS for seven days followed by a seven-day recovery 

period. The mortality rate was higher in RNase-L-/- compared to WT mice (Fig. 2.1F). 
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Figure 2.1 RNase-L is protective against DSS-induced colitis and promotes recovery 
following GI injury. RNase-L-/- and WT mice were treated with 2.5% DSS w/v drinking 
water or regular water control for 9 days. Mice were euthanized at days 0, 1, 3, 5, 7 
(n=6) and 9 (n=7). The clinical score (D) is representative of colitis severity and is 
comprised of: (A) % weight loss (B) stool score- a measure of stool consistency and (C) 
bleeding score- a measure of occult blood. (E) Colon tissue was measured and 
photographed before processing. RNase-L-/- and WT mice were treated with 2.5% DSS 
w/v drinking water for 7 days followed by 7 days of regular water (con=untreated) to 
examine recovery. Survival (F) is expressed as a percent of the surviving mice from the 
total number treated (n=15 for days 1-7, n=10 post day 7) and untreated (n=3). 
Significance was determined by Kaplan-Meier analysis. Data represent means ± SE. 
*p<0.05, **p<0.005. 
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Figure 2.2 RNase-L is protective against macroscopic symptoms of DSS-induced colitis. 
RNase-L-/- and WT mice were treated with 2.5% DSS w/v drinking water or regular 
water (control) for 9 days. Mice were euthanized at days 0, 5 (n=6) and 9 (n=7). Colon 
length was determined by % decrease in average length compared to day 0 (A). Serum 
hemoglobin levels were measured prior to euthanizing mice (B). Data represent means ± 
SE. *p<0.05, **p<0.005. 

 

 

Figure 2.3 RNase-L mice demonstrate impaired recovery following DSS-induced colitis 
compared to WT mice. RNase-L-/- and WT mice were treated with 2.5% DSS w/v 
drinking water for 7 days followed by 7 days of regular water (con=untreated) to examine 
recovery. Clinical score was assessed on a daily basis as described in Fig. 1. Data 
represent means ± SE. **p<0.005. 
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Clinical parameters of colitis were monitored daily (as in Fig. 2.1D) and demonstrated 

the prompt recovery of WT mice, but not of RNase-L-/- mice (Fig. 2.3). These results 

suggest that RNase-L functions to protect from colitis-associated pathologies (Figs. 2.1 

and 2.4).  

 

RNase-L promotes immune activity at early times of DSS treatment and reduces 

tissue injury at later times of exposure. To analyze the RNase-L DSS response 

phenotype at the cellular and molecular level, markers of inflammation and tissue 

damage were assayed in colons from DSS-treated RNase-L-/- and WT mice. H&E stained 

colon sections were analyzed by two pathologists who were masked to sample genotype 

and treatment. Microscopic analysis determined that leukocyte infiltration was greater in 

WT compared to RNase-L-/- mice at day 5, with no significant difference at day 9 (Fig. 

2.4A), whereas overall tissue injury (crypt erosion and ulceration) was not significantly 

different at day 5 but was greater in RNase-L-/- mice at day 9 (Fig. 2.4B,C and E). The 

histology data reflects examinations of the entire colon, whereas examination of the distal 

colon only shows an increase in crypt erosion in RNase-L-/- compared to WT mice at days 

5 and 9 (Fig. 2.4E). These results validate data from an initial study, which demonstrated 

increased inflammation in RNase-L-/- as compared to backcrossed WT mice (Fig. 2.5A, 

B). To determine differences in leukocyte activity, we measured myeloperoxidase(MPO) 

activity of colon tissue, an indicator of neutrophil activation. WT mice displayed higher 

MPO activity at day 5, whereas RNase-L-/- mice had significantly higher activity at day 9 

(Fig. 2.4D). The diminished MPO activity at day 9 in WT mice is indicative of decreased 

tissue damage as increased neutrophil activity is correlated with colitis severity (276).  
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Figure 2.4 RNase-L promotes an early inflammatory response resulting in attenuated 
tissue damage in WT mice. H&E-stained colon sections were prepared from DSS-
treated mice for histological analysis. Samples from days 0, 5 (n=6) and 9 (n=7) were 
analyzed. (A) Leukocyte infiltration, (B) crypt damage and (C) ulceration were measured 
by two independent pathologists. (D) Neutrophil activity was determined by 
myeloperoxidase assay using RNase-L-/- and WT mouse distal colon tissue (n=6). (E) 
Representative images are shown (100x) with enlargements in insets (400x).  Data 
represent means ± SE. *p<0.05, **p<0.005.  
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Figure 2.5 Littermate WT mice are less susceptible to DSS-colitis than RNase-L-/- mice. 
RNase-L-/- and WT littermate mice were treated with 2.5% DSS w/v drinking water or 
regular water (control) for 9 days. Mice were euthanized at day 9 (n=5 per treated group, 
n=3 per control group). Colon tissue was formalin fixed, paraffin embedded, then 
sectioned and stained with H&E. (A) Representative images are shown (100x). (B) 
Sections were analyzed by a pathologist blinded to the genotype and treatment. 
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Thus, leukocyte infiltration and activity are lower in RNase-L-/- compared to WT mice at 

day 5 which may prevent a robust antibacterial response and contribute to the increased 

tissue damage observed in RNase-L-/- mice at day 9.  

To investigate the influence of RNase-L on the infiltration of specific immune 

cells following DSS administration, we performed immunohistochemistry on distal colon 

tissue from RNase-L-/- and WT mice following treatment with DSS for 7 days. Neutrophil 

and monocyte infiltration are early events in the development of DSS-colitis and 

stimulate an immediate innate immune response followed by an adaptive response at later 

time points (277). Both inefficient or unresolved innate immune activity can promote 

tissue injury (219). Similarly, adaptive immunity can be beneficial or detrimental in 

colitis (278). We analyzed colon tissue for markers of macrophages, dendritic cells 

(DCs), neutrophils and T-cells. At day 7 of DSS treatment, DC, neutrophil, and to a lesser 

degree, macrophage infiltration, was greater in RNase-L-/- compared to WT colon (Fig. 

2.6B, D and A respectively) and corresponded with the elevated MPO activity observed 

at day 9. In contrast, CD3+ T-cell infiltration was reduced in RNase-L-/- mice (Fig. 2.6C); 

consistently, low CD3 expression within tumor tissue is correlated with decreased 

survival in CRC patients (279).  Interestingly, an attenuated T-cell response was 

previously observed following skin allografts in RNase-L-/- compared to WT mice (280). 

The diminished CD3+ T-cell infiltrate may reflect the reduced early immune response 

observed in RNase-L-/- mice.  
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Figure 2.6 RNase-L influences immune cell infiltration during experimental colitis. Colon 
from DSS-treated mice was utilized for immunohistochemistry for immune cell markers. 
Day 7 frozen colon tissue was stained with antibody to (A) F4/80, (B) 33D1, (C) CD3 and 
(D) Gr-1 to determine the presence of macrophage, dendritic cells, CD3+ T cells and 
neutrophils respectively.   



!

! 63!

DSS-induced GI damage results in a compromised barrier function, release of 

bacteria from the gut lumen, activation of an innate immune response and induction of 

proinflammatory cytokines. We previously reported that RNase-L exerts antibacterial 

activity, in part, by stimulating the induction of proinflammatory cytokines (106), 

therefore we hypothesized that RNase-L may also impact cytokine induction in response 

to DSS. Consistent with this prediction, qPCR analysis of cytokine mRNAs from colon 

tissue at day 5 of DSS treatment revealed significantly lower amounts of IFNβ, IL-1β, 

TNFα and IL-18 transcripts in RNase-L-/- compared to WT mice (Fig. 2.7A-D). Notably, 

critical roles in intestinal homeostasis and response to DSS have been reported for each 

of these cytokines (40, 81, 174, 276, 277). IL-6 expression did not significantly differ in 

RNase-L-/- and WT mice (Fig. 2.7E). At day 9 of DSS treatment RNase-L-/- mice 

continued to exhibit diminished levels of IFNβ and IL-18 mRNAs whereas, the amount 

of IL-1β mRNA in RNase-L-/- mice was increased (Fig. 2.7A, D and B). In addition, 

serum levels of the key inflammatory cytokines IL-1β, TNFα, KC and MCP-1 were 

elevated at day 9 in RNase-L-/- mice and corresponded with an increase in inflammation-

associated tissue damage at that time point (Fig. 2.8A-D). Thus, the reduced expression 

of several proinflammatory cytokines in RNase-L-/- mice at early time-points post-DSS 

treatment correlated with diminished leukocyte recruitment and neutrophil activation. 

The reduced leukocyte recruitment may reflect an altered expression of cytokine-

regulated chemokines in RNase-L-/- mice (40, 210, 276, 277). Furthermore, the lack of an 

early response may inhibit the resolution of inflammation in mice lacking RNase-L. 
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Figure 2.7 RNase-L is required for optimal induction of cytokine expression following 
DSS-induced damage. Colon tissue collected from DSS-treated mice at days 5 and 9 
(n=6) was analyzed by qRT-PCR for the expression of (A) IFNβ, (B) IL-1β, (C) TNFα, (D) 
IL-18 and (E) IL-6 mRNA. Cytokine expression was normalized to GAPDH. Data 
represent means ± SE. *p < 0.05. 
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Figure 2.8 RNase-L influences serum cytokines levels. Serum was collected at day 9 
(n=7) and IL-1β (A), TNFα (B), KC (C) and MCP-1 (D) were measured by multiplex 
ELISA assay using the Luminex 100 system. Data represent means ± SE. *p < 0.05. 

 

 

Figure 2.9 RNase-L-/- mice demonstrated an increased tumor burden compared to WT 
mice following DSS/AOM treatment. Animals were administered 10 mg/Kg 
azoxymethane (AOM) by intraperitoneal (IP) injection followed by three cycles of 2% 
DSS to induce colon carcinogenesis. Colons were dissected and imaged. Tumors are 
circled.   
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RNase-L deficiency increases tumor burden in inflammation-induced colon 

cancer. DSS-induced inflammation sensitizes mice to tumorigenesis induced by the 

carcinogen azoxymethane (AOM) and is a well-established model of inflammation-

associated colon cancer (174, 281). RNase-L is implicated in tumor suppressor functions 

due to its proapoptotic and antiproliferative activities and the correlation of mutations in 

the RNASEL gene with multiple human malignancies (100, 105, 127, 167). In light of our 

data indicating a protective role for RNase-L in the development of DSS-induced 

experimental colitis (Fig. 2.1 and 2.4), we hypothesized that RNase-L will function to 

suppress inflammation-associated tumorigenesis in the DSS/AOM model.  Accordingly, 

to induce colon tumorigenesis RNase-L-/- and WT mice were injected with AOM 

followed by 3 cycles of DSS (Fig. 2.10A). RNase-L-/- mice displayed a significantly 

greater tumor burden compared to WT mice as measured by composite tumor volume at 

week 14 of the DSS/AOM regimen (Fig. 2.10B, 2.9), demonstrating its protective, 

antitumor function in this model. Furthermore, although the difference was not 

significant, RNase-L-/- mice tended to develop an increased number of tumors than WT 

mice (Fig. 2.10C). Moreover, mapping of macroscopic tumors to specific areas of the 

colon revealed differences in the location of tumorigenesis; specifically, tumors in 

RNase-L-/- mice were distributed in the cecum, proximal and distal colon whereas tumors 

in WT mice were limited to the distal colon (Fig. 2.11). The increased weight loss and 

mortality following DSS/AOM treatment of RNase-L-/- mice (Fig. 2.11, 2.10D) was 

similar to that observed following treatment with DSS alone (Fig. 2.1E) suggesting that 

the enhanced response to DSS was primarily responsible for the increased sensitivity to 

the DSS/AOM regimen. Therefore, we performed histological analysis of DSS/AOM-   
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Figure 2.10 Tumor burden from colitis-associated cancer is increased in RNase-L-/- 
compared to WT mice. (A) In the treatment regimen, mice were administered 10 mg/kg 
azoxymethane (AOM) by intraperitoneal (IP) injection followed by three cycles of 2% 
DSS (WT: n=21, RNase-L-/-: n=22). Veh con=sham injection of PBS without AOM and 
regular water without DSS (WT: n=8, RNase-L-/-: n=8). (B)The total tumor burden per 
mouse was determined using the equation 1/2(Lx2W) as mm3. Significance was 
determined by Kaplan-Meier analysis. (C) Scatter plot of the number of tumors per 
mouse colon; bars indicate mean values. (D) Mortality due to DSS/AOM treatment is 
shown as % survival according to day. Significance was determined by Kaplan-Meier 
analysis. For tumor number (C) and volume (D), WT DSS/AOM: n=12, RNase-L-/- 
DSS/AOM: n=9, WT and RNase-L-/- sham: n=3. Data represent means ± SE. *p < 0.05. 
(E) Histopathological analysis was performed on H&E-stained colon tissue sections from 
14 weeks post DSS/AOM-treated mice. 400x images show well-differentiated 
adenocarcinoma in both WT and RNase-L-/- colon sections. 
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Figure 2.11 Tumor localization varied between RNase-L-/- and WT mice. (A) Locations 
of macroscopic tumors were mapped relative to the total length of the colon for each 
DSS/AOM-treated mouse euthanized at week 14. Location of tumors in each section 
(cecum, proximal half of colon, distal half of colon) was quantified. (B) % of tumors 
located in each section is compared. Data represent means ± SE *p<0.05. 
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Figure 2.12 RNase-L-/- mice showed increased weight loss compared to WT mice 
following DSS/AOM treatment. Mice were weighed daily during DSS cycles and twice 
weekly during regular water cycles. DSS/AOM treated WT vs. RNase-L-/-: ***p<0.0001 
(Day 22), **p<0.005 (Day 42), *p<0.05 (Days 62 and 85). 

 

treated colon tissue to assess the presence of carcinoma pathology distinct from colitis-

associated hyperplasia. This analysis revealed the presence of well-differentiated 

adenocarcinoma within areas of adenoma in both WT and RNase-L-/- mice (Fig. 2.10E) 

demonstrating an impact of RNase-L on inflammation-associated oncogenesis.  

Bacteria-derived RNA is a trigger of RNase-L-dependent IFNβ induction. 

RNase-L-mediated regulation of cytokine induction is thought to contribute to its 

antibacterial activity and may be a mechanism by which it functions in DSS-induced 

inflammation. The RNase-L-dependent regulation of IFNβ and possibly other cytokines 

is proposed to occur by the cleavage of viral and host RNAs to generate RLR agonists 

leading to MAVS signaling and the induction of proinflammatory cytokines (113). In this 

regard, MAVS-/- mice exhibited enhanced susceptibility to DSS-induced colitis (55) and 

this phenotype corresponded with the MAVS-dependent sensing of RNA from 

commensal bacteria and resulting induction of IFNβ. In light of this finding and the role 
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of RNase-L in the production of RLR agonists (136), we hypothesized that bacteria-

derived RNA functions as a PAMP to trigger IFNβ induction in a RNase-L-dependent 

manner. To test this model, we first infected WT and RNase-L-/- bone marrow-derived 

macrophages (BMDMs) with a laboratory strain of E. coli (Top 10) or an adherent-

invasive strain that is associated with Crohn’s disease (LF82) and IFNβ induction was 

measured by ELISA. Both E. coli strains induced 3-6-fold more IFNβ in WT as 

compared to RNase-L-/- BMDMs (Fig. 2.6A) consistent with a previous observation with 

E. coli Bort strain (106). To determine if bacterial RNA is the trigger for RNase-L-

dependent induction of IFNβ, RNase-L-/- and WT BMDMs were transfected with 

bacterial RNA and IFNβ induction was measured. Bacteria-derived RNA induced 

significantly more IFNβ production in WT compared to RNase-L-/- BMDMs (Fig. 2.13B). 

This diminished IFNβ induction in RNase-L-/- BMDMs mimicked that observed in 

MAVS-/- BMDMs suggesting that RNase-L functions upstream of RLR/MAVS to signal 

IFNβ induction by bacterial RNA (55). In this manner, the RNase-L-RLR/MAVS axis 

may contribute to intestinal homeostasis by monitoring intestinal bacteria and regulating 

cytokine production. 
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Figure 2.13 RNase-L mediates IFNβ production by BMDM in response to bacterial RNA. 
(A) BMDM were infected with Top10 or LF82 strains of E. coli at an MOI of 5 or 20 for 8 
hours and IFNβ was measured by ELISA. (B) BMDMs were transfected with E. coli 
(Top10) RNA at the indicated times and doses, then IFN production was measured by 
ELISA. Data represent mean ± SE. *p<0.05, **p<0.01, ***p<0.005. 
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2.4 Discussion 

 

We previously demonstrated that RNase-L functions in antibacterial immunity 

and in the regulation of proinflammatory cytokines (106), two important components of 

intestinal homeostasis (219). Therefore, we examined a role for RNase-L in the response 

to the DSS-induced intestinal damage in a model of UC. RNase-L-/- mice displayed a 

compromised innate immune response at early times post-DSS and increased intestinal 

damage at later times indicating that RNase-L functions to protect from colitis-associated 

pathologies (Figs. 2.1 and 2.4). The increased sensitivity to DSS-induced colitis observed 

in mice lacking mediators of GI homeostasis is associated with enhanced susceptibility to 

CAC induced by DSS/AOM (174, 224, 239). Similarly, DSS/AOM treatment resulted in 

an increased tumor burden in RNase-L-/- as compared to WT mice (Fig. 2.10D). 

Furthermore, RNase-L-/- but not WT mice developed tumors that were distributed 

throughout the colon (Fig. 2.9, 2.11) which may be due to differences in the immune 

response to infiltrating bacteria. For example, tumors induced following injection of high 

titres of Helicobacter into immunocompromised mice develop in the proximal colon 

(282) suggesting that low levels of Helicobacter, that are common in laboratory mice but 

do not induce tumors, may influence the location of tumors induced by GI damaging 

agents. However, our data demonstrating the enhanced DSS-induced inflammation and 

pathology in RNase-L-/- mice as compared to backcrossed WT mice indicates that RNase-

L-deficiency impacts the response to GI damage beyond a background contribution of 

Helicobacter in our mice. Consistent with this association of RNase-L deficiency with 

enhanced inflammation and tumorigenesis in mice, altered expression or activity of 
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RNase-L has been implicated in colorectal cancer in humans (168, 267) suggesting a link 

between its roles in GI homeostasis and cancer. 

The induction of proinflammatory cytokines was altered in RNase-L-/- colons 

following DSS treatment suggesting a mechanism underlying the protective phenotype of 

RNase-L in colitis. Specifically, RNase-L contributes to the induction of IFNβ and 

potentially other proinflammatory cytokines via the production of RLR agonists to 

activate the RLR/MAVS signalosome (113). Thus the diminished cytokine induction in 

RNase-L-/- mice may reflect decreased signaling through the RLR/MAVS axis. Consistent 

with a role for RNase-L upstream of MAVS in the response to GI damage, both MAVS-/- 

and RNase-L-/- mice exhibited an increased susceptibility to DSS-induced colitis which 

corresponded with a diminished induction of IFNβ and other antimicrobial effectors (55). 

Transfection of bacterial RNA mimicked the MAVS-dependent induction of IFNβ seen 

in response to bacterial infection suggesting that bacterial RNA represents a novel 

RNase-L substrate. Importantly, bacterial RNA induced IFNβ in an RNase-L-dependent 

manner (Fig. 2.6) providing further evidence that RNase-L functions upstream of MAVS 

in the response to bacterial RNA. The induction of IFNβ by transfected bacterial RNA is 

consistent with its cytosolic processing into RLR agonists by RNase-L and subsequent 

activation of the RLR/MAVS signalosome. In the case of bacterial infection, cytosolic 

RNase-L may gain access to bacterial RNA that has escaped the endosomal 

compartment; however, we cannot rule out the possibility that bacterial infection and 

RNA transfection induce IFNβ by separate, yet RNase-L-dependent, pathways. 

The nature of bacterial RNA PAMPs and their precise mechanism of action in the 

GI tract remain to be determined. One study reported that feces-derived RNA, as 
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compared to that from laboratory strains of E. coli or host RNA, induced significantly 

more IFNβ following transfection of immortalized mouse macrophage (RAW264.7) or 

human embryonic kidney (293) cells suggesting a means to distinguish commensal 

bacteria (55). In contrast, we observed comparable RNase-L-dependent IFNβ induction 

by laboratory and invasive strains of E. coli in BMDMs; this difference may reflect 

differential responsiveness to bacterial stimuli in primary BMDMs and immortalized cell 

lines. Bacterial RNAs exhibit many modifications that may permit discrimination from 

host RNAs and lead to the selective activation of innate immune pathways including 

RNase-L/RLR/MAVS (283-285). In this regard, RNA modifications can alter both the 

capacity to activate OAS and to be cleaved by RNase-L suggesting that OAS may 

function in sensing bacterial RNA (283). Relatedly, the IFN-induced RNA sensor PKR, 

was recently demonstrated to function in DSS-induced inflammation and may also 

contribute to the detection of bacterial RNA (54). 

In addition to the regulation of proinflammatory cytokines, RNase-L may 

function in the response to GI damage through the modulation of IEC repair. Indeed, the 

expression of innate immune effectors in IECs is critical for the regulated response to GI 

injury (55, 210). Moreover, RNase-L serves as an endogenous constraint on cell 

proliferation and can promote apoptosis (105). Defects in apoptosis in RNase-L-deficient 

cells have been reported in primary murine lymphocytes and fibroblasts and multiple 

human cancer cell lines (101, 286, 287). Interestingly, IFNβ can promote apoptosis in 

some contexts (288, 289) suggesting that RNase-L may function both to induce IFNβ 

expression and as an effector of its apoptotic activity; however evidence for this 

regulatory circuit requires experimental validation. A compromised apoptotic response 
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following damage of RNase-L-deficient IECs may promote dysregulated proliferation 

and oncogenesis; our finding that RNase-L-/- mice exhibit increased tumor burden in the 

DSS/AOM model is consistent with this prediction and experiments to directly compare 

the apoptotic response in WT and RNase-L-/- IECs are the subject of ongoing 

investigations. The increased tumor burden in DSS/AOM treated RNase-L-/- mice 

reflected a larger tumor volume, as tumor frequency did not markedly differ from that 

seen in WT mice (Fig. 2.10B and C). This observation suggests that RNase-L deficiency 

impacts tumor progression rather than initiation; it will be of interest to further dissect the 

role of RNase-L in distinct steps of oncogenesis. The increased mortality in RNase-L-/- 

mice following DSS treatment likely accounted for the similar increase observed with the 

DSS/AOM regimen. However, histological analysis of DSS/AOM-treated colon tissue 

confirmed the carcinoma pathology, as opposed to DSS/colitis-induced hyperplasia. 

These findings suggest that the tumor suppressor activity of RNase-L is mediated, in part, 

via its role in the inflammatory response. 

Most studies, including the DSS/AOM model described here, have reported 

antiproliferative/ tumor suppressor functions for RNase-L (107, 127, 162). However 

elevated expression of RNase-L was observed in colorectal adenocarcinomas and 

noncancerous polyps as compared to normal mucosa in familial adenomatous polyposis 

patients, thus representing a potential early event in colorectal tumorigenesis (168)  and 

enhanced enzyme activity was implicated as a feature of chronic myelogenous leukemia 

(290). These findings suggest that RNase-L may mediate oncogenic activities in a subset 

of malignancies. This dual tumor suppressor/oncogene functionality is frequently 

observed for critical regulators of gene expression (e.g. c-myc, miR-29) (291, 292) and is 
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thought to reflect the presence of distinct targets or cofactors that direct the expression of 

tumor suppressor or oncogenic gene products in specific tumors. Similarly, the context-

specific functions of RNase-L may be mediated by the profile of RNA binding proteins 

and RNA targets that are expressed in different cell types or cancers that, in turn, 

determine if RNase-L functions as a tumor suppressor or oncogene. Further analysis of 

RNase-L activity and regulation in distinct tumors is required to assess its role and 

potential as a therapeutic target in these settings. 

Our study identifies RNase-L as one of many genetic loci that contribute to 

intestinal homeostasis; accordingly, mutation or dysregulation of RNase-L may 

predispose individuals to develop IBD. Consistent with this role, RNase-L was identified 

as a gene that is altered in experimental colitis (293). RNase-L is a tightly regulated 

effector that is amenable to pharmacologic activation (287) or inhibition (120); therefore, 

further dissection of its role in GI homeostasis and pathogenesis may identify settings in 

which the therapeutic targeting of RNase-L is indicated.  
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3. Enteropathogenic Escherichia coli inhibits type I interferon- and 

RNase-L-mediated host defense to disrupt intestinal epithelial cell 

barrier function 

 

3.1 Introduction: Background and significance 

 

Enteropathogenic Escherichia coli (EPEC) is an important and deadly cause of 

diarrhea among infants in developing countries (294). EPEC infects host intestinal 

epithelial cells (IECs) through a multi-step attaching and effacing process, which results 

in loss of microvilli, disrupted gastrointestinal (GI) barrier function, and increased water 

and ion permeability (295-297). Intestinal barrier function is regulated by tight junctions 

(TJs), apical protein complexes that seal the intercellular space between IECs and allow 

selective permeability. Disruption of TJ organization or function is a critical feature of 

EPEC infection as well as chronic GI disorders including inflammatory bowel disease 

(IBD) and celiac disease (298, 299). Furthermore, some studies have reported an 

increased incidence of mucosally adherent E. coli, including EPEC, in IBD patients 

(300). TJs are comprised of the transmembrane proteins occludin and claudins, and the 

cytoplasmic adaptor proteins zonula occludins (ZO-1/2/3) (182), which link 

transmembrane proteins with the actin cytoskeleton (183). In the first step of infection, 

adhesive Type IV bundle forming pili allow EPEC to bind IECs and form aggregates in a 

pattern termed localized adherence. Intimate attachment of EPEC with the IEC 

membrane, mediated through the adhesin protein intimin and the translocated intimin 

receptor, initiates the formation of actin-rich pedestals and disrupts TJ function (243). 
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Specifically, ZO-1 is dislocated causing endocytosis and dephosphorylation of occludin 

(247), and contraction of the perijunctional actin-myosin ring (248). Retraction of the pili 

facilitates injection of Type III secretion system (T3SS) effector proteins directly into the 

cytosol (243). T3SS effectors mediate sustained loss of barrier function by targeting TJs 

via direct and indirect mechanisms (188). For example, specific effectors disrupt protein 

trafficking to down-regulate occludin and claudin-1, and modulate the induction of 

proinflammatory cytokines which function in autocrine and paracrine mechanisms to 

further disrupt TJ function (301). Consistent with this critical role for effectors in 

pathogenesis, a mutant EPEC strain unable to deliver T3SS effectors is far less virulent in 

volunteers than wild type EPEC (302).  

The increased GI permeability following EPEC infection exposes host PRRs located 

on the basolateral surface of IECs to EPEC-derived PAMPs. Stimulation of PRRs by 

EPEC PAMPS activates downstream signaling through NFκB and mitogen-activated 

protein kinase (MAPK) pathways. Major EPEC PAMPs include flagellin that is 

recognized by toll-like receptor (TLR) 5 during attachment to IECs (251), and LPS that 

stimulates TLR4 in lamina propria immune cells (252). Studies of host immune response 

to attaching and effacing bacteria have been performed in vivo using the mouse pathogen, 

Citrobacter rodentium, which is an attaching/effacing bacterium similar to EPEC. 

Infection of mice with C. rodentium has been shown to activate Nod-like receptors 

(NLRs) and induce inflammasome assembly as part of the innate immune response (253). 

TLR and NLR activation leads to the induction of proinflammatory cytokines including 

TNFα, IFNγ and IL-1β that modulate intestinal permeability and thus play an important 

role in EPEC pathogenesis (188, 254). TNFα induces increased permeability in both 
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cultured IECs and mouse intestine (182, 255), and inflammatory cytokines can induce TJ 

remodeling during which claudins are selectively endocytosed (199). Although EPEC-

derived PAMPS can initiate inflammatory immune responses, several T3SS effectors are 

capable of inhibiting these responses (244). For example, non-locus of enterocyte 

effacement effectors-B, C, D, and E (NleB, NleC, NleD, and NleE) directly or indirectly 

block activation of the NFκB pathway that mediates induction of proinflammatory 

cytokines (256-259). These opposing effects of EPEC on inflammatory mediators result 

in limited inflammation that is thought to enhance virulence by reducing barrier function 

without inducing a robust host immune response. 

The modulation of proinflammatory mediators by EPEC is well studied, however less 

is known about the effect of EPEC infection on host anti-inflammatory mechanisms, and 

how this effect may impact pathogenesis. In this regard, type I interferons (IFNs, 

primarily IFNα and β) mediate anti-inflammatory activity through multiple mechanisms 

that include the enhanced induction of IL-10 and maintenance of Tregs in a T cell 

adoptive transfer model of colitis (52), inhibition of inflammasome activity and IL-1β 

production in human primary monocytes (50), and suppression of IL-17A in mice (260). 

Furthermore, several lines of evidence have established IFNs as critical components of 

host-microbiome interactions in the GI tract (261, 262). Tonic IFN signaling in the GI 

tract was recently shown to mediate an optimal immune response to systemic pathogen 

infection (77, 78). In addition, IFNβ has been shown by several groups to be protective 

against experimental colitis (54, 55, 57, 228) and has been used as a therapeutic agent in 

IBD patients with some efficacy (53, 56). Consistent with its important roles in GI 

functions, dysregulation of upstream regulators and downstream effectors of IFN is 
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associated with human GI disorders (e.g. nucleotide-binding oligomerization domain-

containing protein 2; NOD2) (80, 221) and mouse models of GI diseases (172, 219). IFN 

mediates its biologic activities through the induction of IFN-Stimulated Genes (ISGs) 

(47); accordingly, ISGs that function in GI immune and homeostatic activities have been 

identified (54, 57, 177, 303). Among these gene products, the endoribonuclease RNase-L 

mediates the biologic activities of the IFN-regulated 2-5A pathway and functions as an 

upstream regulator of IFN induction (113) and a downstream effector of IFN action (89, 

100, 101, 152). Therefore, RNase-L may contribute to IFN-mediated GI functions by 

multiple mechanisms. In support of this view, we previously identified a role for RNase-

L in antibacterial immunity (106) and recently reported a protective role for RNase-L in 

the immune response to commensal bacteria following GI injury in a mouse colitis model 

(177). This protective effect corresponded with an RNase-L-dependent increase in IFN 

induction suggesting that RNase-L is an important mediator of IFN functions in the GI 

tract. 

The roles for IFN in GI immunity and homeostasis, and the essential involvement of 

barrier function in these activities, suggested that IFN may regulate IEC barrier function 

as a host defense mechanism against enteric pathogens that disrupt barrier integrity. 

Indeed, IFNs promote barrier function in brain endothelial cells (203) and IFN enhanced 

barrier function in lung epithelium to confer protection from pneumococcal infection 

(45). However, the regulation and role of IFN in the host response to enteric pathogens, 

and its impact on IEC barrier function, has not been examined. Here we report that IFNβ 

is induced following EPEC infection and regulates TJ proteins to maintain barrier 

function. We further show that the EPEC T3SS effector NleD counteracts this protective 
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activity by inhibiting IFNβ induction and enhancing TNFα induction to promote barrier 

disruption and evade IFN-mediated antibacterial activities. We determined that RNase-L 

contributes to the IFN-mediated host response to EPEC by stimulating IFNβ induction, 

downregulating TNFα, and regulating TJ proteins and barrier integrity. Furthermore, 

EPEC infection inhibited RNase-L activity in a T3SS-dependent manner, providing the 

first example of RNase-L-targeted immune evasion by a bacterial pathogen. Consistent 

with an important role for RNase-L in protection from EPEC pathogenesis, RNase-L 

knockdown dramatically increased EPEC translocation across IEC monolayers 

demonstrating its functional impact on permeability. Together our study identifies IFNβ 

and RNase-L as novel mediators of IEC barrier function that are targeted by EPEC 

effectors to escape host defense mechanisms and promote virulence. In light of these 

novel roles, the IFN/RNase-L axis represents a potential therapeutic target for enteric 

infections and GI diseases in which compromised barrier function contributes to 

pathogenesis. 

 

3.2 Materials and Methods 

 

Cell culture, treatment and TEER. Caco-2 cells were purchased from American 

Type Culture Collection (ATCC; Manassas, VA) and cultured in Eagle’s Minimum 

Essential Medium (EMEM) (Quality Biological, Inc.; Gaithersburg, MD) with 20% heat 

inactivated fetal bovine serum (FBS) (SAFC; St. Louis, MO) and penicillin streptomycin 

diluted 1:100 (Gibco, Life Technologies; Carlsbad, CA); used at passages 10-25. Stable 

Caco-2 transfectants expressing non-specific (shNS) or RNase-L-targeted (shRNase-L) 
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shRNA were created by transducing cells with pGIPZ-shRNA lentiviral particles 

(Thermoscientific; Rockville, MD) following the manufacturers protocol. Stable 

transfectants were selected by growth in 9µg/ml puromycin, prior to evaluation of 

knockdown efficiency and specificity by Western Blot. HT-29 and T84 cells were 

cultured in media and conditions recommended by ATCC. For trans-epithelial electrical 

resistance (TEER) experiments, Caco-2 cells were seeded at a density of 0.1x106 

cells/well onto collagen-coated, 12-mm polycarbonate permeable support cell culture 

inserts, 0.4 µm pore size Transwell plates (Costar Corning, Inc.; Corning, NY) for 25-28 

days to form a differentiated monolayer. Medium was changed every 1-2 days. TEER 

was measured using an EVOM ohmmeter with the Endohm 12 and STX2 electrodes 

(World Precision Instruments, Inc.; Sarasota, FL). For cytokine treatment, Caco-2 cell 

monolayers were treated apically with IFNβ (PBL Assay Science; Piscataway, NJ) or 

IFNγ (Genscript; Piscataway, NJ) and TNFα (InvivoGen; San Diego, CA) at the 

concentrations and times indicated prior to analysis of gene expression, TEER, or EPEC 

infection. 

 

Construction of strains and plasmids. Referenced strains including E2348/69 

NalR and EPEC deletion mutants listed in Table 1 were described previously (295, 304-

306). The ΔnleC and ΔnleD EPEC strains were created using a previously described 

protocol (307). Briefly, the nleC and nleD gene of EPEC strain E2348/69 was replaced 

with a 75 bp scar using phage lambda red recombination method using the following 

primers: NleC_F1 5’ ATAAATGATTTGCAGGGTATTAGATATAAACATGAAAAT 

TCCCTCAGTGAAGGCTGGAGCTGCTTC-3’; NleC_R1 5’- AATAGTAACCTTATG 
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TCACTGCAAAGACGAATCATCGCTGATTGT GATCCTCCTTAGTTCCTATTCC-

3’ and NleD_F1 5’- CTGCTAATAAGTAGCATTCTCAGGAGTCCTGATGCGCCC 

TACGTCCGTGAAGGCTGGAGCTGCTTC -3’; NleD_R1 5’- ACCAATATATATTCA 

GCACAAGAAACACAGCTAAAGCAATGGATGATCCTCCTTAGTTCCTATTCC-3’ 

respectively. The NleD complementation plasmid was constructed via amplifying the 

nleD gene from the genomic DNA of E2348/69 using primers NleD_F3 5’-

CTAGGAATT CATGCGCCCTACGTCC-3’ and NleD_R3 5’-CTAGTCTAGAC 

TAAAGCAATGGATGCA GTCTTAC-3’ and cloned into the pTrc99a plasmid. The 

NleD complementation plasmid was then used to transform ΔnleD EPEC by 

electroporation and transformed bacteria were selected by growth in Luria-Bertani (LB) 

with 200 µg/ml ampicillin.  

 

Bacterial infections. Wild-type EPEC and deletion mutants were cultured on LB 

agar plates. Single colonies were selected and grown in LB broth at 37C⁰ overnight. 

Cultures were diluted 1:50 in DMEM/f12 medium and grown to Optical density (OD) at 

600 nM of 0.3-0.6. The OD600 of the medium was used to determine the number of 

colony forming units (CFUs) per ml broth. EPEC was added to the apical side of the 

transwell inserts at an MOI of 50 or 100. For the NleD complemented strain, single 

colonies were selected and grown in LB with 200 µg/ml ampicillin and induced with 1 

mM IPTG 3 hours prior to infection. 

 

Apoptosis assay. Apoptosis of Caco-2 cells following EPEC infection was 

determined using the Vybrant FAM Caspase -3 and -7 Assay Kit (Invitrogen; Carlsbad, 
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CA). Briefly, Caco-2 cells were harvested from Transwell plates 2 hours post-infection. 

Cells were then resuspended, incubated with fluorescence-conjugated antibodies, rinsed, 

and analyzed by flow cytommetry following manufacturer instructions. Analysis was 

performed by the University of Maryland Greenebaum Cancer Center Flow Cytometry 

Core Facility. 

 

Western blot analysis. Whole cell lysates were prepared using RIPA lysis buffer 

supplemented with 10µg/ml protease inhibitor cocktail (Sigma; St. Louis, MO) and 

10µg/ml leupeptin (Sigma; St. Louis, MO). Protein concentrations were measured by 

Bradford method using BioRad Protein Assay Dye Reagent (BioRad; Hercules, CA). 

Samples were resolved by SDS-polyacrylamide gel electrophoresis and transferred to 

PVDF transfer membranes (ThermoScientific; Rockville, MD) using a BioRad transfer 

apparatus. Blots were blocked as previously described (106) and specific proteins were 

detected with the following primary antibodies: anti-RNase-L clone 2e9 (1:2000) 

(ENZO; Farmingdale, NY), anti-Claudin-1 (1:500) (Cell Signaling; Danvers, MA), anti-

ZO-1 (1:1000) (Cell Signaling; Danvers, MA), anti-Occludin (1:1000) (BD Transduction 

Laboratories; San Jose, CA), Actin (1:10,000) (Abcam; Cambridge, UK), and 

glyceraldehydes-3-phosphate dehydrogenase (GAPDH; 1:5000) (Abcam; Cambridge, 

UK). Membranes were then washed in Tris buffered saline with tween, and reacted with 

HRP-conjugated secondary antibody and developed with SuperSignal West Pico 

Chemiluminescent Substrate (ThermoScientific; Rockville, MD). Signals from 

immunoreactive complexes were visualized by autoradiography (HyBlot CL; Metuchen, 

NJ) and quantified by densitometry using ImageJ software (NIH). 
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RNA isolation and Quantitative RT-PCR. Total RNA was isolated from cells 

using TRIzol Reagent (Ambion; Life Technologies; Carlsbad, CA) and 50 ng was used 

for each RT reaction. For analysis of 16S rRNA in the permeability assay in figure 3.7, 2 

µl of medium from the basolateral chamber was used for qRT-PCR. The sequences of 

primers used for real time-polymerase chain reaction are as follows: IFNβ_F 5’ 

TGGGAGGCTTGAATACTGCCTCAA 3’, IFNβ_R 5’ TCTCATAGATGGTCAATG 

CGGCGT 3’; TNFα_F 5’ CCCAGGGACCTCTC TCTAATCA 3’, TNFα_R 5’ 

GCTTGAGGGTTTGCTACAACATG 3’; OCLN_F 5’ GCGAGCGGATTGGTTTATCT 

3’, OCLN_R 5’ TGGACTTTCAAGAGGCCT GG 3’; CLDN1_F 5’ TTTACTCCTATG 

CCGGCGAC 3’, CLDN1_R 5’ GTTGCTTGCAATGT GCTGCT 3’; GAPDH_F 5’ 

TTCTTTTGCGTCGCCAGCCG 3’, GAPDH_R 5’ GCGCCCAATACGAC 

CAAATCCGT 3’; 16S_F 5’ ACTCCTACGGGAGGCAGCAG 3’, 16S_R 5’ 

ATTACCGCG GCTGCTGG 3’. Primers were synthesized by IDT Technologies 

(Coralville, IA). Samples were run on 96-well plates in triplicate using the iScript One-

Step RT-PCR Kit with SYBR (Bio-Rad; Hercules, CA) following the manufacturer 

protocol. Samples were processed using the CFX96 Real-Time System (Bio-Rad; 

Hercules, CA). 

 

rRNA cleavage analysis. rRNA and cleavage products were measured from 500 

ng of total RNA using an Agilent Bioanalyzer in the Biopolymer-Genomics Core Facility 

at University of Maryland, Baltimore. 
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3.3 Results 

 

IFNβ is induced by EPEC infection and inhibited by the T3SS effector NleD. Type 

I IFNs are induced as a primary response to diverse microbial infections (40, 47, 261). In 

the GI tract, IFNs play integral roles in monitoring commensal bacteria and in regulating 

the immune response to luminal microbes when intestinal barrier function is 

compromised (177, 261, 262). EPEC is an important enteric pathogen that disrupts IEC 

barrier function as a key component of its pathogenesis. A central role for 

proinflammatory cytokines in EPEC-induced loss of barrier integrity is well established, 

however less is known about the impact of anti-inflammatory mediators such as IFNs on 

IEC function. Therefore, we investigated the regulation and potential protective role of 

IFNβ in the host response to EPEC. Caco-2 are colon cancer cells that differentiate to 

form a polarized monolayer with functional TJs and is a well-established model for 

studies of IEC immune and barrier functions. Accordingly, we chose the Caco-2 cell 

system to assess the regulation and role of IFN in response to challenge with wild type 

EPEC (WT, strain E2348/69). EPEC infection of Caco-2 cells resulted in a modest 2.5-

fold induction of IFNβ mRNA at 3h (Fig. 3.1A). To determine whether EPEC effectors 

impacted IFNβ induction, Caco-2 cells were infected with a T3SS-deficient EPEC strain 

(ΔescF; Table 1), which is competent for adherence and viability but cannot inject 

effectors that mediate pathogenesis (302). Remarkably, non-pathogenic ΔescF EPEC 

induced dramatically higher levels of IFNβ mRNA than the WT bacteria (Fig. 3.1A). 

Increased induction of IFNβ by ΔescF as compared to WT EPEC was also observed in 

HT29 colon cancer cells (Fig. 3.2), suggesting that T3SS effectors function to inhibit 
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IFNβ induction as a conserved mechanism by which EPEC evades host defense. In 

contrast to the T3SS-dependent repression of the anti-inflammatory cytokine IFNβ, under 

identical conditions we found that induction of the pro-inflammatory cytokine TNFα was 

increased in the presence of a functional T3SS (Fig. 3.1B). Together, the induction of 

TNFα and repression of IFNβ may serve to promote barrier disruption as a component of 

EPEC pathogenesis. 

To identify specific T3SS effectors that are responsible for inhibiting IFNβ induction, 

Caco-2 monolayers were infected with EPEC deletion mutants that are deficient in 

effector proteins (Table 1). Comparison of IFNβ mRNA induction by WT and ΔescF 

EPEC with that observed following infection with effector deletion strains revealed that 

nleD deletion mimicked the enhanced IFNβ induction seen with ΔescF EPEC (Fig. 

3.3A). Consistent with this finding indicating a critical role for NleD in inhibiting IFNβ 

induction, infection with ΔnleD EPEC in which NleD expression had been restored 

reduced IFNβ induction to nearly the level observed with WT EPEC (Fig. 3.3B). 

Deletion of other T3SS effector genes (e.g. nleE1) resulted in a partial restoration of 

IFNβ induction suggesting multiple mechanisms may contribute to the inhibition of IFNβ 

induction by WT EPEC. 
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Table 1 Bacterial strains used in this study. 

 

 

  

Strain  Description Reference 

Escherichia)coli)   

E2348/69 NalR 

E2348/69 Strr _pE2348-2 gyrA, ftsK _hflD-purB resistant to 

nalidixic acid 

Nisa, 2013 (304) 

  UMD731  ΔescF, Lacks functioning type III secretion system Nisa, 2013 (304) 

  UMD762  ΔnleD, Zinc-metalloprotease, degrades JNK and p38 This study, (258) 

  UMD761  ΔnleC, Zinc-metalloprotease, cleaves NFkB subunit RelA This study, (258) 

  UMD874  ΔespF, multiple functions including disrupting barrier function. 

McNamara, 2001 

(295) 

  !E2348C_3232a  ΔnleE1, Methyltransferase, inhibits NFkB activation 

Eswarappa, 2013 

(305) 

  ICC-250  ΔnleB1, Glycosyltransferase, inhibits NFkB activation Pearson, 2013 (306) 

  ICC-251  ΔnleB2, homolog of NleB1 Pearson, 2013 (306) 
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Figure 3.1 WT and ΔescF EPEC infection have opposing effects on cytokine 
expression. Caco-2 cells were grown on transwell plates for 28 days to form 
differentiated monolayers. Cells were apically infected with either WT or ΔescF EPEC at 
MOI 50 for 3 hours. Total RNA was analyzed by qRT-PCR for IFNβ (A) and TNFα (B) 
expression using GAPDH as a control. The data are the mean of three separate 
experiments. Error bars indicate standard deviation. p values were calculated using the 
student t-test. *p<0.05, **p<0.01. 

 

 

Figure 3.2 EPEC infection induces expression of IFNβ in HT-29 cells. HT-29 cells were 
grown until confluent then infected with either WT or ΔescF EPEC at MOI 50 for 3 hours. 
RNA was isolated and analyzed by qRT-PCR for IFNβ expression and GAPDH was 
measured as a control. Data shown is the mean of 3 separate experiments. Error bars 
indicate standard deviation. p value was calculated using the student t-test. *p<0.05. 
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Figure 3.3 The T3SS-injected EPEC effector nleD inhibits IFNβ expression. 
Differentiated Caco-2 cell monolayers were infected with deletion mutant EPEC strains 
that are deficient in the indicated effectors (A) and that had been complemented with 
nleD (B) at MOI 50 for 3 hours. Total RNA was analyzed by qRT-PCR for IFNβ with 
GAPDH as a control. Datapoints shown are the mean of three separate experiments. 
Error bars indicate standard deviation. p values were calculated using the student t-test. 
*p<0.05. 
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IFNβ protects from EPEC-induced barrier disruption and regulates TJ 

proteins. EPEC infection results in a loss of IEC barrier function (188, 201, 244, 308). 

The subsequent stimulation of IEC TLRs by PAMPs, demonstrated by both EPEC 

infection of human IECs and C. rodentium infection of mice, induces proinflammatory 

cytokines to maintain GI tract permeability and promote pathogenesis (251, 252). IFNs 

promote barrier integrity in endothelial cells (203, 265) and following pneumococcal 

infection of lung epithelium (45), and may thus serve a protective function in the host 

response to EPEC. Therefore, we investigated the functional consequences of T3SS-

mediated inhibition of IFNβ induction on IEC barrier function. Caco-2 monolayers were 

infected with WT and ΔescF EPEC then barrier function was measured by trans-

epithelial electrical resistance (TEER). An early decrease in TEER was observed in 

response to both WT and ΔescF EPEC, however ΔescF-infected cells subsequently 

recovered to uninfected levels whereas WT EPEC-infected cells continued to decline 

through later times post infection (Fig. 3.4A). This data confirmed previous reports of 

EscF-dependent loss of barrier function (295). The diminished induction of IFNβ thus 

corresponded with decreased TEER suggesting that IFNβ functions to protect IEC from 

EPEC-induced loss of barrier integrity. Consistent with this interpretation, and a critical 

role for NleD in regulating IFNβ induction (Fig. 3.3), Caco-2 TEER values were 

increased following infection with ΔnleD EPEC that induces high levels of IFNβ. In 

contrast, infection with the NleD-complemented ΔnleD EPEC strain in which IFN 

induction is inhibited resulted in decreased TEER values (Fig. 3.4B). These data further 

suggest that other T3SS effectors, that also mediate a loss of barrier function (e.g. espF) 

(295), may function via IFN-independent mechanisms. 
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Figure 3.4 IFNβ protects from EPEC-induced loss of TEER. Differentiated Caco2 
monolayers were apically infected with EPEC strains as indicated at MOI 50 for 1, 2 and 
3 hours (A) or 3 hours (B) and permeability was measure by TEER. C) Caco-2 
monolayers were treated with IFNβ for 16 hours prior to infection with WT or ΔescF 
EPEC at MOI 50; TEER was measured at 3 hours post-infection. Datapoints shown are 
the mean of three separate experiments. Error bars indicate standard deviation. p value 
was calculated using the student t-test. *p<0.05, **p<0.01. 
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To determine if IFNβ, as opposed to other T3SS-regulated host components, 

mediated protection from EPEC-induced barrier disruption, TEER was measured in 

Caco-2 monolayers that had been pretreated with IFNβ then infected with WT or ΔescF 

EPEC. Exogenous IFNβ treatment resulted in a significant increase in TEER values 

following infection with either WT or ΔescF EPEC (Fig. 3.4C). This protective activity 

of IFNβ was independent of an effect on EPEC-induced apoptosis (Fig. 3.5). Together 

these data indicate that T3SS-mediated inhibition of IFNβ induction leads to decreased 

barrier function in EPEC-infected cells; thus, blocking this inhibitory activity by deletion 

of EscF or NleD, or treatment with exogenous IFNβ, protects from EPEC-induced loss of 

barrier function. 

Epithelial barrier function is mediated through tight junction proteins that are 

dysregulated following EPEC infection to promote GI permeability and pathogenesis 

(188, 244, 250, 308, 309). This altered TJ function occurs through direct effects of EPEC 

infection on the IEC cytoskeleton (243, 310) and via the indirect action of EPEC-induced 

proinflammatory cytokines (187, 251). In light of our data indicating that induction of 

endogenous IFNβ or treatment with exogenous IFN, resulted in protection from EPEC-

induced barrier disruption (Fig. 3.4), we determined if IFNβ induced TJ proteins to 

promote IEC barrier integrity. Analysis of TJ proteins following infection with WT or 

ΔescF EPEC revealed a marked increase in occludin and claudin-1 in ΔescF as compared 

to WT EPEC. EPEC infection is known to alter the subcellular distribution of ZO-1, 

accordingly ZO-1 expression was unchanged (Fig. 3.6A). The increase in TJ proteins in 

response to ΔescF corresponded with an enhanced induction of IFNβ (Fig. 3.1A)  
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Figure 3.5 Treatment of Caco-2 cells with IFNβ does not impact apoptosis. 
Differentiated Caco-2 cell monolayers were treated with 100 U/ml or 500 U/ml IFNβ for 
16 hours. Cells were then infected with either WT or ΔescF EPEC at MOI 100 for 3 
hours. Apoptotic cells were detected by flow cytometry for cleaved caspase-3 and -7 and 
the percentage of apoptotic cells is shown. This experiment was performed with 3 
replicates for each condition. Error bars indicate standard deviation. 
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Figure 3.6 Infection with ΔescF EPEC or IFNβ treatment induces the expression of TJ 
proteins occludin and claudin-1. Caco-2 monolayers were infected with WT or ΔescF 
EPEC at MOI 50 for 3 hours (A) or treated with 100 U/ml or 500 U/ml IFNβ for 3 or 16 
hours (B). Cell lysates were then collected and analyzed for ZO-1, occludin (OCLN) and 
claudin-1 (CLDN1) expression by Western Blot. β-actin served as a loading control and 
was used for normalization of densitometric analysis of the Western Blot signals (A, B 
bottom panels). Western Blot data is representative of 3 separate experiments. C, D) 
RNA was isolated from Caco-2 monolayers treated as in B and analyzed for occludin (C) 
and claudin-1 (D) mRNAs by qRT-PCR. GAPDH mRNA served as a control. Datapoints 
shown are the mean of three separate experiments. Error bars indicate standard 
deviation. p values were calculated using the student t-test. *p<0.05, **p<0.01. 
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and suggested that endogenous IFNβ induced TJ proteins in IECs. Consistent with this 

interpretation, treatment with exogenous IFNβ dramatically upregulated occludin and 

claudin-1 protein (Fig. 3.6B), and increased the expression of occludin (Fig. 3.6C) and 

claudin-1 (Fig. 3.6D) mRNA. Our findings thus identify the TJ proteins occludin and 

claudin-1 as targets of IFNβ regulation in IECs and provide a potential mechanism by 

which IFNβ protects from EPEC-induced barrier disruption. 

  

RNase-L-mediated cytokine regulation is inhibited by EPEC. Our data demonstrate 

that EPEC infection inhibited IFNβ induction and decreased IEC barrier function in a 

T3SS-dependent manner (Figs. 3.1A and 3.4A, B), whereas enhanced induction of 

endogenous IFNβ by ΔescF EPEC, or treatment with exogenous IFN, increased TJ 

protein expression and promoted barrier integrity (Figs. 3.1A, 3.4). These findings 

suggested that both upstream regulators of IFN induction and downstream mediators of 

IFN action are impacted by EPEC infection. The 2-5A pathway is among the best 

characterized IFN-regulated effector mechanisms (41, 164). RNase-L is the terminal 

component of this pathway that functions in IFN induction in response to microbial 

infections (113, 114) and is a key downstream mediator of IFN-induced activities (89, 

100, 101, 151). Furthermore, RNase-L functions in the innate immune response to 

bacteria in the GI tract (177) and may thus be a mechanism by which IFNβ mediates host 

defense from EPEC infection. To examine a role for RNase-L in response to EPEC 

infection, Caco-2 cells were stably transfected with control (nonspecific sequence, shNS) 

or RNase-L-targeted (shRNase-L) shRNA. Analysis of RNase-L protein demonstrated  
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Figure 3.7 RNase-L regulates cytokine induction by EPEC. Caco-2 cells stably 
transfected with non-specific (shNS) or RNase-L targeted (shRNase-L) shRNA were 
differentiated for 28 days on transwell plates and monolayers were infected with WT or 
ΔescF EPEC at MOI 50 for 3 hours. RNA was isolated and analyzed by qRT-PCR for 
IFNβ, (A) TNFα (B) and GAPDH was utilized as a control. Datapoints shown are the 
mean of 3 separate experiments. C) rRNA cleavage was analyzed in the indicated 
samples using an Agilent Bioanalyzer; RNA from cells transfected with Poly I:C to 
produce endogenous 2-5A served as a positive control (+con). Data shown is a 
representative image from 3 separate experiments. Error bars indicate standard 
deviation. p values were calculated using the student t-test. *p<0.05, **p<0.01. 
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efficient knockdown in the shRNase-L cells and no off-target effect on RNase-L 

expression was detected in the shNS cells (Fig. 3.8B). Infection of shRNase-L and shNS 

cells with WT EPEC revealed that RNase-L knockdown did not significantly alter IFNβ 

induction. However, IFNβ induction was markedly compromised in response to ΔescF 

EPEC infection of shRNase-L as compared to shNS cells indicating that this induction is 

mediated, in part, by RNase-L (Fig. 3.7A). In contrast to the diminished induction of 

IFNβ by ΔescF EPEC in shRNase-L cells, RNase-L knockdown significantly enhanced 

induction of TNFα by WT EPEC (Fig. 3.7B). These data demonstrate that RNase-L acts 

as a positive regulator of IFNβ induction and a negative regulator of TNFα thereby 

opposing the T3SS-mediated effects on these cytokines. Accordingly, RNase-L 

knockdown mimicked the T3SS-dependent regulation of IFNβ and TNFα. For example, 

the enhanced induction of IFNβ by ΔescF EPEC was reversed by either the presence of 

T3SS in WT EPEC infection or the absence of RNase-L in ΔescF EPEC-infected cells 

(Fig. 3.7A). Similarly, the diminished induction of TNFα by ΔescF EPEC was reversed 

by the presence of T3SS in WT EPEC-infected shNS cells, with even more TNFa 

induced following WT EPEC infection of shRNase-L cells (Fig 3.7B). Together these 

data suggested that T3SS effectors inhibit RNase-L activity to modulate cytokine 

expression and promote EPEC pathogenesis. To test this hypothesis, cellular RNA was 

analyzed for the presence of discrete RNase-L-generated rRNA cleavage products as a 

measure of enzyme activity (311). RNA from control uninfected Caco-2 cells displayed 

intact 28S and 18S rRNA bands and this pattern did not change following WT EPEC 

infection (Fig. 3.7C). In contrast, infection with ΔescF EPEC produced readily detectable 

rRNA cleavage products identical to those generated following transfection with the 
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RNase-L activator poly I:C as a positive control for rRNA cleavage. These data provide 

further evidence that EPEC infection inhibits RNase-L in a T3SS-dependent manner. To 

our knowledge, this is the first example of RNase-L inhibition mediated by a bacterial 

pathogen and supports a model in which evasion of RNase-L-mediated cytokine 

regulation promotes EPEC pathogenesis. 

 

RNase-L modulates barrier function, TJ proteins and IEC permeability. To assess 

the functional consequences of RNase-L-dependent cytokine regulation, and its inhibition 

by EPEC, we measured barrier function in the presence and absence of RNase-L 

knockdown. Infection of shRNase-L cells with either WT or ΔescF EPEC resulted in 

decreased TEER as compared with that observed following infection of shNS cells (Fig. 

3.8A). The most potent reduction in TEER was observed in shRNase-L cells infected 

with WT EPEC, which likely reflected the knockdown of RNase-L expression and 

inhibition of residual RNase-L activity by T3SS effectors. In contrast, sustained RNase-L 

expression in the absence of T3SS-mediated inhibition of its activity in ΔescF EPEC-

infected shNS cells resulted in the highest TEER values, which were similar to those in 

uninfected cells. Inhibition of RNase-L activity alone (WT EPEC infected shNS cells) or 

RNase-L knockdown alone (ΔescF EPEC infected shRNase-L cells) gave intermediate, 

but non-identical, TEER values suggesting that T3SS effectors may modulate barrier 

function via RNase-L-independent mechanisms and that RNase-L may contribute to 

barrier function through activities that are not affected by T3SS effectors. 

The effect of RNase-L on TEER in EPEC-infected cells (Fig. 3.8A) correlated with 

its regulation of cytokine induction (Figs. 3.7A, B) and represented a potential  
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Figure 3.8 RNase-L deficiency promotes barrier dysfunction following EPEC infection. 
Caco-2 cells stably transfected with non-specific (shNS) or RNase-L-targeted shRNA 
(shRNase-L) were differentiated for 28 days on transwell plates and monolayers were 
infected with WT or ΔescF EPEC at MOI 50 for 3 hours. A) TEER was measured at 3 
hours post-infection and data shown are representative of three independent 
experiments. Datapoints are the mean of three replicate samples. Error bars indicate 
standard deviation. p values were calculated using the student t-test. *p<0.05, **p<0.01. 
B) Cell lysates were analyzed for RNase-L, occludin (OCLN), and claudin-1 (CLDN1) 
protein expression by Western Blot. β-actin served as a loading control and was used to 
normalize signals analyzed by densitometry (lower panel). Western Blot results are 
representative of 3 separate experiments. 
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Figure 3.9 Inflammatory cytokine-induced loss of barrier function is exacerbated in 
RNase-L deficient cells. Differentiated monolayers of shNS and shRNase-L cells were 
treated with 10 ng/ml IFNΥ for 12 hours followed by 10 ng/ml TNFα treatment for 6 hours 
and TEER was measured at 6 and 24hours post- TNFα treatment. Datapoints shown are 
the mean of three separate experiments. Error bars indicate standard deviation. 
 

 

 
Figure 3.10 RNase-L expression correlates with differentiation and increased barrier 
function in IEC monolayers. A) Caco-2 and T84 cells were grown on transwell plates for 
15 days and RNase-L and occludin (OCLN) proteins were analyzed by Western Blot. 
GAPDH was analyzed as a loading control. The image shown is representative of 3 
separate experiments. B) TEER was measured in differentiated shNS and shRNase-L 
monolayers. Datapoints shown are the mean of three separate experiments. Error bars 
indicate standard deviation. p value was calculated using the student t-test. *p<0.05. 
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 mechanism by which RNase-L impacts IEC barrier function. RNase-L also protected 

from IEC barrier disruption by exogenous treatment with the proinflammatory cytokines 

TNFα and IFNβ (Fig. 3.9), indicating that RNase-L may modulate barrier function 

through mechanisms that are both upstream and downstream of cytokine induction. 

Furthermore, RNase-L protein was induced during the differentiation of Caco-2 and T84 

cell lines to form polarized monolayers with functional TJs (Fig. 3.10A) and basal TEER 

was reduced by 25% in shRNase-L as compared to shNS cells (Fig. 3.10B). These 

findings suggested that RNase-L may serve a broader function in IEC barrier integrity. 

Therefore, we examined a role for RNase-L in the regulation of TJ components in EPEC-

infected and -uninfected cells. Basal levels of occludin protein were comparable in shNS 

and shRNase-L cells, however RNase-L knockdown dramatically reduced occludin 

induction following infection with WT or ΔescF EPEC (Fig. 3.8B). Though the induction 

of claudin-1 following WT or ΔescF EPEC infection was less dramatic, RNase-L 

knockdown also reduced its protein levels following infection. These findings identify the 

RNase-L-dependent regulation of TJ components as a potential mechanism by which it 

impacts IEC barrier function following EPEC infection.  

TEER is a measure of barrier function that correlates with the permeability of IEC 

monolayers to luminal components and pathogens; accordingly, TEER provides a model 

of this key feature of GI physiology that is disrupted by enteric pathogens and in GI 

diseases. Since RNase-L knockdown reduced TEER following EPEC infection (Fig. 

3.8A), we directly assessed its impact on IEC permeability. Specifically, we first used 

qPCR to measure 16S bacterial rRNA that had translocated through Caco-2 monolayers 

and was present in the basolateral chamber of transwell culture plates. This analysis  
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Figure 3.11 RNase-L-deficiency increases Caco-2 monolayer permeability and bacterial 
translocation. Differentiated shNS and shRNase-L monolayers were infected with WT or 
ΔescF EPEC at MOI 50 for 3 hours. Supernatants were collected from the basolateral 
chamber of transwell plates and analyzed by A) qRT-PCR to detect EPEC 16S rRNA, 
and B) culturing overnight to determine presence of viable bacteria. Datapoints shown 
are the mean of 3 separate experiments. Error bars indicate standard deviation. p values 
were calculated using the student t-test. *p<0.05, **p<0.01. C) Model depicting the roles 
of IFNβ and RNase-L in the regulation of IEC barrier function following EPEC infection. 
EPEC infection disrupts barrier integrity leading to activation of PRRs and induction of 
cytokines including IFNβ and TNFα. Injection of T3SS effectors including nleD inhibits 
RNase-L leading to diminished induction of IFNβ and enhanced TNFα. The opposing 
effects of these cytokines on IEC barrier function occur through cytokine-mediated 
regulation of TJ proteins occludin (OCLN) and claudin-1 (CLDN1). Additional 
mechanisms that contribute to the regulation of cytokine induction and barrier function 
are discussed in the text. 
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revealed a dramatic increase in 16S rRNA translocation in EPEC-infected shRNase-L as 

compared to shNS cells (Fig. 3.11A). The increase in permeability of shRNase-L 

monolayers to 16S rRNA reflected a similarly enhanced translocation of viable EPEC to 

the basolateral chamber (Fig. 3.11B). ΔescF EPEC did not exhibit significant basolateral 

translocation consistent with the impaired capacity of that strain to disrupt barrier 

function. Interestingly, WT EPEC was also not detected in the basolateral chamber in 

control samples indicating that RNase-L knockdown potently enhanced permeability in 

the infection conditions used (MOI=50; 3h infection). The reduced basal barrier function 

in shRNase-L cells (Fig. 3.10B) may also contribute to the striking permeability 

phenotype observed. Together these data identify roles for RNase-L in regulating 

cytokine induction, barrier function and TJ proteins in IECs (Fig. 3.11C). Inhibition of 

RNase-L following EPEC infection counteracts these protective activities as a novel 

mechanism by which it evades the host immune response. 

 

3.4 Discussion 

The GI tract is the site of critical interactions between intestinal microbes and the host 

that are key determinants of physiologic and pathologic activities (312, 313). IECs that 

line the intestine play important roles in maintaining a barrier to the potentially 

pathogenic contents of the GI lumen and in regulating the immune response to microbes 

that have breached this barrier. Type I IFNs serve essential functions in GI immunity and 

homeostasis (261, 262), and promote barrier integrity in endothelial cells (203, 265) and 

following bacterial infection in the lung (45). Therefore, we investigated the regulation of 

IFNβ and its role in host defense from EPEC, an important human pathogen that disrupts 
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barrier function as a key component of pathogenesis. Our study revealed that IFNβ 

induction was inhibited and TNFα was increased in a T3SS-dependent manner following 

EPEC infection. The differential regulation of IFNβ and TNFα by WT EPEC 

corresponded with reduced barrier function that was not observed following infection 

with T3SS-deficient EPEC. These findings suggest that the T3SS-dependent inhibition of 

the anti-inflammatory cytokine IFNβ and induction of TNFα, a potent pro-inflammatory 

cytokine, represent important mechanisms by which EPEC subverts the host immune 

response to promote pathogenesis. Consistent with this model, exogenous IFNβ conferred 

protection from EPEC-induced barrier disruption, providing the first evidence of this role 

for IFNβ in IECs. The inhibition of IFNβ and enhanced induction of TNFα by EPEC 

required a functional T3SS, suggesting that EPEC effectors that are injected into IECs by 

the T3SS are responsible for this regulation. T3SS effectors modulate the host response to 

EPEC via multiple mechanisms. Several effectors (e.g. NleC, E1 and B1) inhibit NFκB 

(244, 256-259, 314-316), a key transcription factor in the induction of pro- and anti-

inflammatory cytokines including IFNβ and TNFα. We identified NleD, a zinc 

metalloprotease that degrades the MAP kinases JNK and p38, as the major T3SS effector 

responsible for the diminished induction of IFNβ (Fig. 3.2); this finding provided the first 

example of an EPEC effector mechanism that targets IFNβ. Like NFκB, JNK and p38 

contribute to the induction of both IFNβ and TNFα in response to bacterial pathogens 

(317-319). The NleD-mediated downregulation of JNK/p38 and inhibition of NFκB by 

other T3SS effectors are predicted to diminish induction of both IFNβ and TNFα and 

may account, in part, for the reduced induction of IFNβ by EPEC. However, the 
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contrasting effect on TNFα, in which a functional T3SS is required for optimal induction, 

indicated that additional targets of T3SS regulation may be involved. 

RNase-L, an endoribonuclease that functions to regulate IFN induction and as a 

downstream mediator of IFN action (107, 113, 114, 130, 152), is implicated in IEC 

activities (177). Therefore, RNase-L represented a candidate target of EPEC effectors 

that may account for the observed T3SS-dependent effects on cytokine induction and 

barrier function. Consistent with this prediction, RNase-L activity was inhibited in a 

T3SS-dependent manner following EPEC infection (Fig. 3.7C). Reports from our lab and 

others have demonstrated that RNase-L regulates the induction of IFNβ and TNFα in 

response to microbial stimuli (106, 113, 114, 177, 320), and suggested a potential 

mechanism in which the T3SS-dependent regulation of these cytokines is mediated, in 

part, through RNase-L. In support of this model, inhibition of RNase-L activity by WT 

EPEC corresponded with diminished IFNβ induction and increased TNFα, whereas 

infection with T3SS-deficient EPEC resulted in an RNase-L-dependent increase in IFNβ 

induction and decrease in TNFα (Fig. 3.7A, B). RNase-L-mediated changes in IFNβ and 

TNFα resulted in sustained TEER values (Fig. 3.8A) and reduced IEC permeability (Fig. 

3.8A, B) following EPEC infection, demonstrating the functional significance of this 

regulation. These findings indicate that RNase-L functions to increase IFNβ induction 

and reduce TNFα; thus the inhibition of RNase-L by WT EPEC is an important 

mechanism by which it modulates host cytokine expression. Furthermore, while viruses 

have evolved multiple strategies to evade the antiviral activities of RNase-L (164, 321), 

to our knowledge this is the first example of RNase-L inhibition mediated by a bacterial 
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pathogen and supports an important role for RNase-L in antibacterial immunity (106, 

152, 177).  

Regulation of IFNβ by RNase-L is thought to occur through an indirect mechanism in 

which RNase-L cleaves host and viral RNAs to produce PAMPs that activate RIG-I-like 

receptors, cytosolic RNA sensors that, in turn, activate a signaling pathway leading to 

IFNβ transcription (113, 114). The activation of RNase-L-mediated rRNA cleavage and 

enhanced induction of IFNβ suggested that this pathway is operative following T3SS-

deficient EPEC infection; however, the mechanism of RNase-L activation, and the 

identities of its RNA substrates in the context of a bacterial infection are not known. In 

this regard, the T3SS-dependent inhibition of RNase-L suggests that this activity is 

mediated by T3SS effectors and may provide insights into the pathways involved in 

RNase-L activation. Specifically, JNK is a target of the EPEC effector NleD and 

functions downstream of RNase-L in the response to picornavirus infection (133, 160). 

RNase-L-mediated activities in response to T3SS-deficient EPEC infection may similarly 

occur through JNK signaling and JNK cleavage by NleD may contribute to the T3SS-

dependent inhibition of RNase-L by WT EPEC. However, EPEC infection blocks rRNA 

cleavage by RNase-L, which is thought to occur upstream of JNK indicating that other 

effectors are required (160). Additional studies are thus required to dissect how JNK and 

other EPEC effector mechanisms impact RNase-L activity.  

In contrast to IFNβ, RNase-L negatively regulated TNFα expression suggesting that 

TNFα mRNA may be a direct RNase-L substrate. The post-transcriptional regulation of 

TNFα mRNA stability is known to be a critical mechanism by which its expression is 

regulated, and is mediated by tristetraprolin (TTP) (155). TTP is an RNA binding protein 
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that binds A-U-rich elements in the 3’-untranslated regions of mRNAs encoding TNFα 

and other proinflammatory mediators to stimulate their degradation (139). Consistent 

with a role for RNase-L in this regulation, RNase-L protein interacts with TTP and 

downregulates a subset of TTP targets suggesting that TTP directs RNase-L to cleave 

specific mRNAs (135). The EPEC-induced inhibition of RNase-L, and enhanced 

expression of TNFα, supports this model; however, RNase-L negatively regulates TTP 

mRNA as part of an autoregulatory loop (322) and TTP activity is post-translationally 

regulated by p38 in response to inflammatory stimuli (323, 324), indicating that a 

complex regulatory network functions to tightly regulate TNFα. In addition, the T3SS 

effector NleD cleaves p38 protein and may thus affect TTP activity as a strategy by 

which EPEC modulates TNFα expression. In light of this multifaceted regulation, its 

potential inhibition by T3SS effectors, and the dynamic nature of RNase-L, TTP and 

TNFα expression and activity in the course of an inflammatory response (325) (BAH 

unpublished), additional studies are required to dissect the roles and mechanisms by 

which RNase-L and TTP regulate TNFα in the context of EPEC infection. Alternatively, 

RNase-L may regulate TNFα as a secondary effect of its role in regulating IFNβ. 

Specifically, IFNβ has been reported to downregulate TNFα (326, 327), therefore the 

T3SS-mediated inhibition of RNase-L activity and IFNβ induction may contribute to the 

observed increase in TNFα expression. RNase-L can thus impact gene expression via 

direct and indirect mechanisms and represents a potent target for EPEC to reprogram the 

IEC gene expression profile and modulate the host immune response. 

The disruption of IEC barrier integrity by WT EPEC infection occurs through the 

downregulation and altered organization of TJ proteins that mediate barrier function (188, 
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202, 250, 308, 328). In contrast, infection with T3SS-deficient EPEC resulted in 

enhanced IFNβ induction (Fig. 3.1A) and RNase-L activity (Fig. 3.5C), which 

corresponded with sustained barrier function (Fig. 3.3A and 3.6A) and increased 

expression of TJ components claudin-1 and occludin (Fig. 3.4A and 3.6B), providing a 

potential mechanism by which IFNβ and RNase-L exert their protective effects. Both 

claudin-1 and occludin proteins were dramatically induced following treatment of IECs 

with exogenous IFNβ; however, only modest increases in claudin-1 and occludin mRNAs 

were observed, suggesting that post-translational mechanisms may be involved (Fig. 

3.4B-D). Consistent with this interpretation, IFN-stimulated response elements have not 

been identified in the promoters of claudin-1 and occludin genes and their transcripts are 

not included in a comprehensive database of known ISGs (329). A potential mechanism 

by which type I IFNs upregulate TJ proteins was revealed in a recent study describing the 

interaction of TJ proteins, including occludin and claudin-1, with IFN-induced 

transmembrane protein-1 (204) in hepatocytes. Specifically, IFN induction of IFITM-1 is 

thought to stabilize components of TJ complexes to inhibit Hepatitis C Virus entry. IFN 

induction of TJ proteins was also reported in lung epithelium, indicating that this 

regulation may be a critical feature in the control of host-microbe barrier function in 

multiple tissues (45). RNase-L-deficiency markedly reduced expression of claudin-1 and 

occludin (Fig. 3.6B, C). However, this RNase-L-dependent regulation did not directly 

correspond with its regulation of IFNβ (compare figs 3.5A and 3.6B, C), suggesting that 

RNase-L contributes to expression of these TJ proteins via additional mechanisms. 

Together, these findings significantly increase our understanding of the host response 

to EPEC infection and the mechanisms by which it subverts these protective activities. 
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Specifically, we identify IFNβ and RNase-L as novel mediators of IEC barrier function 

that are targeted by EPEC effectors to evade host defense mechanisms and promote 

pathogenesis. Future in vivo studies will reveal the full impact of these innate immune 

effectors in EPEC infection. Consistent with their important functions in the GI tract, 

defects in IFNβ, RNase-L, and their upstream regulators and downstream effectors are 

associated with GI pathologies in mouse models and human diseases (40, 52, 54, 55, 57, 

111, 112, 177, 228, 273, 330, 331). In light of these findings, the IFN/RNase-L axis 

represents a potential therapeutic target and susceptibility biomarker for enteric 

pathogens and diseases that disrupt GI barrier function such as IBD and associated 

cancers. 
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4. Perspectives and Future Directions 

 

4.1 Overview: Type I interferon and RNase-L in intestinal homeostasis and disease 

 

The GI tract is the site of critical interactions between intestinal microbes and the host 

that are key determinants of physiologic and pathologic activities (312, 313). The IEC 

monolayer relays messages between the commensal intestinal microbiota and LP immune 

cells to maintain a basal anti-inflammatory response that contributes to homeostasis. Loss 

of intestinal homeostasis can lead to IBD and increase the risk of developing CRC. 

Furthermore, enteric bacteria infection is associated with chronic intestinal disease (181). 

To maintain homeostasis, a basal anti-inflammatory response is maintained, in part, by 

the expression of cytokines such as TGFβ, IL-10 and IFN by IECs and immune cells. 

Interestingly, genetic mutations in IFN signaling molecules (i.e. NOD2) are associated 

with IBD in humans and deletion of PRRs upstream of IFN expression, or of ISGs, 

increase susceptibility to experimental colitis in murine models. IFN is induced by 

commensal microbes, provides essential functions to GI immunity and homeostasis (261, 

262) and plays a protective role against bacterial and viral infection (77, 78). 

Furthermore, IFN promotes barrier integrity in endothelial, and lung epithelial cells (45, 

203, 265). These findings suggested that IFN functions to protect from intestinal 

inflammatory disease and infection and promote barrier function in IECs. 

IFN is currently utilized as a therapeutic agent against specific viruses and in the 

treatment of several cancer types. Though IFN appears to have numerous beneficial 
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functions in the intestine, its therapeutic use only improved outcome in a subset of colitis 

patients (230). For the majority of patients, the adverse ‘flu-like’ symptoms attributed to 

the pleiotropic effects of exogenous IFN treatment outweighed potential positive effects 

(53). In order to target the favorable outcomes of IFN and avoid the toxicity, it is 

important to examine downstream effectors of IFN to find novel therapeutic targets 

against intestinal infection and inflammatory disease.  

RNase-L is a downstream mediator of IFN function that also serves as a positive-

feedback mechanism to amplify IFN signaling (113, 114). RNase-L functions in 

antibacterial immunity and in the regulation of proinflammatory cytokines (106), two 

important components of intestinal homeostasis (219). Therefore, we examined a role for 

RNase-L in the response to DSS-induced intestinal damage in a model of UC, and 

DSS/AOM-induced colon cancer (177) as described in chapter 2. We elucidated the 

regulation of IFN and the activity of RNase-L in host defense from EPEC, an important 

human pathogen that disrupts barrier function as a key component of pathogenesis, and is 

increased in IBD and CRC patients in chapter 3 (332). 

 

4.2 RNase-L protects from experimental colitis through regulation of immune 

response 

 

Our results demonstrated that RNase-L is protective against injury-induced colitis 

through regulation of the immune response including increased IFN expression following 

DSS treatment. Specifically, we found that WT mice were protected from DSS colitis 

compared to RNase-L-/- mice, which displayed a compromised innate immune response 
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and increased intestinal damage. Moreover, the induction of IFNβ and proinflammatory 

cytokines was altered in RNase-L-/- colons following DSS treatment indicating that 

RNase-L functions to protect from symptoms of colitis through modulation of the 

immune response. Increased levels of IFNβ expression in WT mice correlated with 

decreased disease severity. As regulation of IFN by RNase-L occurs through an indirect 

RLR pathway (113, 114), our data suggests that the protective role of RNase-L is 

mediated through increased IFN production due to RNase-L processing of bacterial RNA 

resulting in stimulation of the RLR/MAVS pathway thus alleviating disease severity. 

Consistent with a role for RNase-L upstream of MAVS, RNase-L-/- mice exhibited an 

increased susceptibility to DSS-induced colitis that corresponded with a diminished 

induction of IFNβ and was similar to the phenotype of MAVS-/- mice (55). Furthermore, 

transfection of bacterial RNA into RNase-L-/- macrophage mimicked the MAVS-

dependent induction of IFNβ seen in response to bacterial infection suggesting that the 

MAVS response is RNase-L-dependent and that bacterial RNA represents a novel 

RNase-L substrate. Though it is likely that RNase-L is processing bacterial RNA in the 

cytoplasm, we do not directly demonstrate that this occurred. It is important to determine 

the mechanism of bacterial RNA release into the cytoplasm and demonstrate the direct 

processing by RNase-L.  

 

4.3 Verify the protective role of RNase-L in IBD 

 

In order to further investigate RNase-L as a potential therapeutic target in IBD is 

it important to investigate its function in other disease models, in addition to expression 
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and function in human disease.  Though valuable information can be gained from the 

DSS model, to elucidate the role of RNase-L in protection from IBD, it is important to 

utilize colitis models that more closely resemble human disease. Models of T cell colitis 

are more relevant because they replicate the dysregulated immune response found in 

human disease (333). The T cell transfer model is widely used and would be appropriate 

for in depth analysis of the role of RNase-L in chronic intestinal inflammation. 

Furthermore, it is unknown if RNase-L deficiency is involved in human IBD. Analysis of 

patient samples for RNase-L protein levels and genetic mutations would be informative 

in determining if expression levels and/or mutation of RNase-L are correlated with IBD. 

 

4.4 RNase-L inhibits tumor growth in inflammation-induced colon cancer 

 

DSS/AOM treatment resulted in an increased tumor burden in RNase-L-/- as compared 

to WT mice, demonstrating that RNase-L inhibits tumor growth in experimental CAC. 

Consistent with this role, mutant RNase-L with abrogated enzymatic function has been 

implicated in sporadic CRC in humans (267). In contrast, results from a prior study show 

that RNase-L expression is increased in adenocarcinomas and polyps from FAP patients 

compared to normal tissue (168). The authors suggest that RNase-L levels are greater in 

tumors due to the need for rapid mRNA turnover in proliferating cells, though they do not 

suggest that RNase-L is functioning as an oncogene, and they do not examine tissue from 

healthy controls. Variations in RNase-L expression and activity in these studies may be 

due to differences in cancer type or stage. Furthermore, they do not determine if mutant 

alleles of RNase-L are present in patient samples. Though RNase-L is predominantly 
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identified as a tumor suppressor (89), a recent study from our lab demonstrated an 

oncogenic role for RNase-L in chronic myelogenous leukemia (CML). This study utilized 

control and RNase-L deficient CML cells for xenograft experiments. Cells expressing 

RNase-L exhibited tumor growth while RNase-L-deficient cells did not (128). The 

opposing phenotypes of RNase-L may be due to its ability to regulate gene expression 

through targeting of specific sets of mRNA substrates through interactions with RBPs, 

dependent on cell type and context (135). Though my study suggests a link between the 

roles of RNase-L in GI homeostasis and cancer, further investigations into the functional 

outcome of RNase-L deficiency or overexpression in colon tumorigenesis and 

progression are necessary. 

 

4.5 Elucidate the role of RNase-L in CRC 

 

It is essential to compare the function of RNase-L in both sporadic and 

inflammation-induced CRC. Our data demonstrated a protective role for RNase-L against 

tumor growth in CAC, and due to the anti-proliferative and pro-apoptotic functions of 

RNase-L (105), it is expected that it would also be protective against experimental 

sporadic colon carcinogenesis. Although it is well established that inflammation drives 

the development of CAC, it is also apparent that inflammatory responses are involved in 

the initiation and progression of sporadic CRC (334), which gives further support to a 

role for the innate immune mediator, RNase-L in sporadic cancer. Additionally, RNase-L 

mutation is correlated with an earlier age of CRC onset in hereditary non-polyposis 

colorectal cancer (HNPCC) patients (267). Therefore, it would be informative to 
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investigate the impact of RNase-L deficiency in a sporadic model of colon tumorigenesis. 

One potential model would be to utilize double knockout mice deficient in both RNase-L 

and APC genes, because mutations in APC are frequent in human CRC (335). APCmin/+ 

mice develop spontaneous colon tumors, are widely used for GI cancer studies, and 

exhibit a correlation between inflammatory response and tumor burden (336). To 

determine the role of RNase-L in sporadic CRC, RNase-L-/- mice can be crossed with 

APCmin/+ mice, then double knockout mice could be compared to APCmin/+ mice for tumor 

number and size, age of onset, and inflammatory response. In addition to follow-up in 

vivo investigations, key information could be gained by investigating the differences in 

RNase-L expression and presence of mutant alleles in inflammation-induced CRC, and 

sporadic CRC patients, compared to healthy controls. The arginine to glutamine mutation 

at nucleotide 462 (R462Q) has been correlated with an increased risk of HNPCC (267) 

and prostate cancer (165). Thus, individuals carrying alleles that code for mutant RNase-

L with decreased activity may demonstrate an increased risk of developing CRC. These 

investigations may confirm a vital tumor suppressor role for RNase-L in intestinal cancer 

and support the development of targeted therapies. 

 

4.6 Determine mechanisms of RNase-L protection from IBD and CRC 

 

Defining the mechanisms of RNase-L protection will provide useful information for 

targeting the beneficial functions and accessing potential consequences of RNase-L 

activation. To further investigate the mechanisms of RNase-L protection from 

experimental colitis and CAC, it is important to analyze the cell types responsible for the 
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protective phenotype in addition to probing the specific actions of RNase-L. To 

determine the contributions of hematopoietic versus epithelial cells, it would be useful to 

perform bone marrow transfer experiments from WT or RNase-L-/- donor mice to WT 

and RNase-L-/- recipient mice. Adoptive transfer experiments using WT and MAVS- 

deficient mice revealed that IECs mediated MAVS-dependent protection from DSS-

induced damage (55). In light of the protective function of RNase-L in promoting IFN 

expression through the RLR/MAVS pathway, we expect that the protective function of 

RNase-L is due to its role in cells of non-hematopoietic origin, (55). Following 

determination of the specific cell types(s) responsible for RNase-L-dependent protection, 

we can isolate those cells for further analysis. Although, we demonstrated that one 

mechanism of RNase-L protection is the positive regulation of IFN, which is protective, 

in part, by increasing ISGs known to reduce disease severity (i.e. PKR, IFITM1, IRF1, 

RIGI), other mechanisms of RNase-L protection are likely. As discussed previously, 

RNase-L can target specific mRNA subsets in a context-dependent matter, thus 

regulating mRNA stability and translation (135). In order to determine potential mRNA 

targets of RNase-L in experimental systems related to UC and CAC, we could perform 

mRNA microarray analysis or transcriptome sequencing on isolated epithelial or immune 

cells from WT and RNase-L-/- mice following induction of colitis or colon cancer, in 

addition to comparing tumor tissue and normal mucosa in the same animals. mRNAs that 

are significantly downregulated in the presence of RNase-L are potential direct targets of 

RNase-L endoribonuclease activity. In order to verify RNase-L regulation of specific 

mRNAs, an inverse relationship between RNase-L activity and mRNA half-life must be 

detected. mRNA stability can be measured by treating control and RNase-L 
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overexpressing cells with actinomycin D, then measuring mRNA levels over a time-

course by qRT-PCR. To ensure that targets are RNase-L substrates, interactions between 

RNase-L and the target mRNA can be analyzed by RNA-protein coimmunoprecipitation 

(RNPIP) experiments. Potential RNase-L targets are likely to reflect known functions of 

RNase-L and may be involved in immune responses including anti-bacterial function and 

cytokine expression, cell turnover, differentiation or senescence. Discovering specific 

RNase-L substrates that mediate its anti-inflammatory and anti-tumor activities would be 

beneficial in determining potential therapeutic and diagnostic roles for RNase-L.  

 

4.7 IFN and RNase-L protection against EPEC infection 

 

Infectious enteric bacteria, such as EPEC, exert their pathogenic functions through 

interrupting barrier function and modulating host immune response. To investigate the 

role of IFN and RNase-L in epithelial barrier function and immune response, we used 

Caco-2 monolayers as a model for polarized IECs that are commonly used to investigate 

monolayer permeability. We demonstrated that RNase-L induces IFN following EPEC 

infection of IECs and that IFN is protective against loss of barrier function through TJ 

regulation. Our study further revealed that the T3SS-translocated effector, NleD, inhibits 

the function of RNase-L as a pathogenic mechanism.  Also, RNase-L-deficiency is 

correlated with EPEC-induced expression of TNFα. The results of this study demonstrate 

a vital role for RNase-L in promoting intestinal homeostasis through regulation of the 

immune response and anti-bacterial functions. 
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EPEC modulates host cell immune response. Enteric pathogenic bacteria cause the 

induction of various proinflammatory cytokines that are also modulated during IBD, 

whereas commensal bacteria induce anti-inflammatory cytokines such as IFN that protect 

against intestinal inflammation. In chapter 2, we demonstrated that IFNβ assists in the 

maintenance of intestinal homeostasis. Accordingly, we hypothesized that pathogenic 

enteric bacteria may interfere with the protective anti-inflammatory effects of IFN. 

Indeed, our study revealed that IFNβ induction was inhibited and TNFα was increased 

following EPEC infection. Furthermore, infection with non-pathogenic EPEC, which 

lacks a T3SS, induced increased levels of IFNβ and decreased TNFα expression. Higher 

levels of IFNβ correlated with sustained barrier function while increased TNFα correlated 

with increased permeability of the IEC monolayer. These findings suggest that the T3SS-

dependent inhibition of the anti-inflammatory cytokine IFNβ and induction of TNFα, a 

potent pro-inflammatory cytokine, regulates barrier function as a novel mechanism of 

host evasion and EPEC pathogenesis. Consistent with this model, exogenous IFNβ 

conferred protection from EPEC-induced barrier disruption providing the first evidence 

of this role for IFNβ in IECs. 

 

The EPEC effector NleD inhibits IFNβ. The inhibition of IFNβ and enhanced 

induction of TNFα by EPEC required a functional T3SS, suggesting that the EPEC 

effectors injected into IECs by the T3SS are responsible for this regulation. We identified 

NleD as the major T3SS effector responsible for the diminished induction of IFNβ; this 

finding provided the first example of an EPEC effector mechanism that targets IFNβ. 

Like NFκB, JNK and p38 contribute to the induction of both IFNβ and TNFα in response 
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to bacterial pathogens (317-319). The NleD-mediated downregulation of JNK/p38 and 

inhibition of NFκB by other T3SS effectors are predicted to diminish induction of both 

IFNβ and TNFα and may account, in part, for the reduced induction of IFNβ by EPEC. 

The contrasting effect on TNFα, in which a functional T3SS is required for optimal 

induction, indicated that other signaling events were occurring. Other EPEC effectors, or 

the T3SS structure itself, may be stimulating TNFα expression. Also, NleD and other 

effectors may be targeting IFN-specific transcription factors such as IRF3 and IRF7. 

Another possibility is that the increased TNFα expression following WT EPEC infection 

was due to sustained loss of IEC barrier function resulting in increased activation of 

basolateral PRRs from paracellular invasion of EPEC. Though apical TLR expression is 

low, TLR5 is prevalent on the basolateral sides of polarized monolayers and induces an 

inflammatory response following contact with flagellin (251). Further studies are 

required to determine the mechanism of EPEC induction of anti- and proinflammatory 

cytokines. 

 

Function of RNase-L during EPEC infection. Due to the antibacterial activity of 

RNase-L, and its protective role against IBD, we predicted that RNase-L would carry out 

protective activities against EPEC infection. Reports from our lab and others have 

demonstrated that RNase-L regulates the induction of IFNβ and TNFα in response to 

microbial stimuli (106, 113, 114, 177, 320), and suggested a potential mechanism in 

which the T3SS-dependent regulation of these cytokines is mediated, in part, through 

RNase-L. In support of this model, inhibition of RNase-L activity by WT EPEC 

corresponded with diminished IFNβ induction and increased TNFα, whereas infection 
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with T3SS-deficient EPEC resulted in an RNase-L-dependent increase in IFNβ induction 

and decrease in TNFα. RNase-L-mediated changes in IFNβ and TNFα resulted in 

sustained TEER values following EPEC infection, which may represent an important 

mechanism of host response to pathogenic bacterial infection. Interestingly, RNase-L 

activity, as measured by rRNA cleavage, was inhibited in a T3SS-dependent manner 

following EPEC infection, indicating that a translocated EPEC effector may be inhibiting 

RNase-L. Intriguingly, viruses have evolved similar strategies to evade the antiviral 

activities of RNase-L (164). For example, a herpes simplex virus protein prevents rRNA 

degradation by RNase-L following infection (337).  This may be the first example of 

RNase-L inhibition mediated by a bacterial pathogen and supports an important role for 

RNase-L in antibacterial immunity (106, 177). Because we demonstrated that NleD 

inhibits IFN expression, it is tempting to conclude that the inhibition of IFN by NleD is 

RNase-L dependent. Also, JNK is a target of the EPEC effector NleD and functions 

downstream of RNase-L in the response to picornavirus infection (133, 160). However, 

EPEC infection blocks rRNA cleavage by RNase-L, which is thought to occur upstream 

of JNK. Therefore, EPEC effectors other than NleD may be inhibiting RNase-L, or the 

inhibition of RNase-L may be occurring downstream of IFN. Additional experiments are 

required to elucidate the modulation of IFN expression and RNase-L activity by EPEC. 

An intriguing interaction that links RNase-L with response to EPEC is through its 

interaction with IQGAP1 scaffolding protein (150). IQGAP1 participates in many 

cellular functions including actin polymerization through the regulation of Rho GTPases. 

It is recruited to sites of bacteria attachment and, consequently, stimulates filopodia 

formation and is essential for EPEC pedestal formation and Salmonella invasion (338). 
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The interaction between IQGAP1 and RNase-L suggests that RNase-L may be localized 

to sites of bacterial infection and thereby involved in the initiation of immune pathways 

that respond to infection. Additional experiments are required to determine the specific 

mechanisms of EPEC inhibition of RNase-L.  

In contrast to IFNβ, RNase-L negatively regulated TNFα expression suggesting that 

TNFα mRNA may be a direct RNase-L substrate. The post-transcriptional regulation of 

TNFα mRNA stability is known to be a critical mechanism by which its expression is 

regulated, and is mediated by the RBP, TTP (155). TTP targets the mRNA of TNFα and 

other proinflammatory mediators for degradation (139). In fact, TTP-/- mice cannot 

regulate TNFα levels and develop severe inflammatory arthritis as a consequence. 

Consistent with a role in this regulation, RNase-L protein interacts with TTP and 

downregulates a subset of TTP targets suggesting that TTP directs RNase-L to cleave 

specific mRNAs (135) and may be a mechanism of RNase-L downregulation of TNFα. 

In an opposing pathway, RNase-L negatively regulates TTP mRNA as part of an 

autoregulatory loop (322). Additional studies are required to dissect the mechanisms by 

which RNase-L and TTP potentially regulate TNFα in the context of EPEC infection. 

Alternatively, RNase-L may regulate TNFα as a secondary effect of its role in regulating 

IFNβ. Specifically, IFNβ has been reported to downregulate TNFα (326, 327), therefore 

the T3SS-mediated inhibition of RNase-L activity and IFNβ induction may contribute to 

the observed increase in TNFα expression. RNase-L can thus impact gene expression via 

direct and indirect mechanisms and represents a potent target for EPEC to reprogram the 

IEC gene expression profile and modulate the host immune response. Another potential 

mechanism of RNase-L-dependent differential TNFα expression is increased paracellular 
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invasion of EPEC due to decreased barrier function demonstrated by RNase-L deficient 

cells, allowing stimulation of basolateral TLRs thus stimulating TNFα expression. 

Additional experiments are necessary to determine the mechanisms of RNase-L-

dependent regulation of TNFα following EPEC infection. 

 

Modulation of tight junctions by IFNβ and RNase-L. The disruption of IEC barrier 

integrity by WT EPEC infection occurs through the downregulation and altered 

organization of TJ proteins that mediate barrier function (188, 202, 250, 308, 328). Our 

data demonstrated that infection with T3SS-deficient EPEC resulted in enhanced IFNβ 

induction and RNase-L activity, which corresponded with sustained barrier function and 

increased expression of TJ components claudin-1 and occludin. Moreover, we 

demonstrated that claudin-1 and occludin proteins were dramatically induced following 

treatment of IECs with exogenous IFNβ. Occludin and claudin-1 mRNAs were induced 

by IFNβ but not to the extent observed for their encoded proteins suggesting IFN may be 

regulating TJ components via transcriptional and post-transcriptional mechanisms. IFN 

induction of TJ proteins was previously reported in lung epithelium in response to S. 

pneumonia infection, indicating that this regulation may be a critical feature in the control 

of host-microbe barrier function in multiple tissues (45). IFN-stimulated response 

elements have not been identified in the promoters of claudin-1 and occludin genes and 

their transcripts are not included in a comprehensive database of known ISGs (329), 

indicating that IFN is not directly inducing transcription of these genes. A potential 

mechanism by which IFNs promote barrier function was revealed in a recent study 

describing the interaction of TJ proteins, including occludin and claudin-1, with IFN-



!

! 124!

induced transmembrane protein-1 (IFITM-1) (204) in hepatocytes. Specifically, IFN 

induction of IFITM-1 is thought to stabilize components of TJ complexes to inhibit HCV 

entry into IECs. IFN-dependent stabilization of TJ components at the junction may 

prevent their degradation and increase total protein levels, as demonstrated by our data. 

Further research is necessary to determine the mechanisms of IFN-induced expression of 

occludin and claudin-1. Additionally, RNase-L-deficiency markedly reduced expression 

of claudin-1 and occludin. However, this RNase-L-dependent regulation did not directly 

correspond with its regulation of IFNβ suggesting that RNase-L may contribute to 

expression of these TJ proteins through mechanisms in addition to the promotion of IFNβ 

expression.  

 

4.8 Elucidate the role of IFN expression and RNase-L activity in response to enteric 

bacterial pathogens  

 

Determine role of IFN and RNase-L in enteric bacterial infection in vivo. Our data 

provide evidence for critical roles of IFN and RNase-L in protection from EPEC in 

polarized IEC monolayers, however it is essential to assess these functions using an in 

vivo model of enteric bacterial infection. Similar to EPEC, Citrobacter rodentium is a 

gram negative A/E bacteria that is commonly used to induce acute enteric infection in 

mice. C. rodentium infection causes inflammation and hyperplasia in the colon and 

cecum and is resolved within several weeks in immunocompetent mice (339). 

Importantly, it expresses many of the same virulence factors as EPEC, including a T3SS 

and secreted effectors including NleD. Analysis of the impact of A/E bacterial infection 
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on IFN and RNase-L activity in vivo could be carried out by infecting RNase-L-/- and 

WT mice with WT and T3SS effector deletion mutants of C. rodentium. Infection with 

nleD deletion mutants could verify NleD inhibition of IFN expression and RNase-L 

activation. Following infection, differences in pathophysiology, including hyperplasia 

and inflammation would be monitored. To identify RNase-L-dependent inflammatory 

responses, expression of cytokines including IFNβ and TNFα can be measured. To detect 

the impact of RNase-L-deficiency on barrier function, differences in intestinal 

permeability can be determined by performing FITC-dextran gavage, and by measuring 

TEER of IEC colon sections in situ. Investigating bacterial translocation by titering 

internal bacteria levels from serum and organs, would provide additional valuable data. 

Previous research has shown that IFN expression is correlated with barrier function and 

antibacterial activity in vivo, therefore, we expect that RNase-L-deficient mice will 

display decreased IFN expression and barrier function, increased inflammation, and 

prolonged infection. These investigations would extend our knowledge regarding the role 

of IFN and RNase-L in inflammation and barrier function during acute enteric bacterial 

infection. 

 

Investigate mechanism of NleD inhibition of IFN and RNase-L. Further 

elucidatation of mechanisms of the inhibition of IFN by the metalloprotease NleD, are 

necessary. It is also important to determine if NleD directly impacts RNase-L activity. 

The impact of cytoplasmic NleD on IFN expression and RNase-L activity could be 

determined by transfecting host cells with plasmid containing the nleD gene. Verification 

of the presence of NleD could be performed by WB, then IFN expression and RNase-L 
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activity can be assayed. This experiment would provide direct measurements of the 

ability of NleD to regulate these factors. Furthermore, coimmunoprecipitation assays of 

NleD following incubation with host cell lysate would provide a list of potential NleD 

interacting proteins and substrates. Due to the ability of NleD to inhibit IFN expression, it 

is possible that pulled-down proteins may contain IFN signaling pathway molecules such 

as TBK1, or IRF3/7, in addition to RNase-L. The known NleD target, JNK, could be used 

as a positive control. Interacting proteins could be characterized by mass spectrometry. 

Furthermore, lysates with and without NleD expression can be analyzed for protein 

cleavage of potential substrates by WB analysis. Results of the described assays could 

indicate potential NleD substrates. NleD may be interfering with IFN and RNase-L 

through various means. It is possible that NleD inhibits RNase-L-mediated JNK 

activation and rRNA cleavage through direct targeting of JNK. Targeting specific 

downstream activities of RNase-L through JNK degradation would still allow RNase-L to 

operate in other functions including stimulating IFN production. We found that NleD 

inhibits IFN production, therefore, it is likely that there are other NleD targets upstream 

of IFN, and leaves the possibility that NleD directly impacts RNase-L.  

 

Investigate mechanism of RNase-L-dependent regulation of TNFα  following 

EPEC infection. In order to further dissect the contribution of RNase-L to increased 

TNFα expression following EPEC infection, several possibilities must be addressed. 

First, RNase-L:TTP interactions in Caco-2 cells could be examined to determine if 

RNase-L is regulating TNFα in a TTP-dependent matter. A TTP-dependent decrease in 

TNFα mRNA would indicate that the EPEC effector NleD is potentially blocking TTP 
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induction through cleavage of p38, thus promoting increased TNFα expression. 

Alternatively, TNFα regulation may be an indirect effect of RNase-L through inhibition 

by IFN. To determine if IFN signaling is causing decreased TNFα expression, IFN 

signaling can be blocked by using IFN-specific antibodies, or IFNAR-deficient cells.  

Lastly, it is possible that barrier function and basolateral TLR stimulation are responsible 

for RNase-L-dependent regulation of TNFα. To examine the role of TLR signaling in 

RNase-L-dependent TNFα expression, TLR5 signaling could be inhibited by knockdown 

or the use of chemical antagonists, followed by measuring TNFα induction following 

infection of RNase-L-deficient or WT cells. These experiments would help to elucidate 

the mechanisms of RNase-L-dependent regulation of TNFα in IEC monolayers following 

EPEC infection. 

 

Examine the regulation of TJ proteins by IFN and RNase-L. To gain additional 

insight into the regulation of TJs and barrier function by IFN and RNase-L, further 

studies are necessary. To investigate the mechanisms of TJ regulation, it is key to 

determine if IFN and RNase-L are regulating mRNA stability, translation, protein 

stability or localization. Previous studies show that OCLN and CLDN1 are 

transcriptionally activated by TTF, and repressed by Snail and Slug. Moreover, both TJ 

components are regulated post-transcriptionally by various factors. OCLN mRNA is both 

stabilized by HuR and de-stabilized by CUBGP1, which competitively bind OCLN 

mRNA and impact IEC monolayer barrier function (340). CLDN1 mRNA is positively 

regulated by HuR and negatively regulated by TTP (341). Furthermore, TJ components 

are highly dynamic, and endocytosis occurs continuously, followed by endosomal 
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recycling or degradation (182). Ubiquitin ligases target TJ components for degradation; 

specifically, LNX1 binds and ubiquitinates claudin-1 (195) causing removal from the TJ 

and degradation. E3-ubiquitin ligases Itch and Nedd4-2 regulate occludin (194). The 

extensive regulation of TJ components demonstrates the complex and dynamic nature of 

TJs and indicates that a multitude of potential mechanism exist for IFN and RNase-L 

modulation of TJ components and barrier function. The analysis of OCLN and CLDN1 

mRNA stability is necessary to determine if IFN and RNase-L regulate expression at this 

level, which can be performed by actinomysin D time course, and analysis of polysome 

fractions to indicate translation efficiency in IFN treated and untreated control and 

RNase-L-deficient cells. Furthermore, metabolic labeling can be utilized to examine de 

novo protein levels, and protein decay following cycloheximide treatment can be utilized 

to demonstrate protein stability. Interestingly, recent research indicates that IFN-induced 

IFITM1 promotes stabilization of proteins at TJs; therefore it is possible that IFN 

increases TJ protein levels by decreasing endocytosis and degradation of TJ factors 

through induction of IFITM1. The examination of protein localization at TJs following 

IFN treatment of RNase-L-deficient and control cells would indicate if occludin and 

claudin-1 co-localize with IFITM1. It is also possible that RNase-L targets mRNAs of 

regulatory factors that limit TJ component transcription or translation such as the RBP 

CUBGP1, or transcriptional repressors such as Slug and Snail (342). Furthermore, the 

interaction of RNase-L with IQGAP1 indicates that it may interact with TJ components 

or the surrounding actin cytoskeleton, thus modulating the surrounding environment. 

Overall, these experiments could uncover mechanisms of the regulation of TJ 

components by IFN and RNase-L. 
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4.6 Conclusions and therapeutic potential 

 

Together, these findings significantly increase our understanding of the role of the 

IFN/RNase-L pathway in intestinal homeostasis, inflammatory disease and bacterial 

infection. Specifically, we found that RNase-L is protective against experimental colitis 

and colitis-associated cancer through regulation of the innate immune response, and we 

identified IFNβ and RNase-L as novel mediators of IEC barrier function that are targeted 

by EPEC effectors to evade host defense mechanisms and promote pathogenesis. In light 

of these findings, the IFN/RNase-L axis represents a potential therapeutic target and 

susceptibility biomarker for enteric pathogens and diseases that disrupt GI barrier 

function such as IBD and associated cancers. Therefore further dissection of its role in GI 

homeostasis and pathogenesis may identify settings in which the therapeutic targeting of 

RNase-L is indicated 

RNase-L is a tightly regulated effector that is amenable to pharmacologic 

activation (287, 343) or inhibition (120). Development of 2-5A anologs for therepeutic 

use has been underway for years (344). A recent publication demonstrates the ability of a 

stabile, biolabile  2-5A analog prodrug to activate RNase-L, promoting RNA cleavage 

and in vitro antiviral activites (171). Determining the stability and activity of  2-5A 

anologs in vivo is an important prerequisite to determining their potential use in humans. 

Diseases in which RNase-L activation is protective, including viral and bacterial 

infection, IBD, and many types of cancer would be plausible indications for this class of 

drug. Also, different concentrations of 2-5A anolog may be appropriate for treatment of 
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various diseases. For example, greater RNase-L activation may be required to eradicate 

viral infection, whereas, lower activation may be desired to maintain intestinal 

homeostasis. Furthermore, the anti-cancer drug Sunitinib inhibits RNase-L by blocking 

dimerization and preventing activation as demonstrated by reduced RNA cleavage (120). 

Sunitinib is a kinase inhibitor that is currently approved for the treatment of 

gastrointestinal stromal tumors (GIST) (345). RNase-L may have oncogenic activity in a 

subset of CRC (168), therefore RNase-L inhibitors may be appropriate in these setting. 

Additionally, RNase-L may be useful as a diagnostic/prognostic tool  as inactivating 

mutations are associated with several cancer types, including CRC (89). As current 

pharmacological efforts are focused on the development of broad spectrum antibiotic and 

antiviral drugs as a timely treatment for biological threats such as emerging disease and 

biological warfare, innate immune mediators that target both bacterial and viral 

pathogens, such as RNase-L, may be useful targets for novel therapeutics that address 

these concerns. Overall, the ability to manipulate RNase-L activity in vivo would be a 

useful biological tool to fight various pathogens and treat disease and thus represents an 

attractive target for continued development. 
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