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Abstract 

  The tumor suppressor protein Ras association domain family 1A (RASSF1A) 

has roles in multiple signaling pathways including modulating apoptosis, the cell cycle, 

DNA damage, and microtubule organization. RASSF1A has been shown to be one of 

the most frequently epigenetically silenced genes in a variety of cancer types and 

thought to be one of the earliest changes in cancer development. Loss of RASSF1A has 

also been documented in approximately 26% of ulcerative colitis, a subset of 

inflammatory bowel disease (IBD) patients and 12-80% of colorectal cancer (CRC) 

patients. As IBD patients are known to be at an increased risk of developing colorectal 

cancer due to their chronic inflammatory disease, this study was to determine the 

molecular mechanisms whereby RASSF1A may influence the pathogenesis of 

inflammatory bowel disease and inflammation-associated colorectal cancer. We used 

acute and chronic mouse models of colitis-like inflammation and inflammation driven 

carcinogenesis brought on by addition of dextran sodium sulfate (DSS) in the drinking 

water. 

 

 Our results revealed a novel role for RASSF1A in restricting acute inflammation 

through inhibition of nuclear factor kappa B (NF�B) activation. Loss of RASSF1A 

resulted in exacerbated colitis symptoms and decreased survival in mice. Loss of 

RASSF1A also resulted in a novel tyrosine phosphorylation of Yes associated protein 

(YAP) on tyrosine 357 (pY357-YAP) to drive an aberrant transcriptional up-regulation of 

p73/YAP target pro-apoptotic genes, resulting in increased epithelial cell death, 
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inefficient epithelial repair, and poor survival of Rassf1a-/- knockout mice following 

inflammation induced injury. Furthermore, under a chronic model of DSS-induced 

colitis-associated colon cancer, we observed that loss of RASSF1A accelerated tumor 

development/severity and poor survival of AOM/DSS treated Rassf1a-/- mice. Loss of 

RASSF1A also led to dysregulation of YAP (a proto-oncogene) and YAP driven 

transcriptional regulation potentially contributing to the increased inflammation-driven 

carcinogenesis seen in AOM/DSS treated Rassf1a-/- mice. 

 

 We propose a possible use of pY357-YAP as a biomarker of severe colitis with 

likely progression to colitis-associated colon cancer. In addition, the use of tyrosine 

kinase inhibitors (such as imatinib/gleevec) to restrict pY357-YAP and the abnormal up-

regulation of pro-apoptotic genes in the absence of RASSF1A may also be beneficial in 

treating inflammatory diseases, especially in early onset of disease. Our observations 

will aid in a better understanding of the key molecular link between inflammation and 

cancer, the importance of the RASSF1A signaling pathway in restricting inflammation 

and the identification of potentially novel biomarkers of early onset disease. The 

identification of novel biomarkers of early onset disease will allow the rational design of 

useful therapeutics to reduce inflammation and interfere with inflammation driven-

malignancies such as inflammation bowel disease pre-disposition to CRC. 
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Chapter One: Introduction 
 

1-1 Inflammatory Bowel Diseases and Colorectal Cancer 
 

 Inflammation is defined as " a protective tissue response to injury or destruction 

of tissues, which serves to destroy, dilute, or wall off both the injurious agent and the 

injured tissues. The classical signs of acute inflammation are pain (dolor), heat (calor), 

redness (rubor), swelling (tumor), and loss of function (functio laesa)" (4).Molecularly, 

inflammation is characterized by hyperactivation of transcription factors such as nuclear 

factor kappa B (NFκB), and elevated production of pro-inflammatory cytokines and 

chemokines upon activation of surface receptors (5-8). NFκB signaling pathways regulate 

immunity and inflammation, and dysregulated and constitutive NFκB signaling has been 

implicated in several cancers in addition to inflammatory diseases (9-11).  

 

 NFκB dependent transcriptional activity can be induced by activation of pathogen 

pattern recognition receptors (PRRs), which may be membrane bound, such as Toll-like 

receptors (TLRs), or may be cytosolic intracellular receptors such as nucleotide-binding 

oligomerization domain receptors (NODs) (9,11-13). TLRs may be expressed in the 

external cell membrane (TLRs 1, 2, 4, 5, 6, 11, and 12), or intracellularly in endosomal 

membranes (TLRs 3, 4, 7, 8, 9, and 13) (14). PRRs recognize bacterial components and 

thus serve as our primary defense against pathogen invasion. In the canonical NFκB 

pathway, ligand activated TLRs, IL-1R, or TNFR1 activate NFκB p50/RelA transcription 

by transducing their activation signal through the MyD88 adaptor protein, which in turn 

directs IRAK proteins to complex with TRAF proteins. These in turn activate IKK to 

phosphorylate IκBα, which normally sequesters NFκB in the cytoplasm to prevent its 

transcriptional activation. Phosphorylation of IκBα targets it for degradation, thereby 

releasing the NFκB complex, allowing it to translocate to the nucleus and effect 

transcription (9,11,12).  
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 An alternate NFκB  pathway, termed the non-canonical NFκB pathway, is 

activated by a subset of TNFR receptors such as B-cell activation factor (BAFFR), 

CD40, receptor activator for nuclear factor kappa B (RANK), and lymphotoxin β-receptor 

(LTβR). Activation of any of these receptors leads to phosphorylation and activation of 

IKKα by NFκB inducing kinase (NIK). IKKα then phosphorylates p100 leading to 

polyubiquitination of p100 and its subsequent proteasomal processing to p52. p52 can 

then bind RelB, translocate to the nucleus, and activate transcription of NFκB target 

genes (9,11). Finally, a third method of NFκB activation, termed the atypical NFκB 

pathway, exists, whereby activated NOD2 activates NFκB by binding to RIPK2 (aka 

RICK or RIP2, herein referred to as RIPK2), which in turn causes activates IKK/NEMO, 

and NFκB is freed from IκBα in the same manner as described above (11,13) (Figure 1.1). 

In the case of inflammatory bowel disease (IBD), it is thought that the initial activation of 

NFκB driven inflammation is through epithelial PPR sensing of a microbial breach of the 

mucosal layer. 
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 Although normally beneficial, persistent inflammation can cause cellular damage 

resulting in the development of inflammatory diseases as well as several cancers. It has 

been documented that about 1/3 of all cancer cases are preceded by chronic 

inflammation (15-19), including chronic inflammatory bowel disease leading to colorectal 

or colon cancer. NFκB signaling in particular has been associated with inflammation-

related cancers (9,11,20), and prolonged nuclear localization of NFκB may lead to anti-

apoptotic and pro-proliferative signaling. Individuals suffering from IBD also have an 

increased risk of developing colorectal cancer later in life, although the exact 

mechanism for the progression from IBD to colorectal cancer is unknown. Inflammation 

has been shown to be associated with the development of cancer for several general 

reasons, including cellular damage causing release of reactive oxygen species (ROS), 

DNA damage promoting oncogenic mutations, growth factor release to promote 

proliferation, altered vascular permeability and angiogenesis, and the commandeering 

of immune cells to enhance tumor growth and prevent the normal identification and 

destruction of neoplastic cells (7,8,15,21-23).  

 

 Inflammatory bowel diseases (IBD) include Crohn’s disease (CD) and ulcerative 

colitis (UC), and are chronic intestinal diseases affecting both pediatric and adult 

populations. IBD involves an excessive inflammation of the GI tract resulting in severe 

symptoms including weight loss, abdominal pain, rectal bleeding, diarrhea, and a 

general reduction in overall quality of life (24-28). Crohn's disease is characterized by 

transmural inflammation that may occur anywhere along the gastrointestinal (GI) tract, 

from the mouth to the anus. Inflammatory involvement at the terminal ileum and the 

ileocecal junction is frequent in CD patients (29-31). Stricturing, a narrowing of the 

intestine, often occurs in CD patients. CD patients tend to have patchy areas of 

inflammation, termed "skip lesions" which cause a "cobblestone" like appearance of the 

GI tract upon endoscopic examination (29,31-35). Inflamed lesions in CD patients often 

also show organized infiltrative macrophage aggregates, termed granulomas, upon 

histological examination. Granulomas contain high levels of lymphocytic cells and 

neutrophils, occurring in chronic and sustained inflammation that has not been 
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effectively eradicated (34-37). Crohn's disease can also be further classified by disease 

location, classified as: ileal, colonic, ileocolonic, and presence or absence of isolated 

upper disease, as well as general characteristics of the patient's disease: non-stricturing 

and non-penetrating, strictuting, penetrating, and presence or absence of concominant 

perianal disease. Together with age at diagnosis, these desriptive characteristics 

comprise the "Montreal Classification: for CD (38,39). 

 

 While UC is also a chronic inflammatory disease, for an unknown reason UC 

patients do not typically show granuloma formation as part of disease pathogenesis. 

While UC shares general symptomology with CD, inflammation is typically restricted to 

the rectum and large bowel. Ulceration in UC is continuous and shallow, often showing 

significant infiltrates of lymphocytes and neutrophils, and stricturing of the colon is not 

observed (36,37). The pathogenesis of IBD has been shown to involve a disruption in the 

normal immune response, and therefore IBD patients often endure systemic symptoms 

of inflammation in addition to gastrointestinal symptoms, as the inflammatory and 

immune systems in the patient become further disordered. Systemic symptoms include 

skin rashes, joint inflammation and development of arthritis, eye inflammation, and 

mouth sores, and pediatric onset may result in growth retardation and delay in puberty 
(40-44).  

 

 Like CD, UC is also commonly organized into descriptive subtypes using the 

Montreal Classification. UC patients are classified first by inflammatory involvement: 

ulcerative proctitis (rectal involvement only), proctosigmoiditis (rectal and sigmoid colon 

involvement), left-sided UC (inflammation from the rectum to the splenic flexure), and 

pan-colitis (involvement of the entire large bowel); and then by disease severity: mild 

UC (diarrhea with or without blood less than four times a day), moderate UC (diarrhea 

with or without blood more than four times a day), and severe UC (bloody diarrhea more 

than six times a day, fever, and low iron) (38,39). UC subtype diagnosis also contains a 

descriptor of the severity of the disease based on time: acute self-limiting colitis (usually 
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only applicable for enterocolitis caused by bacterial infection), colitis in remission, and 

long-standing colitis. These descriptive diagnostic categories help physicians determine 

the best treatment course for each patient.  

 

  IBD are highly prevalent in North America, particularly in Canada. Within 

Canada Nova Scotia and Alberta have the highest incidences of IBD (45), and Canada 

wide occurrences are continuing to increase (27). In North America, incidence rates for 

IBD range from 2.2 to 14.3 cases per 100 000 person/year for UC and from 3.1 to 14.6 

cases per 100 000 person/year for CD. In Alberta, the incidence rate for CD and UC is 

16.5 and 11 cases per 100 000 person/year respectively (45,46). IBD are particularly 

concerning chronic diseases as, unlike other chronic conditions, IBD often affects 

pediatric and young adult patients, whereas typical chronic inflammatory diseases do 

not occur until later in life. Research has also shown a significantly decreased quality of 

life for IBD patients due to illness burden, fatigue, cost burden, and a decreased ability 

to participate in social activities such as school and work (24-26,47). Current standard 

therapy is extensive and often involves lifelong immunomodulating therapy (48-50).  

 

 Currently, the causes of IBD are unknown, but research suggests that IBD is 

caused by a combination of genetic predisposition, environmental influences (e.g. 

climate, diet), intestinal microbial disruptions, and immunologic dysfunction (33,35,37,49,51). 

As a robust incidence of IBD among family members has been observed, it is 

unsurprising that genetic mutations have been shown to predispose individuals to IBD 

development (52,53). Over 160 susceptibility genes have been identified as risk loci for 

IBD patients using genome wise association studies (GWAS) (52,54). Unsurprisingly, the 

majority of identified genes are involved in immunomodulation, microbial sensing, 

epithelial restitution and barrier function, stress responses, and most recently, 

autophagic signaling (52). However, genetic predisposition alone is not sufficient for 

development of disease as penetrance is never 100%, with even identical twins 
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showing parallel development of IBD in only 10-35% of cases where at least one twin 

has IBD (52).  

 

 Environmental influences may include factors such as geographic location, diet, 

exposure to pollutants, exposure to tobacco products, medications (antibiotics and oral 

contraceptives), and general hygiene to name a few (55,56). Some environmental factors 

such as diet, hygiene, and geographic location may be linked to microbial influences, as 

changes in such factors may lead to a change or imbalance in the gut microbiota with 

pathogenic consequences. Some studies have suggested that IBD is more prevalent in 

the developed world, and particularly in urban areas, however this association is 

somewhat controversial (56,57). Some medications such as oral contraceptives and 

inappropriate antibiotic use have also been associated with increased development of 

IBD (56,58,59). Other environmental influences, such as pollutants and tobacco product 

exposure, are thought to contribute to disease development by irritating the colonic 

epithelium, which leads to ulceration and disruption of intestinal homeostasis (56,60,61). 

Interestingly, tobacco use has been identified as a risk factor in CD patients, but 

appears to be protective in UC patients. Despite this, tobacco use is still not 

recommended due to other serious health detriments (52,56,62).  

 

 Intestinal homeostasis is crucial to the normal function of the bowel, and of 

particular importance is the makeup of the gut microbiota. A healthy population of 

typical gut microbiota, such as Bacteroides, Enterococci, Lactobacilli, and 

Bifidobacterium, add a layer of protection to the host by out-competing pathogenic 

bacteria in the colonization of a normal gut (63,64). The gut microbiota also play key roles 

in nutrient absorption and metabolism, particularily in the conversion of dietary fibre into 

essential short-chain fatty acids. Gut microbiota also aid in the removal of toxic 

metabolic by-products and the metabolic breakdown of dietary lipids (63,64).  
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 Dysbiosis, a dramatic alteration of the normal microbial population in the gut, has 

previously been associated with development of IBD (56,65-67). IBD patients tend to have 

lower levels of gut Firmicutes and increased levels of Bacteroidetes, and may also have 

increased levels of pathogenic Proteobacteria. Pathogenic variants of E. coli have been 

associated with some cases of IBD, but are not necessary for disease pathogenesis 
(56,65,67). It has been noted that overall, IBD patients tend to have higher levels of aerobic 

bacteria as opposed to the normal dominance of anaerobic bacteria in the gut 

population, leading some to pose an "oxygen theory" that changes in gut oxygen status 

may favor a shift from anaerobic to aerobic bacterial populations (67). Dysbiosis has also 

been implicated in the development of colorectal cancer, with increased levels of 

Bacteroides, Fusobacterium, and Campylobacter species in CRC patients, along with 

decreased levels of Faecalibacterium and Roseburia (68). Indeed, because the majority 

of our natural microbiota reside in the colon, it is unsurprising that major changes in 

normal microbe composition easily lead to diseases such as IBD and CRC. Early 

changes in microbiota composition lead to host responses that result in altered 

metabolism, altered tissue architecture, and altered immune signaling, all of which can 

result in disease states when persistant (64).  

 

 Normal intestine has a robust mucosal defense mechanism with three 

components: pre-epithelial, epithelial and post-epithelial (69,70). The pre-epithelial barrier 

is a mucous layer composed primarily of mucins. This barrier acts as a barrier between 

host epithelial tissue and gut microflora, and acts as the primary defense against 

epithelial damage. The second barrier is the epithelial cell layer itself. The intestinal 

epithelium is composed of columnar epithelial cells tightly associated by tight junctions 

and adherens junctions. Tight junctions are composed of claudins and cytoskeletal 

actins, and adherens junctions are comprised of cadherins, a family of transmembrane 

proteins that bind intracellular catenins, which in turn bind to the actin cytoskeleton (69-

71). The last barrier layer is the lamina propria, which is located beneath the basement 

membrane and contains immune cells, including macrophages, dendritic cells, plasma 

cells, lamina propria lymphocytes and neutrophils (69-71). IBD patients have been shown 
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to have reduced mucosal barriers, allowing microbes and other irritants to breach the 

epithelial barrier and activate an immune response (69,70,72,73). IBD patients have also 

been shown to have alterations in their immune response systems which cause 

hyperactivation of the inflammatory reaction, and failure to properly restrict this reaction 

leads to disease pathogenesis (70,74,75).  

 

 Colon cancer, like IBD, shows dramatic changes in tissue architecture which 

cause changes in organ function. Early dysplastic changes in colon cancer include the 

appearance of aberrant crypt foci (abnormal clusters of small tube-like glands in the 

colonic epithelium) and polyps (tubular, tubulovillous, and villous- small projecting 

benign growths of epithelium), and generalized crypt hyperplasia. Later progression to 

adenocarcinoma appears as dense glandular tissue with highly condensed nuclei in the 

epithelial layer of the gut, while invasive carcinoma shows this dense glandular tissue 

encroaching into the mucosa and underlying muscle layers. Invasive colon carcinoma 

also often shows large necrotic bodies within the lumen of the cancerous glands as a 

defining feature (76). Development of CRC may or may not present with symptoms such 

as blood in stools, dramatic changes in bowel habits, and bowel cramps. As these 

symptoms are also common in IBD CRC screenning by endoscopy especially crucial for 

these patients (77).  

 

 Colon cancers and colorectal cancers (CRCs) are one of the leading causes of 

death in North America and Canada in particular (78-80). While IBD associated CRCs oly 

comprise 1-2% of all colon cancer cases, having IBD is one of the highest risk factors 

for developing CRC besides having family history (77,81). Colon cancer deaths account 

for 10-15% of IBD patient deaths, and therefore expanding our understanding of how 

these diseases are link in order to improve predicting and preventing CRC development 

in IBD patients is crucial (77,81). In particular, a more aggressive inflammatory course of 

disease appears to be correlated with increased likelihood of dysplastic and neoplastic 

lesion development. This appears to be due to the increased accummulation of 
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oxidative damage at inflammed sites, which in turns causes an accumulation of DNA 

damage and a high level of cancer initiating mutations in an area with high epithelial cell 

turnover (77,81-83). 

 

 Another reason that we require a more in depth understanding of IBD-related 

CRC is that IBD-CRC shows a distinctly different molecular pattern of pathogenic 

alterations leading to full CRC development. In sporadic CRC, mutations of the APC 

gene are typically the earliest initiating change, followed by chromosomal aneuploidy 

and global methylation changes, K-Ras mutations, mutations in DCC, and lastly 

mutations in p53. In IBD-CRC, these changes occur in a different order: aneuploidy, 

methylation changes, and p53 mutations are the earliest detectable changes, followed 

by mutations in DCC, then mutations in K-Ras, and mutations in APC are one of the last 

observed events in IBD-CRC (77,84,85). These major molecular differences between IBD-

CRC and sporadic CRC illustrate the need to consider these cancers as separate 

diseases which need to be treated differently in affected patients.  

 

 In terms of IBD subtypes, UC patients tend to be at an overall higher risk for 

developing IBD-CRC than CD patients. UC patients having approximately up to a 9 fold 

increased risk of CRC, or up to a 23 fold increased risk in UC patients with pancolitis 
(81). UC patients who also have primary sclerosing cholangitis (PSC), another 

inflammatory disease affecting the live bile ducts, are at a further 5 fold increased risk of 

developing CRC compared with the rest of the UC population, highlighting the 

inflammatory drivers behind IBD-CRC (81,86). While the risk of IBD-CRC in CD patients 

overall remains controversial and is though to be negligable, it has been reported that 

patients with long-standing CD may be at similar risk for CRC development as UC 

patients (81). CD patients are also at an increased risk for developing IBD-related small 

bowel cancer, with up to a 12 fold increased risk compared to the general population 
(81).  
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 Pediatric onset of IBD particularly increases risk for colonic neoplasia later in life, 

as colorectal cancer risk in IBD patients increases approximately five percent for every 

ten years a patient has had IBD, with pediatric IBD patients having an average age of 

CRC onset at 40-50 years old, compared with 60-70 years of age in the general 

population (16-19). According to Canadian Cancer Statistics, colorectal cancer is the 4th 

overall most common cancer in Canada, both in new cases per year and overall cases. 

Colorectal cancer is also the 2nd most lethal cancer in Canada (78,80). Colorectal cancer 

most commonly develops in patients over the age of 70, but can develop in pediatric 

patients as well (16). Although the predisposition to cancer has been well documented, 

the exact mechanism(s) involved are unknown.  

 

 IBD has a susceptibility locus at 3p21- the location of RASSF1A, our gene of 

interest (87). One study has identified up to 26% of ulcerative colitis patients having lost 

RASSF1A expression through promoter hypermethylation (88). These patients 

represented a small sample size of 19 UC patients undergoing routine endoscopy, with 

four females and fifteen males, with fourteen subjects under the age of 50 years and 

four subjects over the age of 50 years old. Subjects showing RASSF1A methylation 

were all under 50 years of age, and consisted of four men and one woman. One patient 

had early signs of dysplastic changes, however the other four patients appeared 

histologically normal and one patient reported a family history of IBD (88)., Loss of 

RASSF1A is well documented in a variety of cancers, including colon cancers (89-91), and 

for this reason, we chose to examine whether RASSF1A plays a role in inflammatory 

signaling, and whether RASSF1A function may provide a molecular link between 

chronic inflammatory diseases and the development of cancer. For our research, we 

used animal models of chemically-induced colitis and inflammation-associated colon 

cancer that recapitulate many of the symptoms and pathological changes seen in 

human IBD and CRC. An in depth review of several animal models of colitis and colitis-

associated CRC are presented in the next chapter, followed by an introduction to the 

complex signaling protein RASSF1A. 
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1-2 Animal Models of Inflammatory Bowel Disease and Colorectal 
Cancer 

 

 Because the etiology of IBD and inflammation driven colon cancers is not yet 

fully understood, no one in vivo or in vitro model system exactly replicates any of the 

IBD diseases. In fact, due to the variety of potential genetic influences and 

environmental pressures, one single model will likely never be able to reflect the many 

facets of IBD. However, several animal models have been in use for the last 25 years 

which appear to mirror the symptoms, the pathological manifestations, and share some 

of the molecular signaling pathways important in contributing to inflammatory bowel 

disease states. While the exact cause(s) of IBD are not fully understood, it is generally 

recognized that a complex combination of genetic, environmental, immune, and 

microbial factors are at play, and it is therefore not surprising that the three most 

commonly used animal models of IBD are genetic, environmental, and microbial in 

nature.  

 

 Although rodent models of disease are exceptionally useful and have led to 

significant advances in our understanding of a variety of pathologies, we must keep in 

mind that every model system has its limitations. While there are numerous similarities 

between mammalian model systems and human physiologies, there will also always be 

species specific differences to account for. In particular, while retaining overall similar 

gastrointestinal and immune systems to humans, mice do have several important 

differences that must be taken into account when attempting to translate lessons 

learned in mouse models to human disease (92,93). Human blood has a higher proportion 

of circulating neutrophils compared to lymphocytes, while mice have significantly higher 

proportions of circulating lymphocytes, with comparatively few neutrophils (93,94). Anti-

pathogenic peptides known as defensins are an important part of the initial innate 

immune response in both mice and humans in the GI tract and elsewhere, however, 

most defensins are produced by neutrophils in humans but by Paneth cells in mice (95). 
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Mouse neutrophils do not produce defensins at all, and while over 20 different types of 

defensins are produced by murine Paneth cells, only two are produced in the human 

equivalent (93,96,97).  

 

 Toll-like receptors, in particular TLRs 2,3,4, and 9 show different expression 

patterns in myeloid cells between humans and mice (93,98-100). Murine macrophages do 

not express CD4 or MHC class II peptides while human macrophages do, and murine T 

cells and endothelial cells also lack MHC class II expression (93,101-104). Activation of 

natural killer (NK) cells also appears to differ between the two species (92,93,105). These 

differences suggest significant differences in how mouse and human immune systems 

deal with antigen sensing (93,106,107). Several cytokine and chemokine differences also 

exist, with IFN having slightly different activating properties between species, and 

several chemokines being exclusive to either humans or mice, with no orthologous 

equivalent in the other species (93,108-111). Nevertheless, while it is important to keep 

these immunological differences in mind, mouse models of inflammatory disease have 

proved invaluable to molecular studies and therapeutic investigations.  

 

Genetic Models of IBD 

 

 There are a multitude of genetic rodent models of IBD at present, most of which 

utilize knockouts of genes known to be involved in pathogen sensing, inflammatory 

responses, immune regulation, and autophagy. It is not surprising that key molecules 

involved in inflammation and the immune response are key contributors to the 

development of overactive inflammatory disease. Knockout genetic models have been 

created in cytokines (e.g. IL-2, IL-10), in pathogen recognition receptors (e.g. NOD2, 

TLR2/4), and molecules involved in the activation of the adaptive immune response 

(e.g. TCR) (112-116). Dysfunction of these factors have been identified in IBD patients in 

GWAS as well as genetic screening studies, lending to their credence of their use as 
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animal model systems, either alone (spontaneous disease), or in combination with 

chemical or microbial models (112,113,117-119).  

 

 One of the most commonly used genetic mouse model of inflammatory bowel 

disease is the IL-10 knockout strain of mice. These mice were first described in 1993, 

and develop spontaneous colitis as early as three weeks old (120). Interleukin-10 is an 

anti-inflammatory molecule produced by Th2-type cells as well as macrophages, B-

cells, and keratinocytes, and down-regulates NFκB transcriptional activity and therefore 

restricts the inflammatory response (114,121-123). IL-10 targets macrophages to down-

regulate IL-12 production and also stimulates B-cell proliferation and antibody 

production in order to mount a humoral immune response (120,124). IL-10 had previously 

been identified as a probable factor in the pathology of IBD, as IL-10 levels are 

frequently elevated in IBD patients, and mutations in both IL-10 and the IL-10R receptor 

have been identified in IBD patients, particularly UC patients, in genome wide 

association studies (GWAS) (125-127). Additionally, IL-10 therapeutics have been 

somewhat effective in treating some IBD patients and reducing their overactive 

inflammatory response, although this effect was somewhat minimal (128-130). 

 

 IL-10-/- mice show normal B-cell and T-cell development and function with a 

normal antibody response, although they have some growth retardation and anemia 

compared to wild-type mice. Major organ systems in these mice appear to be normal 

with the exception of the GI tract and the hematopoietic organs. The IL-10-/- murine 

model most closely resembles human CD pathogenesis. Spontaneous inflammation of 

the GI tract occurs in the colon and small intestine in these animals, with areas of polyp-

like hyperplasia as well as areas of dramatic ulceration, and progresses to an advanced 

state which  is usually fatal around 30 weeks of age (120,114,124). At 3 weeks of age 

approximately 69% of IL-10-/- mice show spontaneous inflammation, and by the age of 3 

months, 100% of mice show spontaneous disease (114,123). At 3 months of age 25% of 

IL-10-/- mice also show colonic adenocarcinoma, with 60% showing adenocarcinoma 
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development by the age of 6 months (114,123). The growth retardation and anemia in 

these mice is thought to be due to an inability to properly absorb nutrients due to the 

excessive enterocolitis, and, combined with lack of proper nutrition, is thought to be the 

reason for the early mortality seen in these mice. Histological examination of the GI 

tracts of  these mice shows inflammatory infiltrates and excessive fibrosis similar to 

human IBD patients, thus making these mice a genetic model for studying IBD (120,,124). 

Interestingly, when IL-10-/- mice are raised in a germ-free environment, their 

spontaneous disease is diminished. Importantly, while a microbial trigger seems to 

worsen disease, IL-10-/- mice still develop spontaneous colitis in germ free conditions, 

highlighting that lack of IL-10 and the resulting normal immune response is the primary 

cause of disease in these mice (120,124,131). 

 

 Importantly, while IL-10 deficiency is certainly a strong driver of spontaneous 

colitis in this rodent model, there is evidence that other genetic pressures may also 

contribute to the appearance of disease in these mice. When IL-10-/- mice were 

generated on three different genetic backgrounds, differences in disease penetrance 

was seen at 3 months of age: IL-10-/- mice on the 129/SvEv background  showed the 

most severe disease with 100% of mice showing severe colitis and 67% showing 

colorectal adenocarcinoma, IL-10-/- mice on the BALB/c background had 100% of mice 

with colitis and 29% with adenocarcinoma, IL-10-/- on the (original) 129/Ola 3 C57BL/6 

background showed 100% of mice with disease and 25% with adenocarcinoma, and 

finally IL-10-/- mice on the C57BL/6 background showed the least severe disease with 

57% of mice showing spontaneous colitis and none with adenocarcinoma (123). This 

finding further illustrates the complex multi-factorial pressures that contribute to an 

environment permissive to colitis development.  

 

 IL-10-/- mice show an overactive Th1 immune response, with intestinal epithelial 

cells (IEC) recovered from these mice showing an excess of IFN-γ and IL-12 cytokines 

and an absence of IL-4, creating an over-enriched CD4+ Th1 and macrophage cell 
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population (114,122,123). As the normal function of IL-10 is to down-regulate pro-

inflammatory cytokines such as IL-1, IL-6, TNF-α, and NOS once an inflammatory 

response is no longer needed (121-123), it appears that the development of CD-like IBD in 

these mice is due to an inability to shut down pro-inflammatory signaling by the enriched 

Th1 cells and a lack of Th2 cells (114,122,123). Additionally, increased levels of IFN-γ has 

been associated with increased gut permeability or "leaky gut", so it has been 

suggested that after an initial inflammatory response is mounted in response to a 

microbial insult, IL-10-/- mice may also develop increased gut permeability as IFN-γ 

levels increase. As gut permeability increases, so too does the immune system's 

exposure to microbial insults, further perpetuating the inflammatory response and 

contributing to a pathogenic IBD phenotype (73,123,131). A similar inappropriate immune 

response to intestinal microflora has also been seen in IBD patients (72,123,132). Overall, 

the IL-10-/- mouse genetic model of IBD has been especially useful in elucidating how 

the response and regulation of the immune system contribute to the development and 

resolution of IBD. 

 

Chemical Models of IBD and CRC 

 

 In addition to the genetic pressures and predispositions that may contribute to 

the pathogenesis of IBD, there is also evidence for environmental influences. These 

may include factors such as geographic location, diet, exposure to pollutants, exposure 

to tobacco products, medications such as antibiotics and oral contraceptives, and 

general hygiene to name a few (52,55,56,133). Some environmental factors such as diet, 

hygiene, and geographic location may be linked to microbial influences, as changes in 

such factors may lead to a change or imbalance in the gut microbiota with pathogenic 

consequences. Some medications such as oral contraceptives and antibiotics may also 

alter microbial balances as a side-effect (56). Other environmental influences, such as 

pollutants and tobacco product exposure, are thought to contribute to disease 

development by irritating the colonic epithelium, which leads to ulceration and disruption 
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of intestinal homeostasis (55,56,134). Chemical models of IBD and inflammation driven 

CRC work in a similar manner, primarily by evoking an inflammatory response by 

irritating the intestinal lining with erosive chemicals.  

 

 The most common means of chemically inducing colitis in rodents is the use of 

either 2,4,6-trinitrobenzenesulfonic acid (TNBS) or dextran sodium sulfate (DSS). TNBS 

causes epithelial ulcerative and necrotic damage, production of reactive oxidative 

species (ROS), and increased epithelial permeability (117,135,136). TNBS has been 

successfully used as an acute model of colitis in mice, rats, and rabbits, all showing 

similar  symptoms and histopathology to human IBD, in particular CD (137). TNBS is 

administered by rectal injection, with doses between 0.5 and 6 mg per mouse, usually 

with a single dose being enough to induce acute local colitis. Similar to the genetic 

models of IBD, strain background differences reveal difference susceptibilities to TNBS 

treatment, with SJL/J mice showing the most severe disease, BALB/c mice showing 

disease susceptibility, and C57BL/6 mice having relative resistance and require a higher 

dosage to see colitis symptoms (138). Due to the disease severity of the TNBS model, 

TNBS is typically used as an acute model of one inflammatory event (138) although 

chronic protocols have occasionally been used as well (113,139,140).  

 

 While the initiation of TNBS induced colitis is primarily due to the erosive nature 

of the TNBS/ethanol treatment and the resulting increased epithelial permeability, 

different gut microbiota and immune responses contribute to the disease progression 
(113). For example, if protective microbes are present that produce polysaccharide A, 

such as Bacteriodes fragilis, they will induce IL-10 production and an anti-inflammatory 

response and rodents are more protected against TNBS-induced colitis (113,141). There 

has also been evidence that one of the other mechanisms by which TNBS initiates 

inflammation and colitis like symptoms is through haptenation, whereby the TNBS 

reacts with host proteins to create reactive allergenic antigens and evoke an immune 

response (137,138,142). As the hypersensitivity reaction continues, the mucosal T cells 
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appear to lose tolerance to normal mucosal antigens, further exacerbating the 

hypersensitivity immune response and furthering inflammation (119). TNBS-induced 

colitis is a cheap and easy to reproduce chemical model of colitis.  

 

 Another common model of chemically-induced colitis is the commonly used DSS 

model system. DSS is a sulfated polysaccharide irritant that initiates inflammation by 

disrupting intestinal barrier function, not only directly irritating the mucosa but also 

increasing intestinal permeability and allowing microbes to cross the epithelial barrier 
(117,143-145). The use of DSS in mice as a model for IBD was first described in 1990 by 

Okayasu et al (145) and has since become one of the most widely used model systems 

for studying the biochemical subtleties of IBD. Colitis is induced in mice by dissolving 1-

5% DSS in the sole source of rodent drinking water, and colitis-like symptoms such as 

diarrhea, rectal bleeding, weight loss and general moribund posture can be seen as 

early as day three post application (145-148). While the DSS model system has typically 

been thought to most closely resemble UC, several features of DSS induced colitis are 

also reminiscent of CD; therefore it is more accurate to describe DSS as a model of 

general IBD (113,147). Features of DSS-induced colitis that are more consistent with CD 

than UC include the cytokine profile, the appearance of patchy focal lesions, the 

appearance of colonic granulomas, and fissuring ulcers (113,147). 

 

 As with other models described above, strain variety causes differing 

susceptibilities to DSS-induced colitis, with strains on the C3H/HeJ and Swiss Webster 

backgrounds (149) being the most severe, BALB/c mice and C57BL/6 mice being 

moderately severe, and 129/SvJ or Sv/Pas strains being relatively resistant (113,145-

147,150). An acute model of intestinal inflammation using DSS is typically generated by 5-

7 days administration of DSS in drinking water and 2-7 days of recovery on regular 

drinking water, with the percentage of DSS and duration of exposure differing slightly 

between strains (145,147,148). DSS is available in a variety of molecular weights, ranging 

from approximately 5-500 000 kDa. Different molecular weights have been shown to 
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have different effects on the severity of induced colitis, with mid-range (approximately 

30 000-60 000 kDa) preparations inducing the most potent inflammatory response, and 

higher molecular weights showing no inflammatory induction. Low molecular weight 

DSS elicits a milder inflammatory colitis, and high molecular weight DSS does not 

appear to induce colitis (147,151,152). One of the most beneficial features of the DSS model 

system is the ease with which a chronic model can be adapted from the acute model, 

which more accurately represents the fluctuating nature of human disease. Okayasu et 

al. first suggested exposure to DSS for one week followed by 10 days of regular 

drinking water, repeated for five cycles (145). This protocol successfully resulted in the 

appearance of chronic intestinal inflammatory disease similar to human IBD, and other 

similar models have been developed by alternating periods of DSS exposure with 

periods of regular water for recovery (148,153-155).  

 

 The chronic DSS model of colitis is useful not only for studying chronic and 

recurring colitis, but also eventually results in inflammation-driven colonic 

carcinogenesis (145,146,154), making this an ideal model to study how inflammation can 

drive cancer development in the GI tract (113,137,148). The use of DSS alone in a chronic 

model will result in adenocarcinoma development eventually, however latency varies 

vastly between strains, and is easily affected by DSS percentage and the exposure 

protocol followed (145,146,148,156,157). Because tumor latency may be up to a year or more, 

when inflammation-driven carcinogenesis is a desired outcome, exposure to a known 

pro-carcinogen has been shown to accelerate time to tumor appearance as well as the 

number of lesions observed (146,148,156-158) The most commonly used carcinogen is 

azoxymethane (AOM), a metabolite of dimethylhydrazine (DMH) (another carcinogen 

used to induce colonic tumors), which is administered to the mice by IP injection at a 

dosage of 6-12 mg/kg (156). A single injection of AOM is sufficient to accelerate 

tumorigenesis if administered prior to DSS exposure, and multiple injections of AOM do 

not appear to accelerate this effect (156-158). AOM injection alone does not appear to 

generate significant colonic tumors when not followed with DSS treatment (157). It has 

been shown that the active NFκB activity promoted by the DSS-induced inflammation 
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directly contributes to the development of CRC in the presence of AOM (156,159). This has 

been successfully demonstrated to driven malignancy in a variety of wild type and 

genetic knockout animals. 

 

 DSS induced inflammation results in colonic ulceration, loss of goblet cells, 

infiltration of inflammatory cells into the lamina propria, and destruction of tissue crypt 

structure (145,147,148). Inflammatory changes can be seen as early as Day 1 post DSS 

administration, with the loss of epithelial tight junctions and integrin expression as well 

as induction of pro-inflammatory cytokines (148,151,160,161). As the epithelial barrier is 

destroyed, disease pathogenesis appears to be exacerbated by potential imbalances 

between apoptosis and proliferation, which can in turn increase epithelial layer 

permeability and allow further microbes to cross the gut barrier (3,147,162). A recent study 

by Laroui et al. (163) demonstrated that DSS reacts with medium-chain- length fatty acids 

to form vesicles capable of fusing with colonic epithelial cells. A high fat diet increased 

the amount of medium-chain-length fatty acids available to form this DSS vesicle 

complex, illustrating that a high fat diet could aggravate the severity of DSS-induced 

colitis (163).  

 

 Both Th1 and Th2 cytokine profiles have been associated with DSS-induced 

inflammation (155). Typically, acute DSS-inflammation is dominated by Th1-type 

cytokines (e.g. IL-1, IL-2, IL-12, IL-18, IFN-γ, TNF-α), moving toward more Th2 cytokine 

expression (e.g. IL-4, IL-5, IL-6, IL-10, IL-13, GM-CSF) as the condition becomes more 

chronic, although maintaining some Th1 cytokine expression (147,148,155,164). While 

adaptive immune T and B cells have been shown to be dispensable for the 

development of DSS-induced colitis (165-167), new research highlights that the adaptive 

immune response, and T cells in particular, may play an important role in how DSS-

induced colitis progresses, giving further relevance to the DSS system as a model for 

human IBD (147,168-170).  
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 AOM requires metabolic activation prior to becoming actively carcinogenic. AOM 

is metabolically activated through hydroxylation (171-173), to produce its reactive 

metabolite, methylazoxymethanol (MAM), which is capable of methylating guanine to 

create mutagenic DNA adducts, and alkylating other molecules in the GI tract (156,171-174). 

This metabolic activation has been shown to be primarily undertaken by cytochrome 

P450 enzymes such as CYP2E1, however, recent studies have implicated that other 

enzymes are also likely involved in the metabolism and activation of AOM (172,174,175). 

AOM/DSS inflammation driven colon carcinogenesis pathologically resembles human 

CRC development with frequent K-ras mutations, mutations in β-catenin signaling 

molecules, cyclin D1 dysregulation, and c-MYC dysregulation. Unlike sporadic CRC, 

AOM/DSS mice rarely show APC or p53 mutations (156,175-178). Dysplasia progression is 

similar to human colorectal tumor development, progressing through aberrant crypt foci 

to microadenomas, tubular adenomas, and finally full invasive carcinomas (156,179). 

Additionally, tumors from mice exposed to AOM/DSS also show similar changes in the 

methylation status of many genes shown to be aberrantly methylated in human CRC 
(156,178,180-183).  

 

 Overall, the ease, versatility, and reproducibility of chemically induced models of 

colitis have made them a favorite among researchers. The acute and chronic DSS 

models in particular provide an excellent comparative model against which to further 

examine the effects of genetic and microbial factors.Chemical models of colitis are  

however limited in recapitulating human disease, as the primary mode of colitis 

induction is via direct epithelial injury. For this reason, chemically-induced models of 

colitis are considered to primarily model the wound repair response and inflammation 

resulting from epithelial injury. and will not fully model all aspects of human IBD. 
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Microbial Models of IBD 

 

 A complication that has been observed in all currently used mouse models of IBD 

is that inflammatory severity appears to be tied to microbial influences. Strain 

backgrounds have been noted to have differing penetrance to all IBD models, and while 

this is partially a genetic influence, it has also been shown that differing microbiota 

profiles between strains contribute as well (51,134,149,184,185). Other evidence for the strong 

microbial pressures driving murine IBD can be seen in fecal transplant models, whereby 

exposure to feces/microbiota from sick mice transmits disease and/or exposure to 

feces/microbiota from healthy mice can cure sick mice (51,186). Additionally, prebiotic 

(promoting the growth of healthy gut microbiota) and probiotic (live dietary 

microorganisms providing health benefits) therapies aimed at shifting gut microflora 

from a "pathogenic" state to a "healthy" or homeostatic state have also proved effective 
(187-192). Likewise, in human IBD, there have been many documented cases of traditional 

and opportunistic pathogen contribution to enteric infection and development of IBD (193-

195).  

 

 Two microbial models of IBD used in mice are infection with Gram-negative 

bacteria: Citrobacter rodentium (formerly freundii), or infection with Salmonella 

typhimurium (196-200). Interestingly, infection of mice with Salmonella was successful in 

eliciting inflammatory disease only if the normal microbiota of the mice was first 

disrupted by pre-treatment with antibiotics, allowing the Salmonella to colonize the 

microbial cleared gut (196,201-204). The Salmonella also need to exhibit pathogenic 

features in order to successfully colonize and infect mice: bacteria lacking a flagellum 

were unable to infect mice and create an inflammatory response (196,199). In humans, 

Salmonella infection is more commonly associated with acute self-limiting enterocolitis 

rather than IBD, although an increased risk for developing IBD has been connected to 

Salmonella infection (196,200). Because there is no direct implication of Salmonella in the 
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development of IBD, the Salmonella infection model is more useful for studying the 

effects of rapid onset pathogenic infections on gut physiology (196).  

 

 Oral infection of mice with Citrobacter rodentium has been reported to result in 

inflammation-related colonic hyperplasia and a Th1 immune response (198,205-208). C. 

rodentium are inoculated into mice via oral gavage and rectal swabbed prior to 

inoculation and throughout the experiment to monitor infection. C. rodentium infection in 

mice closely resembles pathogenic Escherichia coli (EHEC and EPEC) infection in 

humans, with bacteria secreting a peptide called Tir (intimin) which allows adhesion to 

the host epithelial surface through the creation of attaching and effacing lesions 
(196,197,205,207). The creation of attaching and effacing lesions involves destruction of the 

surface microvilli insertion of the Tir protein into the host epithelial cell and subsequent 

cytoskeletal rearrangements (197,205,207). E. coli infection has been associated in some 

cases of IBD, and the molecular mechanisms underlying the C. rodentium model mirror 

those seen in human IBD (197,205,209). Post-infection, colitis like symptoms such as 

diarrhea, rectal bleeding, and weight loss, can be seen in mice within several days, and 

histological evidence of inflammation such as inflammatory cell infiltrates, crypt 

destruction, and significant crypt hyperplasia are present (197,205,205).  

 

 In a similar manner to other rodent models of IBD, there are strain penetrance 

differences, with Swiss Webster mice showing infection and hyperplasia but little 

accompanying inflammation, and other strains showing significant inflammatory 

changes (198,208,210-212). C. rodentium also elicits an NFκB pro-inflammatory response, 

with sustained elevated activation of NFκB throughout infection (198,206). Not surprisingly, 

TLR4, a pathogen sensing receptor that is activated by LPS secreted by Gram-negative 

bacteria, and MyD88, an adaptor protein that activates NFκB upon TLR4 activation, 

have shown to be important in the induction of an inflammatory response in the C. 

rodentium model (198,213,214). Similar to the DSS model, infection with C. rodentium has 

also been shown to cause increased gut permeability and disruption of tight junctions, 
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further perpetuating the inflammatory response and likely contributing to the extreme 

diarrhea often seen in infected mice (198,215-217). An important difference that is seen in 

the C. rodentium model in comparison to the DSS model of colitis is that due to the 

inflammatory cause being primarily bacterial, an adaptive immune response with T and 

B cell involvement is crucial in C. rodentium pathogenesis. Infection by C. rodentium to 

mice deficient in T or B cells is therefore fatal, highlighting the importance of the 

adaptive immune response in the C. rodentium model (198,218-220). The Citrobacter 

rodentium model is an easy to use system that is excellent for studying host responses 

to pathogenic bacteria and the contribution of these bacteria to the development of 

colitis. 

 

 For our research, we elected to use the DSS model of colitis in order to study 

whether the signaling protein RASSF1A played any part in regulating intestinal 

inflammation. Furthermore, as RASSF1A is a known tumor suppressor protein 

frequently lost via epigenetic promoter hypermethylation in cancers, we also utilized the 

AOM/DSS model of inflammation-driven carcinogenesis in order to determine if and 

how RASSF1A may provide a molecular link between chronic inflammatory disease and 

the development of cancer. The next chapter provides an in depth summary of our 

current understanding of the many functions of RASSF1A. 
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1-3 RASSF1A: A Complex Signaling Molecule 
 

Disclaimer: The reviews in this chapter has been previously published elsewhere as 

"Gordon M and Baksh S, RASSF1A: Not a prototypical Ras effector, Small GTPases 

(2011, Jan); 2(3):148-157" (1) and "Gordon M., El-Kalla M., and Baksh S., RASSF1 

Polymorphisms in Cancer, Molecular Biology International. (2012, Jan), 1-12" (2). 

 

"RASSF1A: Not a prototypical Ras effector"(1) 

 

A Short History of Ras Signaling 

 

 The Ras superfamily of proteins contains over 100 members that are GTP-

regulated molecular switches for signaling pathways involving cellular processes as 

diverse as proliferation, migration, cell death and differentiation. The Ras signaling 

pathway has been the subject of intense investigation since it was first characterized in 

1993 (221). Shortly after this discovery it was determined that this pathway is highly 

conserved in Drosophila, S. cerevisiae and C. elegans. Three main Ras GTPase 

isoforms exist in mammals that are commonly targeted for germline mutations in several 

cancers: H-, N-, K-Ras (isoforms 4A and 4B). Other prominent members of the Ras 

GTPase superfamily include Rap1 (involved in integrin signaling), Rho (involved in 

neuronal signaling) and the Rac family of GTPases (the latter of which have additional 

roles in cytoskeleton reorganization) (222). Activating mutations in the Ras oncogenes 

account for about 30% of germ-line mutations in human cancers. In addition, it is known 

that abnormal Ras signaling, resulting from genetic changes in Ras oncogenes and Ras 

upstream activators or downstream effectors, can contribute to the origin of about 70% 

of all human cancers. Therefore, an understanding of Ras signaling is of vital 

importance to the origin of cancer and in designing new targets for treating human 

malignancies. 



 
 

26 
 

 

 Ras proteins are strategically positioned at the inner surface of the plasma 

membrane, at the endoplasmic reticulum (ER) and there is recent evidence for Ras 

activation at the Golgi complex (222). It is now well established that membrane 

association of Ras is a requirement for its biological activity regulated by membrane 

proximal events involving the molecular switch of Ras-GDP to Ras-GTP (Figure 1.2). 

Extracellular signals promote the GTP loading of Ras2 by recruiting and activating the 

Ras guanine exchange factors (GEFs). Reversal of Ras activation is achieved by the 

actions of the Ras GTPase activating proteins (GAPs). GTP-Ras undergoes a 

conformational change in switch regions I and II in order to promote the association of 

downstream effectors (222). Growth factor receptors such as the prototypical epidermal 

growth factor function primarily to promote this conformational change in Ras in order to 

initiate a signal cascade to the cytoplasm and eventually to the nucleus. 

 

 Growth factor stimulation results in the auto-phosphorylation of the cytoplasmic 

domain of these receptors that functions to prime the recruitment of signaling molecules 

SHC, Grb2 and the GEF SOS (Figure 1.2). SOS functions to switch Ras-GDP to Ras-

GTP and activated Ras can in turn activate the serine/threonine kinase, Raf, the first 

characterized downstream effector of Ras. Raf then activates downstream kinases such 

as the mitogen activated kinase kinase kinase (MAPKKK) to continue the signal 

cascade to mitogen activated kinase kinases (MEK1 and MEK2) and then to the MAP 

kinases, extracellular regulated kinases (p44/ERK 1 and p42/ERK2). ERKs then 

translocate to the nucleus to activate transcription factors such as ELK-1 allowing them 

to acquire DNA binding competency. Once activated, ELK-1 can drive transcription of 

genes important to growth and proliferation. Collectively, the components above are 

part of the well studied Ras-Raf-MAPK pathway, a highly conserved universal growth 

signaling pathway.  
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The RAS opathies: diseases resulting from abnormal Ras signaling. 

 

 The Ras-Raf-MAPK pathway functions as one of the main effector pathways of 

Ras to regulate growth. As such, this pathway is also one of the primary targets for 

genetic changes resulting in the RASopathies, syndromes caused by abnormal Ras 

signaling (222-224).These syndromes are well characterized as melanomas (B-Raf 

mutations and loss of RASSF1A expression), lung and pancreatic cancers (mutations in 

K-Ras and loss of RASSF1A expression), Noonan syndrome (mutations in PTPN11, K-

Ras, SOS and Raf-1), LEOPARD syndrome (a syndrome similar to Noonan syndrome 

having mutations in PTPN11 and Raf-1), neurofibromatosis (NF) type 1 (mutations in 

the NF1, a Ras-GAP), Costello syndrome (mutations in H-Ras) to mention a few (223,224). 

PTPN11 encodes the non-receptor protein tyrosine phosphatase SHP-2, a phosphatase 

that is required for activation of Ras and other signaling cascades such as the Jak/Stat 

and insulin receptor pathways (225).  

 

 Mutations in H-Ras and N-Ras are also very prevalent in numerous human 

cancers that can effectively promote uncontrolled Ras-dependent activation. As such, 

there has been and continues to be considerable interest in searching for a “drugable” 

target within the Ras-Raf-MAPK pathway that may suppress or inhibit the growth 

promoting effects of these mutations. To date, most efforts have failed to specifically 

target this pathway without toxic side effects. The major limiting factor has been target 

specificity for the tumor cell while avoiding inhibiting a functional Ras-Raf-MAPK 

pathway in surrounding normal cells. Ras function is complicated in that it is involved in 

numerous biological processes; regulated by multiple growth factors, GEFs and GAPs; 

activated in different membrane compartments (plasma membrane, ER, Golgi complex) 

and by multiple isoforms of Raf, MEK and ERK leading to the activation of numerous 

transcription factors. The combined permutations of these variables produce very 

distinct Ras signaling pathways that, if dysregulated, can result in the occurrence of the 

RASopathies (Figure 1.2). 
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Ras and Apoptosis: An Unresolved Debate 

 

 There is no debate as to the significant role that Ras plays in growth control and 

proliferation and how this is important for the appearance of malignancy. It is well 

documented that sustained activation of active Ras is required for tumor development 

and for tumor cells to avoid apoptosis (226). Over-expression studies, the presence of 

Ras mutations and mouse genetic knockouts of Ras family members have all proven 

that Ras has a robust role in growth control. However, considerable debate remains as 

to the importance of Ras in cell death or apoptosis, a concept that is counter-intuitive to 

its role in promoting cellular growth. It has been reported that, depending on the cell 

type and environment, Ras can be anti-apoptotic or pro-apoptotic. There is speculation 

that in normal cells Ras may be up-regulated to promote protective pro-apoptotic 

responses in order to prevent tumorigenesis. Ras can mediate an anti-apoptotic effect 

by the activation of phosphatidylinositol 3-kinase (PI3K) and AKT/PKB that will in turn 

phosphorylate BAD and sequester BAD to 14-3-3. Bad is a pro-apoptotic member of the 

Bcl-2 family of apoptotic regulators. This event will relieve the BAD inhibition of Bcl2 or 

Bcl-xL resulting in an anti-apoptotic response (227,228). In addition, the activation of 

AKT/PKB can also phosphorylate IκBα kinase (IKK) and subsequently activate NFκB to 

promote survival. This is mainly carried out by promoting the transcription of anti-

apoptotic proteins such as inhibitors of apoptosis (IAPs). Therefore, AKT/PKB and 

NFκB pathways activated by Ras will promote survival and thus provides examples of 

how Ras can intersect with signaling pathways to provide an anti-apoptotic role. 

 

 Several reports suggest that upon growth factor withdrawal Ras can promote 

apoptosis via a Ras/Raf/MEK/ERK pathway (228). This has been observed for IL-3 

withdrawal in the pro-B cell BaF3 (229) and serum rich media withdrawal in 3Y1 rat 

fibroblasts (230). Furthermore, in T-lymphocytes, IL-2 or antigen receptor stimulation can 

activate Ras and drive cellular proliferation. However, if proper co-receptor stimulation 
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does not occur, Ras activation can lead to apoptosis (231). Furthermore, over-expression 

of activated Ras in T-cells can lead to increased expression of Fas ligand and increased 

cell death most likely via autocrine stimulation of Fas ligand (227,232). Thus, both 

excessive Ras activation and growth factor withdrawal can promote cell death in a Ras 

dependent manner. This may suggest that under conditions of abnormal homoeostasis, 

Ras functions in a “protective” manner to remove the cell by apoptosis in order to 

prevent the inheritance of abnormality. These examples illustrate the controversial 

nature of the influence of Ras signaling on apoptosis and how little is known about the 

molecular mechanisms that link Ras to cell death. 

 

 The RASSF family of proteins brought excitement to an aspect of Ras signaling 

that needed some answers, that is, the role of Ras in apoptosis. As mentioned earlier, 

the RASSF family of proteins have an RA domain that can potentially associate with 

Ras. However, unlike most Ras effectors, the RASSF family of proteins lack catalytic 

activity and function as adaptor proteins that can regulate multiple signaling pathways 

including two (and maybe more) apoptotic signaling pathways. The association of Ras 

with RASSF family of proteins suggested that we had finally found a Ras effector that 

required Ras association in order to promote apoptosis. Ten family members exist that 

contain an RA within the N-terminal (RASSF7–10) or C-terminal region (RASSF1–6) of 

the primary sequence (233,234). RASSF5A was initially named novel Ras effector 1 

(NORE1) and RASSF5B is a splice variant of RASSF5 that was independently identified 

as RAPL, regulator of adhesion and polarization enriched in lymphocytes (235). RASSF9 

was originally named P-CIP1, petidylglycine α-amidating monooxygenase (PAM) C-

terminal interactor 1 as it associated with the C-terminus of PAM.  

 

 Reports from numerous laboratories suggest that the RA domain may not be 

utilized equally by all RASSF family members. We have summarized the Ras 

association studies with RASSF family members in Table 1.1. What is revealing is that 

there are contradictory reports of Ras association with RASSF1A. If this association 
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does occur it is with active K-Ras indirectly through heterodimerization with RASSF5A 
(236). We have not observed RASSF1A association with N-, H-, K- or R-Ras association 

either with wild type or active mutants of these Ras proteins (unpublished observations). 

We support the studies by Ortiz-Vega et al. (2002) (236) suggesting that Ras association 

with RASSF1A is indirect and weak. In contrast, convincing data does exist for the 

ability of RASSF2, 4, 5 and 6 to associate with the active forms of H-Ras and K-Ras 

(Table 1.1) (237). For these associations, Ras proteins aid in the ability of the RASSF 

proteins to induce cell death, reduce colony formation (and thus growth stimulating 

potential) and reduce tumor formation in nude mice. RASSF9 is the only N-terminal 

RASSF family member that has been shown to associate with N-Ras, K-Ras and R-Ras 

by co-immunoprecipitation experiments (237). The ability of the other N-terminal RASSF 

members to associate with Ras has yet to be tested. 
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RASSF1A: A complex tumor suppressor regulating apoptosis and cell cycle 
control. 

 

 RASSF1A, the founding member of this family, has now been shown to be one of 

the most methylated genes in human cancers. Not only is it commonly silenced, but it is 

thought to be one of the earliest detectable changes in tumorigenesis (90,238). RASSF1A 

contains several domains within its primary sequence that may be important for its role 

as a tumor suppressor protein (Figure 1.3). Some of these have been characterized and 

demonstrated to be important for death receptor association (the C1 zinc finger domain) 
(239), DNA damage repair of double strand breaks (the ATM phosphorylation site) (240) 

and for association with pro-apoptotic kinases MST1 and MST2 (the SARAH domain) 
(241). Although important for death receptor association, it is unclear if the potential 

diacylglycerol (DAG) C1 domain may play a role in membrane lipid binding similar to 

how the C1 domain of protein kinase C binds to membrane lipids. No function has been 

assigned to the potential SH3 binding PxxP motif on RASSF1A (Figure 1.3). 

 

 The NMR solution structure of RASSF5A/Nore1A revealed a surprising 

intramolecular association between the C1 domain of RASSF5A and the RA (242). 

Interestingly, Ras can disrupt this association and promote a more “open” conformation 

of RASSF5A (242). We have modeled the C1 domain of RASSF1A based on the NMR 

structure of RASSF5A and found surprising similarity between the two (239). RASSF5A, 

the closest family member, has 60% amino acid identity to RASSF1A (234). We 

speculate that the C1 domain of RASSF1A may associate with the RA of RASSF1A in 

an intramolecular complex. However, since RASSF1A binds very weakly to Ras, we 

hypothesize that the RA of RASSF1A may associate with a yet unknown GTPase that 

may, in a similar manner to RASSF5A, displace the C1 domain to aid in further 

downstream signaling. 
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 What is known about the RA of RASSF5A is that it is not sufficient to promote 

Ras association but may require an extended region spanning amino acids 203–219 on 

RASSF5A (243). Furthermore, RASSF5A requires part of the switch region II of Ras in 

order to have maximal association with Ras in contrast to most Ras effectors that 

require only switch region I. Stieglitz et al. (2008) (243) have elegantly worked out the 

kinetic parameters of the Ras/RASSF5A association to show that Ras stays bound to 

RASSF5A for 10 seconds versus 60–250 milliseconds for Ras/PI3K or Ras/Raf 

associations. In addition, the Ras/RASSF5A RA complex has a surface area of contact 

at 1,546 2 versus 1,331 2 for Ras/Raf RBD and the Ras/RASSF1A complex had an 

association constant 33 times weaker than that of Ras/RASSF5A. These structural 

studies provide evidence for bona fide Ras association with some family members. 

Again, RASSF1A does not associate to classical Ras GTPases and any associations 

with Ras are indirect and most likely mediated through heterodimerization with 

RASSF5A, the only RASSF family member that can heterodimerize with RASSF1A (236). 
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The RASSF apoptotic signaling pathways: keys to tumor suppressor function. 

 

 As mentioned earlier, considerable excitement was generated when the RASSF 

family of proteins was first identified. RASSF5A demonstrated robust associations with 

Ras (236), the ability to promote apoptosis in the presence of active Ras (244) and the 

ability to reduce the transforming ability of Ras in a mouse xenograft model (245). 

Apoptotic function of RASSF2 and RASSF6 were also demonstrated to be augmented 

in the presence of active Ras, reinforcing the importance of the RASSF family in linking 

Ras signaling to apoptosis. RASSF1A, however, does not appear to strongly associate 

with Ras to promote apoptosis, suggesting that it no longer requires Ras and may utilize 

an as yet unidentified GTPase in order to promote apoptosis. 

 

 The majority of the pro-apoptotic function of RASSF5A is through the 

associations with mammalian sterile 20-like kinases, MST1 and MST2 (Figure 1.2). 

MST is a cytosolic class II germinal center serine/threonine kinase that shows similarity 

to MAPKK and can be activated by both intrinsic and extrinsic stimuli. MST1 and MST2 

share 76% sequence identity and contain an N-terminal catalytic domain followed by an 

autoinhibitory segment and a coiled-coil Salvador/Rassf1a/Hippo (SARAH) domain that 

mediates hetero- and homo-dimerization (246,247). Both MST1 and MST2 have been 

shown to undergo a caspase-3 (at DEMD326 of MST1) and caspase 6/7 (at TMTD349 

of MST1) dependent cleavage following apoptotic stimulation (248). This results in an 

enhanced kinase activity and ability to translocate to the nucleus in order to 

phosphorylate histone H2B at serine-14. This phosphorylation event functions to 

possibly target H2B for endonuclease attack, promoting DNA fragmentation and 

subsequent cell death (249).  

 

 Regulating the activity of MST1/2 are a limited number of non-catalytic adapter 

proteins including RASSF family members that can associate through their SARAH 
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domain (248,250). Although important for associations with MST1/2, the SARAH domain of 

RASSF5A was demonstrated by Aoyama et al. (2004) (251) to be dispensable for its 

growth suppressive properties in A549 lung cancer cells. Therefore, it remains to be 

determined if MST1/2 are the only downstream effectors of the Ras/RASSF5A signaling 

pathway linked to the SARAH domain. 

 

 Similar to RASSF5A, RASSF1A can utilize its SARAH domain to associate with 

and activate both MST1 and MST2 in order to drive apoptosis and subsequent 

translocation of MST1 and MST2 to the nucleus (241,250). It has been demonstrated that 

recombinant RASSF1A can inhibit the kinase activity of MST1 whereas over-expressed 

RASSF1A can activate MST1 in response to Fas/FasL stimulation (252) suggesting that 

the in vivo regulation of MST1 by RASSF1A involves more than the simple association 

of the two proteins. RASSF2 (236) and RASSF6 (253) can also form a complex with 

MST1/2 in order to activate the kinase activity of MST1/2. RASSF3 (248) was found to 

associate with MST in a yeast two hybrid screen suggesting that several RASSF family 

members may be physiological binding partners to MST1 and MST2. Curiously, the 

SARAH domain is absent from N-terminal RASSF family members suggesting that they 

may have lost the ability to associate with MST1/2 and instead most likely associate 

with a unique spectrum of interacting proteins. Furthermore, it is uncertain if MST1 and 

MST2 associate with RASSF family members while they are associated with the 

microtubular network. In summary, the RASSF/MST associations function to regulate 

MST catalytic activity in vivo and may direct MST to sites of activation and promote 

associations with endogenous substrates in order to induce apoptosis. 

 

 In addition to their roles in cell death, MST1 and MST2 have recently been 

shown to be involved in several aspects of biology ranging from regulation of organ size 

via Yes-associated protein (YAP) (254), modulating hypertrophic responses in both 

cardiomyocytes and fibroblast cells of the heart (255) and regulation of actin cytoskeleton 

integrity by the activation of the JNK pathway (256). Furthermore, MST1/2 can be 
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activated by death receptor stimulation, IGF/AKT stimulation (257) and non-

physiologically with okadiac acid (248). Recently, the Mst1-/-Mst2-/- double knockout 

mouse was generated (258) that revealed that single loss of either gene was well 

tolerated and normal organ development was observed. However, the loss of both 

MST1 and MST2 resulted in the in utero death at approximately embryonic day 8.5. The 

Mst1-/-Mst2-/- embryos exhibited severe growth retardation, failed placental 

development, impaired yolk sac/embryo vascular patterning and primitive 

hematopoiesis, increased apoptosis in placentas and embryos and disorganized 

proliferating cells in the embryo proper (258). These findings indicate the essential roles 

for these two sterile 20-kinases in early mouse development, cell proliferation and 

survival. Recently, van der Weyden et al. demonstrated that the combined loss of 

Rassf1a and Runx2 promoted the formation of oncogenic YAP1/TEAD transcriptional 

complexes to promote tumorigenesis, highlighting a previously unknown role for 

RASSF1A in regulating YAP signaling pathways (259). 

 

 We have also defined some of the molecular mechanisms of apoptotic regulation 

by RASSF1A that is MST-independent (239,260,261). Ectopic expression of RASSF1A (and 

not RASSF5A) enhanced death receptor-evoked apoptosis stimulated by TNF-α and 

TRAIL (239). In contrast, knockdown (by RNA interference) or knockout cells to either 

RASSF1A or modulator of apoptosis-1 (MOAP-1, a downstream target to RASSF1A) 

have significantly reduced caspase activity, defective cytochrome c release, BAX 

translocation and impaired death receptor dependent apoptosis (260). Intrinsic pathway 

dependent cell death does not rely on death receptor stimulation but can promote 

increased mitochondrial permeability, enhanced cytochrome c release and subsequent 

cell death. This pathway does not appear to be significantly lost in Rassf1a-/- cells and is 

reduced in Moap-1-/- cells (unpublished observations). Our current model of RASSF1A 

mediated cell death in described in Figure 1.4.  
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 Death receptor stimulation primarily drives the activation of RASSF1A to complex 

with TNFR1/MOAP-1 at membrane proximal sites. This allows RASSF1A to expose the 

BH3-like domain of MOAP-1 to associate with and conformationally change BAX in 

order to drive BAX activation and localization to the mitochondrial membrane (239,261). 

BAX can then proceed to promote cytochrome c release, activation, nuclear and 

cytoplasmic breakdown resulting in the demise of the cell (260). Consistent with our 

model, the absence of MOAP-1 in H1299 non-small cell lung cancer cells resulted in the 

inability of RASSF1A to associate with TNF-R1 but association returned once MOAP-1 

expression is re-established (239). Importantly, robust RASSF1A/MOAP-1 association 

does not require the presence of active K-Ras contrary to what was observed by Vos et 

al. (262). We currently do not have an explanation for this but have observed 

RASSF1A/MOAP-1 associations in several cell types (including the ones utilized by Vos 

et al. [2006] (262)) without the need to over-express K-Ras or other GTPases. Reduced 

antibody efficiencies for the immunoprecipitations may explain these differences in 

addition to clonal differences in the cell type utilized. We believe that RASSF1A/MOAP-

1 interactions are highly dynamic associations that are dependent on death receptor 

activation (260) and the ability of RASSF1A to promote apoptosis is dependent on the 

presence of MOAP-1. 

 

 More recently, additional roles for RASSF1A have been revealed. Jung et al. 

revealed an additional mechanism whereby RASSF1A can regulate microtubule 

stability, showing that RASSF1A suppresses the tubulin deacetylase histone 

deacetylase 6, and loss of this suppressive action resulted in increased cell motility (263). 

Additionally, Verma et al. showed that RASSF1A interacts with Rap1A in order to 

regulate microtubule dynamics (255).  

 

 A particular role for RASSF1A in regulating cardiac stress has also emerged in 

recent years. When Rassf1a-/- mice were subjected to cardiac pressure overload they 

developed enlarged hearts as well as enlarged cardiac myocytes (264). Over-expression 
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of RASSF1A in cardiac myocytes inhibited this growth by promoting apoptosis. 

Alternatively, in cardiac fibroblasts, RASSF1A restricted NFκB activity, highlighting the 

importance of RASSF1A in regulating a variety of cardiac functions (255).  

 

  



41

 



 
 

42 
 

Regulation of RASSF1A 

 

 The pro-apoptotic function of RASSF1A can be regulated on many levels. (1) 

Basal inactivation of RASSF1A is achieved by RASSF1A self association (239,261), and 

via 14-3-3 interactions (to isoforms σ and ϵ) at serine 175/178/179 of RASSF1A (261), (2) 

TNF-α stimulation functions to promote MOAP-1 recruitment to TNF-R1, disrupt 

RASSF1A self association and association with 14-3-3 and promote the recruitment of 

RASSF1A to TNF-R1/MOAP-1 (239,260). As previously mentioned, if MOAP-1 is absent 

RASSF1A does not associate with TNF-R1; and lastly, (3) the possible re-association 

with 14-3-3 may occur in order to prevent continued stimulation of this cell death 

pathway (unpublished results and see Figure 1.4). The 14-3-3 family of proteins function 

as molecular scaffolds to restrict the localization, stability and/or molecular interactions 

of their target proteins such as BAD, BAX and apoptosis signal regulated kinase (ASK) 

1 (265). In addition, both c-Raf and Raf-1/B-Raf can also be modulated by 14-3-3 

associations (266,267). 14-3-3 recognizes the phosphorylated serines at residues 175, 178 

and 179 on RASSF1A. Mutation of these residues resulted in increased basal cell death 

in H1299 cells providing evidence that associations with 14-3-3 are important to provide 

basal inhibition of TNF-α-dependent cell death linked to RASSF1A (261).  

 

 We further demonstrated that basal phosphorylation of RASSF1A is carried out 

by the canonical WNT signaling pathway multifunctional serine/threonine kinase, GSK-

3β. This adds an interesting dimension to the regulation of RASSF1A with links to the 

WNT/β-catenin signaling pathways, an important pathway in neuronal development, 

embryogenesis and cancer (268). What drives GSK-3β phosphorylation of serine 175 and 

possibly serine 178/179 of RASSF1A is an interesting question. In addition to GSK-3β, 

RASSF1A can also be regulated by phosphorylation by ATM (240), PKC (269) and the cell 

cycle kinases (Aurora kinases) (270). These phosphorylations have been demonstrated 

to be important for the biology of RASSF1A with respect to cell cycle control and DNA 

damage response (240). Continued analyses of the role these phosphorylation events 
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play in the biology of RASSF1A will yield a wealth of information of how the tumor 

suppressor properties of RASSF1A are regulated. 

 

 It was recently shown that the RASSF1A promoter has a p53 binding site 

upstream from the ATG transcription start codon, and that p53 was able to bind to the 

RASSF1A promoter and inhibit RASSF1A expression via promoter methylation (271). p53 

binds to the RASSF1A promoter, recruits DAXX and DNMT1, and inactivates RASSF1A 

by inducing promoter methylation (272). Finally, an emerging field of RASSF1A regulation 

is through microRNA regulation. miR-7 and miR-218 have been shown to epigenetically 

regulate RASSF1A, while miR-602 has been shown to directly down-regulate RASSF1A 

expression (273,274).   

 

RASSF1A Polymorphisms: Key to Unknown Functions 

 

 Somatic mutations of RASSF1A are uncommon but several somatic 

polymorphisms have been detected in tumors (mainly lung, breast, kidney and 

nasopharyngeal carcinomas) and in a few cell lines (275) that can be mapped to these 

functional domains (Figure 1.3). The population distribution and significance of these 

alterations in tumorigenesis remains to be determined. Two RASSF1A polymorphisms 

have been demonstrated to lose microtubule association (C65R and R257Q) (276,277) and 

two failed to induce cell cycle arrest by inhibiting cyclin D1 accumulation (A133S and 

S131F) (278). The ATM site polymorphisms, especially A133S is the most common 

RASSF1A polymorphism identified to date with two others also indentified to this region- 

a S131F and I135T change. Recently, it was demonstrated that S131 of the ATM site 

can be phosphorylated upon gamma radiation and phosphorylation of S131 is required 

to signal to p73, induce cell death and suppress colony formation (240,278). The 

importance of these changes within the ATM phosphorylation site of RASSF1A is not 

currently known but we speculate that these changes may perturb the tumor suppressor 
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properties of RASSF1A. As such, patients harboring the ATM site polymorphisms to 

RASSF1A may be resistant to radiation based chemotherapy. If this is true, one must 

not only determine if RASSF1A is present in cancer patients but if they have a 

polymorphic form of RASSF1A. 

 

 We have also characterized the importance of several polymorphisms in 

modulating the stability of tubulin and RASSF1A tumor suppressor function—C65R, 

E246K and A133S (277). Interestingly, the C65R polymorphism acquires a nuclear 

localization and does not have the ability to promote cell death (unpublished 

observations). The majority of the other polymorphisms of RASSF1A localize to 

microtubules in a similar manner to wild type RASSF1A (unpublished observations and 
(256)). In addition, we have preliminary evidence from a mouse xenograft assay to 

suggest that the SARAH domain polymorphisms (A33T and Y325C) and RA localized 

polymorphisms (V211A and R257Q) are transforming, suggesting that functional 

SARAH and RA domains are required for the tumor suppressor function of RASSF1A 

(unpublished observations). The biological role of these alterations in tumorigenesis 

remains to be determined and a detailed analysis of the role of RASSF1A 

polymorphisms to the biology of RASSF1A is warranted. 

 

Other Roles for RASSF Family of Proteins 

 

 Regulating cell death and cellular proliferation are common themes for the 

RASSF family of proteins. These functions have been well documented, interacting 

partners are being identified, and the importance of Ras binding for their function is 

becoming clearer. As we gain more knowledge of the biology of the RASSF family of 

proteins, we are beginning to realize that their role stretches beyond cell death and cell 

cycle regulation. RASSF1A has been demonstrated to be involved in the recovery from 

hypertrophic injury (264) and RAPL/RASSF5B is an important component of lymphocyte 
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adhesion and homing (235). RASSF1A, RASSF5A, RASSF7 and RASSF10 have been 

shown to associate and localize to microtubules or to centromeres (233) while RASSF8 is 

an important part of adherens junction and may have a role in cellular migration (234). 

Microtubule associations are very commonly observed amongst the RASSF family of 

proteins that may allow for the stability of tubulin, proper formation of the mitotic spindle 

and aid in sister chromatid separation during mitosis (234). RASSF1A has also recently 

been shown to associate with C19ORF5/MAP1S complex and to localize to the 

microtubule-organizing center to anchor RASSF1A to the centrosomes (279,280). 

Furthermore, C19ORF5/MAP1S can associate with LC3, an important component of the 

autophagosome and with the mitochondria-associated protein, leucine-rich PPR-motif 

containing protein (LRPPRC) (281,282). These associations may be important for 

autophagy involving proteins from both the microtubule and mitochondrial network.  

 

 Autophagy, or self digestion, is a major mechanism that occurs during starvation 

to reallocate nutrients from unnecessary biological processes to more urgent ones. It is 

a process that involves the formation of the autophagosome in order to rid the body of 

unwanted material through the lysosomal machinery. It may also be an important 

component of the tissue repair pathway allowing for efficient membrane fusion following 

injury. We have substantial evidence for the role of RASSF1A in regulating intestinal 

inflammation and possibly in the repair process following colonic epithelial cell damage 
(3). We are currently exploring how RASSF1A may be involved in regulating 

inflammation and epithelial tissue repair and we speculate that the role of RASSF1A in 

intestinal epithelial repair may involve associations with the microtubule and autophagy 

related proteins. These are just some examples of the diverse roles of the RASSF 

family of proteins have in physiology. Several members of the RASSF family of proteins 

are frequent targets for promoter specific methylation and inactivation in cancer. 

Detailed analyses of the molecular mechanisms and identification of their molecular 

partners is warranted in not only cancer but other disease groups. Surprising 

discoveries are on the horizon for this gene family and we have only begun to 

understand their importance in biology (1).  
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"RASSF1 Polymorphisms in Cancer" (2) 

 

Introduction 

 

 Cancer is a disease affecting 1 in 3 adults worldwide and is considered to be the 

second leading cause of death in both Canada and the United States behind heart 

disease (79,283). It is thought that cancer arises due to the occurrence of 2–5 genetic 

events to potentiate tumor formation and sustain abnormal growth (85). These genetic 

changes occur in passenger genes (to support the cancer phenotype) and driver genes 

(to promote the cancer phenotype) (84). About 10% of driver genes code for oncogenes 

that promote accelerated growth. However, about 90% of the driver genes code for 

tumor suppressor genes that inhibit accelerated growth (85), suggesting that tumor 

suppressor genes play an integral part in the origin of cancer. Evidence also suggests 

that the mutation rates of tumor suppressor genes are much higher than oncogenes 

supporting their importance in cancer formation (84,85,284). 

 

 In 2000, Hanahan and Weinberg systematically described several key features or 

“hallmarks” of cancer that defined the behavior of a cancer cell (285). These defining 

features of a cancer cell included the unique properties of limitless replicative potential, 

evasion of apoptosis, ability to stimulate neo-vascularization, invasion and metastasis, 

inhibition of suppressor pathways, and sustained proliferation. As described in their 

seminal paper, the aforementioned hallmarks are acquired through a “multistep 

process” that allows the cancer cells to acquire key survival traits while avoiding the 

watchful eye of established molecular “checkpoints” to inhibit abnormal growth (286). It 

was around this time that the RASSF1 was identified as a potential tumor suppressor 

gene on chromosome 3, at 3p21.23 (234,287). Now more than a decade later, RASSF1A 

has been demonstrated using numerous approaches to be a tumor suppressor gene 

and an important driver gene in cancer influencing/intersecting with many of the 
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hallmarks of cancer (1,234). It is epigenetically silenced in the majority of cancers by 

promoter specific methylation, resulting in loss of expression of the RASSF1A protein 
(288). Although expression loss of RASSF1A by methylation occurs frequently in cancer, 

nucleotide changes by somatic mechanisms have also been detected in patients from 

several cancer subtypes. Several studies have tried to elucidate the importance of these 

polymorphic changes and how it may affect the tumor suppressor function of RASSF1A. 

They have also revealed interesting and surprising influences on numerous aspects of 

biology. 

 

The Origin of RASSF1A Polymorphisms 

 

 The RASSF1 gene consists of eight exons alternatively spliced to produce 8 

isoforms, RASSF1A-H, that have distinct functional domains including the Ras 

association (RA) domain (241,287). Of these, RASSF1A and RASSF1C are the 

predominant ubiquitously expressed forms in normal tissues (287,288). RASSF1C has 

been demonstrated to be perinuclear in appearance in NCI H1299 lung cancer cells 
(289), nuclear in HeLa cells with translocation to the cytosol upon DNA damage (290), and 

localized to microtubules in a similar fashion to RASSF1A in 293T cells (291,292). Thus, 

the localization of RASSF1C is varied and controversial. This is not the case for 

RASSF1A as it has been demonstrated by our group and several others to be a 

microtubule binding protein having a microtubule like localization and functioning to 

stabilize tubulin in a taxol like manner (277,292,293).  

 

 To date, a crystal structure for RASSF1A or RASSF1C has not been identified, 

but Foley et al. (239) provided a molecular model of the N-terminal C1 domain containing 

four zinc finger motifs which is very similar to the one found on RASSF5A/Nore1A (242). 

The zinc finger motifs have now been demonstrated to be involved in death receptor 

associations and possible associations with other receptors or signaling components 
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(239). In addition to the C1 domain, RASSF1A has been noted to have a sequence 

specificity motifs to associate with SH3 domain (PxxP); motifs for 14-3-3 associations; a 

Ras association (RA) domain (although association is weak or indirect for K-Ras) (1); 

associations with the anaphase promoting complex protein cdc20 and the autophagy 

protein C19ORF5/MAP1S; and heterotrophic associations with the Hippo pro-apoptotic 

kinase (MST1/2) and the BH3-like protein modulator of apoptosis 1 (MOAP-1) through 

the Salvador/RASSF/Hippo (SARAH) domain (both reviewed elsewhere in this issue) 

(please see Figure 1.5 for schematic summary of RASSF1A protein associations). 

 

 RASSF1A polymorphisms have been identified in several cancers as listed in 

Table 1.2 and can be mapped to specific protein interaction domains (Figure 1.5). 

These polymorphisms have been found in tumors from numerous cancer patients and 

cell lines (294). The population distribution and significance of these alterations in 

tumorigenesis remain to be determined but do vary from 9% to 33% of the specific 

cancer population. The majority of RASSF1A polymorphisms have been confirmed 

using several approaches as outlined by the 1000Genome project 

(http://www.1000genomes.org/), HapMap project (http://hapmap.ncbi.nlm.nih.gov/) and 

submitted by multiple sources (Table 1.2 and NCBI SNP database 

[http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?showRare=on&chooseRs=codin

g&go=Go&locusId=11186] and University of Maryland SNP database 

[http://bioinf.umbc.edu/dmdm/gene_prot_page.php?search_type=gene&id=11186,NP_0

09113]). Recently, a comprehensive study of 400 lung, renal, breast, cervical, and 

ovarian cancers by Kashuba et al. (294) revealed frequent loss of genetic material on 

chromosome 3p in 90% of the tumors investigated. Furthermore, they determined that 

the mutation rate in cancer for RASSF1A was 0.42 mutation frequency/100 base pair 

whereas in the “normal” population was about 0.10 mutations/100 base pairs. They 

speculate that RASSF1A has a 73% GC content within exons 1–2 which may explain 

the high mutation rate of RASSF1A within cancer cells. Within cell lines, RASSF1A was 

found to carry 0.7 mutations/100 bp in the Burkitt’s lymphoma-derived cell lines, BL2 

and RAMOS, whereas it was 0.14 in the renal carcinoma cell line KRC/Y and, with each 
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division of the BL2 lymphoma line, transitional mutations were observed. Interestingly, 

codon changes in RASSF1A were also observed in 15 normal human hearts that 

included two nucleotide changes (CTA to CTG and GTA to GTG) but no amino acid 

changes (294). They speculate that RASSF is simply located in an area that is 

“extensively damaged” and susceptible to mutational pressures in 90% of epithelial 

cancers (294). 

 

 The most common polymorphism is the alanine (A) to serine (S) at amino acid 

133 (A133S) located within the ATM DNA damage checkpoint kinase site (please see 

below sections). This has single nucleotide germ line polymorphism (SNP) on both 

alleles in some breast cancer patients and is significantly associated with BRCA1/2 

mutations. Patients with wild-type BRCA1/2 and RASSF1A A133S have a +15-year 

better survival period than those harboring both BRCA1/2 mutations and RASSF1A 

A133S (295,296). The RASSF1A A133S SNP has been found in 20.6% of patients with 

breast carcinomas (295,296), 19.8% in lung cancer (296,297), 11.1% in head and neck 

cancer, 6.9% in colorectal cancer, 14.3% in esophageal cancer, 24.3% in patients with 

fibroadenoma, and in 2.9%–10% of healthy controls (295,297). Interestingly, Gao et al. 

(296) also revealed the presence of the A133S polymorphism in brain and kidney 

cancer patients and Bergqvist et al. (2010) detected the presence of the A133S SNP in 

18.4% of the white British female population (298). The high percent obtained for the 

latter is surprising and requires further validation. The prevalence of the rest of the 

RASSF1A polymorphisms has not been determined yet, and functional studies to 

systematically determine influence of these polymorphisms on RASSF1A biological 

function are yet to be done. However, in this section we will only summarize what has 

been carried out already to ascertain the consequences of polymorphisms to RASSF1. 
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RASSF1A: A Key Element in Cellular Stability 

 

 One of the most striking features of RASSF1A is its appearance as a microtubule 

associated protein. Microscopy of numerous tagged versions of RASSF1A have all 

revealed similar microtubule-like appearance as seen in MCF-7 breast cancer cells in 

Figure 1.6. This appearance has been observed in many other cell lines with similar 

appearances. It has also been determined that both N- and C-terminal residues of 

RASSF1A are required for the microtubule appearance of RASSF1A (277,292). Several 

groups have characterized the appearance and function of the microtubule localization 

of RASSF1A. It has been demonstrated that the microtubule localization of RASSF1A 

mainly functions to stabilize tubulin both in interphase and in mitosis even in the 

presence of the microtubule destabilizer, nocodazole (276,277,299,300).  

 

 To date, RASSF1A has not been demonstrated to co-localize to actin or 

intermediate filaments. RASSF1A associations function to stabilize tubulin in a 

paclitaxel (taxol)-like manner (276,291) especially during mitosis allowing sister chromatid 

segregation. This function is governed by associations with γ-tubulin at spindle poles 

and centromeric areas during metaphase and anaphase and near the microtubule 

organizing center (MTOC) where microtubules emerge and nucleate (301-303). If the 

microtubule spindle complex is not properly formed, cell death proceeds to prevent 

inheritable aneuploidy. In the absence of cell death pathways chromosomal mis-

segregation and inheritable aneuploidy arise which can lead to malignancy. Several of 

the effects on microtubule biology have been observed in mouse embryonic fibroblasts 

(MEFs) obtained from Rassf1a−/− mice developed by two separate groups (287,304).  

 

 Rassf1a−/− mice are viable, fertile and retain expression of isoform 1C. However, 

by 12-16 months of age they have increased tumor incidence, especially in the breast, 

lung, and immune system (gastrointestinal carcinomas and B-cell-related lymphomas) 
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(287,304). These data suggest a tumor suppressor function specific for the RASSF1A 

isoform. MEFs obtained from Rassf1a−/− mice are more susceptible to nocodazole-

induced microtubule depolymerization suggesting a protective effect of RASSF1A on 

microtubule stability similar to what has been observed using tissue culture approaches 
(287). 

 

 It has now been demonstrated that RASSF1A disease associated 

polymorphisms may affect the function of RASSF1A as a microtubule stabilizer. It was 

demonstrated that the S131F mutant of RASSF1A continued to maintain the ability to 

promote tubulin stability as determined by immunofluorescence microscopy and 

acetylation status of tubulin (291). Furthermore, it was demonstrated by Vos et al. (291) 

that RASSF1C could not function in a similar manner to RASSF1A to stabilize tubulin. 

This provided one of the first evidences for differential function for these two prominent 

isoforms of the RASSF1 loci. A comprehensive analysis of several other RASSF1A 

polymorphisms was carried out by Liu et al. (305). They demonstrated that 

polymorphisms around the ATM phosphorylation site (A133S, S131F, and I135T) 

maintained the microtubule appearance of RASSF1A. A second comprehensive study 

revealed that the C65R and R257Q polymorphisms of RASSF1A resulted in “atypical 

localizations” of RASSF1A away from a microtubular appearance (276). Furthermore, 

both C65R (a residue within the C1 domain) and R257Q (a residue within the RA 

domain) promoted enhanced BrdU incorporation into NCI-H1299 nonsmall cell lung 

cancer cells suggesting loss of tumor suppressor function.  

 

 Recently, we have also observed a complete loss of the microtubule localization 

of RASSF1A in the presence of a C65R change and “oncogenic” properties of this 

polymorphism in a classical xenograft assay in athymic mice (277). The C65R 

polymorphism acquired a nuclear localization for unexplained reasons and also failed to 

stabilize tubulin in the presence of the microtubule depolymerizing agent nocodazole 
(277). It clearly lost the tumor suppressor function of RASSF1A in a xenograft assay and 
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can robustly drive enhanced growth (277). Similarly, both the A133S and E246K mutants 

maintained microtubule localization and lost tumor suppressor function but not to the 

level of the C65R polymorphism (xenograft assays were carried out in HCT116 colon 

cancer cells) (277). We are currently characterizing many of the other polymorphisms in 

Table 1.2 for their ability to behave as tumor suppressor, inhibit abnormal growth, and 

affect microtubule stability and protein interaction with established RASSF1A effectors. 

 

 Interestingly, it has been reported that Epstein-Barr virally encoded protein, latent 

membrane protein 1 (LMP1) can function to transcriptionally decrease RASSF1A levels 

and promote tubulin depolymerization and mitotic instability in human epithelial cells 

(HeLa and HaCaT) (306). Punctate structures of tubulin were observed in the cytoplasm 

indicative of tubulin depolymerization (306). Decreased RASSF1A levels resulted in 

increased phosphorylation of IκBα and elevated NFκB activity. Cause and effect of 

changes in NFκB activity were not fully elucidated. However, we have evidence that the 

loss of RASSF1A can lead to enhanced NFκB activity (3) suggesting that the decreased 

expression of RASSF1A induced by LMP1 production may have resulted from the loss 

of the ability of RASSF1A to restrict NFκB function. Epstein-Barr virus (EBV) infection is 

closely related to the appearance of nasopharyngeal cancers and we speculate that a 

precondition characterized by enhanced NFκB activity (and hence inflammation) may 

promote tumorigenesis and the appearance of nasopharyngeal cancers upon EBV 

infection. We are currently exploring the role of RASSF1A as a molecular link between 

inflammation and tumorigenesis. 
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RASSF1A: Linking Extrinsic Death Receptor Stimulation to BAX Activation 

 

 Every cell has an inherent ability to die under abnormal conditions. This ability 

has been programmed by nature into every cell and follows a defined series of events. 

Apoptosis is critical for multiple physiological processes, including organ formation, 

immune cell selection, and inhibition of tumor formation (307). Two types of signaling 

pathways promote apoptosis using the mitochondria. The “intrinsic” pathway is activated 

by noxious factors such as DNA damage, unbalanced proliferative stimuli, and nutrient 

or energy depletion. Components of intrinsic-dependent apoptosis are still unclear, 

although Bcl-2-homlogy domain 3 (BH3) proteins are required. In contrast, the 

“extrinsic” pathway is stimulated by specific death receptors (e.g., TNF-α receptor R1 

(TNF-R1), TNF-α-related apoptosis-inducing ligand receptor (TRAIL-R1) or Fas (CD95)) 
(308-310). Molecular mechanisms modulating programmed cell death (apoptosis) impinge 

on growth and immune cell function. We speculate that these cellular processes may be 

regulated in part by tumor suppressor pathways, pathways frequently inactivated in 

several disease states (such as cancer and autoimmune/inflammatory disorders). 

 

 RASSF1A is one element involved in death receptor-dependent cell death that is 

epigenetic-silenced in numerous cancers. In the majority of these studies, RASSF1A 

epigenetic silencing strongly correlates with the epigenetic silencing of three other 

genes—p16INK4a, death associated protein kinase (DAPK), and caspase 8 (311-314). 

Two of these genes are involved in pro-apoptotic pathways, DAPK and caspase-8 
(309,315,316). DAPK is a unique calcium/calmodulin activated serine/threonine kinase 

involved in several cell death-related signaling pathways including tumor necrosis factor 

α receptor 1 (TNF-R1) cell death and autophagy (316,317). It is a tumor suppressor protein 
(316) that has also been demonstrated to be involved in associations with and the 

regulation of pyruvate kinase, a key glycolytic enzyme that may be influential in the link 

between metabolism and cancer (318). We have evidence to demonstrate association of 

RASSF1A and DAPK (Baksh et al., unpublished observations) and RASSF1A has two 
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potential phosphorylation sites for DAPK within the RA domain at 

193GRGTSVRRRTSFYLPK (319). Curiously, these sites have also been demonstrated to 

be sites for protein kinase C (269) and aurora kinases (320). In the presence of S197A or 

S203A mutant of RASSF1A, PKC failed to phosphorylate RASSF1A resulting in the loss 

of microtubule organization in COS-7 cells. Similarly, Aurora B kinase failed to 

phosphorylate RASSF1A in the presence of S203A resulting in a failed cytokinesis (320). 

The physiological importance of these potential DAPK phosphorylation sites remains to 

be determined. 

 

 Caspase 8 is cysteine-dependent aspartate-directed protease and an initiator 

caspase, and targeted activation of caspase 8 is driven by the death inducing signaling 

complex (DISC) (309,315). DISC-dependent activation of caspase 8 triggers a series of 

events resulting in the cleavage of Bid and insertion of Bid on the outer mitochondrial 

membrane, the release of small molecules (such as cytochrome c) from the 

mitochondria into the cytosol, and the activation of downstream effector caspases (such 

as caspase-3) (321). Intrinsic pathway stimulation also leads to cytochrome c release and 

effector caspase activation. Once activated, effector caspases cleave several proteins 

(such as poly(ADP-ribose) polymerase (PARP)) and activate specific DNA 

endonucleases resulting in nuclear and cytoplasmic breakdown (322). 

 

 Our research group was the first to define and continues to define some of the 

molecular mechanisms of death receptor-dependent apoptotic regulation by RASSF1A 
(239,260,261). Ectopic expression of RASSF1A (but not RASSF1C) specifically enhanced 

death receptor-evoked apoptosis stimulated by TNF-α that does not require caspase 8 

activity or Bid cleavage (239,260). We have also shown that RASSF1A does not influence 

the intrinsic pathway of cell death (260). Furthermore, we demonstrated that microtubule 

localization was required for association with death receptors and for the role of 

RASSF1A in apoptosis (239,277). In contrast, RASSF1A knockdown cells (by RNA 

interference) and Rassf1a−/− knockout mouse embryonic fibroblasts (MEFs) have 
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significantly reduced caspase activity, defective cytochrome c release and BAX 

translocation (but not BID cleavage), and impaired death receptor-dependent apoptosis 
(260). These data suggest a direct link of death receptor activation of BAX through 

RASSF1A. Our current model of RASSF1A-mediated cell death is described in Figure 

1.7. Death receptor stimulation functions to bring RASSF1A (and not RASSF1C or 

RASSF5A/Nore1A) and modulator of apoptosis 1 (MOAP-1) to TNF-R1 in order to 

promote a more “open” MOAP-1 to subsequently associate and promote BAX 

conformational change and translocation to the mitochondria to activate cell death 

(Figure 1.7) (239,260-262). We have evidence that the 14-3-3 may keep RASSF1A in check 

and inhibit it from promoting cell death or associating with other unexplored signaling 

components (261). We are currently characterizing the primary and secondary signals 

required for MOAP-1 induced BAX conformational change and the apoptotic regulation 

of MOAP-1 by ubiquitination (please see (387)). 

 

 To date, very little is known about the cell death properties of numerous 

RASSF1A polymorphisms. Dallol et al. demonstrated that both C65R and R257Q 

promoted enhanced BrdU incorporation into NCI-H1299 non-small cell lung cancer cells 

suggesting loss of tumor suppressor function and possible loss of cell death properties 
(276). We have observed partial activation of apoptosis in the presence of several 

RASSF1A polymorphisms (such as C65R, A133S, I135T, and A336T) suggesting 

importance to death receptor-dependent apoptosis via ATM site and SARAH domain 

associations (unpublished observations). Further analysis is warranted to explore how 

RASSF1A polymorphisms may affect death receptor-dependent apoptosis. 

 

 Although not discussed in great detail here, RASSF1A can also promote cell 

death utilizing the autophagic protein, C19ORF5/MAP1S, (276,280,299) the Hippo pathway 

components MST1/2 and possibly Salvador (241,323), and, in melanoma cells, influence 

Bcl-2 levels and activate apoptosis signal regulating kinase 1 (ASK-1) (324). Min et al. 
(299) demonstrated that the ability of RASSF1A to efficiently inhibit APC/cdc20 activity 
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during mitosis (please see next section) is dependent on the recruitment of RASSF1A to 

spindle poles via C19ORF5/MAP1S. C19ORF5/MAP1S was also shown to regulate 

mitotic progression by stabilizing mitotic cyclins in a RASSF1A-dependent manner. 

Recently, C19ORF5/MAP1S was demonstrated by Lui et al. (280) to associate with a 

component of the autophagosome, LC3, and the mitochondria-associated leucine-rich 

PPR-motif containing protein (LRPPRC) protein. These associations suggest that 

C19ORF5/MAP1S may serve as a potential link between autophagic cell death, 

mitochondria, and microtubules and appears to require RASSF1A. It will be essential to 

determine associations of RASSF1A polymorphisms with key cell death mediators, such 

as MOAP-1, TNF-R1, DAPK, C19ORF5/MAP1S, and MST1/2 in order to ascertain their 

importance in influencing the tumor suppressor function of RASSF1A.  
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Cell Cycle Control Pathways Influenced by RASSF1A 

 

 As mentioned previously, RASSF1A is a microtubule binding protein that co-

localizes with α- and β-tubulin, and with γ-tubulin on centromeres (301-303). RASSF1A is 

thought be an important component of mitotic spindles and can influence the separation 

of sister chromatids at the metaphase plate. This observation has held true five years 

later and reinforced the findings of Song et al. (320,325) of the possible involvement of 

RASSF1A in cell cycle control. Although, very limited knowledge of the cell cycle effects 

of polymorphic forms of RASSF1A are known, several lines of evidence do suggest a 

role in cell cycle control. In 2004, RASSF1A was identified as an interacting protein with 

the anaphase promoting complex (APC)/cdc20 and prevented the ability of APC/cdc20 

to degrade cyclins A and B in order to exit mitosis (325). In the absence of RASSF1A, 

cyclins A and B were rapidly degraded due to increased ubiquitination of the cyclins to 

allow exit from mitosis. 

 

 Whitehurst et al. (326) supported this role for RASSF1A and further identified β-

TrCP as associating with RASSF1A and functioning to restrict the role of APC-cdc20 in 

mitotic progression. β-TrCP is an IκBα E3 ligase and negative regulator of the β-

catenin/WNT signaling pathway. Although Liu et al. could not find evidence for a 

RASSF1A-APC/cdc20 association (327), the influence of RASSF1A on APC/cdc20 was 

once again demonstrated by Chow et al. in 2011 (328). They not only demonstrated an 

association with APC/cdc20, but also clearly showed that a “RASSF1A-APC/cdc20 

circuitry” was in place in HeLa cells to regulate mitosis. RASSF1A associates with 

APC/cdc20 via two D boxes at the N-termini (DB1 and DB2) and keeps it inhibited until 

there is mitotic activation of the serine/threonine kinases Aurora A/B. Phosphorylation of 

RASSF1A by Aurora A/B on T202 or S203 subsequently labels RASSF1A as a target to 

the E3-ubiquitin ligase activity of APC, ensuring that mitosis proceeds by degrading 

RASSF1A and suppressing its mitotic inhibitor function (329). They speculate that this 
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occurs before spindle body formation and sister chromatid separation. Their results are 

intriguing and reveal the complex signaling world that RASSF1A is part of. 

 

 Beyond a RASSF1A-APC/cdc20 molecular control of mitosis, research has 

continued into a potential role of RASSF1A during cell cycle progression. This has led to 

several observations suggesting RASSF1A G1/S regulation of cyclin D1 (278,324,326) in 

melanoma and HeLa cells (respectively.), interaction with the transcriptional regulator 

p120E4F at the G1/S phase transition resulting in inhibition of passage from G1 (330), 

DNA damage control regulation by ATM and by the DNA damage binding protein 1 

(DDB1) that can associate with RASSF1A linking to the E3-ligase cullin 4A during 

mitosis (331). The p120E4F transcription factor was determined to be involved in 

inhibiting the transcription of cyclin A, resulting in the failure of cyclin A to associate with 

CDK2 to allow for progression through S phase. RASSF1A cooperates with p120E4F to 

repress cyclin A expression by enhancing its binding at the promoter region (330). ATM 

and DDB1 are important DNA damage control elements during ultraviolet and gamma 

irradiation which have evolved to repair damage. 

 

 Shivakumar et al. revealed that in both H1299 non-small cell lung cancer and in 

the human mammary epithelial telomerase immortalized (HME50-hTERT) cell line over-

expression of RASSF1A wild-type expression construct can reduce BrDU accumulation 

and cyclin D1 expression (278). The ability of RASSF1A to inhibit growth, and cyclin D1 

expression was lost in the presence of the A133S and S131F ATM site mutants of 

RASSF1A suggesting an important role in tumor suppression (278). Other polymorphic 

forms of RASSF1A have not been explored with respect to their abilities to regulate 

mitosis. What these studies reveal is how highly regulated RASSF1A is, not only in 

interphase cells, but especially in cells undergoing active cell division. It can then be 

appreciated how devastating the functional consequence of the loss of RASSF1A would 

be resulting in an unregulated and unwanted increase in mitotic cyclins, accelerated 

mitosis, enhanced growth and tumor formation. It would be interesting to speculate that 
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they may result in the loss of the ability of RASSF1A to properly regulate mitosis and 

inhibit unwanted proliferation. It is imperative that we understand completely how 

polymorphic changes in RASSF1A may influence the important role of RASSF1A in 

mitosis and other biological pathways (Figure 1.8). 
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The DNA Damage Connection 

 

 One of the first motifs identified on RASSF1A was the phosphorylation site for 

the DNA damage serine/threonine kinase Ataxia telangiectasia mutated (ATM). ATM is 

usually activated and recruited in response to double strand breaks. It is part of a DNA 

damage checkpoint that ensures that damaged DNA is repaired in a timely and efficient 

manner. RASSF1A has been shown by several groups to be phosphorylated by ATM 

and the ATM site polymorphisms are present in several cancer types (240). Although not 

currently well defined, RASSF1A is believed to have an important role in DNA damage 

control as evidenced by associations with xeroderma pigmentosum complementation 

group A (XPA) (332) and phosphoregulation by ATM (240,333). XPA is involved in nucleotide 

excision repair and association with RASSF1A has only been identified in a yeast two-

hybrid screen (334). Hamilton et al. (240) elucidated a novel pathway linking ATM-

dependent phosphorylation of RASSF1A in response to gamma irradiation on serine-

131 followed by MST/LATS activation resulting in Yes-associated protein (YAP)/p73-

dependent transcriptional program to promote cell death. The S131F mutant of 

RASSF1A lacked the ability to carry out the transactivation of YAP/p73.  

 

 Curiously, RASSF1C has been demonstrated to be constitutively anchored to the 

death domain-associated protein (DAXX) in the nucleus and is released upon UV-

induced DNA damage (290). Localization with DAXX occurs on pro-myelocytic leukemia-

nuclear bodies (PML-NBs). DNA damage promotes the degradation and ubiquitination 

of DAXX, release of RASSF1C to allow the nucleo-cytoplasmic shuttling of RASSF1C to 

cytoplasmic microtubules, and the activation of the SAPK/JNK pathway in HeLa cells. 

RASSF1A was shown to only associate weakly with DAXX suggesting a specific role for 

RASSF1C (290). Recently, it was demonstrated that the E3 ligase, Mule, can ubiquitinate 

RASSF1C under normal conditions, and both Mule and β-TrCP can ubiquitinate 

RASSF1C under UV exposure (335). These studies and others have continued to 

demonstrate the diverse role that the splice variants of RASSF1 may function in biology.  
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RASSF1C: The Other RASSF1 Isoform 

 

 Very little is known about the biological role for the other major splice variant of 

the RASSF1 gene family. Several lines of evidence suggest that RASSF1C may be a 

tumor suppressor gene in prostate and renal carcinoma cells but not in lung cancer cells 
(336). In fact, it has been demonstrated by Amaar et al. that the loss of RASSF1C 

actually results in the loss of proliferation of lung and breast cancer cells suggesting a 

pro-survival (not tumor suppressor) role for RASSF1C (337,338). Furthermore, RASSF1C 

can associate with the E3 ligase β-TrCP via the SS18GYXS19 motif (where X is any 

amino acid and numbers correspond to amino acid sequence in RASSF1C) at the N-

terminus (i.e., not present in RASSF1A) (339) and promote the accumulation and 

transcriptional activation of β-catenin (339). Activation of β-catenin would result in 

enhanced proliferation by transcriptional up-regulation of genes such as cyclin D1, 

MYC, and TCF-1. Thus, either the lack of RASSF1A expression or the over-expression 

of RASSF1C perturbs β-TrCP E3 ligase/β-catenin homeostasis and WNT signaling 

pathways. 

 

 Unlike RASSF1A, RASSF1C has not been found to be significantly epigenetically 

silenced in cancer. Polymorphisms to RASSF1C have not been uncovered yet, but a 

C61F mutation in RASSF1C (equivalent to the S131F mutation in RASSF1A) resulted in 

the failure of RASSF1C to protect microtubules against nocodazole-induced 

depolymerization (291). This would again suggest importance of serine residue within the 

ATM site found on both RASSF1A and 1C. Recently, it has been suggested that a 

possible pathogenic role for RASSF1C in cancer may exist as its expression was more 

than eleven-fold greater in pancreatic endocrine tumors than in normal tissue (340). It 

remains to be determined the exact biological role for RASSF1C, but the ability of 

RASSF1C to function as a tumor suppressor is cell specific and remains to be further 

investigated and confirmed. 
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The Future of Understanding RASSF Polymorphisms 

 

 Knudson stated in 1971 that cancer is the result of accumulated mutations to the 

DNA of cells and that multiple “hits” to DNA were necessary to cause cancer (341). It is 

generally known that the loss of function in a tumor suppressor protein typically requires 

the inactivation of both alleles of its gene in contrast to proto-oncogenes which promote 

tumorigenesis due to dominant acting mutations affecting one gene copy. Similar to 

what Knudson discovered for retinoblastoma, the RASSF1A tumor suppressor may 

become inactivated by the epigenetic loss by promoter specific methylation of both 

allele or by a combination of epigenetic silencing and loss of function polymorphic 

changes. Most cancers investigated to date have >50% of the disease population 

containing epigenetic silencing of RASSF1A (275,288). However, numerous cancers such 

as cervical, head and neck, myeloma, and leukemia have <25% of the disease 

population containing epigenetic silencing of RASSF1A. It may be speculated that 

polymorphic changes to RASSF1A may exist in the latter patients that, in agreement 

with the Knudson two hit hypothesis, resulting in the loss of function of the RASSF1A 

tumor suppressor and causing cancer. A systematic and functional analysis of 

RASSF1A polymorphism is therefore necessary to allow physicians to carry out 

personalized medicine on patients harboring polymorphic changes to RASSF1A (2). 
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1-4 Research Project Overview and Specific Aims 
 

Rationale: 

 

 IBDs includes Crohn’s disease (CD) and ulcerative colitis (UC), affecting both 

pediatric and adult patients. IBD is characterized by an intense inflammation of the GI 

tract resulting in severe symptoms including weight loss, abdominal pain, rectal 

bleeding, and diarrhea. About 1/3 of all cancer cases are preceded by chronic 

inflammation, including chronic IBD leading to colorectal or colon cancer (15-19). Although 

the predisposition to cancer has been well documented, the exact mechanism involved 

is unknown. NFκB signaling pathways regulate immunity and inflammation, and 

dysregulated and constitutive NFκB signaling has also been implicated in several 

cancers (9,159).  

 

 RASSF1A, is a tumor suppressor gene located on chromosome 3, at 3p21.3. 

RASSF1A has been known to act in many signaling pathways regulating cellular 

apoptosis, the cell cycle, and microtubule localization within the cell (2,3,234,277,342). Loss 

of RASSF1A expression and subsequent activity results in tumor formation and 

dysregulation of the cell cycle (238,334,343,344). RASSF1A expression is often lost due to 

epigenetic methylation of the promoter region of the gene. Subsequently, no mRNA 

transcript produced leading to loss of RASSF1A protein and loss of tumor suppressor 

function. The RASSF1A locus has been shown to be methylated in a high percentage of 

cancers, including 20-60% of colorectal cancers, and may also be methylated in non-

cancer stage IBD patients (90,345-349).  

 

 Yes associated protein (YAP1) is a transcription factor co-activator traditionally 

thought of as a proto-oncogene regulating cell proliferation and organ size (350-353). YAP 

is a part of the Hippo signaling pathway, a kinase cascade regulated by cell-cell 
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contacts. MST1/2 (the mammalian ortholog of Drosophila Hippo), when activated, 

phosphorylates LATS1/2, which in turn phosphorylate YAP at S127, causing YAP to be 

cytoplasmically retained through association with 14-3-3 complexes. Loss of cell contact 

inhibition inactivates the Hippo pathway, allowing the nuclear translocation of YAP and 

binding to TEAD proteins and activating pro-proliferative transcription (350,354-356). In 

many cancers, including colorectal cancer, the Hippo pathway is dysregulated and YAP 

accumulates in the nucleus to promote uncontrolled growth (351,354,357). RASSF1A has 

also been shown to be able to activate MST1/2 and suppress YAP proliferative activity 

by preventing MST1/2 desphosphorylation (287,323,354,355,358,359). Additional pro-

proliferative roles for YAP have been identified in the Wnt and TGF-β signaling 

pathways, by associating with β-catenin/TBX5/TCF4 and SMAD transcription factors, 

respectively. Increased YAP transcriptional activity in both the Wnt and TGF-β pathways 

has been seen in colorectal cancers (353,360-363). Following DNA damage, YAP has been 

shown to be tyrosine phosphorylated at Y357 by the ABL1 tyrosine kinase, causing YAP 

to accumulate in the nucleus and bind p73 as a transcriptional co-activator to induce 

pro-apoptotic transcription (364,365), illustrating a dual role for YAP as a potential tumor-

suppressor protein in certain contexts. Recently, interest in how RASSF1A may regulate 

YAP signaling has grown, suggesting that RASSF1A may play a pivotal role in 

regulating YAP activity (259,323,354,355,358,365).  

 

 IBD has a susceptibility locus at 3p21- the location of RASSF1A (87). Inflammation 

has been shown to be associated with the development of cancer for several reasons, 

including cellular damage causing release of reactive oxygen species (ROS) resulting in 

DNA damage, and cytokine release including growth factors to promote tissue 

regeneration via cell proliferation (7,8,21-23). RASSF1A is known to regulate DNA damage 

due to ROS, as well as regulate apoptosis and the cell cycle (260,270,324,366) and may 

therefore be an important regulator of pathways leading to abnormal inflammation and 

predisposition to cancer.  
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 The objective of this research was to molecularly characterize how loss of 

expression of RASSF1A may restrict inflammation in a mouse model of IBD, and how 

the loss of RASSF1A can promote colonic inflammation induced dysplasia. RASSF1A 

expression may provide a novel molecular link between chronic inflammation and 

eventual cancer development. Understanding how RASSF1A functions to regulate 

inflammatory signaling will elucidate putative new IBD biomarkers for disease diagnosis 

and treatment. My research validated some of our novel targets by analyses of mouse 

and human colonic sections. In addition, we propose potentially novel 

biomarkers/targets for IBD to foster the design of new therapeutics to improve disease 

outcome in patients, identify novel molecular links between chronic inflammation and 

cancer, and offer better prognostics for cancer development later in life for IBD patients. 

 

 We hypothesized that RASSF1A is critical for restricting colonic inflammation by 

shutting down the nuclear factor kappa B (NFκB) signaling pathway, as well as 

restricting pro-apoptotic signaling programming driven by p73 bound tyrosine 

phosphorylated Yes-associated protein (YAP). As YAP can also drive tumorigenesis 

when bound to transcriptional co-activators other than YAP, dsyregulated YAP signaling 

as a result of the loss of RASSF1A is a likely molecular link between inflammation and 

cancer development. Therefore, we propose that RASSF1A is a key signaling protein 

that regulates inflammatory signaling and the progression of inflammatory disease to 

cancer. 

 

Research Aims:  

  

 1.  Molecularly characterize how RASSF1A may regulate intestinal inflammation 

and how loss of RASSF1A may contribute to exacerbated colitis. Our research indicates 

that RASSF1A may regulate intestinal inflammation in mice through inhibition of NFĸB 

activity as well as inhibition of tyrosine phosphorylation of YAP (pY-YAP). The latter 
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would otherwise drive an abnormal pY-YAP/p73 transcriptional program to promote 

uncontrolled cell death of intestinal epithelial cells, colonic damage, and inefficient 

epithelial repair.   

  

 2. Characterize how RASSF1A and YAP signaling is dysregulated in an 

inflammation-driven model of carcinogenesis. As we have evidence that loss of 

RASSF1A is driving abnormal and unrestricted YAP/p73 driven apoptosis, we would like 

to characterize this phenomenon in a chronic model of inflammation known to result in 

accelerated inflammation-driven carcinogenesis. As part of this aim, we intend to 

determine how abnormal YAP signaling may contribute to molecular switching from pro-

apoptotic to pro-tumorigenic signaling.  

  

 3. To translate our research observations in mice to human IBD. We will utilize 

biopsy samples from human IBD patients in order to identify novel biomarkers of IBD 

that may be useful for diagnostic and prognostic testing in IBD patients and may help 

predict the likelihood of IBD-related cancer development. The goals of my project will 

allow us to identify new therapeutic targets for more personalized prediction of IBD 

disease severity. We are currently exploring the use of pY-YAP as a molecular 

biomarker in IBD patient biopsy samples as well as epigenetic loss of RASSF1A. YAP 

protein tyrosine kinases (PTKs) may be novel targets for IBD therapies in patients 

exhibiting the pY-YAP biomarker. 
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Chapter Two: Materials and Methods 
 

2-1 Mouse lines 
 

This project will utilize a mouse model of colitis and a mouse model of inflammation-

driven carcinogenesis in order to understand the role of RASSF1A in inflammation and 

inflammation-related cancers. For our experiments, we used 12-14 week old wild type 

and Rassf1a-/- mice (287,304). All animals (except for the Rassf1aIEC-KO and Rassf1aIEC-WT) 

were on the C57BL/6 background. Rassf1aIEC-KO and Rassf1aIEC-WT were on the 

C57BL/6-129 background. Although the loss of Rassf1a can lead to tumor formation, 

the loss of Rassf5a (Rassf5a−/− mice) have not been documented to display an overt 

phenotype or tumor formation as they age. We therefore used the Rassf5a−/− mice as a 

related control (245) for experiments in chapter three. Wild type C57BL/6 mice were 

obtained from Charles River, Rassf1a-/- mice were obtained from Louise van der 

Weyden (Cambridge University), and Villin-Cre transgenic mice [B6.SJL-Tg(Vil 

cre)997Gum/J] were obtained from Jackson Laboratories. All colonies are currently 

maintained at the University of Alberta. 

 

2-2 Chemicals, Reagents, Kits, and Antibodies 
 

Chemicals: 

Acetic acid: Fisher BioReagents BP2401C-212 

Acrylamide: Invitrogen 15512-023 

Agarose: Invitrogen 16500-500 

Amidinophenylmethanesulfonyl fluoride hydrochloride (APMSF): Calbiochem 178281 

Ammonium persulfate (APS): BioRad 161-0700 
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Aprotinin: Fisher BioReagents BP2503-10 

Azoxymethane: Sigma Aldrich A5486 

β-mercaptoethanol: Sigma Aldrich M6250 

Betaine: Sigma Aldrich B2629 

Bis-acrylamide crosslinker: BioRad 161-0201 

Bovine serum albumin (BSA): Sigma Aldrich A9647 

Bradford protein assay reagent: BioRad 500-0006 

Bromophenol blue Sigma Aldrich B6131 

CpG Methyltransferase: New England Biolabs M0226S 

Dextran sodium sulphate (DSS), 36 000-50 000 MW: MP Biomedicals 160110 

Dithiothreitol (DTT): Millipore 3860 

DirectPCR Lysis Reagent: Viagen Biotech 102-T 

DNA ladder 100bp: Genedirect DM001-R500 

dNTP mix: Qiagen 201901 

E-64 inhibitor: Calbiochem 324890 

Eosin: Fisher BioReagents E514-25 

Ethidium bromide: BioRad 161-0433 

Ethylenediaminetetraacetic acid (EDTA): Millipore EX0539-1 

Ethylene glycol tetraacetic acid (EGTA): Calbiochem 324626 

Ethanol: Commercial Alcohols P016EAAN 

Glycerol: Anachemia 43567-360 
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Glycine: Fisher BioReagents BP3815 

Harris modified method hematoxylin: Fisher BioReagents SH26-500D 

Horse serum: Gibco 16050-122 

Hydrochloric acid: Fisher Chemical A144C-212 

Hydrogen peroxide 30% (H2O2): Fisher BioReagents H323 

Imatinib mesylate: Selleck Chemicals 51026 

Isoflurane: Baxter 1001936060 

Isopropanol: Fisher Chemical A451 

Leupeptin: Calbiochem 108975 

Luminol: Sigma Aldrich A8511 

Methanol: Fisher Chemical A452 

N-alpha-tosyl-L-lysinyl-chloromethylketone (TLCK): Calbiochem 616382 

p-Coumaric acid: Sigma Aldrich C9008 

Pepstatin A: Calbiochem 516481 

Permount: Fisher Chemical SP-15 

PCR grade sterile water: Fisher BioReagents BP561 

Phenylmethylsulfonyl fluoride (PMSF): Thermo Scientific/ Pierce 36978 

Phosphoramidon: Calbiochem 525276 

Polyvinylidene fluoride (PVDF) membrane: Millipore 

Potassium acetate: Fisher Chemical 580130 

Potassium chloride: Caledon Laboratories 5920-1 
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Potassium chloride solution: Fisher BioReagents SP138-500 

Potassium phosphate monobasic: Fisher Chemical P285 

Precision Plus Protein Dual Color Standard: BioRad 161-0374 

Protein A Sepharose GE Healthcare 

Protein G Sepharose GE Healthcare 

Proteinase K: Promega V3021 

RNAlater RNA stabilization reagent: Qiagen 76106 

RNAlater ICE: Life Technologies AM7030 

RNAse Out: Invitrogen 1077-019 

Skim milk powder: Great Value Foods 

Sodium acetate: Calbiochem 567418 

Sodium azide: Fisher BioReagents BP922I-500 

Sodium citrate dihydrate: Fisher Chemical S279 

Sodium chloride: Fisher BioReagents BP358-212 

Sodium dodecyle sulphate (SDS): BioRad 161-0302 

Sodium hydroxide 5N: Fisher Chemical SS256 

Sodium hyperchlorate 4%: Sigma Aldrich 239305 

Sodium orthovanadate: Calbiochem 56740 

Sodium phosphate dibasic heptahydrate: Fisher BioReagents BP-331 

Sodium pyrophosphate: Sigma Aldrich 221368 

SsoAdvanced Universal SYBR Green Supermix: BioRad 172-5271 
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SuperSignal West Dura Chemiluminescent Substrate: Thermo Scientific/ Pierce 34075 

Taq Polymerase: New England Biolabs M0273 

Tosyl phenylalanyl chloromethyl ketone (TPCK): Calbiochem 616387 

T-PER Lysis Reagent: Thermo Scientific/ Pierce 78510 

Tris base: Invitrogen 15504-020 

Triton X-100: VWR VW3929-2 

TUNEL Enzyme: Roche 11767305001 

TUNEL Label: Roche 11767291910 

Tween- 20: Fisher Bioreagents Whatman Chromatography paper Fisher Scientific 

BP337 

Vectashield Mounting Medium with DAPI: Vector Laboratories H-1200   

Vectastain Elite ABC Kit, Vector Laboratories PK-6100 

Xylenes: Fisher Chemical X5 

Xylene cyanol: Amresco 0819 

Z-fix: Anatech 170 

 

ELISAs and other Kits 

AllPrep DNA/RNA Mini Kit: Qiagen 80204  

Epitect Bisulfite Kit: Qiagen 59104 

High-Capacity cDNA Reverse Transcription Kit: Applied Biosystems 4368814 

Hyaluronan Enzyme-Linked Immunosorbent Assay: Echelon K1200 
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IL-18 Mouse ELISA Kit: Life Technologies KMC0181 

Metal-enhanced DAB Substrate Kit: Thermo Scientific/ Pierce 34065 

Mouse Cytokine Array / Chemokine Array 32-Plex Panel: Eve Technologies  

Mouse IL-1 beta ELISA Kit: Thermo Scientific/ Pierce EM2IL1B 

Mouse IL-6 ELISA Kit: Thermo Scientific/ Pierce EM2IL6 

Mouse IL-10 ELISA Kit: Thermo Scientific/ Pierce EM2IL10 

Mouse IL-12 (p70) ELISA Kit: Thermo Scientific/ Pierce EMIL12 

Mouse IFN gamma ELISA Kit: Thermo Scientific/ Pierce EM1001 

Mouse MCP-1 Ultra-Sensitive Kit: MSD Meso Scale Discovery K152AYC-1   

Mouse Pro-Inflammatory 7-Plex Ultra-Sensitive Kit: MSD Meso Scale Discovery 

K15012C-1 

Mouse TNF alpha ELISA Kit: Thermo Scientific/ Pierce EMTNFA 

MPO Mouse, ELISA kit: Hycult Biotech HK210-02 

NE-PER Nuclear and Cytoplasmic Extraction Reagent: Thermo Scientific/ Pierce 78835 

PyroMark Q24 Advanced CpG Reagents: Qiagen 970922 

PyroMark CpG Assay Mouse Rassf1a: Qiagen PM00416290 

PyroMark PCR Kit: Qiagen 978703 

PyroMark Wash Buffer: Qiagen 979008 

TGF-β1 Multispecies ELISA Kit: Life Technologies KAC1688 
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Reagents/ Buffers: 

4X Separating Buffer: 1.5 M Tris, 0.4% SDS, pH to 8.7 with HCl 

4X Stacking Buffer: 0.4 M Tris, 0.4% SDS, pH to 6.58 with HCl 

5X DNA loading buffer: 3% Bromophenol blue, 3% xylene cyanol FF, 30% glycerol 

5X EMSA Binding Buffer: 50 mM Tris pH7.6, 50% glycerol, 5 mM DTT, 2.5 mM EDTA 

10X Phosphate Buffered Saline (PBS): 1.347 M NaCl, 0.027 M KCl, 0.043 M Na2HPO4, 

0.014 M KH2PO4·●7H2O, pH to 7.4 when diluted 

10X Running Buffer: 0.125 M Tris, 0.96 M Glycine, 0.5% SDS, pH to 8.3 when diluted 

10X Tris Buffered Saline (TBS): 1.5 M NaCl, 0.5 M Tris, pH to 7.4 

Acrylamide/Bis 30:0.8: 30% Acrylamide, 0.8% Bis-acrylamide 

Kinase Activity Buffer: 30 mM HEPES pH 7.1, 10 mM MgCl2, 2 mM MnCl2, 5 mM DTT, 

10% glycerol, 0.2 mM sodium orthovanadate 

Sample Buffer for SDS-PAGE: 26% Glycerol, 5% SDS, 0.174 M Tris, pH to 6.8 with 

HCl, 0.02% Bromophenol blue, add fresh 0.04% β-mercaptoethanol 

Semi-Dry Transfer Buffer: 50 mM Tris, 380 mM Glycine, 0.1% SDS, 20% Methanol 

SL Protease Inhibitor Cocktail: 0.1% aprotinin, 0.05% phosphoramidon, 0.1% TLCK, 

0.2% TPCK, 0.1% APMSF, 0.1% E-64, 0.05% leupeptin, 0.02% pepstatin A, in 100% 

ethanol 

Stripping Buffer: 52 mM Tris pH 6.8, 2% SDS 

TBS-Tween Buffer: 500 mM Tris pH 7.4, 100 mM NaCl, 0.05% Tween-20 

Tris-acetate-EDTA (TAE) Buffer: 400 mM Tris-acetate pH 8.5, 2 mM EDTA 

Wet Transfer Buffer: 0.025 M Tris, 0.192 M Glycine, 20% Methanol 
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Antibodies  

4G10 Platinum Anti-Phosphotyrosine, Millipore 05-1050, 1:5000 IB, 0.5ug IP 

c-ABL1 (K-12), Santa Cruz Biotechnology sc-131, 1:200 IB 

BAX YTH-5B7, Trevigen 2280-MC-100, 1:500 IB, 1:200 IHC 

BAX (N-20), Santa Cruz Biotechnology sc-493, 1:500 IB 

β-catenin, Cell Signaling 9562, 1:1000 IB 

E-cadherin (24E10), Cell Signaling 3195, 1:500 IB, 1:100 IHC 

N-cadherin, Cell Signaling 4061, 1:1000 IB, 1:100 IHC 

ERK1 (C-16), Santa Cruz Biotechnology sc-93, 1:5000 IB 

ERK2 (C-14), Santa Cruz Biotechnology sc-154, 1:5000 IB 

GSK3β (27C10), Cell Signaling 9315, 1:500 IB 

Phospho-GSK3β (Ser9), Cell Signaling 9336, 1:500 IB 

Phospho-H2A.X (Ser139), Millipore 05-636, 1:500 IB (aka γH2A.X) 

IκBα, Cell Signaling 9242, 1:1000 IB 

Phospho IκBα (Ser32/36) (5A5), Cell Signaling 9246, 1:200 IB 

Lamin B, Invitrogen 33-2000, 1:500 IB 

c-MYC (9E10), Santa Cruz Biotechnology sc-40, 1:200 IB 

Tp53 (PAb 1801), Abcam ab28, 1:1000 IB 

Tp73 (H-79), Santa Cruz Biotechnology sc-7957, 1:500 IB 

PARP, Cell Signaling 9542, 1:1000 IB 

pan-Ras (FL-189), Santa Cruz Biotechnology, 1:200 IB 
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RASSF1A (M304), from Dr. Gerd Pfiefer in house, 1:200 IB 

β-tubulin (TUB2.1), Sigma-Aldrich T5201, 1:1000 IB 

YAP (H-125), Santa Cruz Biotechnology sc-15407, 1:500 IB 

Phospho-YAP (Ser127), Cell Signaling 4911, 1:500 IB 

Phospho-YAP (Tyr357), Sigma Aldrich Y4645, 1:200 IB, 1:500 IHC 

Anti-Mouse HRP, GE NA931V, 1:7000 IB 

Anti-Rabbit HRP, GE NA934V 1:7000 IB 

Anti-Mouse Biotin, Jackson Labs 711065152, 1:500 IHC 

Anti-Rabbit Biotin, Jackson Labs 715065150, 1:500 IHC 
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2-3 Acute Mouse Model of Inflammation 
 

 Intestinal colitis can be modeled in mice by the addition of 3% dextran sodium 

sulfate (DSS) in drinking water for 7 days (acute treatment) to induce injury, followed by 

regular drinking water for recovery. DSS irritates the colonic mucosa, resulting in 

epithelial wall breakdown, microflora invasion activating TLR-expressing epithelial cells, 

and mucosal injury (367-369). DSS-induced colitis mimics the symptoms of human IBD and 

is considered a model of epithelial damage and repair.  

 

 Animals were administered 3% w/v DSS in the drinking water for 7 days followed 

by recovery for 7 days. They were monitored for: piloerection, bloatedness, tremors, 

lack of movement, rectal bleeding and weight loss (all on a scale of 0–5 with 5 being 

very severe, adapted from Madsen et al. (187)). Animals were euthanized once rectal 

bleeding became grossly apparent. For weight loss, a score of 0 for no weight loss, 1 for 

<5% loss, 2 for 5–10% loss, 3 for 10–15% loss, 4 for 15–20% loss and a score of 

5>20% loss in initial body weight. Disease activity indices (DAI) were the sum of all 

individual scores (Table 2.1). Animals were sacrificed at various points (Figure 2.1) and 

blood, colon, kidney, and liver samples collected for molecular analysis. Colon lengths 

were also measured at each time point to determine colonic shortening due to 

inflammatory damage. 
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2-4 Chronic Mouse Model of Inflammation-Induced Carcinogenesis 
 

 For our inflammation-driven carcinogenesis model mice were exposed to one 

injection (8 mg/kg) of the pro-carcinogen azoxymethane (AOM) followed by 3 cycles of 

2% DSS and water in order to mimic human IBD ‘flare ups’ with intermittent recovery 

periods (146,157,158) (Figure 2.1). Mice were monitored over time for weight changes as 

well as clinical symptoms of colitis such as rectal bleeding and diarrhea. Together, 

these symptoms and body weight changes were assigned a disease activity index (DAI) 

score (Table 2.1). Due to the high mortality of Rassf1a-/- mice exposed to 3% DSS, in 

our chronic model animals were administered 2% w/v DSS in the drinking water for 5 

days followed by recovery for 7 days. Animals were sacrificed at various points (Figure 

2.1) and blood, colon, kidney, and liver samples collected for molecular analysis.  
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2-5 Cardiac Puncture and collection of serum samples 
 

 Cardiac puncture was used to obtain whole blood samples from mice at the time 

of harvest as a terminal procedure. Mice were sedated to surgical plane using 

isoflurane, which was confirmed using the toe-pinch test (370). Mice were placed dorsally 

with the ventral surface facing up. A 1 mL syringe fitted with a 23 G needle was inserted 

just below the xiphoid process through the diaphragm into the heart and blood gently 

aspirated. Collected whole blood was placed immediately into a 1.5 mL eppendorf tube 

on ice and allowed to coagulate for 1.5 hours. Samples were then spun in a 4°C 

microcentrifuge at 16 000g for 10 min. Cleared serum supernatant was collected and 

stored at -80°C for cytokine analysis.  

 

2-6 Tissue Handling 
 

 Colon, kidney, and liver samples collected were for molecular analysis. Samples 

intended for nucleic acid analyses were immediately submerged in RNA-later post 

excision and allowed to incubate at 4°C for 24 hours in order to fully permeate the 

tissues. At this point samples were removed from RNA-later and stored at -80°C until 

use. RNA was isolated from colon tissue using the Qiagen AllPrep DNA/RNA spin 

column nucleic acid extraction kit according to the manufacturer's directions. Nucleic 

acid concentration was determined using the Thermo Scientific Nanodrop.  

 

 Colon samples intended for molecular protein analysis were excised from the 

mouse, flushed with 1X PBS to remove fecal matter, and immediately submerged in 1 

mL ice-cold T-PER lysis buffer (Pierce) with fresh 0.1% aprotinin, 0.2% 

phenylmethanesulfonylfluoride or phenylmethylsulfonyl fluoride (PMSF), 0.1% sodium 

pyrophasphate (NaPP/ Na4O7P2), 1% sodium orthovanadate (Na3VO4), and 0.2% SL 

protease inhibitor cocktail in a 2 mL eppendorf tube. Samples were then homogenized 
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using a Fisher PowerGen handheld homogenizer and centrifuged at 4°C at max speed 

for 10 min. The soluble protein supernatant was collected and stored at -80°C until use. 

Protein concentration was determined using a Bradford protein assay. 

  

2-7 Crypt cell isolation 
 

 Intestinal crypt cells were isolated as outlined previously (371). Briefly, colons were 

flushed with cold 1× PBS, cut open longitudinally and then soaked in 1X PBS with 

gentle shaking for 20 minutes. The colons were cut into small pieces and incubated with 

0.04% sodium hypochlorite for 30 min with gentle shaking in a 10 cm2 Petri dish. 

Following incubation, the colon pieces were removed and allowed to shake continuously 

at room temperature for 30 minutes in a solution containing 1X PBS/1 mM EGTA/1 mM 

EDTA. Cells were then dislodged by pipetting the tissue up and down using a 25 mL 

serological pipette until the solution became cloudy. The supernatant was removed 

(containing the crypt cells) and centrifuged at 3000 rpm for 10 minutes to collect the 

crypt cells. The cells were washed in 1X PBS, transferred to an eppendorf tube, pulse 

spun to pellet the cells followed by nuclear extraction as previously described (371). 

Generally, one crypt cell preparation for nuclear extraction was obtained from two 

colons. Crypt isolation was confirmed visually using a light microscope.  

 

 Isolation of crypt cells using chelating agents is primarily achieved by disrupting 

the calcium based cell-cell contacts, and therefore cells isolated using this method show 

reduced metabolic activity and increased susceptibility to apoptosis over 24 hours 
(372,373). An alternative method (not used in this study) is to obtain colonic crpyt cells by 

manual tissue scrapings, however this method also has the drawback of causing 

mechanical stress to epithelial cells.  
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2-8 Isolation of bone marrow derived macrophages 
 

 Mice were euthanized by CO2 asphyxiation and sprayed down with 70% ethanol 

before dissection. Femurs were dissected out, attached muscle and fibers removed, 

and transferred to a sterile petri dish containing DMEM media with 10% bovine growth 

serum (BGS). Bone marrow cells were flushed from femurs using a 1 mL syringe fitted 

with a 30 G needle using DMEM media and the resulting cell suspension filtered 

through a 4 µm cell strainer before centrifugation at 16 000 g for 5 min. After pouring off 

the supernatant, 5 mL of red cell lysis buffer was added to the pellet and 1 mL of BGS 

added directly to the bottom of the 15 mL conical tube and incubated for 5 min at room 

temperature. Cells were centrifuged again at 16 000g for another 5 min, washed in 1 mL 

of sterile PBS, and transferred to a 1.5 mL eppendorf tube before final centrifugation at 

max speed for 1 min to pellet cells. Supernatant was removed and the dry pellet was 

stored at -80°C for future use (374). 

 

2-9 Preparation of nuclear extracts 
 

 Nuclear extracts were obtained from crypt cell and BMDM pellets using the NE-

PER nuclear and cytoplasmic fraction kit from Pierce Scientific according to the 

manufacturer's directions. Purity of the resulting nuclear and cytoplasmic fractions was 

confirmed using Western blotting for β-tubulin and lamin B, with the cytoplasmic fraction 

expected to have plentiful tubulin and no lamin B, and the nuclear fraction expected to 

have plentiful lamin B and little to no tubulin. Fractions were stored in 1.5 mL eppendorf 

tubes at -80°C until use. 
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2-10 Tissue histology and immunohistochemistry 
 

 Colon samples were isolated, fixed in z-Fix (Anatech Ltd) and paraffin-

embedded. All inflammation scores were obtained utilizing blinded scoring by a 

gastrointestinal pathologist (Dr. Aducio Thiesen) based on infiltration of enterocytes, 

neutrophils, lamina propria cellularity, crypt structure and epithelial hyperplasia (scored 

as 0-2 where 2=maximal injury)(187). Dysplasia scoring assessed the presence or 

absence of dysplasia/neoplasia and indicated the degree of dysplasia based on a 

numerical score similar to tumor grading (Table 2.2, adapted from (187) and (375)).  

 

 Immunohistochemistry (IHC) and hematoxylin and eosin (H&E) staining were 

carried out using standard techniques. Formalin fixed, paraffin embedded sections were 

de-paraffinized and re-hydrated as described previously (376). Antigen retrieval was done 

by boiling in sodium citrate buffer as previously described. Endogenous peroxidase 

activity was quenched with 3% H2O2. Sections were blocked in 2% BSA + 2% donkey 

serum for one hour at room temperature, and incubated in primary antibody as indicated 

overnight at 4°C. Sections were incubated in 1:500 biotinylated secondary antibody for 

1 hour at room temperature and signal amplification and detection was done using the 

VECTASTAIN Elite ABC Kit and the Metal Enhanced DAB Substrate Kit. 

Counterstaining was done using Harris' modified hematoxylin. 

  



89

 



 
 

90 
 

2-11 Immunoblotting 
 

 Discontinuous denaturing sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) was used to separate proteins from protein samples. 

Generally, a 10% polyacrylamide separating gel with a 5% stacking gel was used for 

most proteins; however, a 12.5% separating gel with a 5% stacking gel was used for 

proteins smaller than 37 kDa. 40 µg of total protein was loaded per lane, with the 

exception of nuclear fraction samples, where 10 µg of total protein was loaded per 

sample. Gels were run using vertical electrophoresis using the CBS Scientific system, 

generally at 150 V for approximately 1.5 hours. Proteins were transferred to methanol 

activated polyvinyl difluoride (PVDF) membrane using a wet transfer for large proteins 

(100 V for 1.5 hours) and semi-dry transfer for proteins smaller than 37 kDa (460 mA for 

2 hours). Membranes were rinsed in ddH2O, blocked in 10% milk in 0.01% TBS-Tween 

for 30 min at room temperature and transferred to primary antibody in 2% milk in 0.01% 

TBS-Tween at 4°C overnight with rocking. After primary antibody incubation, 

membranes were rinsed in 0.01% TBS-Tween for 5 min three times, and transferred to 

secondary antibody in 2% milk in 0.01% TBS-Tween for 2 hours. Membranes were then 

rinsed again for 5min three times before incubation with enhanced chemiluminescence 

(ECL) detection reagent (in house) or SuperSignal West Dura Extended Duration 

Substrate (Thermo Scientific). Signal detection was captured using X-ray film or the 

Alpha Innotech imaging system.  

 

 Where applicable, membranes were stripped using stripping buffer with fresh 

BME at 60°C for 5 min, rinsed in ddH2O three times, and rinsed in 0.01% TBS-Tween 

for 5 min three times. Blocking and antibody incubation followed normally. For 

antibodies against tyrosine phosphorylated proteins 5% bovine serum albumin in 0.01% 

TBS-Tween was used in substitution for all steps using milk. Where fold changes are 

indicated, all samples have first been normalized to their respective ERK1/2 loading 

controls, and then fold changes calculated as compared to baseline wild-type animals. 
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2-12 Enzyme linked immunosorbent assays (ELISA) 
 

 Cytokine levels were assessed in diluted serum samples or ex vivo cellular 

supernatant extracts using ELISA and carried out in accordance with manufacturer’s 

instructions. Final absorbances at 450 nm were read using a VICTOR X4 Multilabel 

Plate Reader from Perkins Elmer.  

 

 Briefly, serum or tissue samples were diluted using the provided diluents and 

added to a 96-well microplate pre-coated in antibody specific to the protein of interest. 

Samples were allowed to incubate at room temperature for 1-2 hours in order to allow 

antibody-protein binding, at which point the microplate was washed with PBS-T and a 

solution containing a biotin-labelled second antibody against the protein of interest for 1-

2 hours at room temperature. After a second wash, the microplate was incubated with a 

solution containing HRP-labelled streptavidin which bound to the biotin labelled 

secondary antibody for 30 minutes, followed by a final wash. Finally, TMB substrate 

solution was added and incubated for 30 minutes, during which time HRP acted upon 

the substrate to produce a blue color. Upon addition of stop solution (hydrochloric acid), 

the HRP enzymatic reaction was stopped and the solution turned a yellow color with 

maximum absorbance at 450 nm. Absorbance of microplate wells was read within 30 

minutes of stopping the substrate reaction. 

 

2-13 Determination of Reactive Oxidative Species 
 

 To determine the degree of ROS generated, a fluorometric assay, utilizing the 

unique intracellular oxidation of 2′,7′-dichlorofluorescin diacetate (DCF-DA), was used. 

Freshly isolated crypt cells were seeded into 96-well plates in triplicate. Cells were 

immediately treated with 5 µM DCF-DA and fluorescence was monitored over 45 

minutes in the dark. Fluorescence was measured using a Synergy H4 Microplate 
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Reader (Biotek Instruments) set to 37°C. Measurements were made using a 485/20 nm 

excitation and a 528/20 nm emission filter pair and a gain sensitivity setting of 55%. 

Readings were made from the bottom every 30 seconds for a total of 45 minutes (377). 

 

2-14 Real time polymerase chain reactions (qPCR) 
 

 A total of 2 μg of total RNA was converted into cDNA with an Applied Biosystems 

high-capacity cDNA Reverse Transcription Kit according to manufacturer's instructions. 

After reverse transcription cDNA was diluted 10 times with RNase-free water and 5 μL 

was used in PCR reactions using NEB Taq DNA polymerase with standard Taq buffer. 

Quantitative analysis of specific mRNA expression was performed using real-time PCR 

by subjecting the resulting cDNA to PCR amplification using the LightCycler 96 Real 

Time PCR System (Roche). The 25 μL reaction mix contained 0.1 μL of 10 μM forward 

primer and 0.1 μL of 10 μM reverse primer (40 nM final concentration of each primer), 

12.5 μL of SYBR Green Universal Mastermix, 11.05 μL of nuclease-free water, and 100 

ng of cDNA sample. Assay controls were incorporated onto the same plate, namely, no-

template controls to test for the contamination of any assay reagents.  

 

 After sealing the plate with an optical adhesive cover, the thermocycling 

conditions were initiated at 95°C for 30 sec, followed by 45-65 PCR cycles of 

denaturation at 95°C for 10 sec, annealing at 55-60°C for 1 min, and an extension 

phase at 70°C for 30 sec. Melting curve (dissociation stage) was performed by the end 

of each cycle to ascertain the specificity of the primers and the purity of the final PCR 

product. The real time-PCR data were analyzed using the relative gene expression i.e. 

(ΔΔCT) method as described in Applied Biosystems User Bulletin No.2 and explained 

further by Livak and Schmittgen (2001) (378). Briefly, the ΔCT values were calculated in 

every sample for each gene of interest as follows: CT gene of interest – CT reporter 

gene, with β-actin as the reporter gene. Calculation of relative changes in the 

expression level of one specific gene (ΔΔCT) was performed by subtraction of ΔCT of 
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control (vehicle treated animals at 6 or 24 h time points) from the ΔCT of the 

corresponding treatment groups. The values and ranges given in different figures were 

determined as follows: 2–Δ(ΔCT) with ΔΔCT + S.E. and ΔΔCT – S.E., where S.E. is the 

standard error of the mean of the Δ(ΔCT) value. For a list of primer sequences used, 

see Table 2.3. Where fold changes are indicated, all samples have first been 

normalized to their respective actin loading controls, and then fold changes calculated 

as compared to baseline wild-type animals. 
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2-15 Reverse transcription polymerase chain reactions (RT-PCR) 
 

 A total of 2 μg of total RNA was converted into cDNA with an Applied Biosystems 

high-capacity cDNA Reverse Transcription Kit according to manufacturer's instructions. 

After reverse transcription cDNA was diluted 10 times with RNase-free water and 5 μL 

was used in PCR reactions using NEB Taq DNA polymerase with standard Taq buffer. 

PCR parameters were initial denaturation 94°C for 2 min, followed by 35 cycles of 

denaturation at 94°C for 1 min, annealing for 1 min, and extensions at 68°C for 1 min 

(35 cycles), followed by a final extension 68°C for 10 min. PCR products were analyzed 

on a 2% agarose gel and visualized with ethidium bromide. For a list of primer 

sequences used, see Table 2.4. Where fold changes are indicated, all samples have 

first been normalized to their respective actin loading controls, and then fold changes 

calculated as compared to baseline wild-type animals. 
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2-16 DNA methylation analysis by pyrosequencing 
 

 Pyrosequencing to determine methylation status was carried out using the 

Qiagen Pyromark Advanced kit according to the manufacturer's instructions. Briefly, 

genomic DNA isolated from mouse colonic tissue was bisulfite modified using the 

Qiagen Epitect Bisulfite Conversion kit, using the instructions for "Sodium Bisulfite 

Conversion of Unmethylated Cytosines in DNA from Low-Concentration Solutions" 

according to the manufacturer's instructions. The resulting bisulfite modified DNA was 

then used as a template to amplify the region of interest using a biotinylated primer set 

for the first exon of Rassf1a provided by Qiagen (cat # PM00416290). A small amount 

of DNA was run on an agarose gel to confirm product amplification, and the 15 µL of 

PCR product was used in the Pyromark Advanced system. Amplified product was 

loaded into the Pyromark machine along with the appropriate binding buffers, reagents 

(Pyromark Advanced Kit), and a sequencing primer, and the Pyromark Q24 was used to 

analyze the nucleotide sequence and compare it against the expected sequence of the 

region of interest.  

 

 Bisulfite modification converts cytosine nucleotide to uracil, however, methylated 

cytosine residues are protected from this effect. Following bisulfite cleanup and PCR 

amplification, any uracils will have been converted to thymine, while methylated 

cytosines will remain cytosine. The Pyromark system measure whether a cytosine or a 

thymine residue is present at each predicted CpG island and generate a percentage of 

methylation based on the product ratios. A positive control includes a synthetically 

methylated genomic mouse DNA sample and a negative control contains no template 

DNA. 
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2-17 Electrophorectic mobility shift assay (EMSA) 
 

 EMSA was carried out as previously described (374). Briefly, duplex DNA specific 

for the NFκB binding site was end-labeled with [γ-32P] ATP by using T4 polynucleotide 

kinase, purified using a G-50 sephadex column (Roche) and allowed to associate with  

4 µg of the nuclear extracts containing NFκB for 30 min at room temperature. The 

oligonucleotide was AAATGTGGGATTTTCCCATGA for crypt cell NFκB analysis (the 

NFκB binding site from the IL-6 promoter) and TCAGAGGGGACTTTCCGAGAGG for 

BMDM NFκB analysis (the NFκB binding site from the IL-8 promoter). DNA/protein 

complexes were then separated by non-denaturing gel electrophoresis, dried onto 

Whatman filter paper and autoradiographed. Nuclear extracts were prepared using NE-

PER (ThermoFisher Scientific) as per manufacturer's instructions). Binding buffer was 

100 mM Tris-HCL pH 6.5, 500 mM KCl, 1.2 mM EDTA, 12 mM DTT, 20% glycerol and  

1 µg Salmon Sperm DNA. The purity of fractions was confirmed with anti-β-tubulin 

(cytosolic fraction) or anti-lamin B (nuclear fraction). 

 

2-18 Collection and handling of human samples 
 

 We have collected over 400 blood samples and approximately 200 biopsy 

samples from pediatric and adult IBD and control patients attending regular clinic 

appointments at the University of Alberta. We have also collaborated with researchers 

in the Centre for Excellence in Gastrointestinal Inflammation and Immunity Research 

(CEGIIR) at the University of Alberta, the Alberta IBD Consortium, and the Alberta 

Health Services pathology bank to obtain additional patient biopsy samples as 

necessary. Samples were collected from patients with active disease as well as those in 

remission from areas of active inflammation as well as from areas showing no gross 

inflammation when available. For results presented in this thesis, samples presented 

are from patients with active disease from regions of gross inflammation. Samples are 
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from both ulcerative colitis and Crohn's disease patients and from colonic and ileal 

regions as indicated in results.  

 

 We also received blood and tumor biopsy samples from colorectal cancer 

patients from collaborations with the Cross Cancer Institute Tumor Bank. All biopsy and 

tumor samples were flash-frozen in liquid nitrogen and stored at -80°C. Samples were 

transferred to Z-fix fixative for 24-36 hours in order to fix the samples prior to being 

dehydrated and paraffin-embedded as described previously (376). Biopsy samples were 

also mounted for IHC immunoblotting to assess the usefulness of novel IBD biomarkers 

identified in the mouse models. 

 

2-19 Statistical Analyses 
 

 Statistical analyses were performed using one-way or two-way ANOVA with 

Tukey or Bonferroni post-hoc tests respectively, or Students t-test (two-tailed), as 

indicated using the GraphPad Prism 5 software. All statistics were non-parametric. 

Survival analysis was done using Kaplan-Meier curves and Mantel-Cox tests. Results 

are considered significant if the p-value is <0.05. All experiments were carried out at 

least three times with biological replicates. Error bars in all graphs represent the 

standard error. Statistics for individual experiments are indicated with the graph or figure 

legends. Sample size calculations are shown in Table 2.5. 
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Chapter Three: The Tumor Suppressor Protein RASSF1A is Essential 
for Recovery in Acute Inflammation 
 

Disclaimer: The majority of this chapter has been previously published elsewhere as 

"Gordon M, El-Kalla M, Zhao Y, Fiteih Y, Law J, Baksh S, et al. The tumor suppressor 

gene, RASSF1A, is essential for protection against inflammation -induced injury. PLOS 

One. (2013, Oct 16), 8(10): e75483" (3). The sections presented here represent work 

contributed by M. Gordon. Additional experiments may be found in the published paper, 

as well as the published Master of Science theses of Mohamed El-Kalla (379) and 

Yuewen Zhao (380). In particular, M. El-Kalla and Y. Zhao aided in the experiments and 

data analysis covered in section 3.1, 3.2.1, and 3.2.2. Y. Fiteih contributed to section 

3.2.4 in carrying out experiments and data analysis. N. Volodko contributed to section 

3.2.4 in carrying out experiments and data analysis. S. Baksh was the supervisory 

author of the manuscript and was responsible for all in vitro kinase assay experiments 

and additional biochemistry experiments present in the original published paper. 
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Abstract: 

 

 Ras association domain family protein 1A (RASSF1A) is a tumor suppressor 

gene silenced in cancer. Here we report that RASSF1A is a novel regulator of intestinal 

inflammation as Rassf1a+/−, Rassf1a−/− and an intestinal epithelial cell specific knockout 

mouse (Rassf1aIEC-KO) rapidly became sick following dextran sulphate sodium (DSS) 

administration, a chemical inducer of colitis. Rassf1a knockout mice displayed clinical 

symptoms of inflammatory bowel disease including: increased intestinal permeability, 

enhanced cytokine/chemokine production, elevated nuclear factor of kappa light 

polypeptide gene enhancer in B-cells (NFκB) activity, elevated colonic cell death and 

epithelial cell injury. Furthermore, epithelial restitution/repair was inhibited in DSS-

treated Rassf1a−/− mice with reduction of several makers of proliferation including Yes 

associated protein (YAP)-driven proliferation. Surprisingly, tyrosine phosphorylation of 

YAP was detected which coincided with increased nuclear p73 association, BAX-driven 

epithelial cell death and p53 accumulation resulting in enhanced apoptosis and poor 

survival of DSS-treated Rassf1a knockout mice. We can inhibit these events and 

promote the survival of DSS-treated Rassf1a knockout mice with intraperitoneal 

injection of the c-ABL and c-ABL related protein tyrosine kinase inhibitor, 

imatinib/gleevec. However, p53 accumulation was not inhibited by imatinib/gleevec in 

the Rassf1a−/− background which revealed the importance of p53-dependent cell death 

during intestinal inflammation. These observations suggest that tyrosine 

phosphorylation of YAP (to drive p73 association and up-regulation of pro-apoptotic 

genes such as BAX) and accumulation of p53 are consequences of inflammation-

induced injury in DSS-treated Rassf1a−/− mice. Mechanistically, we can detect robust 

associations of RASSF1A with membrane proximal Toll-like receptor (TLR) components 

to suggest that RASSF1A may function to interfere and restrict TLR-driven activation of 

NFκB. Failure to restrict NFκB resulted in the inflammation-induced DNA damage driven 

tyrosine phosphorylation of YAP, subsequent p53 accumulation and loss of intestinal 

epithelial homeostasis. 
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3-1 Introduction 

 
 The Ras association domain family protein 1A (RASSF1A) is frequently lost in 

human cancers by promoter-specific methylation (1). RASSF1A (but not 

RASSF5A/Nore1A) was previously shown to associate with tumor necrosis factor α 

receptor 1 (TNF-R1) to promote cell death (239). Although RASSF5A lacks association 

with TNF-R1, Rassf5a−/− mice do have defective TNF-α responses suggesting that 

RASSF5A may influence TNF-α signaling and apoptosis through alternate pathways 

such as interactions with sterile-20 like pro-apoptotic kinases, MST1/2 (mammalian 

Hippo) (245). Rassf1a−/− mice are viable and fertile, have normal cell cycle parameters 

and sensitivity to DNA-damaging agents and show no signs of gross genomic instability 
(293,304). They do, however, develop tumors in response to chemical carcinogens and 

develop spontaneous tumors by 18 months of age. Several animals had B-cell 

lymphomas and others had tumors localized within the gastrointestinal tract suggesting 

an important role for RASSF1A in gastrointestinal physiology (293,304). Recently, it was 

demonstrated that the p53−/−Rassf1a−/− double knockout mice are viable, fertile and 

developmentally normal (381). However, the loss of p53 (even in the heterozygous state) 

led to >60% of the animals developing tumors in the absence of Rassf1a (381). These 

tumors include several adenocarcinomas and sarcomas localized within the lungs. 

However, there was no evidence of colonic hyperplasia (381). The p53−/−Rassf1a−/− 

double knockout mice also revealed enhanced cytokinesis failure and chromosomal 

abnormalities leading to aneuploidy which suggests importance in mitotic regulation and 

tumor suppressor function. 

 

 It has been determined that 80% of sporadic colorectal cancer (CRC) tumors 

have somatic and germline mutations within the tumor suppressor gene, adenomatous 

polyposis coli (APC) (382). In the absence of APC, β-catenin freely translocates to the 

nucleus where it signals an intracellular cascade resulting in the transcription of 

hundreds of genes (383-385). The loss of RASSF1A in the context of the APCmin/+ mice 
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(Rassf1a−/−APCmin/+ mice) has been reported to result in increased β-catenin nuclear 

localization, intestinal adenomas and poorer survival than single knockout littermate 

controls (386). These data would suggest the importance of the early loss of RASSF1A 

during premalignant formation of adenocarcinomas that may lead to increased 

malignant transformation and tumorigenesis. The loss of both APC and RASSF1A 

function may be key initiating events in the formation of CRC and these observations 

highlight the importance of RASSF1A in intestinal physiology (89,385). 

 

 It has been demonstrated that TNF-R1 is a unique death receptor that can 

activate a cell death pathway through RASSF1A, triggering BAX activation and 

mitochondrial-driven apoptosis (1,239,262,387). In addition, TNF-R1 can also promote a pro-

inflammatory response through nuclear factor kappa B (NFκB) pathways (12). NFκB is an 

important mediator of inflammation and the pathogenesis of intestinal inflammation and 

inflammatory bowel disease (IBD) (75). TLRs can also activate a potent NFκB response 

and defend against invading pathogens (388). Of the RASSF family members, RASSF6 

and 8 were demonstrated to modulate NFκB activity but a mechanism was not 

proposed (389,390). Recently, Song et al. (2012) demonstrated that RASSF2 can 

associate with the IKK complex to inhibit NFκB (339,390,391) and several reports indicate 

that RASSF1C and 8 may influence the function of the WNT/β-catenin pathways, 

pathways important for the appearance of intestinal tumorigenesis (339,390). 

 

 It is currently unknown if RASSF1A can influence NFκB activation via TNF-R1 or 

TLR pathways. However, epigenetic analysis does reveal promoter specific methylation 

of RASSF1A resulting in loss of expression in ulcerative colitis (UC) patients (88), a form 

of IBD. Interestingly, IL-6 can drive epigenetic loss of RASSF1A via DNA 

methyltransferase 1 (DNMT1) up-regulation (392,393) suggesting that inflammation can 

drive expression loss of RASSF1A. In this study, we demonstrate an in vivo function for 

RASSF1A in restricting NFκB-dependent inflammation linked to the TLR pathway. 

Furthermore, we can demonstrate that NFκB-dependent inflammation can modulate 
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epithelial proliferation and the appearance of tyrosine phosphorylation of the Hippo 

pathway target, Yes-associated protein (YAP). We believe that tyrosine phosphorylated 

YAP can up-regulate pro-apoptotic genes to drive intestinal epithelial apoptosis. 

Restricting NFκB-dependent inflammation and tyrosine phosphorylation of YAP will 

maintain epithelial homeostasis, promote epithelial restitution and allow recovery from 

inflammation induced injury. 

 

 Previous findings in our lab showed decreased survival of Rassf1a−/− mice 

following exposure to DSS. Administration of DSS in the drinking water results in colitis 

in rodents, mimicking human symptoms. These symptoms include weight loss, diarrhea 

and rectal bleeding. Upon DSS treatment, Rassf1a−/− mice became sick within 5-9 days 

post-treatment with reduced activity, piloerection, a general moribund state/hunched 

posture, lack of grooming, severe rectal bleeding, and significantly reduced survival 

(Figure 3.1). Wild-type mice displayed only mild symptoms of DSS-induced intestinal 

injury and demonstrated full recovery from DSS exposure. Rassf1a−/− mice revealed 

>25% loss of body weight, increased disease symptoms, significantly shortened colon, 

and decreased crypt depth in contrast to wild-type mice. Histological sections stained 

with H&E revealed severe colonic disruption with mucosal/crypt damage (cryptitis and 

crypt abscesses) in Rassf1a−/− mice with evident cellular infiltrates composed of immune 

cells. DSS-treated wild type mice revealed minimal colonic morphology changes and 

significantly less cellular infiltrates (379). Surprisingly, the Rassf1a+/− hemizygous mice 

also demonstrated similar symptoms to the Rassf1a−/− mice suggesting 

haploinsufficiency at the Rassf1a locus. Since DSS-treated Rassf1a+/− mice phenocopy 

the Rassf1a−/− mice data henceforth is primarily presented for the Rassf1a−/− mice.  
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 Additional studies to specifically explore the role of RASSF1A in intestinal 

physiology, an intestinal epithelial cell specific knockout to RASSF1A, Rassf1aIEC-KO, 

was generated by mating Rassf1a-LoxP conditional mice (293) with the Villin-Cre 

transgenic mouse and the knockout allele detected by PCR. Villin is an intestinal-related 

cytoskeletal protein that is associated with brush border microvilli. RASSF1A knockout 

was confirmed by PCR utilizing genomic DNA from colonic sections as previously 

published (293). Similar to the Rassf1a−/− mice, DSS-treated Rassf1aIEC-KO animals 

displayed <25% survival with significant loss of body weight, colon length, disrupted 

colonic crypts, decreased crypt depth, severe disease activity indices, and elevated 

histopathological scores. In addition, DSS-treated Rassf1aIEC-KO animals had elevated 

IL-6 and MCP-1, increased NFκB DNA binding activity in Rassf1aIEC-KO bone marrow 

cells and colon crypt cells, and significant increases in colonic tissue MPO and colonic 

tissue HA levels (380) (Figure 3.2). Taken together, these data strengthen the protective 

role of RASSF1A in restricting unwanted NFκB and following DSS-induced inflammation 

injury (3). 
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3-2 Results 

 

3-2.1 DSS treated Rassf1a−/− mice have enhanced inflammation 
 

 Histological sections from DSS-treated Rassf1a−/− colons also revealed mild 

epithelial hyperplasia as reflected by increased inflammation scores in Rassf1a−/− 

treated mice (Figure 3.3 A). Using mouse colonoscopy, we observed significant DSS-

induced injury by day 8 in Rassf1a−/− versus wild-type or Rassf5a−/− mice. Reduction of 

proper colonic striations and disappearance of a normal vascular pattern together with 

the presence of erythema was observed in the Rassf1a−/− mice indicating active 

inflammation (Figure 3.3 B). Together, these findings suggest that RASSF1A is 

important for protection against DSS-induced intestinal inflammation.  

 

 To determine the mechanism of DSS-induced injury in Rassf1a−/− mice, levels of 

inflammatory biomarkers were assessed. Serum levels of IL-6, IL-12 and MCP-1 (but 

not IL-1β, TNF-α, IFN-γ or IL-23) were elevated in Rassf1a−/− mice compared to wild-

type or Rassf5a−/− mice (Figure 3.3 C–E). Following DSS treatment, NFκB specific 

activity in bone marrow cells from Rassf1a−/− animals was significantly higher than in 

wild-type or Rassf5a−/− bone marrow cells (Figure 3.3 F). The detected activity was 

specific for NFκB (Figure 3.3 F, lane 4) and lost in the presence of a cold competitor 

oligonucleotide or an NFκB mutant DNA binding oligonucleotide (Figure 3.3 F, lanes 4 

and 5, respectively). We further characterized inflammation injury in Rassf1a−/− versus 

wild-type mice by measuring myeloperoxidase (MPO, a glycoprotein rapidly released by 

activated neutrophils which may also cause extraceullar tissue damage) and hyaluronic 

acid (HA) release. Following DSS-induced intestinal injury, HA synthase (HAS) up-

regulates HA production in macrophages and lamina propria lymphocytes (394), targeting 

TLR2 and TLR4, and subsequently promoting TLR4/2-driven NFκB activity (395). We 

observed a significant increase in both serum and colon tissue levels of MPO (Figure 
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3.4 D) and serum HA levels (Figure 3.4 E) in DSS-treated Rassf1a−/− mice (a 2-3 fold 

increase in both markers was observed). As MPO is a marker of activated neutrophils, 

which are typically only found in inflammed tissues, the significant elevation of MPO 

seen in Rassf1a-/- mice suggests extensive dysregulation of the inflammatory response 

in these mice. The presence of activated neutrophils in the circulating blood of these 

mice suggest a widespread immune activation in these mice extending beyond the local 

colonic tissue. This further suggests that RASSF1A may be important in restricting 

inflammatory signaling beyond just colonic epithelial cells. Elevated HA levels may 

indicate a sustained need to activate TLR4-driven protective responses to promote 

epithelial repair in the continued presence of inflammation-induced damage (395). In 

contrast, elevation of MPO may be detrimental to the recovery from DSS-induced injury 

and may have significantly contributed to the decreased survival of Rassf1a−/− mice. 
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3-2.2 Defective epithelial restitution in Rassf1a-/- mice following 
acute DSS-induced injury 

 

 The increased epithelial permeability and decreased survival of DSS-treated 

Rassf1a−/− mice could be explained by the damage caused by disruption of the epithelial 

barrier (and damaged paracellular space), elevated cell death (apoptosis) or defects in 

epithelial cell repair and lack of crypt cell proliferation (396). Due to increased colonic 

permeability and mucosal/crypt damage in Rassf1a−/− and Rassf1aIEC-KO mice following 

DSS insult (Figure 3.1 D–E and Figure 3.2 D–E) we speculate that RASSF1A may 

influence pathways involved in epithelial restitution and/or cell repair to regain normal 

epithelial architecture. Proliferating cell nuclear antigen (PCNA) staining of tissue colon 

sections from Rassf1a−/− and Rassf1aIEC-KO mice treated with DSS confirmed reduced 

crypt cell proliferation versus wild-type or Rassf5a−/− (Figure 3.6 A). Because the DSS 

model of colitis is primarily a model of epithelial damage and repair, it will be interesting 

to confirm these findings in other models of colitis, although we expect similar findings 

due to the dramatic differences seen between Rassf1a-/- and Rassf1aIEC-KO mice 

compared to wild type mice.  

 

 We also observed significant PARP cleavage (a marker of late apoptosis) in 

colon lysates (Figure 3.5 C) and increased TUNEL-positive staining in colonic sections 

(a marker of condensed nuclei and indicative of apoptosis) (Figure 3.5 D) from DSS-

treated Rassf1a−/− and Rassf1aIEC-KO mice. The substantial increase in apoptosis in 

DSS-treated Rassf1a−/− and Rassf1aIEC-KO mice is likely a significant contributing factor 

to the decreased survival observed for these mice in Figure 3.1 A and 3.2 B. 
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3-2.3 DSS treatment of Rassf1a−/− mice triggers tyrosine 
phosphorylation of Yes-Associated Protein (YAP) following 
acute inflammatory injury 

 

 RASSF1A can normally promote cell death via TNF-R1 and the loss of 

RASSF1A should result in decreased cell death. We, in fact, can detect enhanced cell 

death by PARP and TUNEL analysis (Figure 3.5 C–D). We thus explored alternative 

explanations for how the loss of RASSF1A may result in increased intestinal apoptosis. 

RASSF1A is a component of the Rassf/Salvador/Hippo pathway that can modulate cell 

death, organ size and cellular proliferation (250,353,354). It is thought that in mammalian 

cells, RASSF1A can function to activate MST1/2, resulting in the activation of LATS and 

downstream serine phosphorylation events (358). Activated LATS can lead to the 

inactivation (by cytoplasmic re-localization and retention) of the Yes-associated protein 

(YAP), a key diver of proliferation (known as Yorkie [Yki] in Drosophila) linked to the 

TEAD family of transcription factors (254) Removal of either Yki from intestinal stem cells 

in Drosophila (397) or YAP in Yap−/− mice (398) revealed poor survival and decreased 

epithelial cell proliferation in response to DSS treatment (characteristics similar to what 

we have observed). However, we are arguing for the important role of RASSF1A in 

restricting NFκB and downstream effects that hyperactivation of NFκB can cause. 

Although inflammation was not investigated in either of these studies, it does suggest 

an important role for both RASSF1A and YAP in modulating crypt cell proliferation and 

survival following DSS-induced inflammation injury. 

 

 In the absence of RASSF1A, there was a significant reduction in S127 

phosphorylation of YAP (Figure 3.5 E, top panel) and enhanced nuclear presence of 

p73 associated YAP (Figure 3.5 E, bottom panel). Reduced S127-phosphorylated YAP 

and increased nuclear presence of YAP would be expected to result in increased YAP-

driven transcription to drive proliferation of intestinal crypt cells in the canonical Hippo 

pathway. Enhanced proliferation can be observed in wild-type mice upon DSS treatment 
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but not in DSS-treated Rassf1a−/− and Rassf1aIEC-KO mice (Figure 3.6 A). DSS-treated 

Rassf1a−/− and Rassf1aIEC-KO mice clearly revealed enhanced nuclear levels of YAP but 

reduced crypt proliferation (as determined by PCNA staining in Figure 3.6 A). However, 

increased crypt apoptosis (as determined by elevated PARP cleavage and TUNEL 

staining) can be observed in line with reduced crypt proliferation (Figure 3.5 C–D). 

Furthermore, MST kinase activity was dramatically reduced in DSS-treated of 

Rassf1a−/− and Rassf1aIEC-KO mice (Figure 3.6 B) in agreement with enhanced nuclear 

presence of YAP. 

 

 Further detailed analysis revealed increased tyrosine phosphorylation (pY) of 

YAP in DSS-treated Rassf1a−/− mice in colon lysates/nuclear fractions (Figure 3.5 F) 

and in colonic sections (Figure 3.7 A). A clear difference in pY-YAP between DSS-

treated wild type and Rassf1a−/− mice was observed as early as day 5 post DSS 

addition that continued to increase towards Day 9 (Figure 3.7 A, right panel). Previous 

studies have suggested a functional role for pY-YAP/p73 complex to ultimately drive 

pro-apoptotic gene expression, especially BAX (399,400). In support of these arguments, 

we detected enhanced nuclear presence of a pY-YAP/p73 complex (Figure 3.5 E, 

bottom panel), increased BAX expression by immunohistochemistry and immunoblotting 

(Figure 3.7 B) in intestinal crypt cells from DSS-treated Rassf1a−/− and Rassf1aIEC-KO 

mice but not in samples from wild-type or Rassf5a−/− treated mice. This suggests that a 

pY-YAP/p73 driven up-regulation of BAX may promote intestinal cell death leading to 

increased gut permeability, lack of effective epithelial repair and poor survival of DSS-

treated Rassf1a−/− and Rassf1aIEC-KO mice.  

 

 Previous studies have suggested a functional role for c-ABL-driven tyrosine 357 

phosphorylation of YAP in response to DNA damage (364,401). This resulted in the 

formation of a pY-YAP/p73 complex to drive pro-apoptotic gene expression, especially 

BAX (399,400). We detected enhanced Y357 phosphorylation in Rassf1a knockout mice 

using a Y357 YAP antibody (Figure 3.5 F and Figure 3.7 A). In addition, we also 
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observed increased DNA damage as early as Day 3 (Figure 3.7 C and Figure 3.5 C), 

oxidative damage by Days 5-9 (Figure 3.7 D) as well as significant ROS production in 

colon samples from in vivo DSS-treated Rassf1a knockout mice (Figure 3.6 D). DNA 

and oxidative damage of colonic cells have been characterized as significant factors in 

the pathogenesis of IBD (402,403). Similar to IBD patients, inflammation-induced injury in 

our Rassf1a knockout mice has associated DNA and oxidative damage. Since we can 

observe DNA damage as early as Day 3, we speculate that this may be driving the 

tyrosine phosphorylation of YAP observed by Days 3–5 (Figure 3.7 A). YAP tyrosine 

phosphorylation following DSS-induced inflammation injury will in turn drive colonic cell 

death (via p73 association and transcriptional activation of cell death genes) and poor 

survival of DSS-treated Rassf1a knockout animals. 
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3-2.4 Imatinib mesylate/Gleevec can protect Rassf1a+/− mice but 
not Rassf1a−/− mice from DSS-induced inflammatory injury 

 

 Next, we wanted to inhibit the protein tyrosine kinase (PTK) for YAP in order to 

prevent a pY-YAP/p73 driven transcription of pro-apoptotic genes (such as BAX) and 

possibly aid in promoting the enhanced survival of DSS-treated Rassf1a knockout mice. 

As mentioned earlier, YAP has been shown to be tyrosine phosphorylated by c-ABL in 

response to DNA damage. Imatinib mesylate/gleevec (hereafter referred to as imatinib) 

was developed to specifically inhibit c-ABL (IC50 of 25 nM) (404) and has been successful 

utilized to treat leukemia patients. However, it can also inhibit c-Kit and PDGF-R at 400 

nM (404). Imatinib treatment of our Rassf1a+/− mice (IP injections of 60 mg/kg body 

weight of imatinib on Days 3 and 6 of an acute 3% DSS treatment) resulted in >80% 

survival (Figure 3.8 A), low disease activity indices (Figure 3.9 A), low histopathological 

scoring of <2 (Rassf1a+/− mice normally have >6, Figure 3.8 B), reduced IL-6 (Figure 3.8 

C), reduced cell death (Figure 3.8 D and Figure 3.9 B), reduced DNA and oxidative 

damage (Figure 3.9 C–D, purity of nuclear extracts is shown in 3.9 E), regain normal 

crypt architecture (Figure 3.8 E and Figure 3.11 A) and increased PCNA staining 

(increased proliferation, Figure 3.11 A).  

 

 Imatinib significantly reduced the appearance of pY-YAP as determined by 

immunohistochemical staining (Figure 3.8 E) and immunoblotting (Figure 3.11 B). 

Furthermore, there was increased c-ABL kinase activity towards FLAG-YAP in colon 

lysates from the Rassf1a+/− mice that was inhibited by imatinib (Figure 3.8 F). The 

increased kinase activity of c-ABL was not inhibited by a direct modulation by RASSF1A 

as exogenous addition of GST-RASSF1A did not interfere with the kinase activity of c-

ABL as determined by our in vitro method (Figure 3.8 F, top panel, last two lanes on the 

right). Thus c-ABL activity may be indirectly modulated by RASSF1A and increased c-

ABL activity is most likely a result of increased DNA damage during intestinal 

inflammation. Taken together, our data suggested that inhibition of the c-ABL class of 
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PTKs was effective in reversing the detrimental effects of a 3% DSS treatment in DSS-

treated Rassf1a+/− mice.  

 

 In contrast to imatinib-treated Rassf1a+/− mice, imatinib-treated Rassf1a−/− mice 

did have different survival outcomes. We did notice that the clinical onset of disease 

was delayed 2-3 days when compared to DSS-treated Rassf1a+/− or Rassf1a−/− mice 

(Figure 3.8 A). Imatinib-treated Rassf1a−/− mice had comparable disease activity indices 

to imatinib-treated Rassf1a+/− mice until Day 8, but by Days 9-10, imatinib-treated 

Rassf1a−/− mice worsened with higher disease activity indices (Figure 3.9 A). 

Surprisingly, imatinib-treated Rassf1a−/− mice revealed reduced pY-YAP 357 (Figure 3.8 

E and Figure 3.11 C), reduced inflammation scores and cytokine production (Figure 3.8 

B-C) indicating that imatinib treatment was interfering with a key mechanism promoting 

early intestinal damage during the DSS treatment. However, the higher disease activity 

indices on Days 9-10 and poor survival of imatinib-treated Rassf1a−/− mice may be 

attributed to a robust degree of cell death (Figure 3.8 D and Figure 3.9 B), DNA damage 

(Figure 3.9 C, bottom panel), and c-ABL kinase activity following DSS-induced 

inflammation. c-ABL kinase activity was, again, not affected by the exogenous addition 

of GST-RASSF1A (Figure 3.8 F, bottom panel). Equal amounts of FLAG-YAP were 

utilized as revealed by Coomassie blue staining in Figure 3.11 D. 

  



122

 



123

 



 
 

124 
 

 Further analysis of this discrepancy, revealed that the cleavage of c-ABL was 

more apparent in DSS-treated Rassf1a−/− mice (Figure 3.10 A) and highly elevated in 

imatinib treated Rassf1a−/− mice (Figure 3.10 B), especially the presence of the 

predominant 25 kDa cleaved (but active) fragment of c-ABL (Figure 3.10 A and B, 

marked with “*”) (405,406). Interestingly, DSS-treated wild type animals revealed almost 

undetectable levels of p53 whereas DSS-treated Rassf1a+/− or Rassf1a−/− mice (Figure 

3.10 C) revealed highly elevated or accumulated levels of p53 (as early as Day 3 for the 

DSS-treated Rassf1a−/− mice).  

 

 The accumulation of p53 was more apparent by Day 9 and increased in imatinib-

treated animals (Figure 3.10 C) whereby p53 levels not only accumulated but p53 

appears to be modified to a slower migrating form around 75 kDa (Figure 3.10 C, lanes 

9–12). Under DSS or imatinib treatment, p53 mRNA levels do not appear to be 

significantly different, eliminating transcriptional control (Figure 3.10 D). Evidence for 

p53 stabilization can be seen in Figure 3.11 E and does reveal that imatinib can 

interfere with p53 dependent ubiquitination and increased in the DSS and imatinib-

treated Rassf1a−/− mice (Figure 3.11 D-E). Since c-ABL can be caspase cleaved and its 

resultant active fragment can phosphorylate the p53 inhibitor/E3 ligase, Mdm2 (407), we 

speculate that in the absence of RASSF1A, DSS-induced inflammation injury can result 

in accumulated p53 and significantly higher levels of cell death and poor recovery 

following DSS-induced inflammation injury. 
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3-3 Discussion and Future Directions 
 

 An underlying hallmark of many inflammatory diseases is the enhanced 

activation of transcription factors, including NFκB and elevated production of NFκB -

regulated cytokines. These responses are needed to promote innate immunity 

activation and stimulate the repair process. No single animal model can explain the 

pathogenesis of IBD suggesting that IBD has multifactorial etiologies (408,409). The 

present study argues that RASSF1A is an important regulatory element to restrict NFκB 

activity. Unrestricted NFκB activity can significantly contribute to poor recovery following 

inflammation-induced injury and inhibit the ability to promote efficient epithelial repair 

and survival (Figure 3.12).  

 

 We have demonstrated that DSS-treated Rassf1a−/− and Rassf1aIEC-KO mice have 

elevated NFκB activity. Mechanistically RASSF1A appears to restrict complex formation 

of MyD88/TRAF6/IRAK and thus interfere with NFκB activation. RASSF1A forms robust 

associations upon LPS or DSS stimulation with the membrane proximal complexes 

MyD88/TLR4 and TRAF6/IRAK2 (see Gordon et al. full manuscript (3)) in order to restrict 

NFκB activity. Since both LPS and DSS can stimulate TLR4, we believe that RASSF1A 

functions through TLR4 to inhibit IKK and the cytoplasmic/nuclear shuttling of NFκB.  

 

 We also have in vivo evidence to demonstrate that YAP becomes tyrosine 

phosphorylated in response to DSS-induced inflammation injury most likely by the c-

ABL class of PTKs. YAP was originally identified by its association with the YES Src 

tyrosine kinase (410) and has been demonstrated to be a transcription factor whose 

cytoplasmic/nuclear shuttling is controlled by post-translational phosphorylation events 
(411,412). During DSS-induced inflammation injury in both Rassf1a+/− and Rassf1a−/− mice, 

we observed elevated level of nuclear tyrosine phosphorylated YAP, enhanced 

YAP/p73 associations (Figure 3.5 E) and elevated levels of BAX expression to promote 

apoptosis (Figures 3.5 and 3.7). Recently, van der Weyden et al. (259) demonstrated that 
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the combined loss of Rassf1a and Runx2 promoted the formation of oncogenic 

YAP1/TEAD transcriptional complexes to promote tumorigenesis. We observed reduced 

S127 phosphorylated YAP (possibly indicating reduced YAP/TEAD transcriptional 

complexes) in DSS-treated Rassf1a−/− mice. We propose that our results demonstrate 

that the early loss of Rassf1a can lead to enhanced inflammation, a key pre-condition to 

cancer and inflammation driven activation of YAP/p73 complexes to promote cell death. 

YAP1/TEAD complexes may arise after prolonged chronic inflammation to promote 

proliferation in support of the findings of van der Weyden et al. (259). It has been 

demonstrated that IL-6 can promote the activation of DNA methyltransferase 1 

(DNMT1) (393,413) and DNMT1 can epigenetically silence RASSF1A (392,414) to provide a 

mechanism whereby inflammation may drive epigenetic silencing of RASSF1A and loss 

of the function of this tumor suppressor protein. 

 

 The c-ABL tyrosine kinase can phosphorylate YAP upon DNA damage, 

selectively promoting a YAP/p73 complex to drive the expression of pro-apoptotic genes 
(364). Since we cannot observe inhibition of c-ABL kinase by exogenous addition of 

RASSF1A, we speculate that NFκB may transcriptionally up-regulate a PTK or that 

NFκB dependent-inflammation will promote DNA damage to drive the tyrosine 

phosphorylation of YAP via c-ABL or c-ABL-like kinases (Figure 3.12). Either mode of 

regulation would result in an abnormal tyrosine phosphorylation of YAP to yield 

increased epithelial apoptosis as well as p53 accumulation to further promote apoptosis. 

These events would result in poor survival following intestinal inflammation induced 

injury. Inhibiting this abnormal phosphorylation of YAP using the c-ABL class of PTK 

inhibitors (imatinib) reversed the damaging effects of DSS induced intestinal 

inflammation but only in a Rassf1a+/− background.  

 

 In a Rassf1a−/− background, imatinib partially reversed the effects of DSS-

induced inflammation but did not allow the animal to recover due a robust accumulation 

of p53 towards Day 9 that may have resulted in more apoptosis and poor recovery. 
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Interestingly, in Day 9 imatinib-treated Rassf1a−/− mice, p53 was accumulated and 

modified (Figure 3.10 C, lane 9). We have not identified what this modification is (most 

likely one of many p53 phosphorylated residues) but we are currently exploring this and, 

if unique, may be an interesting biomarker for disease prognosis, whereby increased 

levels of pY-YAP may indicate more severe disease. Alternatively, the increased 

cleavage of c-ABL into a 20 kDa constitutively active form may be responsible for the 

failure of Rassf1a-/- mice to respond to imatinib treatment. Imatinib inhibits the PTK 

activity of c-ABL by binding to the ATP binding region located in hydrophobic pockets 

created by the N-terminal α helix of c-ABL. With the cleavage of c-ABL to only the 

catalytic subunit, it is possible that the loss of the α helix region reduces the ability of 

imatinib to bind and inhibit c-ABL. PTK inhibitors able to bind c-ABL directly at the 

catalytic region without hydrophobic interactions may show an improved effect. 

 

 It is known that caspase cleaved c-ABL can phosphorylate the p53 E3 ligase, 

Mdm2, to inhibit Mdm2-dependent degradation of p53 and allow it to accumulate (407). 

Accumulated p53 can then associate with the anti-apoptotic inhibitor, Bcl-2 to promote 

cell death (415). This may explain why imatinib-treated Rassf1a−/− mice are not protected 

from DSS-induced inflammation and have similar or enhanced cell death. Curiously, we 

cannot absolutely eliminate tyrosine phosphorylation of YAP using imatinib (Figure 3.11 

B) nor most of the biomarkers of inflammation or cell death. This would suggest that 

other PTKs may also influence tyrosine phosphorylation of YAP upon inflammation 

induced injury in the absence of RASSF1A. YES, the other known PTK for YAP, has 

two NFκB binding sites within its promoter region (as documented by 

http://www.genecards.org/cgi-bin/carddisp.pl?gene=YES1) and could be up-regulated 

by NFκB activation due to the failure of RASSF1A to restrict NFκB activation (Figure 

3.12). Preliminary results do reveal increased c-YES expression upon DSS-induced 

stimulation in Rassf1a+/− and Rassf1a−/− colon lysates (unpublished observations). We 

are currently exploring how NFκB may regulate YES expression, if YES kinase activity 

is elevated in DSS-treated Rassf1a knockout mice and if the YES inhibitor, dasatinib, 

can promote the survival of DSS-treated Rassf1a knockout mice. 
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 Our results demonstrate that the loss of Rassf1a resulted in the loss of MST1 

kinase activity (Figure 3.8 B) and the increased nuclear presence of tyrosine 

phosphorylation of YAP (Figure 3.5F and 7A). The studies by van der Weyden et al. 
(259), Ren et al. (397), Cai et al. (398), Zhou et al. (416) and Matallanas et al. (365) explored 

MST/RASSF1A dependent-regulation of YAP serine phosphorylation. However, during 

intestinal inflammation in our system, YAP transcriptional activities drive apoptosis in 

the absence of MST1/2 activity (see Figure 3.8 B). Recently, it was shown that YAP1 

does not require MST1/2 to drive the proliferation of keratinocytes (417) in support of 

MST1/2 independent YAP functions. Furthermore, although Matallanas et al. (365) 

demonstrated that RASSF1A can promote a YAP/p73 association they did not 

determine YAP phosphorylation linked to S127 or Y357. We argue that intestinal 

inflammation is driving a RASSF1A indirect affect on YAP through elevated NFκB 

activity to transcriptionally up-regulate a PTK to tyrosine phosphorylate YAP or, 

alternatively, in promoting enhanced DNA damage to activate a YAP PTK. Either way, it 

is an MST1/2 independent effect. 

 

 As mentioned earlier, DSS-treated Yap−/− mice have decreased survival and 

proliferation and increased cell death upon DSS treatment that is very similar to our 

inflammation phenotype (398). However, Cai et al. (398) did not explore tyrosine 

phosphorylation of YAP but did show reduced YAP phospho-S127 with increased time 

post-DSS addition (398). We have evidence that increased c-ABL cleavage (most likely 

by caspases) and accumulated p53 may occur in parallel to p73/YAP driven cell death 

following DSS-induced inflammation injury (based on the results in Figure 3.10 C). This 

may explain why DSS-treated Yap−/− mice have elevated apoptosis and poor survival in 

the absence of YAP. It has been shown in chronic UC patients that p53 is up-regulated 

in crypt cells and neutralizing antibodies to TNF-α reduce the levels of p53 and IBD-

related symptoms of UC patients (418) in support of the important role for p53 in intestinal 

epithelial cell death.  
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 In addition to p53, PUMA (p53 up-regulated modulator of apoptosis) has been 

shown to be up-regulated in intestinal cells following DSS treatment in mice and in 

colonic biopsies from UC patients suggesting an important role for other pro-apoptotic 

proteins in the pathogenesis of colitis (419). Preliminary microarray analyses on colonic 

RNA isolated from DSS-treated wild-type and Rassf1a−/− mice revealed up-regulation of 

several pro-apoptotic genes. These genes were increased 2-4 fold with p-values <0.02 

and include the death associated protein 3 (DAP3, increased 2.82 fold), programmed 

cell death 10 (PDCD10, increased 2.17 fold), PRKC apoptosis WT1 regulator (PAWR, 

increased 3.16 fold) and death effector domain-containing (DEDD, increased 4.71 fold) 

(Table 3.1). It will be interesting to explore if any of these are transcriptionally regulated 

by YAP/p73 in response to intestinal inflammation. 

 

 Efficient epithelial proliferation/repair is an integral part of recovery following 

inflammation-induced injury (396). Preliminary data suggest that we can observe altered 

β-catenin/E-cadherin adherens junctions on colon sections from DSS-treated Rassf1a 

knockout mice during the recovery phase following DSS addition (Day 9,unpublished 

observations). Altered β-catenin/E-cadherin associations together with elevation of 

tyrosine phosphorylated YAP will result in abnormal formation of epithelial junctions and 

the appearance of a “leaky gut”. Interestingly, YAP is over-expressed in CRC patients 

and RASSF1A is epigenetically silenced in CRC patients (89). The loss of RASSF1A 

may, therefore, affect other aspects of epithelial restitution with YAP activity an integral 

part of this process. Failure to efficiently reseal and re-establish epithelial cell 

homeostasis will lead to an unnecessary inflammatory response, poor recovery and an 

early phase of colitis-associated carcinogenesis (420,421). 

 

 An important element for recovery from inflammation-induced damage is efficient 

repair. During the pathogenesis of IBD, it has been documented that DNA damage (422), 

oxidative damage (423,424) and abnormal ROS levels (424) are elevated in a similar manner 
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to what we have observed for DSS-treated Rassf1a knockout mice. Reactive oxygen 

species (ROS) are generated by inflammatory cells, neutrophils and macrophages and 

surround the inflamed mucosa (424). High levels of ROS can lead to changes in colonic 

membrane permeability, decreased mucosal barrier of intestinal epithelial cells and to 

increased DNA and oxidative damage. Both DNA and oxidative damage can lead to c-

ABL activation to drive the formation of tyrosine phosphorylated YAP and a YAP/p73-

dependent transcriptional program. Inhibitors of ROS generation or DNA damage may 

be interesting angles to pursue in the future. 

 

 In addition to c-ABL and YES as potential PTKs for YAP, preliminary microarray 

analyses on colonic RNA isolated from DSS-treated wild-type and Rassf1a−/− mice 

revealed a 7.5 fold increase in TNK2 (a tyrosine kinase, non receptor type 2 also known 

as ACK1) and a 2.3 fold increase in c-Mer proto-oncogene tyrosine kinase (MERTK) 

(see Table 4.1 next chapter). MERTK has several potential NFκB binding sites (as 

documented by http://www.genecards.org/cgi-bin/carddisp.pl?gene=MERTK) and can 

modulate the autophosphorylation of TNK2. MERTK can also regulate cytokine 

production and clearance of apoptotic cells (425). Very little is known about TNK2 other 

than its association with cdc42 in order to maintain it in a GTP bound form (426) and 

TNK2-dependent tyrosine phosphorylation of the androgen and epidermal growth factor 

receptor (427). These observations provide interesting candidates to pursue that may 

function to drive the tyrosine phosphorylation of YAP and a YAP/p73 transcriptional 

program. Inhibiting the devastating effect of tyrosine phosphorylated YAP/p73-driven 

activation of pro-apoptotic genes and epithelial cell damage in the absence of 

RASSF1A may aid in designing future treatment schemes for patients with chronic 

inflammation. In fact, there has been one report to document the beneficial effects of 

protein tyrosine kinase inhibitors in treating IBD (428).  

 

 Our study provides a mechanistic understanding of DSS-induced inflammation 

injury in the absence of RASSF1A. Biomarker analyses for the Rassf1a+/− and 
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Rassf1a−/− mice revealed similar outcomes suggesting similar mechanisms of disease 

pathogenesis (except for responsiveness to imatinib). As can be observed in Figure 3.1 

A, we did notice a slight delay in the appearance of clinical symptoms in the Rassf1a+/− 

mice, especially in the appearance of rectal bleeding. However, both Rassf1a+/− and 

Rassf1a−/− mice had similar survival rates at the end of the experiment and the delay at 

the beginning of the experiment was not statistically significant. We are currently 

exploring biomarker analyses between Day 0 and Day 8 to explore molecular 

differences between Rassf1a+/− and Rassf1a−/− mice. Interestingly, it has recently been 

demonstrated that p53 functions to recruit DAXX and DNMT1 to CpG methylation sites 

on RASSF1A and epigenetically silence RASSF1A (272). p53 is accumulated in DSS-

treated animals, in IBD patients, and can also silence RASSF1A by direct regulation of 

epigenetic silencing by DNA methylation of its promoter. Furthermore, RASSF1A 

epigenetic silencing can be detected in ulcerative colitis patients (88) and upon IL-6 

production (392). We, therefore, speculate that chronic inflammation will result in the loss 

of epigenetic loss of RASSF1A and RASSF1A may be an early change in the 

pathogenesis of ulcerative colitis. The Rassf1a+/−, Rassf1a−/− and Rassf1aIEC-KO mice 

may be useful models for understanding IBD and other inflammatory disorders. 
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Chapter Four: Loss of RASSF1A Causes Accelerated and Aggravated 
Inflammation Driven Neoplasia during Chronic Inflammation  
 

4-1 Introduction 
 

 Inflammatory Bowel Diseases (IBD) includes Crohn’s disease (CD) and 

ulcerative colitis (UC), affecting both pediatric and adult patients. IBD is characterized 

by an intense inflammation of the GI tract resulting in severe symptoms including weight 

loss, abdominal pain, rectal bleeding, and diarrhea (24-26). About 1/3 of all cancer cases 

are preceded by chronic inflammation, including chronic IBD leading to colorectal or 

colon cancer (7,16,17,19). Although the predisposition to cancer has been well 

documented, the exact mechanism involved is unknown.  

 

 Currently, the causes of IBD are unknown, but research suggests that IBD is 

caused by a combination of genetic predisposition, environmental influences (e.g. 

climate, diet, pathogens), intestinal microbial disruptions, and immunologic dysfunction 
(33,35,37,49). Molecularly, inflammation is characterized by hyperactivation of several 

transcription factors such as nuclear factor kappa B (NFκB), and elevated production of 

pro-inflammatory cytokines and chemokines upon activation of surface receptors (5-8). 

NFκB signaling pathways regulate immunity and inflammation, and dysregulated and 

constitutive NFκB signaling has been implicated in several cancers (9,11,20,159). Together, 

these changes may allow the creation of a neoplastic microenvironment, however, the 

exact molecular mechanisms whereby chronic inflammation may lead to neoplasia is 

unknown. 

 

 Because we have previously documented a role for RASSF1A in restricting 

inflammation, cell death, and DNA damage in an acute model of inflammation (3), this 

study aimed to further characterize how RASSF1A may affect molecular mechanisms 
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that link inflammation and cancer. RASSF1A loss has previously been shown to be 

highly associated with colorectal cancer development (89,347,429-431), and may also be lost 

in some UC patients (88).To this end, we utilized an established model of inflammation 

driven carcinogenesis, whereby mice are subjected to several inflammatory episodes 

using the colonic irritant dextran sodium sulfate (DSS) in order to mimic a chronic 

inflammatory state. Mice are injected with a single dose of azoxymethane (AOM, a pro-

carcinogen) prior to these inflammatory episodes as AOM exposure has been shown to 

decrease the time to tumor appearance using the DSS chronic model (146,156-158).  

 

 Preliminary pilot studies demonstrated that Rassf1a-/- mice have reduced survival 

in this model compared to wild type mice (similar to the acute inflammatory model, see 

Appendix A2) and increased susceptibility to inflammation related dysplasia, specifically 

the development of intramucosal carcinomas. Therefore, for these studies our protocol 

was modified slightly in order for the Rassf1a-/- mice to survive the experiment to 

completion by using an initial dose of 8 mg/kg of AOM (modifications to (157)) followed by 

2% DSS for cycles of 5 days, followed by 7 days recovery over three cycles.  

 

 In our previous study, we identified that loss of RASSF1A resulted in increased 

levels of pro-inflammatory cytokines, increased histological evidence of ulceration and 

cell injury, increased levels of oxidative and DNA damage, and increased levels of 

tyrosine phosphorylation of Yes-associated protein (YAP), driving unrestricted pro-

apoptotic programming (3). YAP has also been strongly associated with colon cancers 
(351,353,416,432,433) primarily through its ability to bind pro-proliferative transcription factors 

when found in the nucleus. Because mice lacking RASSF1A appeared to be unable to 

properly respond to DNA damage and also show significant up-regulation in total YAP 

levels as well as increased and aberrant tyrosine phosphorylation of YAP, we propose 

that loss of RASSF1A may promote inflammation driven tumorigenesis and provide a 

key link between chronic inflammation and cancer development. Sustained 

inflammation may create a pro-inflammatory tumor microenvironment and may also 
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promote dysregulation of wound healing mechanisms, and increased levels of DNA 

damage will likely promote increased mutations in Rassf1a-/- mice. 
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4-2 Results 
 

4-2.1 Rassf1a-/- mice show increased susceptibility to 
inflammation induced carcinogenesis 

 

 The use of a single exposure to a pro-carcinogen, AOM, in combination with 

cycled exposure to the chemical irritant DSS is an established mode for studying 

inflammation driven carcinogenesis. DSS is a chemical irritant of the colonic mucosa 

resulting in epithelial barrier damage, microbial invasion, and NFκB activation. 

Administration of DSS in the drinking water results in colitis in rodents, mimicking 

human symptoms of UC. Under chronic inflammation conditions, approximately 70% of 

Rassf1a-/- mice survived, compared to 80% of wild type mice, a difference of 10%, 

however, this number was not statistically significant (Figure 4.1 A). Of note, nearly all 

of these deaths were in the male population, suggesting males are more susceptible to 

succumbing to DSS-induced colitis, which is consistent with previous reports (147,149,434).  

 

 Similar to our acute model, Rassf1a-/- mice showed more body weight loss as 

well as significantly increased clinical symptoms (DAI Index) (Figure 4.1 B and C left 

panels). Interestingly, it was noted that there were significant male/female weight 

change differences within each group, males showed significantly more body weight 

loss than females, and Rassf1a-/- males showing significantly more body weight loss 

than wild type males. In females, a significant difference in body weight loss was seen, 

however no clear pattern has emerged- at times Rassf1a-/- females show increased, at 

times decreased body weight changes compared to wild type (Figure 4.1 B right panel).  

 

 In terms of disease activity, again Rassf1a-/- males showed a significantly 

increased level of clinical symptoms compared to both Rassf1a-/- females as well as to 

wild type males, and while Rassf1a-/- females showed less severe disease activity than 
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Rassf1a-/- males, they still showed significantly increased symptoms compared to wild 

type females (Figure 4.1 C right panel). We did not observe comparable male/female 

differences in our acute studies, however, this is likely due to the fact that the 

differences seen in our chronic model became more apparent at a later timepoint past 

the first inflammatory cycle.  We speculate that differences in metabolic functioning and 

hormonal influences likely contribute to the observed differences between males and 

females in our chronic model, and that these influences explain why sex-related 

differences in disease outcomes appear more noticeable over a longer period of time. 

Increased susceptibility of males to DSS induced colitis has been previously reported 

and our results further emphasize the need to further illuminate what factors drive sex-

based differences in the inflammatory response.   
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4-2.2 Rassf1a-/- mice show sustained histological levels of 
inflammation, early onset inflammation induced dysplasia, 
and increased histological dysplasia 

 

 In order to determine at what point neoplastic changes might be occurring, mice 

were harvested at several time points throughout the experiment; after each 

inflammatory cycle (Days 14, 24, and 44), one month after the final inflammatory 

stimulus (Day 75), and at the experiment end (Day 112). Colonic sections were 

collected from the distal, middle, and proximal areas of the colon, and scored for 

histological evidence of inflammation and/or neoplastic changes. Histological evidence 

of colonic inflammation throughout the entire colon was seen in both wild type and 

Rassf1a-/- mice, however, similar to the acute model, Rassf1a-/- mice appear to show 

sustained and increased colonic inflammation compared to wild type mice. At Day 75, 

one month after the final inflammatory stimulus, wild type mice show reduced 

histological signs of inflammation, while Rassf1a-/- mice continue to show significantly 

increased signs of inflammation until the final time point (Figure 4.2 A). While male mice 

tended to show slightly higher inflammation scores compared to females, this was not 

statistically significantly different.  

 

 Rassf1a-/- mice also demonstrated evidence of intramucosal dysplasia as early 

as Day 44 (immediately after the last inflammatory stimulus cycle), at which time wild 

type mice show only occasional moderate dysplasia. As early as Day 44 and continuing 

to Day 112, Rassf1a-/- mice show significantly increased dysplasia scores compared to 

wild type mice, with evidence of invasive carcinoma as early as Day 75, while wild type 

mice show only adenomatous dysplasia and intramucosal carcinoma even at Day 112 

(Figure 4.2 B). Female mice tended to show mildly higher but non-significant dysplasia 

scores compared to males. Taken together, this evidence suggests that mice lacking 

Rassf1a appear to be susceptible to earlier onset inflammation driven colorectal 

carcinoma, and mice lacking Rassf1a are also more susceptible to higher grade 
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neoplastic changes than wild type mice. Because Rassf1a-/- mice show sustained 

histological inflammation, this suggests the chronic inflammation is likely contributing to 

the tumor microenvironment and the accumulation of tumorigenic mutations, and that 

lack of RASSF1A promotes the early creation of a tumor friendly microenvironment in 

response to unrestricted inflammation.  
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4-2.3 Rassf1a-/- mice show dysregulated inflammatory 
biomarkers during inflammation induced carcinogenesis 

 

 In order to further determine the mechanism of DSS-induced injury and 

inflammation driven carcinogenesis in Rassf1a−/− mice, we assessed serum levels of 

several inflammatory biomarkers known to be associated with IBD and/or CRC 

pathogenesis. In keeping with our previous observations from the acute model and in 

line with the histological inflammation scoring (see Figure 3.1), pro-inflammatory 

cytokine and chemokine levels were elevated and sustained in Rassf1a-/- mice 

compared to wild type mice, however, no significant differences between sexes were 

observed.  

 

 Elevated and sustained levels of pro-inflammatory serum IL-6, IL-12, CXCL1, 

and MCP-1 are observed in Rassf1a-/- mice compared to wild type mice following initial 

inflammatory stimulus and throughout the experiment (Figure 4.3 A-D). IL-6, already 

significantly higher in Rassf1a-/- mice than wild type mice at baseline, shows a rapid 

induction in Rassf1a-/- mice at Day 14 (following initial inflammatory stimulus), followed 

by a tapering return to baseline levels, which remain significantly higher than in the wild 

type mice (Figure 4.3 A). Active IL-12, also at high baseline levels in Rassf1a-/- mice 

compared to wild type, showed sustained elevated levels of IL-12 compared to wild type 

mice (an apparent downward trend in Rassf1a-/- is not statistically significant) until the 

end of the experiment, further supporting an impaired restriction of pro-inflammatory 

signaling in Rassf1a-/- mice (Figure 4.3 B). CXCL1 (aka KC/GRO) levels are significantly 

elevated compared to wild type only at Days 14 and 44, following the first and third 

inflammatory stimuli (Figure 4.3 C).  

 

 MCP-1, a chemokine which targets monocytes and dendritic cells to sites of 

inflammation, was also significantly elevated compared to wild type mice at Day 14 
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following initial inflammatory insult, and remained significantly elevated until Day 75, at 

which point aggressive carcinoma has appeared in most Rassf1a-/- mice (Figure 4.3 D). 

Elevated MCP-1 levels in IBD patients have previously been shown to correlate with 

enhanced disease severity and MCP-1 expression has also been associated with 

increased incidence of a cancer phenotype (74-79). In a similar manner, Rassf1a-/- show 

decreased levels of the anti-inflammatory cytokine IL-10, further suggesting an 

impairment of Rassf1a-/- mice in their ability to shut-down inflammatory signaling (Figure 

4.3 E).  

 

 Interestingly, serum TGF-β appears to significantly decrease in both Rassf1a-/- 

and wild type mice following the initial inflammatory stimulus, and remains at relatively 

low levels until the end of the experiment. Rassf1a-/- mice show a significant increase in 

TGF-β levels at Day 24, after the second inflammatory stimulus, while showing 

significantly decreased levels compared to wild type at Day 75 (Figure 4.3 F). Both wild 

type and Rassf1a-/- mice TGF-β levels return to near the higher baseline levels by the 

end of the experiment. Finally, when we examined the activation status of NFκB 

transcription factor complexes in nuclear extracts derived from bone marrow cells from 

our mice, we see that following DSS treatment and throughout our experiment, NFκB 

specific activity in bone marrow cells from Rassf1a−/− animals was significantly higher 

than in wild-type bone marrow cells, similar to what we have previously characterized in 

our acute study (Figure 4.3 G). Taken together, these results emphasize the importance 

of RASSF1A in regulating and restricting the NFκB response and in restricting pro-

inflammatory signaling. 
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4-2.4 Wild type mice show loss of Rassf1a mRNA expression 
following chronic inflammatory stimulus 

 

 When compiling the dysplasia scores for the wild type mice, it was noted that 

although Rassf1a-/- mice did show overall increased earlier onset and increased severity 

of colonic dysplasia, wild type mice appear to be nearing similar levels of dysplasia near 

the end of the experiment. One possible explanation for this observation could be the 

loss of RASSF1A protein expression and function in these animals. All wild type mice 

were confirmed to have (and all knockout Rassf1a-/- mice were confirmed to lack) the 

Rassf1a gene present using genotyping PCR as previously described (Figure 3.4 C, 
(3,293)). Previous studies have suggested that sustained inflammation can induce 

hypermethylation of genes typically associated with cell death and classed as tumor 

suppressor such as APC and p53 (413,435-437). Using RT-PCR, we examined the 

expression of Rassf1a mRNA in colonic samples from wild type mice over the course of 

our chronic inflammation driven carcinogenesis experiment.  

 

 As early as following one cycle of 2% DSS administration for 5 days, wild-type 

mice showed significant loss of colonic Rassf1a mRNA expression compared to 

untreated mice (Figure 4.4 A). Loss of Rassf1a expression may be somewhat transient, 

as faint expression is regained at Day 44 (10 days recovery after three cycles of 2% 

DSS) (Figure 4.4 A bottom panel), however loss appears to be complete at the final two 

time points of the experiment. Rassf1a loss in wild type mice may explain why wild type 

mice appear more similar to the Rassf1a-/- knockout mice as the experiment progresses 

over time, and demonstrates the importance of the RASSF1A protein in normal colonic 

function.  

 

 In order to study whether the loss of Rassf1a mRNA was due to 

hypermethylation, as is frequently seen in human colon cancers, the methylation status 
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of 6 CpG loci in the first exon of Rassf1a was examined using pyrosequencing. Of the 6 

examined CpG loci, only the second CpG site showed any significant increase in 

methylation levels compared to baseline, with an approximately 5% increase in CpG 

methylation at this locus by the end of the experiment (Figure 4.4 C). In concordance 

with the RT-PCR mRNA results, methylation changes appear to be slightly transient, 

with an overall increase in methylation at CpG site 2 but a slight decrease at Day 44. 

However, while there are significant changes at CpG site 2, there were no global 

changes in methylation observed over the 6 examined CpG sites, with most of the other 

sites showing either little change or an overall decrease in the levels of methylation 

(Figure 4.4 B). Similarly, real-time qPCR analysis of DNMT1 expression levels showed 

no significant changes in wild type animals over the course of the experiment, although 

there is a slight increase in expression at the final time point (Figure 4.4 E). Taken 

together, these results indicate that while Rassf1a methylation may contribute in part to 

inflammation driven loss of Rassf1a expression in mice, other ways of suppression, 

such as microRNA mRNA inhibition may be at play and will need to be explored.  
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4-2.5 Rassf1a-/- show dysregulated apoptotic and proliferative 
signaling during inflammation induced carcinogenesis 

 

 As Rassf1a-/- mice show increased and early onset neoplasia, it is not surprising 

that Rassf1a-/- mice also show increased susceptibility to DNA damage, as evidenced 

by the appearance of phosphorylated histone 2A (γH2A.X), a marker of DNA double-

strand breaks (Figure 4.5 A) (438,439). Not only are γH2A.X levels increased in Rassf1a-/- 

mice upon inflammatory insult, but they appear to remain elevated after removal of 

inflammatory stimuli and into the appearance of neoplastic tumorigenesis (Days 44 and 

75). The dramatic increase and prolonged levels of DNA damage in Rassf1a-/- mice 

suggest an impaired DNA damage response in these mice and highlight the role of 

RASSF1A in DNA damage control which has been previously described (89,240,326,366).  

 

 Oxidative damage has been previously shown to contribute to DNA damage and 

drive oncogenic mutations (82,440-442), and therefore it is not surprising that Rassf1a-/- 

mice show increased susceptibility to oxidative damage compared to wild type animals. 

Similar to what was seen in our acute experiments, Rassf1a-/- mice showed a dramatic 

increase in the levels of heme oxygenase-1 (HO-1) mRNA expression following an 

initial inflammatory stimulus (Figure 4.5 B). HO-1 expression is induced in response to 

oxidative stress and correlated with increased levels of ROS (443-445). Wild type mice 

show a moderate response to oxidative stress, with a slight increase upon initial 

inflammatory stimulus (Day 14), and a resurgence upon tumorigenesis (Days 75 and 

112) while Rassf1a-/- mice show a substantial response upon initial inflammatory 

stimulus, which is relatively sustained until tumorigenesis, with a second increase once 

neoplastic changes are established (Day 112) (Figure 4.5 B). Similar to IBD patients, 

inflammation induced injury in our Rassf1a knockout mice has associated DNA and 

oxidative damage.  
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 In order to determine whether loss of RASSF1A dysregulated proliferative 

signaling, we also examined crypt cell proliferation by staining colonic sections for 

proliferating nuclear cell antigen (PCNA). As seen in our acute model, Rassf1a-/- mice 

show reduced PCNA staining indicating reduced proliferative ability post inflammatory 

stimulus, compared to wild type animals, suggesting a wound healing defect (Figure 4.5 

C). Intriguingly, while Rassf1a-/- mice continue to show reduced nuclear PCNA staining, 

suggesting reduced proliferative ability during inflammatory stages, they show a rapid 

increase in proliferation at Day 75, when tumorigenesis is in full swing. At Day 75, when 

Rassf1a-/- mice show initial signs of invasive carcinoma (Figure 4.2) they show the 

highest levels of crypt cell proliferation. Taken together, these results imply that 

RASSF1A may play a crucial in eliciting a normal wound-healing response, and that 

loss of RASSF1A contributes to reduced epithelial restitution in the short term, while 

also contributing to unrestricted and inappropriate epithelial cell growth in the context of 

sustained inflammation. 

 

 Dysregulation of apoptotic signaling is thought to be one of the major drivers of 

cancer development (286). The ability of our immune system to properly identify and 

destroy cells containing DNA mutations or high levels of cellular damage prevents the 

accumulation of potentially oncogenic cells. To this end, we analyzed how RASSF1A 

influences apoptotic signaling in a chronic inflammatory context. In accordance with our 

acute model and with the appearance of high levels of DNA and oxidative damage, 

Rassf1a-/- mice also show increased levels of the late apoptosis marker PARP (Figure 

4.5 D). Interestingly, the increased levels of cleaved PARP are sustained throughout our 

entire chronic model, suggesting that despite tumorigenesis and increased tumor grade, 

Rassf1a-/- mice still display dysregulated apoptotic signaling and increased cell death. 

BAX, a marker of mitochondrial directed apoptosis, shows a similar pattern to that of 

PARP, as does p53, a transcription factor responsible for driving pro-apoptotic signals 

(Figure 4.6 A and B). Wild type mice show an induction of BAX at Day 44 and 75, which 

is when tumorigenesis begins, suggesting that wild type mice are attempting to increase 

apoptotic signals as a counter to the proliferation of cancerous cells as a normal 
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defense against the development of tumors, while Rassf1a-/- mice show a relative 

decrease in BAX at these time points (although BAX levels are still elevated overall 

compared to wild type mice). Rassf1a-/- mice also show overall higher levels of p53, with 

particular accumulation at Days 75 and 112, at the appearance of invasive carcinoma, 

while wild type p53 levels remain relatively stable (Figure 4.6 A and B).  

 

 TUNEL, a marker of DNA nicks and nuclear condensation caused by late-stage 

apoptosis, shows a slightly different pattern (Figure 4.6 C). While Rassf1a-/- mice show 

an initial increase in TUNEL staining (and other apoptotic markers) at Day 14 following 

initial inflammatory stimulus, they then show a decrease in TUNEL levels until later time 

points, when invasive carcinoma is established. Wild type mice show an overall 

increase in TUNEL staining until the very end of the experiment, with a peak at Days 44 

and 75 in a similar pattern to that seen in BAX expression. This again suggests that wild 

type mice are mounting an increased apoptotic response in order to counteract 

proliferative signals. Interestingly, histological examination of TUNEL localization in later 

stages of the experiment reveal interesting expression pattern differences. In the acute 

phase, both Rassf1a-/- and wild type mice show increased TUNEL staining in areas of 

ulceration, with higher levels in Rassf1a-/- mice primarily due to the increased frequency 

of ulcerative lesions and increased cellular damage. In later phases in wild type mice, 

TUNEL staining can be seen equally distributed through dysplastic tissue as well as the 

surrounding tissue and stroma. Rassf1a-/- mice, however, show little TUNEL staining in 

dysplastic regions while the surrounding tissue and stroma show significantly higher 

levels (Figure 4.6). This suggests that the dysregulation of apoptotic signaling seen in 

the acute phase in Rassf1a-/- mice continues into tumorigenesis, and suggests an 

important role for stromal contributions to neoplastic development.   
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4-2.6 Rassf1a-/- mice show dysregulated YAP signaling during 
inflammation induced carcinogenesis 

 

 In our acute study, we established that in response to DSS exposure and 

activation of pro-inflammatory signaling mice show increased cell death and DNA 

damage, as well as tyrosine phosphorylation of Yes-associated protein (YAP) by the 

activated tyrosine kinase ABL, promoting YAP association with p73 and transcription of 

apoptotic molecules such as BAX. In the absence of RASSF1A this process becomes 

unrestricted and uncontrolled levels of cell death contribute to the development of 

severe inflammatory disease and failure to recover (3). We therefore wished to examine 

the dynamics of YAP signaling in our chronic model, particularly as dysregulation of the 

Hippo pathway and YAP signaling has been implicated in cancer development, and 

recent studies have shown a growing connection between RASSF family signaling and 

Hippo signaling (351,353,354,411). 

 

 As described in our acute study, increased level of caspase activation has been 

shown to cleave the ABL tyrosine kinase into catalytically active subunits, the smallest 

of which is a 20 kDa fragment consisting solely of the catalytic subunit (405,406). Similar to 

our acute model, we see an increase in the appearance of cleaved ABL upon DSS 

stimulation and Rassf1a-/- mice showed increased levels of cleaved (active) ABL 

products compared to wild type animals (Figure 4.7 A and B). Interestingly, Rassf1a-/- 

mice continued to accumulate higher levels of cleaved ABL throughout our experiment, 

both during the inflammatory phase as well as throughout tumorigenesis. Taken with the 

increased levels of DNA damage seen in these mice (Figure 4.5), this suggests that 

unrestricted inflammation in mice lacking Rassf1a causes increased c-ABL activation, 

and likely unrestricted downstream phosphorylation of YAP. 
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 In addition to dysregulated levels of ABL kinase in Rassf1a-/- mice, we also 

observed a not unexpected accumulation of YAP. Both wild type and Rassf1a-/- mice 

show an increase in YAP levels following initial DSS insult (Day 14). Of note is that 

another up-regulation of YAP levels occurs in all animals again at Day 44 at the time of 

tumor initiation, and elevated levels of YAP persist past this point in Rassf1a-/- mice 

(Figure 4.7 A). Serine 127 YAP phosphorylation increases in both sets of animals at 

Day 14, although at a lower level in Rassf1a-/- animals than in wild types, as described 

previously (Figure 4.7 A). As S127 phosphorylation restricts YAP to the cytoplasm, this 

increase likely indicates an attempt to shut down YAP signaling, particularly as total 

YAP levels are concurrently raising. Rassf1a-/- mice, but not wild type mice, also show 

an increase in pS127-YAP levels starting at Day 44. 

 

 Despite increased levels of pS127-YAP phosphorylation, we observed a 

significant increase in nuclear localized pY357-YAP in Rassf1a-/- mice using 

immunohistologically stained tissue sections (Figure 4.7 B and C). Wild type mice show 

an increase of pY357-YAP levels following inflammatory events as described 

previously, but appear to be capable of shutting down this signaling cascade after DSS 

insults are removed. Rassf1a-/- mice, however, continue to show elevated levels of 

nuclear pY357-YAP throughout the experiment, further confirming that these mice 

appear to be deficient in their ability to restrict pY357-YAP signaling. Interestingly, total 

levels of pY357-YAP were increased in Rassf1a-/- mice in addition to the nuclear 

localization, with a noticeable cytoplasmic population in addition to the nuclear 

population at later time points (Figure 4.7 B). As serine 127 phosphorylation is also 

increased at these times, it appears that some of the tyrosine phosphorylated YAP may 

be sequestered in the cytoplasm, suggesting that the overall increase in pY-YAP levels 

allows the nuclear accumulation of YAP and continued YAP-directed transcription. 

 

 We next looked at the mRNA expression status of the key binding partners of 

YAP. Wild type mice showed varying levels of YAP mRNA expression throughout the 
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experiment, with an approximately two-fold increase near the end of the experiment. In 

contrast with this, YAP mRNA levels in Rassf1a-/- mice remained mostly constant, with 

an elevation in total YAP mRNA occurring only at the end of the experiment (Figure 4.8 

A). As Western blotting revealed an increase in total levels of YAP in Rassf1a-/- 

compared to wild type mice, this suggests that loss of RASSF1A may stabilize YAP 

protein levels in an inflammatory setting. In the case of YAP binding partners, we can 

see an excellent switch between the expression of pro-proliferative partners and pro-

apoptotic partners (Figure 4.8 B-D). After initial inflammatory stimulation (Day 14), 

transcription of TEAD1 is reduced while transcription of p73 is increased, in both wild 

type and Rassf1a-/- animals. Throughout the duration of the rest of the experiment, wild 

type animals appear to show a continued reciprocal relationship between the up-

regulation of TEAD1 mRNA and the down-regulation of p73, or vice versa. As may have 

been predicted in a cancer model, at the end of the experiment when most of the wild 

type animals show intramucosal carcinoma, p73 levels are decreasing and TEAD1 

levels are significantly up. 

 

 Rassf1a-/- mice show a disproportionately high level of p73 transcription 

throughout the experiment, which likely contributes to the continued elevation of 

apoptotic markers throughout (Figures 4.5 and 4.6). In a similar manner, wild type mice 

also show up-regulation of RUNX2 at time points when p73 expression is being down-

regulated. It is interesting that in wild type animals both TEAD1 and RUNX2 show their 

most prominent up-regulation at Day 112. Immunoprecipitation experiments will need to 

be used to confirm binding of p73, RUNX, and TEAD to YAP and to determine relative 

binding frequencies across tumor pathogenesis.  

 

 Of note is that Rassf1a-/- mice appear to show complete dysregulation of normal 

expression patterns of all three examined transcription factors (Figure 4.8). Although 

there appear to be some relative shifts showing opposite increases and decreases 

between apoptotic and proliferative transcription factors, all three proteins have 
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abnormally high mRNA expression throughout most of the experiment, compared to 

both baseline and wild type. Both p73 and RUNX2 show an abnormally low expression 

at Day 75, for an unknown reason. These abnormal expression patterns suggest that 

loss of RASSF1A may completely dysregulate all YAP directed transcription. Of 

particular interest is the fact that despite Rassf1a-/- mice showing up to several hundred 

times increased p73 mRNA expression, the protein levels show only a maximally two-

fold increase at Day 14. Due to the overall dysregulation and up-regulation of all three 

examined YAP binding partners, future immunoprecipitation experiments are crucial to 

completely understanding how RASSF1A may regulate YAP transcriptional programs. 
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4-3 Discussion and Future Directions 
 

 Under chronic inflammation conditions, approximately 70% of Rassf1a-/- mice 

survived, compared to 80% of wild type mice (Figure 4.1 A). Of note, nearly all of these 

deaths were in the male population, suggesting males are more susceptible to 

succumbing to DSS-induced colitis, which is consistent with previous reports (147,149,434). 

Similar to what we have previously described in our acute model, Rassf1a-/- mice 

showed more body weight loss as well as significantly increased clinical symptoms (DAI 

Index) (Figure 4.1 B and C left panels). Interestingly, it was noted that there were 

significant male/female weight change differences within each group, males showed 

significantly more body weight loss than females, and Rassf1a-/- males showing 

significantly more body weight loss than wild type males. In terms of disease activity, 

again Rassf1a-/- males showed a significantly increased level of clinical symptoms 

compared to both Rassf1a-/- females  as well as to wild type males, and while Rassf1a-/- 

females showed less severe disease activity than Rassf1a-/- males, they still showed 

significantly increased symptoms compared to wild type females (Figure 4.1 C right 

panel). Taken together, these findings confirm our previous observations that Rassf1a-/- 

mice are highly susceptible to DSS-induced colitis.  

 

 As Rassf1a-/- mice continued to show a higher DAI index, indicating disease 

symptom severity, throughout our experiment, this confirms our previous findings that 

Rassf1a-/- appear to be deficient in their ability to restrict inflammatory responses 

compared to wild type animals. In accordance with this conclusion, Rassf1a-/- mice 

appear to show sustained histological evidence of colonic inflammation compared to 

wild type mice throughout our chronic model. At Day 75, one month after the final 

inflammatory stimulus, wild type mice show reduced histological signs of inflammation, 

while Rassf1a-/- mice continue to show significantly increased signs of inflammation until 

the end of the experiment (Figure 4.2 A).  
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 Rassf1a-/- mice demonstrated evidence of intramucosal dysplasia as early as 

Day 44 (immediately after the last inflammatory stimulus cycle), at which time wild type 

mice show only occasional moderate dysplasia. As early as Day 44 and continuing to 

Day 112, Rassf1a-/- mice show significantly increased dysplasia scores compared to 

wild type, with evidence of invasive carcinoma by Day 75, while wild type mice show 

only adenomatous dysplasia and intramucosal carcinoma, with none of the wild type 

mice examined showing evidence of tumor progression to an invasive state (Figure 4.2 

B). In keeping with the observation that mice lacking RASSF1A are susceptible to a 

more severe degree of neoplastic development, several Rassf1a-/- mice developed anal 

prolapses due to bowel thickening and tumor burden, while anal prolapses were not 

observed in our wild type mice. Because Rassf1a-/- mice show sustained histological 

inflammation, this suggests the chronic inflammation is likely contributing to the tumor 

microenvironment and the accumulation of tumorigenic mutations. Future studies to 

examine whether loss of RASSF1A contributes an increase in metastases from the 

colon will be intriguing; the most common location for primary colon tumor metastasis is 

to the liver, therefore future studies will include an examination of liver samples isolated 

from our AOM/DSS treated Rassf1a-/- mice for histological evidence of metastatic colon 

cancer.  

 

 Also in keeping with observations from our acute model and histological 

evidence, we have seen evidence that loss of RASSF1A results in hyperactivation of 

NFκB and dysregulation of inflammatory cytokines and chemokines. Bone marrow cells 

collected from mice throughout our experiment show significantly increased levels of 

NFκB activation and binding to NFκB oligos (Figure 4.3 F). Pro-inflammatory cytokine 

and chemokine levels were elevated and sustained in Rassf1a-/- mice compared to wild 

type mice. Elevated and sustained levels of pro-inflammatory serum IL-6, IL-12, CXCL1, 

and MCP-1 are observed in Rassf1a-/- mice compared to wild type mice following initial 

inflammatory stimulus and throughout the experiment (Figure 4.3 A-D). IL-6, already 

significantly higher in Rassf1a-/- mice than wild type mice at baseline, shows a rapid 

induction in Rassf1a-/- mice at Day 14 (following initial inflammatory stimulus), followed 
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by a tapering return to baseline levels, which continue to remain significantly higher than 

in the wild type mice (Figure 4.3 A). Active IL-12, also at high baseline levels in  

Rassf1a-/- mice compared to wild type, showed sustained elevated levels of IL-12 

compared to wild type mice until the end of the experiment, further supporting an 

impaired restriction of pro-inflammatory signaling in Rassf1a-/- mice (Figure 4.3 B).  

 

 CXCL1 (aka KC/GRO) is a neutrophil attracting chemokine that has complex 

roles in promoting inflammatory responses and angiogenesis. Significantly increased 

CXCL1 levels have been implicated in both IBD as well as CRC, both in inflammed and 

neoplastic tissues (5,6). CXCL1 levels in Rassf1a-/- mice are significantly elevated 

compared to wild type only at Days 14 and 44, following the first and third inflammatory 

stimuli (Figure 4.3 C), suggesting that CXCL1 likely plays a more important role in the 

inflammatory response than in tumorigenesis in this model. MCP-1, a chemokine which 

targets monocytes and dendritic cells to sites of inflammation, was significantly elevated 

compared to wild type mice at Day 14 following initial inflammatory insult, and remained 

significantly elevated until Day 75, at which point aggressive carcinoma has appeared in 

most Rassf1a-/- mice (Figure 4.3 D). Elevated MCP-1 levels in IBD patients have 

previously been shown to correlate with enhanced disease severity and MCP-1 

expression has also been associated with increased incidence of a cancer phenotype 
(446-449). In a similar manner, Rassf1a-/- show decreased levels of the anti-inflammatory 

cytokine IL-10, further suggesting an impairment of Rassf1a-/- mice in their ability to 

shut-down inflammatory signaling (Figure 4.3 E).  

 

 Interestingly, serum TGF-β appears be significantly decreased in both Rassf1a-/- 

and wild type mice following the initial inflammatory stimulus, and remains at relatively 

low levels until the end of the experiment. Rassf1a-/- mice show a significant increase in 

TGF-β levels at Day 24, after the second inflammatory stimulus, while showing 

significantly decreased levels compared to wild type at Day 75 (Figure 4.3 F). Both wild 

type and Rassf1a-/- mice TGF-β levels return to baseline levels by the end of the 
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experiment. TGF-β is a complex signaling protein, regulating cell growth and 

differentiation, inflammation and tissue homeostasis, and angiogenesis. How TGF-β 

affects signaling pathways is highly dependent on the cell environment (450-453). IL-6 has 

been shown to decrease the apoptotic signaling ability of TGF-β (454,455), and it is 

possible that the high levels of IL-6 in Rassf1a-/- mice contribute to the decreased levels 

of TGF-β until the end of the experiment. TGF-β has also been implicated in epithelial to 

mesenchymal transition (EMT) in cooperation with β-catenin/WNT signaling in the colon 
(70,451,456,457), warranting further examination into β-catenin transcriptional activation, as 

well as an examination of possible evidence of EMT which may be contributing to 

neoplastic development.  

 

 Although Rassf1a-/- mice show overall increased earlier onset and increased 

severity of colonic dysplasia, wild type mice appear to be nearing similar levels of 

dysplasia near the end of the experiment. Likewise, the differences between body 

weight loss and disease activity (DAI) also appear to close in on each other near the 

end of the experiment. One possible explanation for this observance could be the loss 

of RASSF1A protein expression and function in these animals. Previous studies have 

suggested that sustained inflammation can induce hypermethylation of genes typically 

associated with cell death and classed as tumor suppressor such as APC and p53 (435-

437). Particularly, elevated levels of IL-6 have been implicated in initiating and sustaining 

hypermethylation of several genes by up-regulating DNMT1 activity (392,393,435). At least 

one study has shown approximately 26% of ulcerative colitis patients exhibiting 

promoter hypermethylation at the RASSF1A locus (88) and we have seen similar levels 

in preliminary studies, enforcing the idea that inflammatory processes may initiate the 

loss of RASSF1A at an early time point.  

 

 Using RT-PCR, we examined the expression of Rassf1a mRNA in wild type mice 

over the course of our chronic inflammation driven carcinogenesis experiment. As early 

as following one cycle of 2% DSS for 5 days, wild-type mice showed significant loss of 
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Rassf1a mRNA expression compared to untreated mice. Loss of Rassf1a expression 

may be somewhat transient, as faint expression is regained at Day 44 (10 days 

recovery after three cycles of 2% DSS), however loss appears to be complete at the 

final two time points of the experiment (Figure 4.4 A). Rassf1a loss in wild type mice 

may explain why wild type mice appear to behave in a manner more similar to the 

Rassf1a-/- knockout mice as the experiment progresses over time, and demonstrates the 

importance of the RASSF1A protein in normal colonic function.  

 

 In order to study whether the loss of Rassf1a mRNA was due to 

hypermethylation, as is frequently seen in human colon cancers, the methylation status 

of 6 CpG loci in the first exon of Rassf1a was examined using bisulfite converson and 

pyrosequencing analysis. Of the 6 examined CpG loci, only the second CpG site  

showed any significant increase in methylation levels compared to baseline, with an 

approximately 5% increase in CpG methylation at this locus by the end of the 

experiment (Figure 4.4 C). In concordance with the RT-PCR mRNA results, methylation 

changes appear to be slightly transient, with an overall increase in methylation at CpG 

site 2 but a slight decrease at Day 44. However, while there are significant changes at 

CpG site 2, there were no global changes in methylation observed over the 6 examined 

CpG sites, with most of the other sites showing either little change or an overall 

decrease in the levels of methylation (Figure 4.4 B). A preliminary analysis examining 

14 CpG islands in the promoter region of Rassf1a in our wild type mice shows a slight 

global increase at the Rassf1a promoter from about 2.5% at Day 0 to about 5% at Days 

14, 44, and 112, suggesting that promoter methylation patterns may be more revealing 

than those seen in exon 1 (unpublished observations).  

 

 Real-time qPCR analysis of DNMT1 expression levels also showed no significant 

changes in wild type animals over the course of the experiment, although there is a 

slight increase in expression at the final time point (Figure 4.4 E). It is possible that 

other DNA methyltransferases are responsible for methylating the Rassf1a locus and 
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decreasing Rassf1a mRNA expression, or that DNMT activity occurs at a time point not 

captured in our model. Because of the low levels of methylation detected by 

pyrosequencing analysis, however, while Rassf1a methylation may contribute in part to 

inflammation driven loss of Rassf1a expression in mice, other methods of suppression, 

such as microRNA inhibition may be at play and will need to be explored. Indeed, 

RASSF1A has been shown to be down-regulated in response to miR602 microRNA 

expression (274,458), and at least one study has shown a two -fold increase in miR602 in 

response to inflammatory stimulus (459). Further investigation of the role of microRNAs 

on RASSF1A regulation, particularly in an inflammatory setting, are needed. 

 

 As Rassf1a-/- mice show increased and early onset neoplasia, it is not surprising 

that Rassf1a-/- mice also show increased susceptibility to DNA damage, as evidenced 

by the appearance of phosphorylated histone 2A (γH2A.X), a marker of DNA double-

strand breaks (Figure 4.5) (438,439). Phosphorylation of H2A.X by ATM and ATM-Rad3-

related (ATR) kinases occurs in a 1:1 ratio to double-strand breaks and serves to recruit 

DNA repair proteins such as Breast cancer 1, early onset (BRCA1) and Nibrin (NBS1). 

Increased DNA damage in Rassf1a-/- mice may be a result of prolonged inflammation, 

and may contribute to the creation of a tumor microenvironment (460,461). Once double-

strand breaks have been repaired, H2A.X is de-phosphorylated by PP2A, making the 

presence of γH2A.X (the phosphorylated form of H2A.X) an excellent marker of DNA 

damage (439,462). Not only are γH2A.X levels increased in Rassf1a-/- mice upon 

inflammatory insult, but appear to remain elevated after removal of inflammatory stimuli 

and into the appearance of neoplastic tumorigenesis (Days 44 and 75).  

 

 The dramatic increase and prolonged levels of DNA damage in Rassf1a-/- mice 

suggest impaired DNA damage response in these mice and highlight the role of 

RASSF1A in DNA damage control. Previous studies have identified a role for RASSF1A 

in DNA damage repair, and RASSF1A has been shown to be crucial in ATM directed 

DNA damage repair (240,328,463). It is probable that Rassf1a-/- mice are more susceptible 
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to initial DNA damage in an inflammatory setting, and that the additional loss of the 

ability of ATM to phosphorylate RASSF1A and induce cell cycle arrest and DNA repair 

causes accumulation of DNA damage in mice lacking RASSF1A. Thus, RASSF1A plays 

an important role in modulating the appearance of as well as the extent of DNA damage 

caused by inflammatory stimuli.  

 

 Oxidative damage has been previously shown to contribute to DNA damage and 

drive oncogenic mutations (82,440-442), and therefore it is not surprising that Rassf1a-/- 

mice show increased susceptibility to oxidative damage compared to wild type animals 

(Figure 4.5 C). Similar to what was seen in our acute experiments, Rassf1a-/- mice 

showed a dramatic increase in the levels of heme oxygenase-1 (HO-1) mRNA 

expression following an initial inflammatory stimulus (Figure 4.5 C, Day 14). HO-1 

expression is induced in response to oxidative stress and correlated with increased 

levels of ROS (443-445). HO-1 acts by scavenging oxidants created by the degradation of 

heme (464).Wild type mice show a moderate response to oxidative stress, with a slight 

increase upon initial inflammatory stimulus (Day 14), and a resurgence upon 

tumorigenesis (Days 75 and 112) while Rassf1a-/- mice show a substantial response 

upon initial inflammatory stimulus, which is relatively sustained until tumorigenesis, and 

a second increase once neoplastic changes are established (Day 112) (Figure 4.5 C). 

These results suggest that Rassf1a-/- mice are defective in their ability to respond to 

oxidative stress, and that sustained oxidative damage may be contributing to the 

sustained DNA damage seen in these animals.  

 

 As seen in our acute model, Rassf1a-/- mice show reduced proliferative ability 

post inflammatory stimulus, compared to wild type animals, suggesting a wound healing 

defect (Figure 4.5 D). Intriguingly, while Rassf1a-/- mice continue to show less nuclear 

PCNA staining, suggesting reduced proliferative ability during inflammatory stages, they 

show a rapid increase in proliferation at Day 75, when tumorigenesis is fully underway. 

At Day 75, when Rassf1a-/- mice show initial signs of invasive carcinoma (Figure 4.2) 
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they also show the highest levels of proliferative ability. As γH2A.X levels reach 

maximum accumulation during the inflammatory stage, it is likely that DNA mutations 

accumulated at this point may drive the increase in proliferative signaling and 

tumorigenesis.  

 

 In accordance with our acute model and with the appearance of high levels of 

DNA and oxidative damage, Rassf1a-/- mice show increased levels of the apoptotic 

marker PARP (Figure 4.5 E and F). Interestingly, the increased levels of cleaved PARP 

are sustained throughout our entire chronic model, suggesting that despite 

tumorigenesis and increased tumor grade, Rassf1a-/- mice still display dysregulated 

apoptotic signaling and increased cell death. BAX, a marker of mitochondrial directed 

apoptosis, shows a similar pattern to that of PARP, as does p53, a transcription factor 

responsible for driving pro-apoptotic signals (Figure 4.6). Wild type mice show an 

induction of BAX at Day 44 and 75, which is when tumorigenesis begins, suggesting 

that wild type mice are attempting to increase apoptotic signals as a counter to the 

proliferation of cancerous cells as a normal defense against the development of tumors 

(Figure 4.6 C and D). This may help to explain why wild type mice do not show 

significant tumor development until a later time point than Rassf1a-/- mice.  

 

 Rassf1a-/- mice show overall higher levels of p53, with particular accumulation at 

Days 75 and 112, at the appearance of invasive carcinoma (Figure 4.6 E and F). 

Normally, p53 forms homo-tetramer complexes in order to properly bind DNA and 

execute its transcriptional activity to promote apoptosis (465,466). However, some 

mutations in p53 can disrupt the proper formation of these tetramers and create p53 

aggregates, abrogating its ability to properly bind DNA and creating a loss-of-function 

phenotype despite increased total levels of protein (467-469). In this case, increased levels 

of p53 may be used as a cancer biomarker and contribute to tumorigenesis (467,469). 

Indeed, a recent study has shown that mice lacking both RASSF1A and p53 show 

higher levels of tumorigenesis (381). It is possible that despite higher levels of p53 
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accumulation in Rassf1a-/- mice that the excessive DNA and oxidative damage from the 

inflammatory phase  may have caused a loss-of-function mutation, therefore it will be 

interesting to further investigate the sequence of p53 in our mice to see if mutations are 

arising in this model. Alternatively, p53 has also been shown to be activated in response 

to pro-inflammatory stimuli and oxidative damage, and may cross-talk with NFκB 

signaling (470-473). Therefore, it may be that the loss of RASSF1A in our mice has created 

an additional feedback loop whereby dysregulated NFκB signaling may disrupt normal 

p53 signaling. The relationship between RASSF1A and p53 and how they may interact 

will be a promising starting point for future research, and likely represents a molecular 

link between inflammatory processes, apoptotic signaling, and progression to a cancer 

state.  

 

 TUNEL, a marker of DNA nicks and nuclear condensation caused by late-stage 

apoptosis, shows a slightly different pattern (Figure 4.6 A and B). While Rassf1a-/- mice 

show an initial increase in TUNEL staining (and other apoptotic markers) at Day 14 

following initial inflammatory stimulus, they then show a decrease in TUNEL levels until 

later time points, when invasive carcinoma is established. Wild type mice show an 

overall increase in TUNEL signaling until the very end of the experiment, with a peak at 

Days 44 and 75 in a similar pattern to that seen in BAX expression. This again suggests 

that wild type mice are mounting an increased apoptotic response in order to counteract 

proliferative signals. Interestingly, histological examination of TUNEL localization in later 

stages of the experiment reveal interesting expression pattern differences between 

genotypes. In the acute phase, both Rassf1a-/- and wild type mice show increased 

TUNEL staining in areas of ulceration, with higher levels in Rassf1a-/- mice primarily due 

to the increased frequency of ulcerative lesions and increased cellular damage. In later 

phases in wild type mice, TUNEL staining can be seen equally distributed through 

dysplastic tissue as well as the surrounding tissue and stroma. Rassf1a-/- mice, 

however, show little TUNEL staining in dysplastic regions while the surrounding tissue 

and stroma show significantly higher levels (Figure 4.6 B). This suggests that the 

dysregulation of apoptotic signaling seen in the acute phase in Rassf1a-/- mice 
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continues into tumorigenesis, and suggests an important role for stromal contributions 

to neoplastic development.  

 

 Recent research has begun to suggest that tissue irritation caused by chronic 

inflammation and associated cell death can stimulate stromal macrophages to release 

pro-proliferative signals that can cause inappropriate growth in the surrounding tissues 
(83,474). Prolonged epithelial damage may also elicit a stromal wound-healing response 

which may inappropriately promote enhanced epithelial cell propagation (475). Once a 

tumor has begun to rapidly grow and invade the surrounding area, cancer cells often 

secrete matrix metalloproteinases (MMPs) to degrade the surrounding mucosa and 

allow further invasion. The degradation of stromal mucosa paradoxically results in the 

further release of pro-growth factors, feeding back into further tumor development (476-

478). Because Rassf1a-/- mice are more susceptible to invasive carcinoma at a relatively 

early stage compared to wild type mice, it is likely that the increased apoptosis in 

ulcerated and stromal regions and the resultant release of pro-growth factors is a major 

driver of tumor growth in these mice.  

 

 In our acute study, we established that in response to DSS exposure and 

activation of pro-inflammatory signaling mice show increased cell death and DNA 

damage, as well as tyrosine phosphorylation of Yes-associated protein (YAP) by the 

activated tyrosine kinase ABL, promoting YAP association with p73 and transcription of 

apoptotic molecules such as BAX (3). In the absence of RASSF1A this process becomes 

unrestricted and uncontrolled levels of cell death contribute to the development of 

severe inflammatory disease and failure to recover (3). YAP is a complex signaling 

molecule that is most commonly associated with its ability to transcriptionally activate 

proliferation via Hippo signaling; therefore its role in promoting cell death was somewhat 

surprising. In reality, however, YAP acts as a co-transcriptional binding partner to a 

variety of transcription factors to form stable transcriptional complexes, and which 

protein YAP is bound to dramatically influences its transcriptional activity. The three 
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primary proteins that YAP tends to form transcriptional complexes with are TEAD, 

RUNX, and p73. YAP association and activation with TEAD proteins primarily drives 

pro-proliferative growth signaling, association with RUNX proteins primarily drives the 

differentiation of mesenchymal stem cells but can also drive proliferation, and 

association with p73 drives pro-apoptotic signaling (411,479,480). YAP that has been 

phosphorylated at serine127 by LATS proteins binds to 14-3-3 complexes to become 

sequestered in the cytoplasm, thereby restricting transcriptional activity.  

 

 While we do not have a complete understanding of how YAP binding partner 

switching is controlled, previous research has indicated that inhibition of S127 

phosphorylation of YAP allows YAP to translocate to the nucleus, where it primarily 

binds TEAD factors to induce proliferation. Phosphorylation of YAP by ABL or YES 

kinases at tyrosine 357 and serine phosphorylation at S381 by LATS has been shown 

to allow YAP to associate with p73. While it is commonly accepted that YAP primarily 

binds TEAD proteins, the mechanism regulating a switch from TEAD to RUNX directed 

transcription remains poorly understood, and it is unclear whether YAP-TEAD and YAP-

RUNX complexes exist in discrete cellular circumstances or whether they may exist 

simultaneously. Activated RUNX promotes transcription of the E3 ubiquitin ligase Itch, 

which ubiquitinates p73 and targets it for destruction. Tyrosine phosphorylation of YAP 

at Y357 disrupts the YAP-RUNX complex, resulting in the reduction of Itch ligases and 

allowing the accumulation of p73 and the creation of YAP-p73 complexes (399,481). 

 

 As described in our acute study, increased levels of caspase activation have 

been shown to cleave the ABL tyrosine kinase into catalytically active subunits, the 

smallest of which is a 20 kDa fragment consisting solely of the catalytic subunit (405,406). 

ABL kinase activity is primarily regulated by internal folding interactions caused by an 

interaction between its SH3 domain and internal linker sequence, which internalizes the 

kinase domain and causes functional inactivation. Caspase cleavage of ABL disrupts 

this interaction, therefore caspase cleaved fragments containing the kinase domain are 
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constitutively active (405,406). Similar to our acute model, we see an increase in the 

appearance of cleaved ABL upon DSS stimulation and Rassf1a-/- mice showed 

increased levels of cleaved ABL products compared to wild type animals (Figure 4.7 A 

and B). Interestingly, Rassf1a-/- mice continued to accumulate higher levels of cleaved 

ABL throughout our experiment, both during the inflammatory phase as well as 

throughout tumorigenesis. This is likely due to the sustained high levels of DNA damage 

seen in these mice (Figure 4.5 A) 

 

 In addition to dysregulated levels of ABL kinase in Rassf1a-/- mice, we also 

observed a not unexpected accumulation of YAP (Figure 4.7 A). Both wild type and 

Rassf1a-/- mice show an increase in YAP levels following initial DSS insult (Day 14), 

which likely represents a response to initial DNA damage and initiation of the YAP/p73 

apoptotic signaling described earlier. Of note is that another up-regulation of YAP levels 

occurs in all animals again at Day 44 at the time of tumor initiation, and elevated levels 

of YAP persist past this point in Rassf1a-/- mice (Figure 4.7 A). Serine 127 YAP 

phosphorylation increases in both sets of animals at Day 14, although at a lower level in 

Rassf1a-/- animals than in wild types as described previously (Figure 4.7 A). As S127 

phosphorylation restricts YAP to the cytoplasm, this increase likely indicates an attempt 

to shut down YAP signaling, particularly as total YAP levels are concurrently rising. 

Rassf1a-/- mice, but not wild type mice, also show an increase in pS127-YAP levels 

starting at Day 44, possibly as an attempt to restrict YAP directed proliferation as 

tumors progress.  

 

 Despite increased levels of pS127-YAP phosphorylation, we observed a 

significant increase in nuclear localized pY357-YAP in Rassf1a-/- mice using 

immunohistologically stained tissue sections (Figure 4.7 C and D). Wild type mice show 

an increase of pY357-YAP levels following inflammatory events as described previously 
(3), but appear to be capable of shutting down this signaling cascade after DSS insults 

are removed. Rassf1a-/- mice continue to show elevated levels of nuclear pY357-YAP 
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throughout the experiment, further confirming that these mice appear to be deficient in 

their ability to restrict pY357-YAP signaling. Interestingly, total levels of pY357-YAP 

were increased in Rassf1a-/- mice in addition to the nuclear localization, with a 

noticeable cytoplasmic population in addition to the nuclear population at later time 

points (Figure 4.7 C). As serine 127 phosphorylation is also increased at these times, it 

appears that some of the tyrosine phosphorylated YAP may be sequestered in the 

cytoplasm, suggesting that the overall increase in pY-YAP levels allows the nuclear 

accumulation. 

 

 YAP is regulated by a series of phosphorylation events, with additional putative 

serine and threonine sites identified. However, the functions of these sites are not 

clearly understood, and it is likely that multiple phosphorylation events and an as yet 

unknown phosphorylation hierarchy more finely dictate YAP function (M. Sudol, work in 

progress). Indeed, at least two studies have found that phosphorylation at additional 

sites in addition to S127 can disrupt YAP cytoplasmic sequestering by 14-3-3 (482,483). A 

further investigation of the YAP phosphorylation hierarchy is warranted and will likely 

reveal important novel regulations of YAP function. Additionally, it will be interesting to 

examine whether other PTKs are capable of tyrosine phosphorylating YAP and 

contributing to the increased nuclear localization of pY-YAP that we see in our model. 

YAP has previously been shown to be tyrosine phosphorylated by YES in addition to 

ABL, and we have identified 9 other PTKs that are significantly (p-value <0.05) up-

regulated in the absence of RASSF1A at least two fold from a microarray screen 

comparing mRNA from colonic tissue in wild type and Rassf1a-/- mice from our acute 

studies (Table 4.1). 

 

 Because YAP phosphorylation, while important, clearly needs further study, we 

also looked at the mRNA expression status of the key binding partners of YAP. Wild 

type mice showed varying levels of YAP mRNA expression throughout the experiment, 

with an approximately two-fold increase near the end of the experiment. In contrast with 
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this, YAP mRNA levels in Rassf1a-/- mice remained mostly constant, with an elevation in 

total YAP mRNA occurring only at the end of the experiment (Figure 4.8 A). As Western 

blotting revealed an increase in total levels of YAP in Rassf1a-/- mice compared to wild 

type mice, this suggests that loss of RASSF1A may stabilize YAP protein levels in an 

inflammatory setting. YAP is typically subjected to ubiquitin independent degradation 

and degraded at a high rate in the absence of post-translation modifications (432,484,485). 

YAP protein stabilization in the absence of RASSF1A may be due to the increased 

activity of ABL tyrosine phosphorylating YAP and allowing it to bind p73. Previous 

reports have shown that proteins normally regulated by ubiquitin independent 

degradation may escape this by binding to a "nanny" protein, such as NQO1. p73 is 

capable of binding to NQO1, and YAP-p73 binding may serve to protect YAP 

degradation as well (432,484-486).  

 

 In the case of YAP binding partners, we can see an excellent switch between 

pro-proliferative partners and pro-apoptotic partners (Figure 4.8 B-D). Both RUNX and 

TEAD proteins have been shown to be up-regulated in colon cancers (480,487-489). After 

initial inflammatory stimulation (Day 14), transcription of TEAD1 is reduced while 

transcription of p73 is increased, in both wild type and Rassf1a-/- animals. Throughout 

the duration of the rest of the experiment, wild type animals appear to show a continued 

reciprocal relationship between the up-regulation of TEAD1 mRNA and the down-

regulation of p73, or vise versa. As may have been predicted in a cancer model, at the 

end of the experiment when most of the wild type animals show intramucosal 

carcinoma, p73 levels are decreasing and TEAD1 levels are significantly up. 

 

 Rassf1a-/- mice show a disproportionately high level of p73 transcription 

throughout the experiment, which likely contributes to the continued elevation of 

apoptotic markers throughout (Figures 4.5 and 4.6). In a similar manner, wild type mice 

also show up-regulation of RUNX2 at time points when p73 expression is being down-

regulated. It is interesting that in wild type animals both TEAD1 and RUNX2 show their 
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most prominent up-regulation at Day 112. RUNX2 has recently been shown to be 

capable of binding with other co-transcriptional elements, such as p53 and potentially 

estrogen receptor β, in order to promote proliferation (490). RUNX2 is capable of binding 

to DNA bound p53 in order to repress p53 regulated pro-apoptotic signaling, and 

nuclear localization of RUNX2 has been shown to be pro-proliferative in colon cells 
(259,489-491). It is therefore possible that TEAD and RUNX proteins may be being 

simultaneously induced and competing with each other to bind YAP and drive 

proliferation or TEAD may be binding YAP to drive proliferation while RUNX effects pro-

proliferative signaling through another mechanism. Immunoprecipitation experiments 

will need to be used to confirm binding of p73, RUNX, and TEAD to YAP and to 

determine relative binding frequencies across tumor pathogenesis.  

 

 Of note is that Rassf1a-/- mice appear to show complete dysregulation of normal 

expression patterns of all three examined transcription factors (Figure 4.8). Although 

there appear to be some relative shifts showing opposite increases and decreases 

between apoptotic and proliferative transcription factors, all three proteins have 

abnormally high mRNA expression throughout most of the experiment, compared to 

both baseline and wild type. Both p73 and RUNX2 show an abnormally low expression 

at Day 75, for an unknown reason. These abnormal expression patterns suggest that 

loss of RASSF1A may completely dysregulate all YAP directed transcription. Of 

particular interest is the fact that despite Rassf1a-/- mice showing up to several hundred 

times increased p73 mRNA expression, the protein levels show only a maximally two-

fold increase at Day 14. It is possible that additional unknown microRNA mechanisms 

are regulating the destruction of extraneous p73 transcripts, and that this programming 

may be enhanced in the absence of RASSF1A. Further elucidation of how RASSF1A 

may mediate microRNA functions would be an interesting future study. Due to the 

overall dysregulation and up-regulation of all three examined YAP binding partners, 

future immunoprecipitation experiments and examination of transcriptional targets are 

crucial to completely understanding how RASSF1A may regulate YAP transcriptional 

programs. 
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 Overall, we have shown an important role for RASSF1A in maintaining normal 

intestinal function and restricting inflammation induced injury. We have shown a 

mechanistic understanding of several ways in which RASSF1A restricts the 

inflammatory response and in doing so also restricts the accumulation of DNA damage. 

Loss of RASSF1A not only aggravates symptoms of inflammatory disease, but also 

results in increased oxidative damage and accumulation of DNA damage leading to 

excessive cell death. We propose that this in turn creates further inflammation and 

creates a feedback loop in the absence of RASSF1A which likely leads to rapid 

accumulation of mutations and general genomic instability. Therefore, loss of RASSF1A 

results in appearance of inflammation-related colon cancer at an earlier time than 

normal, and also results in a rapid progression to a higher grade carcinoma.  

 

 We have shown evidence that general dysregulation of apoptotic and 

proliferative signaling occurs in the absence of RASSF1A, likely due in large part to a 

general up-regulation of the co-transcriptional activator YAP. In early inflammatory 

stages YAP appears to drive pro-apoptotic functions, however, preliminary evidence 

suggests that as DNA damage accrues, YAP may switch from a pro-apoptotic to a pro-

proliferative signaling program. Additionally, while loss of RASSF1A results in general 

up-regulation of apoptosis even while tissues become dysplastic, we have shown that 

this apoptotic signaling may be primarily in the tissue mesenchyme, and that continued 

stromal apoptosis may be driving epithelial proliferation.  

 

 Finally, we have begun to examine other cancer signaling pathways, such as the 

WNT pathway, which may also be regulated by RASSF1A, although the context specific 

mechanisms remain unknown at this point (see Appendix A4). Previous reports have 

indicated that mice lacking Rassf1a show overall genomic instability (291,293,386,492). 

Future studies examining whether loss of RASSF1A contributes to the accumulation of 

common mutations found in colon cancer, such as mutations in p53, K-ras, and APC, 
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will give further insight into whether the restrictive function of RASSF1A in inflammation 

contributes to the overall ability to maintain genomic stability. 
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Chapter Five: Translational Application of Tyrosine Phosphorylated 
YAP as a Human Biomarker in IBD and CRC 
 

5-1 Introduction 
 

 Animal model systems and in vitro models provide necessary and useful 

platforms for our understanding of the biochemical and molecular mechanisms 

underlying many cellular functions and how dysfunction of these may lead to disease. 

However, while model systems enhance our understanding of complex signaling 

pathways, we would ultimately like to confirm the relevance of our findings in humans, 

and find useful ways to translate our expanded knowledge by improving disease 

diagnosis or prognosis by developing new biomarker assays and targeted therapeutics. 

In vitro studies are often performed using over- or under-expression models that may 

not be physiologically likely to occur in physiological systems, and conflicting in vitro 

studies highlight that experimental technique and user error may greatly bias some 

studies. As species specific differences in gene expression, immunologic response, and 

general physiologies may also cause findings in an animal model system to be untrue in 

humans, it is important to validate findings in a human system whenever possible. Once 

experimental results have been validated in a human model, we are better positioned to 

apply the findings of basic research into new diagnostic and therapeutic techniques. 

 

 By design, a good diagnostic test is both sensitive and specific (493,494). Specificity 

refers to the ability of a diagnostic test to give accurate positive results: a highly specific 

test will have no false positives outside of the desired parameters. Sensitivity refers to 

the ability of a test to identify accurately all possible individuals affected: a highly 

sensitive test will have no false negatives (493,494). For example, a test developed 

specifically and sensitively for prostate cancer should give no false positives and should 

also not identify other cancer types as positive results, and should also not give any 
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false negatives. For ideal use in medical fields, a test should be as sensitive and 

specific as possible. 

 

 In our acute model of IBD, mice showed between approximately 60-70% nuclear 

localization of pY357-YAP, and our chronic model showed up to 60-80% nuclear 

localization throughout inflammation and continued into carcinogenesis. As we have 

seen evidence of up-regulation of tyrosine phosphorylated YAP in our mouse model in 

mice showing symptoms of colitis, we wished to further test our findings in human IBD 

patients in order to validate our findings and assess their usefulness as a potential 

diagnostic indicator of IBD.  
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5-2 Results 
 

5-2.1 Colonic biopsies from inflammatory bowel disease 
patients, tubular adenoma patients, and colon cancer 
patients show increased levels of the nuclear tyrosine 
phosphorylated YAP biomarker  

 

 We have begun piloting the use of tyrosine phosphorylated YAP (pY357-YAP) as 

a biomarker on mouse and human colonic sections as a pilot, with promising results. 

Biopsy samples of inflamed regions were collected from patients identified at the 

University of Alberta Hospital as having IBD. Nuclear pY357-YAP appears to be 

significantly increased in colonic biopsy samples from ulcerative colitis (UC) and 

Crohn's disease (CD) patients compared to normal control samples (Figure 5.1). IBD 

patients show consistently high levels of nuclear pY357-YAP (approximately 55-65%), 

while tissue sections from normal healthy individuals showed less than 20% of cells 

positive for nuclear pY-YAP. Interestingly, biopsies from CD patients with small bowel 

inflammation show even higher levels of nuclear YAP proportions, with approximately 

70-80% of cells staining positive for pY357-YAP. As CD patients are more prone to 

small bowel cancer than the general population (77,81), it will be interesting to examine 

the pY357-YAP status in small bowel cancer samples in addition to CRC in future 

studies. 

 

 In order to determine whether aberrant nuclear localization of pY357-YAP 

persisted into dysplasia, we also obtained biopsy samples from several patients 

exhibiting tubular adenoma (early stage dysplasia) as well as tumor samples from 

patients diagnosed with colon carcinomas. Patients with colonic dysplasia showed 

between 70-90% positive staining, similar to the results we have seen in our mouse 

model. Also similar to our mouse model, dysplasia patients also show overall levels of 
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pY357-YAP, with increased cytoplasmic staining as well as nuclear staining, although 

the significance of this is as yet unknown. 
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5-3 Discussion and Future Directions 
 

 In concurrence with our observations in mice, we have shown that IBD and colon 

cancer patients show consistently elevated levels of pY357-YAP. As we have seen in 

our mouse studies that elevated levels of pY357-YAP are consistent with increased 

levels of pro-apoptotic signals and cell death, it is likely that dysregulated apoptotic 

signaling and excessive cell death is contributing to the disease pathogenesis in IBD 

patients. Our mouse model illustrated that pY357-YAP directed apoptosis is further 

dysregulated and unrestricted in mice lacking RASSF1A, therefore it may be useful to 

couple RASSF1A status with pY357-YAP immunostaining in human subjects. Our 

current study focused on obtaining biopsies from regions showing gross macroscopic 

inflammation, and further studies should be undertaken to determine whether adjacent 

tissue shows a similar up-regulation in pY357-YAP status in order to better determine 

the test specificity. Additionally, future studies should also examine biopsies of patients 

in symptomatic and macroscopic remission in order to determine whether tyrosine 

phosphorylation of YAP is transiently associated with active inflammation or whether 

levels remain high in IBD patients throughout remission.  

 

 The finding that colon cancer patients also exhibit extremely high levels of 

pY357-YAP compared to normal patients (approximately 75% higher) suggests a 

specific molecular link, highlighting the importance of YAP signaling in both diseases. 

Indeed, high levels of total nuclear YAP have previously been identified in colon cancers 
(353,416,487), and while it has been thought that nuclear YAP represented oncogenic YAP 

that directed proliferative signaling, future studies will need to examine the 

phosphorylation status of YAP in order to better understand its role in human colon 

cancers. As CD patients with small bowel disease are more prone to small bowel 

cancer than the general population (77,81) and also showed higher levels of pY357-YAP 

compared to CD patients with colonic disease, it will be interesting to examine the 

pY357-YAP status in small bowel cancer samples in addition to CRC in future studies.  
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 As we have seen up-regulation of pY357-YAP in response to dysregulated 

inflammatory signaling, future studies will also have to determine whether the pY357-

YAP biomarker is up-regulated only in IBD, or whether other inflammatory diseases are 

also similarly affected. We are currently looking to examine the pY357-YAP status in 

primary sclerosing cholangitis (PSC) and cholangiocarcinoma patients. Results from 

PSC patient will be of particular interest, as 5-25% of UC patients develop PSC at some 

point after developing UC, and patients with UC-PSC are at 4 fold increased risk of 

developing colon cancers compared to UC patients (495-497). Because the percentage of 

positive pY-YAP staining increases from IBD to tubular adenoma to carcinoma, if future 

studies show a similar increased in pY-YAP staining in PSC and cholangiocarcinoma 

patients as we have described in IBD and CRC patients, the pY-YAP biomarker may 

indicate a tendency toward inflammation-induced cancer development. Likewise, if new 

biopsies can be obtained from the same patients already examined to see how their pY-

YAP status has changed since our last collection, we may have a better idea of the 

stability of the pY-YAP biomarker and how useful this may be in diagnosis/prognosis. 

Additionally, results from PSC/cholangiocarcinoma patients may help us understand 

whether RASSF1A plays direct roles in restricting both inflammatory and carcinogenic 

signaling, or whether RASSF1A's role in restricting carcinogenesis are more tightly 

linked to its role in restricting inflammatory signaling. 

 

 As we have observed an increase in tyrosine phosphorylated YAP as being 

associated with excessive cell death and increased disease severity, pY357-YAP may 

also provide a novel target for future therapeutics. If the kinase(s) contributing to YAP 

phosphorylation can be fully confirmed, tyrosine kinase inhibitors may provide a new 

useful therapeutic strategy for patients showing high levels of pY357-YAP. At least one 

report has suggested that imatinib, a tyrosine kinase inhibitor targeted against ABL, with 

lower inhibition against other Src kinases, may have contributed to the resolution of IBD 

symptoms in one patient following failure to respond to other medications (428). Imatinib 

is also used in the treatment of some CRC cases, with varying success, suggesting that 
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in some instances use of a PTK inhibitor during inflammatory disease may reduce the 

likelihood of IBD progressing to CRC.  

 

 We have begun piloting the use of tyrosine kinase inhibitors in our mouse models 

with varying success. Imatinib showed some ablation of symptoms in Rassf1a+/- but not 

Rassf1a-/- mice, suggesting that patient genetic profiling might be necessary in order to 

tailor future therapeutics (3). Additionally, while imatinib lowered the presence of nuclear 

pY357-YAP, it did not completely reverse its appearance, suggesting that other tyrosine 

kinases may also be contributing to YAP phosphorylation. Tyrosine kinase inhibitors are 

also tricky to use as therapies, due to the large number of processes governed by a 

relatively few tyrosine kinases. It is therefore likely that combination therapeutics will 

likely prove to have the greatest effect. Because of the potential for tyrosine kinase 

inhibitors to interfere with other cellular signaling pathways, we would recommend that if 

tyrosine kinase inhibitors were considered as a future therapeutic option for IBD patients 

that presence of high levels of pY357-YAP be confirmed histologically. Use of pY357-

YAP immunostaining may therefore be useful as both a disease biomarker as well as 

indicative of potential therapy choice. 
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Chapter Six: Final Summary 
 

 We have characterized an important role for the tumor-suppressor protein 

RASSF1A in regulating intestinal inflammation and in regulating the progression from an 

inflammatory state to a state of inflammation-driven colon cancer. As we have identified 

that RASSF1A is important for restricting pro-inflammatory signaling, it appears that loss 

of RASSF1A creates a feedback loop: increased inflammatory signaling leads to 

increased DNA damage and increased oxidative damage, increased oxidative damage 

likely contributes to further DNA damage, and increased DNA damage causes 

increased tyrosine phosphorylation of YAP, which in turn leads to increased levels of 

cell death, and finally appears to initiate a further inflammatory response. As this 

dysregulated feedback loop progress, DNA damage accumulates, likely leading to 

mutagenesis and genomic instability (Figure 6.1). Therefore, loss of RASSF1A results in 

appearance of inflammation-related colon cancer at an earlier time than normal, and 

also results in a rapid progression to a higher grade carcinoma. 

 

 We have shown evidence that general dysregulation of apoptotic and 

proliferative signaling occurs in the absence of RASSF1A, likely due in large part to a 

general up-regulation of the co-transcriptional activator YAP. In early inflammatory 

stages YAP appears to drive pro-apoptotic functions, however, preliminary evidence 

suggests that as DNA damage accrues, YAP may switch from a pro-apoptotic to a pro-

proliferative signaling program. Additionally, while loss of RASSF1A results in general 

up-regulation of apoptosis even while tissues become dysplastic, we have shown that 

this apoptotic signaling may be primarily in the tissue mesenchyme, and that continued 

stromal apoptosis may be driving epithelial proliferation. We have also shown that other 

cancer signaling pathways, such as the WNT pathway, may also be regulated by 

RASSF1A, although the context specific mechanisms remain unknown at this point. 
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 Finally, we have shown that our research has a potential translational application 

in the usage of pY357-YAP as a biomarker of IBD and colon cancers. Patient samples 

show significant increases in pY357-YAP levels in IBD and CRC patients, but not in 

normal control samples. This also validates that molecular changes seen in our acute 

inflammation and chronic inflammation-driven carcinogenesis models likely hold true in 

human IBD and CRC. Our identification of dysregulated pY357-YAP, particularly in the 

absence of RASSF1A, as a key molecular link between inflammation and cancer make 

it a useful biomarker for IBD and also suggests that tyrosine kinase inhibitor therapies 

may be a useful novel therapeutic in IBD patients, and may possibly reduce the 

incidences of IBD related CRC, although further studies in our mouse models are 

needed. 
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Appendix 
 

A1. Rassf1a-/- mice are resistant to Citrobacter rodentium colonization 

 

 DSS induced models of colitis in rodents are well established, easy to use, and 

the severity of disease is highly controllable. However, chemical models of colitis are 

best to model colitis resulting from tissue irritation and injury rather than spontaneous 

colitis occurring due to genetic predisposition or in response to bacterial stimuli (113,147). 

In order to further characterize how RASSF1A regulates intestinal inflammation, we 

employed the Citrobacter rodentium model of infectious colitis using our Rassf1a-/- mice 
(198,209,212). 

 

 Interestingly, we were unable to successfully colonize our Rassf1a-/- mice with C. 

rodentium. Mice were infected with Citrobacter rodentium via oral gavage and 

monitored for the presence of C. rodentium by rectal swabbing throughout the 

experiment. None of the mice showed prior evidence of C. rodentium infection at the 

time of inoculation. While we were able to culture C. rodentium from rectal swabs and 

colon lysates from wild type mice 7 days after inoculation (implying successfully 

infection) Rassf1a-/- mice never showed evidence of C. rodentium infection (Figure A1 

A). In addition to not being able to confirm infection in Rassf1a-/- mice, we also observed 

a lack of body weight loss and disease symptoms compared to wild type mice (Figure 

A1 B and C). C. rodentium in mice typically results in body weight loss, diarrhea, 

possible rectal bleeding, crypt hyperplasia, and immune cell infiltration (209). While we 

did not see significant immune cell infiltration (unpublished data), both wild type and 

Rassf1a-/- mice did show evidence of crypt hyperplasia following C. rodentium infection 

(Figure A1 D). We did note that Rassf1a-/- mice appeared to have higher levels of Gram 

negative bacteria able to be cultured on MacConkey plates, as well as a more diverse 

population compared to wild type mice (unpublished data). It is therefore possible that 

Rassf1a-/- mice may have altered microbiota compared to wild type mice, despite being 
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housed in the same facility, and that this may have contributed to the abnormal 

response of Rassf1a-/- mice to C. rodentium infection.  

 

Discussion: 

 

 Citrobacter rodentium infection in mice involves adhesion to the host epithelial 

surface through the creation of attaching and effacing (A/E) lesions (196,197,205,207). The 

creation of attaching and effacing lesions involves destruction of the surface microvilli, 

insertion of the bacterial Tir protein into the host epithelial cell, and subsequent 

cytoskeletal rearrangements (197,205,207). RASSF1A has previously been shown to be 

important in regulating microtubule and cytoskeleton stabilization (277,293,498,499). Because 

loss of RASSF1A has been shown to cause cytoskeletal defects, it is possible that 

Rassf1a-/- mice are resistant to C. rodentium infection due to an inability of  the bacteria 

to properly form attaching and effacing lesions in these mice. In fact, osteopontin, which 

has also been shown to regulate cytoskeleton dynamics, has previously been shown to 

be required for the creation of A/E lesions and successful C. rodentium infection (197,500), 

and it is possible that RASSF1A acts in a similar manner. 

 

  Alternatively, the enriched population of Gram negative bacteria in Rassf1a-/- 

mice compared to wild type mice may have created a competitive microbial environment 

which does not favor C. rodentium colonization. Further evaluation of colonic section 

from C. rodentium inoculated Rassf1a-/- for the presence of A/E lesions and pedestal 

formation will give further insight into whether loss of RASSF1A is protective against C. 

rodentium adhesion. In order to eliminate the possible confounding factor of microbial 

competition, it would be beneficial to co-culture ex vivo Rassf1a-/- crypt cells or mouse 

embryonic fibroblasts (MEFs) with C. rodentium to determine whether C. rodentium is 

capable of infecting cells lacking RASSF1A in vitro.  
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 In order to study the potential influences of the microbiota in Rassf1a-/- mice in 

vivo, in may also be useful to pre-treat Rassf1a-/- mice with antibiotics in order to clear 

the GI tract of competitive bacteria prior to C. rodentium inoculation. Because C. 

rodentium infection in mice is thought to be similar to pathogenic E. coli infection in 

humans, further insight into how RASSF1A may regulate bacterial infections may help 

in understanding E. coli infections in humans, and how genetic influences may 

predispose or protect to certain bacterial infections.  
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A2. Dosing studies: Rassf1a-/- mice are susceptible to high doses of 
AOM 

 

 We have previously documented a role for RASSF1A in restricting inflammation, 

cell death, and DNA damage in an acute model of inflammation (3), we aimed to further 

characterize how RASSF1A may affect molecular mechanisms that link inflammation 

and cancer (see chapter four). RASSF1A loss has previously been shown to be highly 

associated with colorectal cancer development (89,90,347,429,430), and may also be lost in 

some IBD patients (88).To this end, we utilized an established model of inflammation 

driven carcinogenesis, whereby mice are subjected to several inflammatory episodes 

using the colonic irritant dextran sodium sulfate (DSS) in order to mimic a chronic 

inflammatory state. Mice are injected with azoxymethane (AOM), a pro-carcinogen, prior 

to these inflammatory episodes, as AOM exposure has been shown to decrease the 

time to tumor appearance using the DSS chronic model (146,156-158). Upon review of the 

literature utilizing the AOM/DSS model, we noted that the majority of studies used a 

single IP dose of 12 mg/kg AOM prior to DSS exposure, therefore we decided to use  

12 mg/kg AOM in our preliminary studies. 

 

 While wild type mice had no reaction to 12 mg/kg AOM injection, we noted that 

Rassf1a-/- mice showed a severe reaction and significantly decreased survival following 

a single 12 mg/kg injection of AOM (Figure A2 A and B). Prior to any exposure to DSS, 

50% of Rassf1a-/- mice showed significantly increased DAI symptoms and died, and the 

remaining mice appeared to be overly sensitive to DSS, as only 12.5% of Rassf1a-/- 

mice survived to Day 75 of the experiment. Because of the extremely negative response 

of Rassf1a-/- mice to a dose of 12 mg/kg AOM, even without DSS exposure, we decided 

to evaluate the use of lower doses of AOM. For our dosing experiments, we utilized 

mice lacking both RASSF1A and MOAP-1 (Rassf1a-/-Moap1-/- mice). MOAP-1 

(modulator of apoptosis 1) is a putative tumor suppressor protein that cooperates with 

RASSF1A to promote death receptor dependent apoptosis via BAX activation, and 
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Rassf1a-/-Moap1-/- mice show similar or slightly more severe phenotypic responses 

compared to Rassf1a-/- mice (unpublished observations), and were therefore used to 

test sensitivity to AOM dosages. We found that a dose of 10 mg/kg of AOM was also 

fatal to Rassf1a-/-Moap1-/- mice, while doses of 8 mg/kg and 6 mg/kg were not. Because 

AOM is thought to accelerate the appearance of inflammation induced carcinogenesis 

when used in combination with DSS (156,157,172,173), we decided to utilize a dosage of 8 

mg/kg AOM for our studies in order to achieve the greatest effect within the most 

reasonable time frame.  
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A3. Other cytokines examined in the AOM/DSS model 

 

 The balance of pro-inflammatory cytokines and anti-inflammatory cytokines is a 

crucial factor in the development and resolution of inflammatory bowel diseases and 

associated colon cancers (74,472,501). In order to have a better understanding of how 

RASSF1A influences cytokine and chemokine levels and to determine which cytokines 

play key roles in our AOM/DSS model of inflammation driven colon cancer in our 

Rassf1a-/- mice, we examined a cross section of cytokines commonly involved in IBD 

and/or colon cancers. In addition to the cytokines shown in Figure 4.3 (see chapter 

four), we also examined several other cytokines. Figure A3 shows expression patterns 

for IL-1α, IL-1β, IL-2, IL-17, and IL-18, and Figure A4 shows expression patterns for 

IFN-γ, TNF-α, CXCL10, CCL11, GM-CSF, and VEGF.  

 

 While IL-1α levels did not change throughout most of our experiment, Rassf1a-/- 

showed a significant increase in serum IL-1α levels on Day 112 at the end of the 

experiment (Figure A3 A). IL-1α is produced by activated macrophages; however, it is 

rarely secreted at detectable levels into the serum except in cases of extreme 

inflammation (502). Increased IL-1α has also been shown to enhance angiogenesis in 

colon cancers, and contribute to cancer metastases (502,503). It is possible, therefore, that 

the rapid increase in IL-1α at the end of the experiment indicates a transition towards 

metastasis in Rassf1a-/- mice. The most common site for colon cancer metastases is the 

liver (504,505), therefore histological examination of liver samples from Rassf1a-/- mice for 

evidence of metastatic colon cancer will determine whether Rassf1a-/- mice are 

susceptible to metastatic colon cancer following AOM/DSS induced carcinogenesis. IL-

1β has been implicated as an important cytokine in IBD, with IBD patients often showing 

significantly elevated levels of IL-1β. Mouse models of IBD also show elevated levels of 

IL-1β upon inflammatory insult (501,502,506). However, we did not observe an increase in 

serum IL-1β levels in either wild type or Rassf1a-/- mice in our study, and overall levels 

of IL-1β were extremely low throughout the experiment (Figure A3 B).  
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 IL-2 is a cytokine primarily associated with the adaptive immune response and 

regulating autoimmunity. IL-2 is secreted by T lymphocytes to promote T cell 

differentiation and to enhance the adaptive immune response. IL-2 replacement 

therapies have been suggested as potential therapeutics for IBD as well as colon 

cancer (507,508). While we saw a slight initial decrease in serum IL-2 levels after the 

induction of inflammation and a final return to baseline levels at the end of the 

experiment in wild type mice, these changes were not significant (Figure A3 C). 

Rassf1a-/- showed no change in IL-2 levels until an increase the end of the experiment 

at Day 112, however, these changes were again insignificant (Figure A3 C). IL-2 is 

therefore unlikely to be a key cytokine in AOM/DSS inflammation induced 

carcinogenesis.  

 

 IL-4 is an anti-inflammatory cytokine responsible for restricting the activation of 

macrophages in inflammatory settings. Decreased levels of IL-4 in IBD patients are 

thought to contribute to the exacerbated inflammation seen in these patients (509,510). 

While overall levels of IL-4 did not change dramatically, wild type mice tended to have 

slightly higher levels of IL-4 compared to Rassf1a-/- mice, particularly at Day 112 (Figure 

A3 D) This may represent a further inability of Rassf1a-/- mice to restrict inflammation, 

as Rassf1a-/- mice also showed significantly lower levels of anti-inflammatory IL-10 

compared to wild type mice (Figure 4.3).  

 

 IL-17 is a potent pro-inflammatory cytokine regulated by IL-23. IL-17 induction 

results in the up-regulation of other pro-inflammatory cytokines such as TNF-α, IL-6, 

and IL-8, as well as up-regulation of MMPs (501,506). IL-17 is frequently up-regulated in 

IBD patients and sustained IL-17 is thought to promote CRC development (511,512). 

Unsurprisingly, IL-17 levels increased in both wild type and Rassf1a-/- mice in our model 

system upon inflammatory stimulus (Figure A3 E). While this increase was generally not 

significantly different between the two genotypes, wild type mice did show significantly 
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higher levels of IL-17 at Days 24 and 112, suggesting that Rassf1a-/- mice may have 

slightly altered IL-17 signaling. Of note, serum IL-23 levels were undetectable in our wild 

type and Rassf1a-/- mice.  

 

 Another pro-inflammatory cytokine, IL-18, has also been implicated in IBD 

pathogenesis. IL-18 is frequently up-regulated in CD patients, and increased IL-18 has 

also been reported in animal models of IBD (501,506). Conversely, IL-18 levels tend to be 

decreased in colon cancers and animal models of colon cancer (513). In concurrence with 

Rassf1a-/- mice showing increased symptoms of inflammatory disease, Rassf1a-/- mice 

show significantly increased levels of IL-18 compared to wild type mice throughout the 

experiment (Figure A3 F). The substantial and sustained increase in IL-18 levels in 

Rassf1a-/- mice suggest that IL-18 may be an important inflammatory driver regulated by 

RASSF1A, and that IL-18 is likely a major contributor to the exacerbated inflammation 

seen in knockout mice.  

 

 IFN-γ is another pro-inflammatory cytokine often up-regulated in IBD. IFN-γ 

promotes Th1 cell differentiation and activates a potent innate and adaptive immune 

response (501,513,514). In our model system, IFN-γ appears to be induced only in the initial 

acute phase of inflammation, showing a significant increase in both genotypes at Day 

14 followed by a return to baseline levels for the rest of the experiment (Figure A4 A). 

Despite IFN-γ being induced in both wild type animals as well as Rassf1a-/- animals, the 

knockout group did show significantly increased levels of IFN-γ at Day 14 compared to 

wild type mice, suggesting that RASSF1A plays an important role in regulating IFN-γ 

levels.  

 

 TNF-α is produced by macrophages, T cells, and fibroblasts, and is a potent pro-

inflammatory cytokine that is an important activator of NFκB pro-inflammatory 

transcription (501,506). IBD patients often exhibit high levels of TNF-α, which drives 
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expression of MMPs and other pro-inflammatory cytokines which contribute to 

inflammation related tissue destruction (74). TNF-α neutralizing antibodies have proven 

an effective treatment for IBD patients (506,515). However, anti-TNF-α biologic use in IBD 

has also been linked with increased risk for CRC development in these patients, 

highlighting the complexity of TNF-α signaling (501,516). We saw a significant increase in 

TNF-α levels in Rassf1a-/- mice during the initial acute inflammatory stage compared to 

wild type mice, further strengthening our conclusion that loss of RASSF1A results in 

dysregulated inflammatory signaling (Figure A4 B).  

 

 CXCL10 (aka IP-10) is a chemokine induced by IFN-γ which attracts Th1 cells to 

sites of active inflammation. Increased levels of CXCL10 have been associated with IBD 

as well as several cancers (517,518). In our mice, we saw an induction in CXCL10 levels 

during the first inflammatory phase, and again at the end of the experiment, suggesting 

that CXCL10 may be important in initiating the acute inflammatory response and 

possibly in sustaining established tumors in the AOM/DSS model (Figure A4 C).  

 

 Eotaxin (aka CCl11) is a pro-inflammatory chemokine implicated in the 

pathogenesis of IBD which is responsible for recruiting eosinophils and basophils to 

sites of inflammation (519,520). Rassf1a-/- mice tended to show elevated levels of serum 

eotaxin levels compared to wild type animals, suggesting that portions of the adaptive 

immune response are regulated by RASSF1A (Figure A4 D).  

 

 GM-CSF (granulocyte macrophage colony stimulating factor) is a cytokine that 

activates myeloid cell growth and differentiation. Mice lacking GM-CSF show increased 

susceptibility to pathogen induced colitis, and administration of GM-CSF to IBD patients 

has shown disease improvement (521,522). Interestingly, we noted a complete lack of 

detectable GM-CSF in Rassf1a-/- mice (Figure A4 E). As GM-CSF is a key growth factor 

to promote the development of white blood cells, our inability to detect GM-CSF in 
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Rassf1a-/- mice suggests that these mice may have innate defects in white blood cell 

development which contribute to the aberrant inflammatory responses seen in these 

mice.  

 

 An important protein in initiating angiogenesis is vascular endothelial growth 

factor (VEGF). Overexpression of VEGF has long been associated with a variety of 

cancers, as hypoxic solid tumors induce VEGF in order to promote increased 

vascularity to the tumor and promote further growth (523,524). More recently, increased 

levels of VEGF have also been implicated in IBD patients, possibly as a result of 

increased fibrosis resulting from chronic inflammation (525). While VEGF levels remained 

relatively low throughout our experiment, mice lacking RASSF1A did show a sudden 

increase in VEGF levels at Day 112 (Figure A4 F). As invasive carcinoma is fully 

established in Rassf1a-/- mice at this time point, it is possible that this spike represents 

an increased need for angiogenesis due to the increased severity of the tumors seen in 

these mice. 

 

 Taken together, these results show an important role for RASSF1A in regulating 

a variety of inflammatory cytokines, chemokines, and growth factors contributing to the 

pathogenesis of inflammatory diseases and related cancers. These findings further 

highlight the importance of RASSF1A as a multi-factorial signaling molecule. 
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A4. Rassf1a-/- mice show dysregulated beta-catenin signaling and 
cadherin organization  

 

 In addition to the YAP signaling pathway, we would like to explore how 

RASSF1A may influence other pathways in an inflammation to cancer setting. As the 

WNT pathway is often dysregulated in many cancer types, and has also been linked to 

YAP signaling, we investigated whether loss of Rassf1a had any effect on WNT 

pathway components in our chronic model of inflammation induced carcinogenesis 
(360,361,363,382) (see also chapter four).  

 

 We observed an increase in β-catenin levels in Rassf1a-/- mice throughout the 

experiment, which is not seen to the same extent in wild type controls. GSK3β is a 

serine/threonine kinase which constitutively phosphorylates β-catenin, targeting it for 

degradation in the absence of WNT ligand binding (268,383). Phosphorylation of GSK3β 

inhibits its kinase activity, allowing β-catenin accumulation and nuclear translocation, 

and reduced pS9-GSK3β correlates with increased β-catenin levels in Rassf1a-/- mice 

(Figure A5 A and B). Nuclear localization of β-catenin remains to be confirmed. 

Additionally, Rassf1a-/- mice, but not wild type mice, show increasing levels of the MYC 

oncogene throughout the experiment, likely contributing to the enhanced tumorigenesis 

seen in these mice (Figure A5 A and B). MYC has previously been shown to be up-

regulated in response to β-catenin/WNT signaling (526-529). Up-regulation of MYC can 

then further drive pro-proliferative signaling, and when uncontrolled can result in 

tumorigenesis (526-528). 

 

 E-cadherin levels remain relatively stable, albeit at higher levels in Rassf1a-/- 

mice than in wild type mice. Interestingly, we observed increasing levels of N-cadherin 

in both sets of mice, with particular prominence in Rassf1a-/- mice, despite little change 

in E-cadherin levels (Figure A5 C and D). Immunohistological examination revealed that 

while wild type animals showed areas discretely expressing either E-cadherin or N-
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cadherin at colonic epithelial junctions, Rassf1a-/- mice appear to show co-localization of 

E-cadherins and N-cadherins, suggesting a general dysregulation of normal adherens 

junction formation (Figure A5 E).  

 

Discussion: 

 

 We also observed an increase in β-catenin levels in Rassf1a-/- mice throughout 

the experiment, which is not seen to the same extent in wild type controls. GSK3β is a 

serine/threonine kinase which constitutively phosphorylates β-catenin, targeting it for 

degradation in the absence of WNT ligand binding (268,383,384). Phosphorylation of GSK3β 

inhibits its kinase activity, allowing β-catenin accumulation and nuclear translocation, 

and reduced pS9-GSK3β correlates with increased β-catenin levels in Rassf1a-/- mice 

(Figure A5 A and B). Nuclear localization of β-catenin remains to be confirmed, and 

further experiments to examine β-catenin localization will give further insight to 

functional changes in β-catenin activity. Additionally, Rassf1a-/- mice, but not wild type 

mice, show increasing levels of the MYC oncogene throughout the experiment, likely 

contributing to the enhanced tumorigenesis seen in these mice (Figure A5 A and B). 

MYC has previously been shown to be up-regulated in response to β-catenin/WNT 

signaling (527-530). Up-regulation of MYC can then further drive pro-proliferative signaling, 

and when uncontrolled can result in tumorigenesis (487,526,528). β-catenin is also an 

important component of adherens junctions, along with E-cadherin, and localization of 

β-catenin to adherens junctions is vital to normal epithelial integrity (531,532). 

 

 E-cadherin levels remain relatively stable, albeit at higher levels in Rassf1a-/- 

mice than in wild type mice. Interestingly, we observed increasing levels of N-cadherin 

in both sets of mice, with particular prominence in Rassf1a-/- mice, despite little change 

in E-cadherin levels (Figure A5 C and D). Immunohistological examination revealed that 

while wild type animals showed areas discretely expressing either E-cadherin or N-
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cadherin at colonic epithelial junctions, Rassf1a-/- mice appear to show co-localization of 

E-cadherins and N-cadherins, suggesting a general dysregulation of normal adherens 

junction formation (Figure A5 E). Though at first increasing levels of N-cadherin 

suggests possible cadherin switching and possibly an epithelial to mesenchymal 

transition event (EMT), the failure of E-cadherin to be displaced by N-cadherin implies 

that cadherin switching and EMT are not the cause of N-cadherin up-regulation.  

 

 Typically, previous studies have associated cadherin switching, with a primarily 

N-cadherin rich population, with carcinoma development in the colon (533-535), with few 

exceptions (536-538). Generally, increased levels of N-cadherin compared to E-cadherin 

have been associated with increased metastatic and invasive potential of tumors, due to 

the increased cellular mobility and flexibility of N-cadherin adherens junctions (539-541). 

However, instances of cis-homodimers of E-cadherin and N-cadherin have previously 

been described, and Straub et al. (542) recently described the existence of E-N-cadherin 

heterodimers in a variety of endoderm derived tissues. Straub et al. importantly 

positively showed that E-cadherin and N-cadherin proteins were able to directly form 

heterodimer complexes, and revealed the presence of these complexes in both normal 

and cancerous tissues and cells. The bulk of their study focused on hepatic cells, and 

only examined a few colon-derived cell lines, CaCo2 and Colo320DM, which did not 

show concomitant levels of E- and N-cadherins (542). However, results were only shown 

for CaCo2 cells, which have previously been shown to display inconsistent 

characteristics highly dependent on culturing techniques (543-545). Because colonic tissue 

samples were not examined and the cell line used for immunoblot analysis may not be 

reliable, the possibility that E-N-cadherin heterodimers may exist in colonic tissues 

cannot be completely ruled out at this time. One of the most intriguing findings by 

Straub et al. was that E-N-cadherin heterodimers were uniquely capable of creating 

heterotypic junctions with the surrounding N-cadherin expressing mesenchymal stromal 

tissue (542). As stromal influences are becoming increasingly recognized as crucial to 

neoplastic development, the development of these junctions may represent a novel 

method for the surrounding stroma to influence tumorous tissue (546-548).  
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 The overall increase in N-cadherin levels in mice lacking RASSF1A, with 

concurrent dysregulation of adherens junction appearance suggests a potential novel 

role for RASSF1A in regulating these processes. Another intriguing study done by 

Rosivatz et al. (549) showed that up to 44% of colon cancer cases they examined 

showed significant increase in N-cadherin levels without concurrent reduction in E-

cadherin levels. Additionally, in colon cancer samples showing increased expression of 

N-cadherin the authors saw no evidence of EMT (epithelial to mesenchymal transition) 

related transcription factors. Importantly, their study showed that increased N-cadherin 

levels can destabilize E-cadherin from adherens junctions and promote tumor invasion 

and metastases (549). Further studies to examine whether other potential markers of 

EMT are up-regulated will give further insight into the possible roles that β-catenin and 

cadherins may be playing in our model of chronic inflammation driven carcinogenesis, 

and how RASSF1A may regulate these processes on a molecular level.  

  



256

 



 
 

257 
 

A5. Pilot therapeutic study: Imatinib mesylate/3MA combo  

 

 In our acute and chronic models of colitis, we showed that loss of RASSF1A in 

mice resulted in exacerbated inflammation, increased DNA damage and oxidative 

damage, increased tyrosine phosphorylation of YAP, and increased cell death (see 

chapters three and four). The increase in disease severity was at least in part caused by 

the increased cell death due to increased DNA damage promoting the tyrosine 

phosphorylation of YAP at Y357. Further work done by other members of our lab also 

showed an increase in autophagy and dysregulation of components of autophagic 

signaling in the absence of RASSF1A (unpublished observations, see Masters thesis of 

Y. Fiteih, 2014). In addition to the up-regulation of pY357-YAP in our mouse model of 

severe colitis, we also observed a significant increase of pY357-YAP in colonic biopsies 

from IBD patients compared to normal controls, suggesting that pY357-YAP may be an 

excellent target for new IBD therapeutics.  

 

 c-ABL has been shown to induce YAP phosphorylation at Y357 in response to 

DNA damage, and preliminary studies suggested that imatinib, an inhibitor of the c-ABL 

kinase, may be somewhat effective in reducing colitis symptoms in our mouse model 
(3,404). Because we were unable to fully attenuate colitis symptoms and improve survival 

in our acute model using imatinib alone, we decided to trial a combination therapy 

consisting of the PTK imatinib along with the autophagy inhibitor, 3MA (404,550). The 

same protocol was used as previously described to induce inflammation-driven 

carcinogenesis with AOM/DSS (see Figure 2.1 and chapter four), and mice were treated 

with 60 mg/kg imatinib and 15 mg/kg 3MA injected intraperitoneally twice a week, 

starting on Day 9 (two days after DSS introduction). IP injections of imatinib and 3MA 

continued twice weekly until Day 51, two weeks after removing the final course of DSS. 

Mice were monitored for disease activity as previously described in chapters three and 

four.  
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 Use of our combination therapy resulted in a slight increase in survival of our 

Rassf1a-/- mice, from 69% to 82%, however, wild type mice suffered a decrease in 

survival from 79% to 63% (Figure A6 A). While these changes were not significant, 

these results suggest that if imatinib and/or 3MA therapies may be useful alternatives 

for future therapeutics, any benefit would likely only be seen in cases showing loss of 

RASSF1A. Sex did not show any significant differences in responses to drug therapy, 

however, Rassf1a-/- males treated with imatinib/3MA showed increased survival from 

52% to 71%, while wild type males treated with imatinib/3MA showed decreased 

survival from 63% to 43% compared to mice not receiving any therapeutics. Females in 

both groups showed increased survival from 96% to 100%. While the sex differences 

were not statistically significant, it is clear that gender-related factors, possibly 

hormonal, play an important role not only in the inflammatory response, but also in 

therapeutic treatment. Similarly, Rassf1a-/- mice showed a significant decrease in 

disease activity scores when treated with imatinib/3MA, and this effect was particularly 

significant in the male population. While wild type mice showed no significant 

differences in disease activity, there was a decrease in DAI scores towards the end of 

the experiment (Figure A6 B).  

 

 We had hoped that treatment of our mice with the imatinib/3MA combination 

might result in increased survival and decreased inflammatory disease, and possibly by 

extension, a reduction in the appearance of inflammation driven carcinogenesis. To this 

end, we had colonic sections from these mice scored for histological evidence of 

inflammation and rating of dysplasia severity as described in chapter four. Interestingly, 

treatment with imatinib/3MA did result in a significant reduction in histological 

inflammation in both wild type and Rassf1a-/- mice (Figure A6 C), suggesting that 

inflammation was effectively reduced using this combination treatment. Furthermore, 

there was a significant reduction in the appearance of dysplasia in Rassf1a-/- mice but 

not in wild type mice (Figure A6 D). However, while a statistically significant reduction in 

dysplasia scoring was seen in Rassf1a-/- mice receiving imatinib/3MA, this effect was 

nearly insignificant (p-value=0.480) and on a relatively small sample size. Additionally, 
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although the appearance of dysplasia was reduced, some animals did show evidence of 

intramucosal carcinoma, suggesting that the therapy can be improved either by 

modifying the dosages, modifying the frequency of administration, modifying the 

duration of the therapy, or possibly by changing the combination of drugs used.  

 

Discussion: 

 

 As mentioned above, our pilot studies utilizing a combination therapy of 

imatinib/3MA showed a limited effect at improving survival and reducing disease 

symptoms, however this effect was only seen in our Rassf1a knockout mice (Figure A6 

A and B). In fact, wild type mice showed aggravated symptoms and reduced survival on 

the therapy compared to without. This finding supports a current movement toward 

precision medicine, and the understanding that finding one single "magic bullet" therapy 

for any disease with consistent results in all patients is unlikely. Our mouse models 

suggest that patients lacking RASSF1A and/or showing abnormal pY357-YAP up-

regulation likely have a more severe disease phenotype, and will respond in a much 

more favorable manner to therapies targeting signaling pathways known to be 

dysregulated in such cases. In fact, because wild type mice respond so poorly to this 

therapeutic combination when compared to Rassf1a-/- mice, this suggests that 

completely different signaling pathways may be affected by administration of 

imatinib/3MA in these mice.  

 

 Furthermore, as we see differences in responses between males and females in 

our model system, further research is needed to examine what factors contribute to sex 

based differences both in disease pathogenesis and in therapeutic response. It is 

possible that hormonal influences are responsible for sex based differences, or possibly 

differences in lipid signaling and metabolic responses. Interestingly, while wild type mice 

showed reduced survival and no change in disease severity, they did show a significant 
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reduction in histological evidence of inflammation, in a similar manner to the Rassf1a-/- 

mice (Figure A6 C). This suggests that while the imatinib/3MA may be effective at 

reducing inflammation as intended, there may be confounding off-target effects in the 

wild type mice, due to their normal apoptotic and autophagic responses. The possibility 

of off-target side effects further strengthens the idea of using precision medicine in the 

future.  

 

 Finally, as discussed above, while we were able to reduce the appearance of 

dysplasia in Rassf1a-/- receiving imatinib/3MA mice to some degree, this effect was 

nearly insignificant (p-value=0.0480) and on a relatively small sample size. Additionally, 

although the appearance of dysplasia was reduced, some animals did show evidence of 

intramucosal carcinoma, suggesting that the therapy can be improved either by 

modifying the dosages, modifying the frequency of administration, modifying the 

duration of the therapy, or possibly by changing the combination of drugs used. Further 

modifications will need to be tested in order to determine the best combination and 

administration protocol; however these results suggest that our research may be 

heading in the right direction for potential new IBD therapeutic targets and diagnostic 

biomarkers.  
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