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Chapter 1 

Introduction 

Introduction to the intestinal epithelium 

The intestine is divided into two anatomical compartments: the small intestine, 

where food is absorbed and digested, and the large intestine, or colon, where water and 

electrolytes are absorbed. At the histological level, the small intestine consists of villi, or 

finger-like projections (Figure 1.1), which protrude into the lumen providing maximal 

surface area to absorb food. At the base of each villus is a crypt, or invagination, where 

cells divide and migrate upward to repopulate the structure. Whereas the small intestine 

contains “crypt-villus units,” the colon consists of only crypts. A single layer of cells 

lines these crypts and villi and is collectively referred to as the “intestinal epithelium.” As 

the intestine is constantly enduring mechanical and chemical stress, this epithelium 

regenerates entirely every 7 days.  The source of this regeneration is rapidly dividing 

stem cells that reside at the base each crypt. These cells give rise to progenitors that 

differentiate into absorptive cells (enterocytes) or secretory cells (goblet, 

enteroendocrine, or Paneth cells). As cell differentiate, they migrate up the crypt base to 

the villus where they ultimately undergo apoptosis and slough off into the lumen. 

Understanding this dynamic—stem cells giving rise to various lineages along the crypt-

villus axis—has been the subject of intense investigation over the last decade. 
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Figure 1.1 Schematic of small intestinal villus and crypt. Intestinal stem cells (green) 
reside at the base of the crypt interspersed between Paneth cells (yellow). Wnt signaling 
is critical in maintaining and propagating intestinal stem cells. A stem cell progenitor 
migrates up the crypt and either differentiates into an enterocyte (pink) or into one of 
secretory cells goblet (blue), enteroendocrine (blue), or Paneth cells. High Notch 
signaling drives the stem cell progenitor into an enterocyte while low Notch signaling 
triggers secretory cell differentiation. Enterocytes, goblet cells, and enteroendocrine cells 
continue to migrate up the crypt-villus until they ultimately slough off into the lumen. In 
contrast, the Paneth cell migrates back down to the bottom of the crypt where it takes its 
place intermingled between stem cells. This figure was adapted1.  
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Wnt signaling and intestinal stem cells 

 While Rudolf Virchow made the observation that omnis cellula e cellula (“every 

cell stems from another cell”) in 1835, our insight into this fundamental biological 

principle of self-renewal has been limited until recently. With the advent of powerful 

genetic mouse models, our knowledge of intestinal stem cells has rapidly expanded. What 

has emerged over the last ten years is the principle that the two most important signaling 

pathways that regulate the intestinal epithelium are the Wnt and Notch pathways. 

Broadly, Wnt signaling primarily drives stem cell regeneration, while Notch signaling 

controls cellular differentiation as cells migrate up the crypt.  

 The Wnt signaling pathway is initiated when Wnt ligands bind to a family of 

extracellular receptors, Frizzled (Fz), and co-receptors including Lrp-5/62 (Figure 1.2A). 

Activation of Fz induces the stabilization of the transcription factor, β-catenin. This 

stabilization is due to the inactivation of the β-catenin destruction complex, which 

includes the protein APC. Once β-catenin is stabilized, it translocates to the nucleus 

where it couples with the TCF4 family of transcriptional factors to activate expression of 

target genes, such as c-Myc, c-jun, and cyclin d13–5, that promote proliferation and stem 

cell-like phenotypes. Initial studies in the 1980’s and 1990’s uncovered that key 

components of the Wnt signaling pathway were mutated in colorectal cancer (CRC). For 

example, APC mutations, rendering APC unable to destabilize β-catenin, were identified 

in CRC6,7. Moreover, mice carrying mutant Apc alleles developed intestinal adenomas 

featuring nuclear β-catenin8. Likewise, mutations stabilizing β-catenin were shown to 

promote adenoma formation and growth9.  
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Figure 1.2. Wnt and Notch signaling cascades. (A) Wnt ligands bind to 
extracellular Wnt receptors, Frizzled (Fz) and Lrp-5/6, to inhibit formation of the 
APC-GSK3β complex that degrades β-catenin. Free β-catenin then translocates to 
the nucleus where it couples with TCF4 to initiate transcription of Wnt target 
genes. (B) Notch ligands (Delta-like 1-4 or Jagged 1-4) bind to Notch receptors 
(Notch 1-4). This binding induces intracellular cleavage of Notch receptors by 
gamma-secretase, releasing the Notch intracellular domain (NICD) to interact with 
MAML and CSL to drive Notch target genes. This figure has been adapted158.  	  
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As it became increasingly clear that dysregulation of the Wnt pathway drives 

malignancy, the field began to ask how the Wnt pathway operates in non-pathological 

settings. This pivot from studying Wnt signaling in malignant epithelium to studying Wnt 

signaling in the normal epithelium was in large part led by Hans Clevers’ group and 

enabled by a battery of new genetic mouse models. Clevers’ groups first generated a 

Tcf4-deficient mouse in 1998, which resulted in death shortly after birth10. Studying the 

tissue, Clevers noticed that Tcf4-/- mice lacked intestinal crypt proliferation.  This 

observation highlighted the fundamental requirement of Wnt signaling to maintain a 

healthy intestinal epithelium. In support of this, it was shown in 2004 that adenoviral-

mediated expression of the Wnt antagonist Dickkopf-1 inhibited intestinal proliferation 

and induced substantial architectural degeneration11. In 2007, Wnt/Tcf4 target genes were 

shown primarily to be confined to the intestinal crypt, strongly suggesting that the source 

of the intestinal epithelium’s Wnt-driven self-renewal was operating within the crypt. The 

notion of crypt-based stem cells dates back to 197512, but identification of a putative stem 

cell marker had remained elusive because of limited molecular and genetic tools. Once 

the Wnt pathway was shown to be essential in maintaining the intestinal crypt, the 

framework was in place to identify the cellular source of intestinal self-renewal. 

The search for an intestinal cell “marker” came to fruition when Barker et al. 

identified Leucine-rich-repeat-containing- G-protein coupled protein receptor 5 (Lgr5), a 

Tcf4 target, marked rapidly dividing crypt-based cells that had the capability of 

generating all epithelial lineages13.  Moreover, a single  Lgr5+ cell had the potential to 

recapitulate intestinal cultures in vivo14. Lgr5, a seven-pass transmembrane protein 

consisting of large extracellular domain with leucine-rich repeats15, associates with 
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Frizzled/Lrp5/6 receptors and binds the Wnt agonist R-spondin to stimulate Wnt 

signaling. Thus, Lgr5 is not only a target of Wnt signaling but also enhances Wnt tone. 

Lgr5+ cells are interspersed at the crypt between Paneth cells (Figure 1.1). The molecular 

underpinnings of how Lgr5+ cells divide and repopulate the intestinal crypt remains 

incompletely characterized, but it is an area of intense investigation.  

Notch signaling and intestinal cell fate 

  Whereas as Wnt signaling is critical in maintaining stem cell self-renewal, Notch 

signaling plays a critical role in specifying intestinal epithelial cell fate16. Notch signaling 

consists of Notch ligands (Delta-like 1-4 or Jagged 1-4) binding to Notch receptors 

(Notch 1-4) (Figure 1.2B). The binding induces intracellular cleavage of Notch receptors 

by gamma-secretase, releasing the Notch intracellular domain (NICD) to translocate to 

the nucleus where it complexes with CSL to induce transcription of Notch targets genes 

like Hes1. Studies over the last decade have revealed that Notch signaling regulates 

whether cells differentiate into absorptive enterocytes or secretory cells (goblet, 

enteroendocrine, or Paneth cells). Ectopic expression of Notch117 or NICD18  was shown 

to drive cells into enterocytes at the expense of secretory cells. Conversely inhibiting 

Notch signaling through pharmacologic19 or genetic20 mechanisms resulted in increased 

goblet, enteroendocrine, and Paneth cells at the expense of enterocytes. These 

complementary studies revealed that hyperactive Notch signaling augments enterocyte 

production while low Notch activity releases cells to differentiate into secretory cells.    

Genetic studies have teased out specific downstream effectors essential for this 

absorptive versus secretory cell decision. Hes1, for example, is a critical Notch effector. 

Constitutive expression of NICD expression upregulates Hes118, and in the absence of 
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Hes1, mice have more secretory cells and less absorptive enteroctyes21.  In contrast to 

Hes1, Atoh1 (Math1) was shown to be essential for secretory cell differentiation. Indeed, 

Atoh1-/- mice lack secretory cells22 while mice overexpressing ATOH1 had crypts and 

villi populated with secretory cells at the expense of enterocytes23. Mice lacking Atoh1 

are even resistant to gamma secretase inhibitor (GSI)-induced secretory cell 

differentiation24. As increased Atoh1 expression was observed in the setting of Notch 

inhibition19, it was postulated that Atoh1 and Notch share an epistatic relationship. This 

was strongly supported by an elegant genetic model showing that while knocking out 

CSL, an important component of the Notch transcription activation complex, led to a loss 

of enterocytes and an increase in secretory cells, knocking out both CSL and Atoh1 

completely rescued the phenotype and resulted in complete loss of intestinal secretory 

cells25. Thus, Notch signaling determines whether stem cell progenitors give rise to 

absorptive versus secretory cells largely through its effects on Hes1 and Atoh1.  

While Atoh1 is required for any secretory cell lineage, there are other lineage 

specification factors that operate downstream of Atoh1 to ensure proper differentiation. 

Knocking out Gfi1 prevented differentiation of goblet and Paneth cells yet increased 

enteroendocrine production26,27, suggesting a branch point in intestinal lineage 

differentiation is enteroendocrine versus goblet/Paneth. Indeed, transgenic expression of 

Neurogenin3 resulted in increased embryonic enteroendocrine cells at the expense of 

goblet cells28. There have been increasing reports that support the hypothesis of a 

goblet/Paneth progenitor. Genetic deletion of Sox929 or Spedf 30, for example, result in 

decreased goblet and Paneth cells but normal enteroendocrine numbers. Understanding 
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the genetic factors that dictate these lineage branch points is important to further clarify 

how intestinal stem cells give rise to differentiated cells. 

Paneth cells and their unique role 

Amongst the three main secretory cell types, the Paneth cells are unique. While 

goblet and enteroendocrine cells migrate up the intestinal crypt-villus, the Paneth cell 

migrates down into the crypt where it nestles between Lgr5+ cells (Figure 1.1). 

Moreover, as opposed to enteroendocrine and goblet lineages, Paneth cells do not 

differentiate until after birth when crypts emerge. Paneth cells were once thought 

primarily to generate and secrete anti-microbial peptides, but recent studies have shown 

that they cells also produce Notch and Wnt ligands31. Because Paneth cells express Wnt 

and Notch ligands and are located interspersed between Lgr5+ cells, they have been 

suggested as key stem-cell niche regulators.  But their role in maintaining the intestinal 

stem cell crypt is controversial. Sato et al. proposed that Paneth cells were essential for 

maintenance of stem cells by showing that Gfi1-/- and Sox9-/- mice lacking Paneth cells 

have diminished stem cell function31. An important caveat to these findings, however, 

was that Gfi1-/- and Sox9-/- mice have incomplete or temporary loss of Paneth cells. 

Moreover, Sato et al. used immunohistochemistry for the stem cell marker OLMF4 as the 

only readout for stem cell function. In contrast, Kim et al. conditionally deleted Atoh1 

from the intestinal epithelium, thus permanently ablating Paneth cells, in a Lgr5GFP 

reporter mouse32. They found that despite the loss of Paneth cells, Lgr5 positive cells 

were intact and functioning. In fact, Lgr5+ cells populated the entire crypt. Kimi et al.’s 

findings were inconsistent with Sato et al.’s conclusions that Paneth cells are required for 
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stem cell maintenance. Thus, the role of Paneth cells remains incompletely understood, 

especially with respect to maintaining a stem cell niche.  

Overall, the intestinal epithelium–stretching from the small intestine to the 

colon—is a complex and dynamic regenerating tissue. Intestinal homeostasis relies on 

complex interactions between the intestinal epithelium, microbiota, and host immune 

system, all of which cooperate to maintain homeostasis in an environment colonized and 

challenged by an estimated 100 trillion bacteria. It is the disruption and dysregulation of 

these interactions that is currently thought to underlie intestinal pathologies. When 

normal processes are disrupted, the epithelium becomes dysregulated. Given their 

prominent role in the intestinal epithelium, it is not surprising then that Wnt and Notch 

signaling are often dysregulated in intestinal pathologies like colorectal cancer (CRC) 

and inflammatory bowel disease (IBD). 

The genetics of colon cancer  

Colorectal cancer is one of the leading causes of cancer mortality in the United 

States33. Work in the 1980’s and 1990’s conducted by Bert Vogelstein led to a 

breakthrough in understanding CRC. Through analysis of colonic tumors from various 

stages of development, Vogelstein proposed a model in which CRC develops through 

serial acquisition of specific mutations (Figure 1.3). Importantly, these mutations were 

both in oncogenes and in tumor suppressor genes, underscoring the still nascent concept 

that tumor promoters and suppressors must be dysregulated for most cancers to 

develop34. Vogelstein’s landmark work was eventually supported and expanded by future 

sequencing analyses and functional studies. With the advent of large scale genomic  
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Figure 1.3. The genetic progression of colorectal cancer. “Vogelgram” of 
sequential mutations that transform a normal colonic crypt into a pre-malignant 
neoplasm and ultimately into a colorectal carcinoma. This figure has been adapted 
159.	  
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sequencing and generation of mouse tumor models, the mutations that were required for 

CRC came into focus. 

More than 80% of CRCs feature a mutation inactivating adenomatous polyposis 

coli (APC), a tumor suppressor that acts as a regulator of the Wnt/β-catenin signaling 

pathway6,35. Inactive APC allows β−catenin to accumulate and shift to the nucleus 

where it couples with TCF4 to initiate transcriptional programming, promoting tumor 

development2,6. The role of constitutive Wnt signaling is well-established in intestinal 

carcinogenesis. Familial Adenomatous Polyposis (FAP), a disease marked by the 

development of hundreds of colonic tumors, often features APC loss of function36. 

Similarly, mice carrying inactive APC mutations, such as the Apc1638/+allele, are 

predisposed to developing intestinal tumors8,37. In both human and mouse tumors Wnt 

target genes such as Lgr5, Myc, and Ccnd1 are overexpressed3,38,39. Similarly, 

dysregulated Notch signaling contributes to CRC. Inhibiting Notch pharmacologically 

inhibits intestinal tumorigenesis19,24. Moreover, Notch signaling is required to maintain 

the intestinal proliferative compartment20. Indeed, recent studies show that Notch and 

Wnt cooperatively induce tumorigenesis40,41.  How the Wnt and Notch networks escape 

regulation and become dysregulated is incompletely understood.  
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Inflammatory bowel disease and colitis-associated cancer 

Ulcerative colitis and Crohn’s disease are the two primary forms of inflammatory 

bowel disease (IBD). IBD is one of the most common intestinal diseases in the United 

States with an estimated 1.4 million suffering from the disease42. The medical 

complications of IBD are serious and numerous: stricture and fistula formation, infection, 

severe pain, anemia, biliary disease, malnutrition, and an elevated risk of developing 

colorectal cancer42. Despite this devastating impact and concerted research efforts, the 

fundamental pathophysiology of IBD remains unclear.  

Defects in mucosal integrity are thought to be important contributors to IBD. 

Indeed, alterations in mucosal junctional proteins, such as the Cadherin and the Claudin 

families, that help maintain barrier function have been documented in IBD patients43–45. 

Animal modeling has supported the notion that barrier dysfunction underlies IBD: 

transgenic mice expressing an active form of Myosin light chain kinase (MLCK), which 

impairs the intestinal barrier, have increased susceptibility to experimentally induced 

colitis46; mice expressing a dominant-negative form of N-cadherin, a junctional protein, 

develop spontaneous colitis47; and mice lacking the tight-junction protein, JAM-A, have 

worse colitis after dextran sodium sulfate (DSS) administration48. Dysfunction of 

differentiation programs can also compromise the intestinal barrier. Muc2-/- mice, who 

lack intestinal goblet cells, develop colitis spontaneously and have significant barrier 

defects49,50. Similarly, intestinal specific deletion of the Notch transcription factor, CSL, 

allows bacterial translocation into the intestinal barrier, inducing spontaneous colitis51. 

Thus, preservation of the intestinal epithelial barrier is critical in protecting against 

colitis.  
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Given the intestinal epithelium sustains continual injury and insult, defects in 

mucosal repair programs are also thought to be contributing factors to IBD pathology48,52–

54. Resealing of the epithelium after an injury requires a process termed restitution, in 

which epithelial cells migrate to the damaged area and subsequently proliferate and 

differentiate. It is currently held that in order for epithelial cells to migrate and properly 

heal injured mucosa, they must convert to a mesenchymal-like phenotype, a process 

broadly defined as epithelial-to-mesenchymal transition (EMT)55. A key switch in this 

transition is the change in junctional protein characteristics. E-cadherin, for example, an 

adherens junction protein distinct to epithelial cells that is a negative regulator of Wnt 

signaling, is abnormal in clinical samples from IBD patients where its sub-cellular 

localization is altered in regenerating and migrating epithelium adjacent to ulcers and 

appears to correlate with disease severity52. Cellular adhesion proteins provide not only 

structural support, but they also provide a means for cellular signaling. For example, ZO-

1, a tight junction protein, sequesters GEF-H1 (activator of RhoA) and ZONAB (a Y-box 

transcription factor) at the cell membrane and initiates cytoskeletal rearrangement. Given 

the implications, EMT is rapidly emerging as a pivotal player in repair programs and 

consequently IBD. Recently, EMT defects in Crohn’s disease patients were postulated to 

be responsible for fistula formation56. To date, the regulation of EMT in response to 

inflammatory injury remains unclear and complex. But it is an area of intense 

investigation because of the immense therapeutic potential.  

As IBD patients experience recurrent, chronic inflammation, they are at an 

estimated 10-fold elevated risk of developing colon cancer57,58. Indeed, the longer 

duration and severity of disease, the higher risk IBD patients have of developing cancer59. 
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This colitis-associated cancer (CAC), however, that IBD patients are prone to developing 

has its own set of genetic properties that make it distinct from sporadic CRC. For 

example, whereas inactivation of APC is a foundational, early event in sporadic CRC, 

inactivation of APC is thought to occur at a later stage in CAC58. More broadly, while 

sporadic CRC appears to be primarily driven by sequential genetic changes, CAC 

development appears to be more multifactorial and dynamic. Indeed, there appears to be 

a complex interplay between the epithelium, immune system, and microbiota that is 

ultimately dysregulated.  Loss of the anti-inflammatory cytokines such as IL-10 have 

been shown to accelerate CAC development in mice60,61. Dysregulation of the myeloid-

epithelial NF-κB-IL6-Stat3 signaling axis62 contributes to CAC, as does dysregulation of 

the innate immune system63. More recently, changes in the microbiota have been shown 

to alter CAC development64. Thus, while it is well known that chronic inflammation 

promotes colon cancer, the precise mechanisms underlying this transformation remain 

unclear.  
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Introduction to Myeloid Translocation Genes 

In 1993, it was discovered that a frequent chromosomal translocation in acute 

myeloid leukemia (AML) t(8;21)(q22;q22) resulted in the genetic fusion of AML1 and 

MTG865. The discovery strongly suggested that that both genes played an important role 

in hematopoiesis and prompted further studies. Indeed, AML1 was shown to be an 

essential transcriptional regulator for appropriate hematopoiesis66. Based on the presence 

of proline-rich regions and zinc-finger like motifs, MTG8 was postulated to be a 

transcriptional factor. Soon after the 1993 report, two MTG8 human homologues were 

identified: MTG16 and MTGR167. In vitro experiments revealed that MTGs are 

transcriptional corepressors that bind to DNA binding proteins and recruit other 

corepressors and histone deacetylases (HDACs) to downregulate transcription of target 

genes68–70 (Figure 1.4).  
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Figure 1.4 Myeloid translocation genes act as transcriptional corepressors. 
MTGs do not bind DNA, but interact with and recruit other transcriptional 
corepressors such as Histone Deacetlysates, NCoR, and mSin3A to repress 
transcription. MTGs can also associate with DNA binding transcription factors like 
Gfi1, Tal1, and Tcf4. 
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The scope of MTG function was substantially broadened when Calabi et al. 

generated Mtg8 knockout mice. Mtg8-/- showed deletion of their mid-gut71, demonstrating 

that the MTGs play not only a regulatory role in hematopoiesis but in the gastrointestinal 

system. This was further supported when Amann et al. deleted Mtgr1 and observed the 

mutants had a dramatic reduction in intestinal secretory cells70. Mtg16-/- mice had a less 

dramatic phenotype but also had less goblet cells72. Moreover, both Mtgr1-/- and Mtg16-/- 

mice demonstrated increased intestinal proliferation70,72–74. The role of MTGs in the gut 

was not just confined to baseline physiology. Mice lacking MTGs have impaired 

recovery after intestinal injury. Mtgr1-/- and Mtg16-/- mice experience worse injury in 

response to DSS and infectious-induced colitis73,74. Thus, while MTGs were initially 

discovered because of the t(8;21)(q22;q22) in AML, genetic experiments indicated that 

MTGs play an essential role in maintaining intestinal homeostasis by regulating stem cell 

and differentiation programs. 

Given that MTG-deficient mice had significant intestinal phenotypes, it was 

postulated that MTGs could regulate Wnt or Notch signaling. Moore et al. showed that 

all three MTG family members interact with TCF4 and compete with β-catenin for TCF4 

occupancy75. This competition suggested a model in which loss of MTGs results in 

unfettered β-catenin access to TCF4 and activation of Wnt targets. In support of this 

model, Mtgr1-/- mice had increased intestinal Wnt targets75. While MTGs did not bind to 

ATOH1, all three associated with the Notch effector CSL and MTG16 uniquely 

associated with NICD75. This suggested a model in which MTGs serve as key upstream 

regulators of Wnt and Notch signaling.  
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Mammalian MTG family members are closely related to a Drosophila 

homologue, Nervy76. In particular, there are four MTG regions that are highly 

homologous to Nervy, and these are designated “Nervy Homology Region” (NHR 1-4) 

(Figure 1.5A). Each NHR domain is important for various MTG interactions (Figure 

1.5B). For example, NHR1 can interact with DNA binding transcription factors like 

E2A77 while NHR2 associates with mSin3A78,79. While the conservation of these NHR 

domains is putatively responsible for MTGs having similar binding partners, there are 

unique MTG interactions. MTGR1 and MTG8, for example, can interact with mSin3a, 

but MTG16 is unable to69,70. Moreover, each family member has different binding 

affinities. MTGR1, MTG8, and MTG16 can repress E47 mediated transcription, but 

MTG16 is more effective80. Thus, the molecular mechanisms underlying the differences 

in MTG binding partners and binding affinities remains unclear. Given the conservation 

of the NHR domains, it is likely the regions between the nervy homology domains have 

an important role to play.  
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Figure 1.5 Schematic of MTG homology and binding domains. (A) 
Mtg8, Mtgr1, and Mtg16 are highly homologous with the drosophila 
protein Nervy in four regions designated the Nervy Homology 
Domains (NH1-4). (B) Map of known MTG interacting proteins. This 
figure has been adapted76.
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Introduction to BVES 

Blood vessel epicardial substance (BVES or POPDC1) is a tight junction 

associated protein originally discovered from a cDNA screen of a developing heart by 

two independent laboratories81,82. BVES is the founding member of the POPDC family, 

which also consists of POPDC2 and POPDC3. POPDC2 and POPDC3 are 50% 

homologous while BVES is only 25% homologous to either family member, suggesting 

an evolutionary divergence83,84. The structure of the POPDC family members has no 

homology with other proteins, implicating a unique cellular function. BVES, the most 

well studied family member, consists of 360 residues with three hydrophobic regions, 

two glycosylation sites, and an intracellular domain of high intra-family homology 

termed the POPEYE domain (Figure 1.6). The POPEYE domain is highly conserved 

(80%) across the family throughout different vertebrates84,85. Interestingly, BVES does 

not contain any motifs or domains found in known classes of adhesion molecules. Two 

lysines (K272, K273) located on the carboxy end of this domain are required for 

homodimerization86.  

While the structure of BVES does not provide immediate clues to its function, its 

expression pattern does. BVES is expressed in a wide-variety of tissues: heart81,82, 

smooth and skeletal muscle87, retina88, intestine89,90, lung91, and breast89. The common 

property of BVES-expressing tissue is cell adherence.  Indeed, further work identified 

that BVES contributes to cell-cell adhesion. When cells are in a subconfluent state, 

BVES is primarily localized to the cytoplasm (Figure 1.7). But when cells make contact, 

BVES traffics to the cellular membrane83 (Figure 1.7). Specifically, BVES localizes to  
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Figure 1.6 Schematic of BVES. Blood vessel epicardial substance 
(BVES/POPDC1) consists of a 36 residue extracellular amino terminus 
followed by three transmembrane domains. The cytoplasmic portion is 
approximately 200 residues and contains the Popeye domain which is 
highly conserved with POPDC2 and POPDC3. This figure has been 
adapted92.
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Figure 1.7. BVES localization is dynamic. BVES subcellular 
localization changes depending on cell-cell contact. BVES (red) is 
primarily confined to the cytoplasm when cells (Epicardial mesothelial 
cells) are subconfluent (A-B), but as cells make contact, BVES 
localizes to the plasma membrane (C-E). This figure has been 
adapted83. 
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points of cell-cell contact and co-localizes at the tight junction with ZO-1 and Occludin83.  

Because of the dynamic subcellular localization of BVES, it was postulated that 

BVES plays an important role in epithelial-to-mesenchymal transition (EMT) similar to 

the regulatory role of E-cadherin. In support of this, overexpression of BVES increased 

transepithelial resistance (TER), and conversely, disruption of BVES reduced TER83,92. 

This was further supported by the in vivo observation that Bves-/- mice have impaired 

skeletal muscle recovery after injury87. Recovery from injury requires the orchestration of 

cellular migration and polarization—both of which were abnormal in Bves-/- muscle. 

Thus, initial reports about BVES suggested that BVES generally played a role in 

maintaining epithelial states.  

Studies eventually began to elucidate the cellular mechanisms by which BVES 

regulates epithelial states. Smith et al. conducted a yeast-two-hybrid screen and identified 

that BVES interacted with Guanine nucleotide exchange factor T (GEFT)93. Broadly, 

GEFs stimulate the exchange of GDP for GTP and thereby activate Rho GTPases. GEFT 

activates Rac1 and Cdc42 to induce lamelipodia and filopodia formation during cellular 

migration. It was shown that expression of a mutant form of BVES resulted in less motile 

and more round cells93. This correlated with less active forms of Rac1 and Cdc42.  

However, the report was not conclusive as to how BVES regulates RhoA signaling. In a 

follow up study, Russ et al. provided evidence that BVES acts to reduce RhoA signaling 

as well as maintain junctional integrity in epithelial cells. They not only showed that 

BVES could interact with GEFH, but they also showed that overexpression of BVES 

reduced RhoA activity92. In contrast, expression of a dominant negative form of BVES 

increased RhoA activity. Moreover, they found that in addition to co-localizing with ZO-
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1, BVES immunoprecipitated with ZO-1. When BVES was overexpressed, ZO-1 and 

Occludin were confined to the cellular membrane. But when a dominant negative form of 

BVES was expressed, ZO-1 and Occludin were primarily intracellular. This suggested 

that BVES was essential in maintaining junctional integrity.   

More recently, Hager et al. identified VAMP3, a SNARE protein family member 

involved in vesicular transport, as a BVES interacting protein via a yeast-two-hybrid 

approach94. Hager et al. showed that silencing BVES disrupted β-1-integrin recycling 

during cellular migration. The identification of VAMP3 as a BVES binding partner 

placed BVES in a dual-regulatory role of cellular migration. While VAMP3 and GEF 

proteins function within the cell differently, both signaling pathways fundamentally 

govern cellular migration. That BVES is important in both suggested it acts as a broad 

regulator of cellular migration. The mechanism of the regulation is unclear other than the 

importance of the interaction. But more generally this report suggested that BVES could 

act as an important regulator of multiple signaling pathways. 

 In 2012, Froese et al. showed that BVES has an important regulatory role in 

cardiac myocytes95. Bves-/- mice had impaired stress-induced bradycardia, suggesting a 

sinus node defect. Because of the importance of cAMP in cardiac pacemaking and 

because a cAMP binding domain was present in the POPEYE domain, they tested 

whether BVES could bind to cAMP. Biochemical experiments showed that BVES 

directly bound to cAMP and the binding domain was mapped to a three amino acid 

stretch in the POPEYE domain. Moreover, BVES bound to the 2-pore domain potassium 

channel TREK-1, and this BVES-TREK1 interaction was sensitive to cAMP stimulation. 

It was postulated that BVES could recruit TREK-1 to the membrane to enhance current, 
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and that this recruitment was modulated by levels of cAMP95. This report dramatically 

expanded the known regulatory roles of BVES by showing its importance in cardiac 

pacemaking. Moreover, the report showed a firm in vivo functional relevance to BVES.  

 In addition to acting as a regulator cellular motility and cardiac packemaking, 

Williams et al. found that BVES has an important tumor-suppressive function. BVES 

was underexpressed in several epithelial malignancies, including breast and colorectal 

cancer89. This downregulation was putatively due to BVES promoter hypermethylation, 

and the report showed that treatment of CRC cell lines with demethylating agents 

restored BVES expression. Moreover, restoration of BVES expression in CRC cell lines 

induced an epithelial-like morphology and decreased cellular proliferation, invasion, and 

metastasis (Figure 1.8). In contrast, disrupting BVES in epithelial cells induced a 

mesenchymal-like morphology and increased cellular proliferation. In sum, BVES acted 

as a regulator of EMT. The study concluded that this regulation was in part due to BVES-

induced regulation of RhoA signaling. But how BVES reduced cellular proliferation, 

migration, and invasion remained only partially explained. Given the increasing number 

of identified BVES interacting proteins, it was reasonable to predict that other unknown 

interacting proteins also explained the tumor suppressive mechanisms of BVES. 
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Figure 1.8. BVES expression in CRC cell lines induces epithelial-
like phenotype. Bright field microscopy and immunofluorescent 
staining for vimentin and cytokeratin in Lim2405 cells (Lim-V) and 
Lim2405 cells that express BVES (Lim-32). This figure has been 
adapted89. 
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Rationale and hypothesis for dissertation 

 For my thesis work, my general hypothesis was that the MTG family and BVES 

were important regulators of the intestinal epithelium and tumorigenesis. Specifically, I 

hypothesized that given the role of MTGs in regulating hematopoietic stem cells and 

Mtg16-/- and Mtgr1-/- intestinal phenotypes, MTGs have an important role in regulating 

intestinal stem cell biology and tumorigenesis. Also, because BVES is underexpressed in 

CRC and BVES regulates epithelial phenotypes, I hypothesized that loss of BVES would 

augment intestinal tumorigenesis. Moreover, other BVES interacting proteins would 

explain how BVES regulates epithelial phenotypes. Overall, the primary objective of my 

work was to further elucidate the functional role of MTGs and BVES in the intestinal 

epithelium and carcinogenesis. 
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Chapter 2 
 

The transcriptional corepressor MTGR1 regulates intestinal secretory lineage 
allocation1 

 
Introduction 

Intestinal differentiation programs are highly complex and dynamic. Stem cells 

reside at the crypt base intermingled with Wnt-agonist-secreting Paneth cells. As the stem 

cell divides, it gives rise to daughter cells that migrate along the crypt-villus axis and 

differentiate into secretory cells (goblet, enteroendocrine, and Paneth) or absorptive 

enterocytes16,17. The molecular mechanisms underlying how intestinal stem cells 

differentiate into secretory or absorptive cells are incompletely understood, but Notch 

signaling plays a critical role in lineage allocation96.  

The Notch pathway is activated by ligand binding to Notch receptors, which 

induces intracellular proteolytic cleavage by gamma-secretase releasing the Notch 

Intracellular Domain (NICD) to translocate to the nucleus, where it binds to the DNA 

binding transcription factor Suppressor of Hairless Homolog (CSL)96. NICD then 

cooperates with Mastermind-like (MAML) to drive the expression of Hairy/Enhancer of 

Split 1 (HES1) and commits the intestinal progenitor to an absorptive fate16,97. Genetic 

experiments in mice show that ectopic expression of Notch receptors or NICD result in 

villi populated predominantly by absorptive enterocytes at the expense of secretory 

lineage production and concomitant downregulation of secretory transcript markers 

Mucin2 (Muc2) and Chromogranin A (Chga)16–18,98. Conversely, in the absence of Notch 

signaling, intestinal progenitor cells differentiate preferentially into secretory cells. 

Pharmacologic inhibition of Notch signaling using gamma-secretase inhibitors (GSI) or 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Published in The FASEB Journal (2015). 
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genetic ablation of Notch function causes villi to be populated by secretory cells at the 

expense of absorptive enterocytes19,20,99.   

Myeloid translocation gene-related 1 (MTGR1) is a member of the myeloid 

translocation gene (MTG) family of transcriptional corepressors. MTGs were originally 

discovered in acute myeloid leukemia and function as scaffolding proteins, orchestrating 

the formation of repression complexes76. MTGR1 is widely expressed, including in the 

intestinal epithelium, and complexes with mSin3a, N-CoR, and histone deacetylases70. 

Experiments with knockout mice for all three family members have identified MTGs as 

regulating developmental, differentiation, and cancer programs. Some mice lacking 

Mtg8, a family member of Mtgr1, show a deletion of the midgut, suggesting an important 

role for MTGs in gut development71. Mtg16-/- mice revealed that Mtg16 was required for 

hematopoietic progenitor allocation and early progenitor differentiation100. Lastly, genetic 

ablation of Mtgr1 revealed an increase in intestinal proliferation and a dramatic reduction 

in intestinal secretory cells, indicating Mtgr1 is required for appropriate lineage 

allocation70,75.  

Given the importance of Notch signaling in determining intestinal differentiation, 

we hypothesized that unbridled Notch activation was driving the secretory lineage defect 

in Mtgr1-/- mice and that Notch inhibition could reverse the phenotype. RNA analysis of 

Mtgr1-/- intestinal crypts revealed increased Notch activity and downregulation of 

secretory markers. Similarly, Mucin2 (Muc2), Chromogranin a (Chga), and Growth 

factor independent 1 (Gfi1) were downregulated in whole Mtgr1-/- intestines, consistent 

with Notch activation. We determined that MTGR1 interacts with CSL, a key Notch 

effector, and suppresses Notch-induced transcriptional activity in vitro. Pharmacologic 
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Notch inhibition using the gamma-secretase inhibitor dibenzazepine (DBZ) in Mtgr1-/- 

mice rescued the hyperproliferation observed in Mtgr1-/- intestine as well as the goblet 

and enteroendocrine lineages. GSI treatment did not rescue the Paneth cell deficiency, 

however, suggesting MTGR1 is required for GSI-dependent Paneth cell specification. In 

sum, our findings indicate that MTGR1, a previously identified transcriptional 

corepressor known to be critical in hematopoiesis, is an important regulator of intestinal 

lineage allocation. 

 
Materials and methods 

Mice and Treatments 

Ten Wildtype (WT) and twelve Mtgr1-/- mice were treated with vehicle or GSI at 10 

µmol/L/kg twice daily for 5 consecutive days. GSI was prepared as previously 

described101 and made fresh daily. GSI and vehicle were administered intraperitoneally 

after mice were sedated using isoflurane. All in vivo procedures were carried out in 

accordance with protocols approved by the Vanderbilt Institutional Animal Care and Use 

Committee.  

 

Mouse small intestinal epithelial (MSIE) WT and Mtgr1-/- cell lines were generated and 

validated by the Vanderbilt Digestive Disease Center (DDRC) Novel Cell Line 

Development Subcore according to core based protocols102.  Microarray analysis of WT 

and Mtgr1-/- crypts was conducted as previously described75.  
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Immunohistochemistry 

After the mice were sacrificed, the small intestine was harvested and irrigated with 

phosphate-buffered saline. The small intestine was cut transversely and divided into three 

equal sections: proximal, middle, and distal. The intestinal segments were then opened 

longitudinally and rolled orienting the most distal region of intestine such that it was 

located in the innermost part of the roll. The tissues were then fixed in formalin (1:10 

dilution buffered) overnight. The solution was subsequently changed to 70% ethanol 

before standard paraffin-embedding. Five micron sections were cut and stained with 

hematoxylin and eosin (H&E) and periodic acid schiff (PAS) by the Vanderbilt Tissue 

Core. Goblet cells were scored by PAS staining. Proliferation was measured by phospho-

histone H3 (pH3) staining using anti-pH3 at 1:150 (Upstate/Millipore, Billerica, MA, 

USA) and incubated overnight at 4°C. Enteroendocrine cells were assessed by 

Chromogranin A (CgA) staining using anti-CgA at 1:1000 (Immunostar, Hudson, WI, 

USA) and incubated overnight at 4°C. Anti-Lysozyme antibody (Dako, Carpinteria, CA, 

USA) at 1:500 incubated at room temperature for 1 hour was utilized to identify Paneth 

cells. Vectastain ABC Kit (Vector Laboratories, Burlingame, CA, USA) was used to 

perform all immunohistochemistry reactions. Dewaxing and antigen retrieval processing 

of sections was conducted as previously described103. 

 

Quantitative Reverse Transcription Polymerase Chain Reaction 

Intestinal tissue from mice was isolated and immediately placed into 350 ul RNALater 

(Qiagen, Valencia, CA, USA) and stored at -80°C. RNA from tissue or cells was isolated 

using the RNAEasy kit (Qiagen, Valencia, CA, USA) according to manufacturer’s  
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“Animal Tissue” protocol. RNA was subsequently stored at -80°C. Twenty microliters of 

CDNA was synthesized using Iscript cDNA Synthesis Kit (BioRad, Hercules, CA, USA) 

from 1 ug of RNA per sample. All RT-PCR reactions were carried out using SYBR green 

reaction mix (BioRad, Hercules, CA, USA) according to manufacturer’s protocol.  

 

The following primers were used to measure expression levels: Gfi1 (RealTimePrimers 

#2421, Elkins Park, PA, USA) amd Notch3 (RealTimePrimers #4249, Elkins Park, PA, 

USA). The following sequences were used for Muc2 (F:TGCCCACCTCCTC2AAAGAC 

and R: GTAGTTTCCGTTGGAACAGTGAA), Chga 

(F:CCACTGCAGCATCCAGTT and R: AGTCCGACTGACCATCATCTTTC), and 

NeuroD1 (F: ATGACCAAATCATACAGCGAGAG and R: 

TCTGCCTCGTGTTCCTCGT). Reaction conditions used were previously described 24. 

 

Plasmids 

The pCMV5 expression plasmids containing HA-tagged MTGR1 were previously 

described 69. The pCDNA3-myc-CSL, pCDNA3-N1-ICD, and the Hes1-luciferase 

reporter were previously described104,105. 

 

Immunoprecipitation and Western Blot 

Immunoprecipitations and western blot protocols were carried out as previously 

described 104.  Briefly, HA-tagged MTGR1 and myc-tagged CSL were transiently 

expressed in COS7L cells. Whole cell lysates were subjected to immune precipitation 

with anti-myc monoclonal antibody 9E10 (Vanderbilt Monoclonal Antibody Core, 
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Nashville, TN, USA) and immune complexes were collected on Protein-G sepharose 

beads (Sigma, St. Louis, MO, USA). The presence of myc:CSL and HA:MTGR1 was 

determined in immune complexes by western blot using anti-myc 9E10 (Santa Cruz, 

Dallas, TX, USA) and anti-HA rabbit polyclonal antibody Y-11 (Santa Cruz, Dallas, TX, 

USA) respectively. Expression of HA:MTGR1 was confirmed by western blot with anti-

HA monoclonal antibody 12CA5 (Santa Cruz, Dallas, TX, USA). Detection of tubulin 

using anti-tubulin (Sigma, St. Louis, MO, USA) served as a loading control.  

 

Luciferase Promoter Assay 

All luciferase promoter assays were conducted as previously described104. Briefly, NIH 

3T3 cells were grown on 6-well plates and transfected with Lipofectamine and lysed 48 

hours later according to manufacturer’s protocol (Promega, Madison, WI, USA). 

Luciferase activity was quantified in whole cell extracts by luminometry according to 

manufacturer’s instructions. Results were normalized to an internal control constitutive 

reporter (pCMV-Renilla) and expressed as mean +/- standard deviation.  

 

Flow Cytometry 
 
Flow cytometry was conducted as previously described106. Briefly, single-cell 

suspensions were formed after the thymus was minced into fragments and passed through 

a 70-µm filter. Cells were labeled with the appropriate combination of fluorochrome-

conjugated anti-CD4 and anti-CD8 (eBioscience, San Diego, CA, USA). Analysis was 

performed with a 3-laser BD LSR II using FACSDiva software.  
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Statistical Methods 

Immunohistochemistry (number of positively stained cells) was analyzed by one-way 

ANOVA. If only two groups were being compared, a Student’s t test was used. The 

observer was blinded to slide identity, and the slide was scored in an unbiased fashion.  

 
Results 

Notch signaling is hyperactive in the setting of Mtgr1 loss 

Histologic examination of Mtgr1-/- mice revealed reduced secretory cells, but the 

molecular mechanism underlying this defect was unclear70. To identify whether 

hyperactive Notch was driving the reduction in secretory cells, we reviewed 

transcriptome analysis from laser capture microdissected small intestinal crypts from WT 

and Mtgr1-/- mice as reported previously75 and identified Notch3 and Notch-effector 

Deltex-homolog 1 (Dtx1) were upregulated 2-fold, while secretory markers and targets of 

Notch repression Atonal homologue 1 (Atoh1) and Chromogranin b (Chgb) were 

downregulated 2-fold (Figure 2.1A).  Transcriptome analysis of whole Mtgr1-/- small 

intestines by qPCR revealed a similar hyperactive Notch profile with goblet cell-

associated Mucin2 (Muc2), enteroendocrine-associated Chromogranin A (Chga), and 

Paneth/goblet-associated Growth factor independent 1 (Gfi1) all downregulated (Muc2 

3.5-fold p<0.05; Chga 4-fold p<0.01; Gfi1 3.4-fold p<0.05 Figure 2.1B). To determine 

whether the changes in secretory markers were confined to the small intestine, we 

extended our analysis to the colon and observed similar decreases in secretory lineage 

markers such as Muc2, Chga, and SAM pointed domain containing ETS transcription 

factor (Spedf) (Muc2 2-fold p<0.05; Chga 10-fold p<0.001; Spedf  2.5-fold p<0.01 

Figure 2.1B). We next employed an ex vivo approach to test whether loss of epithelial 
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Mtgr1 was sufficient to trigger Notch activation. We generated Mouse Small Intestinal 

Epithelial (MSIE) cell lines from Mtgr1-/- mice, and RNA analysis revealed transcriptome 

changes consistent with increased Notch signaling and a lack of differentiation. Notch3 

and stem cell marker Lgr5 were upregulated 2.8 fold and upregulated 2-fold, 

respectively. Covernsely, differentiation markers Muc2, Gfi1, Neuronal differentiation 1 

(NeuroD), and Chga were downregulated 1.5, 2, 2.2, and 5-fold respectively (Figure 

2.1C). In sum, the data indicate that Mtgr1 loss results in Notch activation and 

preferential shunting to absorptive intestinal lineages. 
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Figure 2.1. Notch signaling is hyperactive and secretory differentiation markers 
are downregultaed in the setting of Mtgr1 loss. (A) Heatmap of dysregulated Notch-
associated genes in microarray from laser captured small intestinal crypts from WT 
(N=2) and Mtgr1-/- (N=2) mice. (B) qPCR of the indicated lineage markers in small 
intestine of WT (N=4) and Mtgr1-/- (N=4) mice. Statistical test used was Student’s t test. 
(C) Heatmap of secretory-associated transcripts in WT and Mtgr1-/- Mouse Small 
Intestinal Epithelial (MSIE) cells. (D) Representative images of enteroid cultures from 
WT and Mtgr1-/- mice 1 day and 3 days after plating. (E) Heatmap of Notch-associated 
genes in WT and Mtgr1-/- small intestinal derived enteroids. Red denotes increases fold 
expression relative to WT and green denotes decreased fold expression relative to WT. 
*P<0.05, **P<0.01 
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MTGR1 suppresses CSL-dependent transcription 

 Given that ectopic expression of Notch receptors or NICD resulted in a phenotype 

similar to deletion of Mtgr117,18,98, we hypothesized that MTGR1 could negatively 

regulate Notch-induced transcription. It has previously been reported that MTG family 

members can interact with the NICD and the key Notch effector CSL104, but the 

functional consequence of this is unclear. To identify a molecular mechanism by which 

MTGR1 could regulate Notch activity in vitro, we tested whether MTGR1 could interact 

with NICD or CSL by co-immunoprecipitation. HA:MTGR1 was transiently transfected 

into COS7L cells either alone or with Flag:NICD. HA:MTG16 was used as a positive 

control. Whole cell lysates were immunoprecipitated with anti-Flag antibody, and 

MTGR1 was not detected in NICD containing immune complexes (Figure 2.2A). We 

then asked whether MTGR1 could interact with CSL. Similarly, HA:MTGR1 was co 

transfected with either an empty vector or myc:CSL. Immunopreciptating myc revealed 

MTGR1 complexes with CSL (Figure 2.2B). As the prototypic function of MTGR1 is 

transcriptional repression, we next used a luciferase reporter assay to examine the impact 

of MTGR1 on the Notch target gene Hes1. MTGR1 transfection into NIH 3T3 cells with 

or without N1-ICD co-expression resulted in dose-dependent repression of a Hes1 

luciferase reporter (Figure 2.2C). Overall, the data suggest MTGR1 acts as an upstream 

regulator of Notch-dependent transcriptional activity by interacting with CSL. 
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Figure 2.2 MTGR1 interacts with CSL and suppresses Notch-induced 
transcriptional activity. (A) HA-epitope tagged MTGR1 and Flag-epitope tagged N1-
ICD were transiently expressed in COS7L cells. HA:MTGR1 was blotted for in immune 
complexes (IC) (Lane 3). HA-MTG16 and Flag-N1-ICD were also transiently 
transfected and immunopreciptated as a positive control (Lane 2). (B) HA:MTGR1 and 
myc-epitope tagged CSL were transiently expressed in COS7L cells in the combinations 
shown. The presence of myc:CSL and HA:MTGR1 was determined in immune 
complexes. (C) MTGR1, in the quantities shown, was transiently expressed in NIH3T3 
cells with or without N1-ICD co-expression, along with the transcriptional reporter 
Hes1-Lux. Luciferase activity was quantified in whole cell extracts by luminometry. 
Results were normalized to an internal Renilla constitutive reporter. ***P<0.001. 
Statistical test used was Student’s t test.  
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GSI rescues the hyperproliferative phenotype in Mtgr1-/- intestine 

To test whether Notch inhibition was sufficient to rescue loss of secretory cells in 

the Mtgr1-/- mice, we treated 8-12 week-old Mtgr1-/- mice with dibenzazepine (DBZ), a 

Notch inhibitor/gamma-secretase inhibitor (GSI). GSI treatment effectively blocked 

Notch activation as we observed an increase in CD4-/CD8- T cells and reciprocal decrease 

in CD4+/CD8+ T cells (Figure 2.3). Mtgr1-/- mice demonstrate increased intestinal 

proliferation and apoptosis at baseline70, and we observed similar increases in vehicle 

treated WT and Mtgr1-/- mice (Figure 2.4). Apoptosis, as determined by cleaved caspase-

3, was not significantly affected by GSI treatment (Figure 2.4 A&B). 

Immunohistochemical analysis for phospho-histone H3 (Ser10), however, showed that 

GSI reduced the number of proliferating cells per crypt in both WT and Mtgr1-/- small 

intestine (Figure 2.4 C&D), indicating that the previously reported basal increase in 

proliferation in Mtgr1-/- intestine75 is at least partially due to Notch activation.  

  



	   40 

 

 

  

Figure 2.3 GSI treatment effectively increased CD4-/CD8- (DN), CD4+/CD8-, and 
CD4-/CD8+ T cells and decreased CD4+/CD8+ (DP) T cells. (A) Thymic tissue from 
WT and Mtgr1-/- mice treated with vehicle or GSI treatment was harvested and single-
cell suspensions were analyzed by flow cytometry using anti-CD4 and anti-CD8 
antibodes. Using FACSDiva software, positive signal from anti-CD4 was plotted on the 
Y-axis while positive signal from anti-CD8 was plotted on the X-axis. Percentages of 
CD4-/CD8- (DN), CD4+/CD8-, CD4-/CD8+, and CD4+/CD8+ (DP) were measured. (B) 
Absolute cell numbers of CD4-/CD8- (DN), CD4+/CD4-, CD4-/CD8+, and CD4+/CD8+ 
(DP) cell populations for WT and Mtgr1-/- mice treated with vehicle or GSI.  
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Figure 2.4 GSI reduces proliferation but has not effect on apoptosis in the Mtgr1-/- 
intestine. Representative sections of distal intestine (ileum) from vehicle or GSI-treated 
WT and Mtgr1-/- mice stained with (A) apoptosis marker anti-cleaved caspase 3 or (C) 
proliferation marker anti-phospho-histone H3. Positive staining cells were (B, D) 
quantified per crypt-villus unit. A minimum of 25 crypt-villus units was counted per 
mouse. *P<0.05, ***P<0.001. Statistical test used was One-way ANOVA.  
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Gamma secretase inhibition increases production of goblet and enteroendocrine cells 

in Mtgr1-/- intestine but fails to augment Paneth cell production 

While histological architecture of both WT and Mtgr1-/- small intestine was 

unchanged by GSI treatment (Figure 2.5A), GSI treatment did increase WT and Mtgr1-/- 

goblet cell indices in comparison to vehicle-treated mice, (Figure 2.5B), with the most 

pronounced effects seen in the ileum (6.1 vs. 0.97 PAS+ cells/villus-crypt unit p<0.001 

Figure 2.6A, Figure 2.7). To identify changes in enteroendocrine cell number, we 

stained for Chromogranin A (CgA) (Figure 2.5C). Similarly, GSI treatment significantly 

augmented the number of enteroendocrine cells compared to vehicle controls (ileum: 0.36 

vs. 0.035 CgA+ cell/ villus-crypt unit p<0.001 Figure 2.6B, Figure 2.7). Interestingly, 

while anti-Lysozyme staining for Paneth cells (Figure 2.5D) revealed that GSI treatment 

increased the number of Paneth cells in WT mice, GSI treatment had no effect on Paneth 

cells in any segment of the small intestine in Mtgr1-/- mice (ileum: 1.4 vs. 0.96 Lys+ cell/ 

villus-crypt unit p<1.0 Figure 2.6C, Figure 2.7), revealing a previously unrecognized 

role for MTGR1 in Paneth cell differentiation. Taken together, our findings indicate 

MTGR1 is a key regulator of intestinal lineage allocation.  
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Figure 2.5 Notch inhibition increases goblet and enteroendocrine but not Paneth 
cells in Mtgr1-/- mice. Vehicle and GSI (DBZ, 10 mM/kg twice daily for 5 days) 
treated WT and Mtgr1-/- mice. (A) H&E staining of distal intestine sections. (B) PAS 
staining for goblet cells, (C) Chromogranin A (CgA) for enteroendocrine, and (D) 
Lysozyme (Lys) staining for Paneth cells in the distal intestine. Images were captured 
using 20x objective. White arrows indicate positive staining cells.	  
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Figure 2.6 Mtgr1 is required for Paneth lineage production after Notch inhibition. 
Quantification of (A) PAS+ (B) CgA+ and (C) Lys+ cells per intestinal crypt/villus 
structure in WT and Mtgr1-/- mice treated with vehicle or GSI. A minimum of 25 crypt-
villus units was counted per mouse. *P<0.05, **P<0.01, ***P<0.001. Statistical test 
used was One-way ANOVA.  
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Figure 2.7. GSI treatment increases goblet and enteroendocrine but not Paneth 
cells in the Mtgr1-/- intestine. Quantification of goblet (A, D), enteroendocrine (B, E), 
and Paneth (C, F) cells per crypt-villus in proximal and mid sections of the intestine. 
Goblet cells were identified by PAS staining. Anti-CgA and anti-Lysozyme stains were 
used to identify enteroendocrine and Paneth cells, respectively. One-way ANOVA was 
used for statistical analysis. *P<0.05, **P<0.01, ***P<0.001. 
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MTGR1 interacts with GFI1 and can repress GFI1 targets 

 MTGR1 has been shown to interact with a variety of transcriptional 

corepressors70,75.  Gfi1 is a transcriptional corepressor important in Paneth cell 

differentiation27. To determine whether Mtgr1 could interact with GFI1, we performed a 

co-immunoprecipitation and observed that Mtgr1 interacts with GFI1 (Figure 2.8A). 

Analysis of our laser capture microdissection array indicated that a subset of Gfi1 targets 

such as Satb1, E2f5, and Jak3 were upregulated in Mtgr1-/- intestine (Figure 2.8B), 

suggesting Mtgr1 could facilitate Gfi1-mediated repression. We subsequently asked 

whether Mtgr1 was capable of repressing a reporter construct containing a 2XSatb1 

promoter element upstream of luciferase. Overexpression of Mtgr1 reduced luciferase by 

50%, indicating Mtgr1 can repress Gfi1 targets (Figure 2.8C). Satb1 and E2Fa 

transcriptional analysis of Mtgr1-/- intestine indicated Atoh1 transcripts were increased 

and Hes1 transcripts were decreased, confirming the increase toward secretory cells seen 

histologically (Figure 2.9).  
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Figure 2.8. MTGR1 interacts with transcriptional corepressor GFI1 and can 
repress GFI1-targets. (A) HA:MTGR1 and Flag:GFI1 were transiently expressed in 
COS7L cells. Flag:GFI1 was immunoprecipitated, and HA:MTGR1 was blotted for in 
immune complexes (IC). (B) GFI1 repression targets Satb1, E2f5, and Jak3 were 
upregulated in laser captured crypts from WT (N=2) and Mtgr1-/- (N=2) mice. (C) 
HA:MTGR1 was transfected into NIH3T3 cells with the transcriptional reporter Satb1-
Lux. Luciferase activity was quantified in whole cell extracts by luminometry. Results 
were normalized to an internal Renilla constitutive reporter. ***P<0.001. Statistical test 
used was Student’s t test.  
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Figure 2.9. GSI treatment increased Atoh1 and Gfi1 expression and decreased Hes1 
expression in Mtgr1-/- mice. qPCR for (A) Atoh1, (B) Hes1, and (C) Gfi1. (Mtgr1-/- 
vehicle treated N=4 and Mtgr1-/- GSI treated N=4) *P<0.05.  
	  



	   49 

Discussion 

Notch signaling plays a critical yet incompletely understood role in determining 

intestinal cell fate16,17. When Mtgr1-/- mice were generated and examined for intestinal 

phenotypes, they had unexpected characteristics: 1) increased proliferation in the small 

intestine and colon and 2) the progressive depletion of the secretory lineage in the small 

intestine70,73, suggesting hyper-Notch tone and identifying MTGR1 as an important 

regulator of fate determination in the intestine. Here we show that Notch inhibition by 

GSI treatment rescued the goblet and enteroendocrine lineages in the Mtgtr1-/- intestine 

but failed to rescue the Paneth lineage. The results suggest a model in which MTGR1 

endogenously represses Notch activation through an interaction with CSL (Figure 2.10) 

and in its absence, unbridled Notch signaling drives the intestinal epithelium to a 

predominantly absorptive phenotype. Inhibiting Notch, as we did with a gamma-secretase 

inhibitor, increases the production of secretory cells, with the exception of the Paneth 

lineage, suggesting that in addition to acting at the Notch/CSL interface, MTGR1 also 

regulates downstream lineage allocation. 
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Figure 2.10 Schematic of MTGR1 regulating multiple branch points in intestinal 
lineage differentiation. We propose that MTGR1 acts at multiple levels in 
regulating intestinal epithelial differentiation. MTGR1 negatively regulates Wnt 
signaling by competing with β-catenin for TCF4 occupancy. As the stem cell divides 
and moves along the crypt-villus axis, MTGR1 acts as a negative regulator of Notch 
signaling by interacting with CSL and repressing Notch-induced transcriptional activity. 
As cells differentiate into either HES1+ enterocytes or ATOH1+ secretory progenitors, 
MTGR1 is also required downstream for Paneth cell differentiation.  
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While the role of MTGs in hematopoiesis is well characterized, studies using 

knockout animal models revealed that MTGs have unexpected roles in the gut. MTGs 

regulate intestinal development and lineage allocation programs, but each family member 

appears to regulate different differentiation programs. A small percentage of Mtg8-/- mice 

show a deletion of their midgut, and those that survive postnatally demonstrate severe 

intestinal architectural disruption71. Mtg16-/- mice show normal gut architecture, but they 

have decreased goblet cells (unpublished observations). Mtgr1-/- mice, on the other hand, 

show a marked reduction in all secretory cells 70. Given the importance of Notch 

signaling in the intestine, the phenotypes strongly suggested MTGs modulate Notch. 

Components of the Notch pathway can interact with MTG16 in vitro 104, but no in vivo 

Notch studies have been conducted until now. Our results are the first to show that 

reversal of Notch signaling can partially generate secretory lineages in Mtgr1-/- intestine.  

The balance between absorptive and secretory cell fate in the intestine is largely 

governed in a reciprocal fashion by the Notch and Atoh1 signaling pathways. Notch 

ligands activate Notch receptors which are subsequently cleaved by gamma secretase to 

produce NICD, resulting in NICD tranlsocating to the nucleus where it increases the 

expression of Hes1, a repressor of the pro-secretory cell transcription factor Atoh1. 

Consistent with this model, inhibiting Notch using GSI had no effect on the expression of 

Notch ligands but did reduce Hes1 expression and increase Atoh1 expression in Mtgr1-/- 

mice (Figure 2.9). It is interesting to note that Mtgr1-/- mice phenocopy Atoh1 mutants, 

which also lack secretory cells, suggesting some interplay between MTGR1 and ATOH1. 

Because GSI treatment increased Atoh1 transcript levels in Mtgr1 mice  (Figure 2.9), 

Mtgr1 most likely acts downstream of Atoh1. In support of this, we recently identified 
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that Atoh1 ChIPs to the Mtgr1 promoter, suggesting that Mtgr1 could be an important 

downstream effector of Atoh1 (unpublished data). How Atoh1 and Mtgr1 interact is an 

outstanding question for future investigation. 

The inability of Notch inhibition to induce Paneth cell differentiation in the 

Mtgr1-/- mice identifies MTGR1 as a new Paneth cell allocation constituent. Paneth cell 

differentiation is controversial, but it is believed that a goblet/Paneth cell progenitor is 

marked by Gfi1 expression26,27 (Figure 2.10). Gfi1 deficient mice have increased 

enteroendocrine cells, suggesting that loss of GFI drove supernumerary enteroendocrine 

cells because of the inability of the progenitor to differentiate into mucous and Paneth 

cells 27. Alternatively, GFI1 may repress Neurog3 and by doing so “stabilizes” the Paneth 

and mucous cell lineages26. In Gfi1-deficient mice, unchecked Neurog3 expression drives 

progenitor cells towards enteroendocrine cells. How Mtgr1 fits into this model is unclear, 

but Gfi1 transcripts were increased after GSI administration in Mtgr1-/- intestine (Figure 

2.9) suggesting Mtgr1 is not required to regulate Gfi1 expression. Alternatively, GFI1 

could require MTGR1 to repress and therefore initiate programming to properly form 

Paneth cells in the setting of Notch inhibition. Indeed, we determined that MTGR1 and 

GFI1 can complex and that MTGR1 can repress two GFI1 reporters, suggesting MTGR1 

could interact with and enable GFI1-mediated repression (Figure 2.8). Interestingly, we 

found several GFI1 targets such as SATB1 and E2F5 were upregulated in Mtgr1-/-crypts 

(Figure 2.8), suggesting that GFI1 may require MTGR1 to initiate differentiation 

programs.  

Paneth cell function is an intense area of investigation because of its potential 

supporting role in crypt stem cell biology32,107,108. Understanding transcriptional programs 
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regulating Paneth allocation is critical to defining their function in the intestinal stem cell 

niche. More broadly, intestinal secretory cell differentiation is still incompletely 

understood. MTGR1, a transcriptional corepressor originally discovered to be critical in 

hematopoiesis, appears to be an important and heretofore unidentified contributor to 

intestinal cell lineage allocation. 
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Chapter 3 
 

Myeloid translocation genes differentially regulate colorectal cancer programs 

Introduction 

Colorectal cancer (CRC) is one of the leading causes of cancer mortality in the 

United States33. More than 80% of CRCs feature mutational inactivation of the 

Adenomatous Polyposis Coli (APC) gene, a tumor suppressor that acts as a regulator of 

the Wnt/β-catenin signaling pathway6,35. Inactive APC allows β−catenin to accumulate 

and redistribute to the nucleus activating TCF4-dependent transcriptional programs, 

promoting tumor development2,6–8,36. Similar to Wnt signaling, upregulation of the Notch 

pathway promotes intestinal carcinogenesis17,96,98,109. Notch signaling is a critical 

mediator of intestinal differentiation and is activated when its ligands, Jagged and Delta-

like, bind to Notch receptors and induce intracellular proteolytic cleavage by gamma-

secretase. This releases the Notch Intracellular Domain (NICD) allowing its translocation 

to the nucleus, where it binds to the transcription factor CSL to block secretory lineage 

specification and promote stem cell programs109,97. While dysregulation of the Wnt and 

Notch pathways promotes intestinal tumorigenesis19,110,111, how each signaling network 

escapes regulation in this process and becomes activated is incompletely understood.  

The Myeloid Translocation Gene (MTG) family consists of three members: 

MTG8 (ETO), MTGR1 (CBFA2T2), and MTG16 (CBFA2T3)76. MTGs associate with 

DNA binding proteins and recruit other corepressors and histone deacetylases (HDACs) 

to form repression complexes that downregulate the transcription of target genes70. 

MTG8 and MTG16 are pathologically disrupted by chromosomal translocations in acute 

myeloid leukemia (AML), highlighting their importance in regulating stem cell 
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programs100. Given their prominent role in hematopoietic malignancies and 

hematopoiesis and that stem cell programs are frequently activated in tumorigenesis, it 

was postulated that MTG dysfunction may cooperate with other mutations in driving 

epithelial tumorigenesis. In support of this hypothesis, MTG8 mutations have been 

identified as statistically significant “drivers” in breast cancer112. Similarly, 97 MTG16 

and 80 MTGR1 mutations have been identified in The Cancer Genome Atlas (TCGA) 

database113,114. Furthermore, animal models have revealed unexpected pivotal roles for 

MTGs in regulating stem cell and differentiation programs in the gut. Genetic deletion of 

any one of the MTG family members results in striking intestinal phenotypes. A portion 

of Mtg8-/- mice fail to develop the midgut71, Mtgr1-/- mice have pan-secretory lineage 

loss70, and Mtg16-/-
 mice have decreased goblet cells indices72. Moreover, both Mtgr1-/- 

and Mtg16-/-
 mice have augmented intestinal epithelial proliferation70,72,74,115, further 

suggesting dysregulated stem cell programs. The mechanism underlying their intestinal 

phenotypes is not deduced, but may reflect alterations in Wnt or Notch signaling levels.   

Here we formally tested the roles of MTGs in spontaneous colon tumorigenesis. 

To accomplish this aim, we employed the Apc1638/+ mouse polyp model and determined 

that genetic ablation of MTGR1, but not MTG16, increased tumor multiplicity. This was 

associated with progression to more advanced disease with conversion to high grade 

dysplasia and even invasive adenocarcinoma, a feature not observed in this model. 

Examination of a murine erythroid cell ChIP-seq dataset116 revealed that MTGR1 and 

MTG16 co-occupy 356 genes, but MTGR1 uniquely occupies an additional 1,063 

specific genes and analysis of these targets predicted MTGR1, but not MTG16, would 

regulate the Wnt and Notch pathways. Using immunohistochemical and RNA-seq 
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analysis, we determined that both Wnt and Notch signaling were hyperactive in Mtgr1-/- 

tumors. Lastly, we demonstrate downregulation of MTGR1 in CRC. Overall, our report 

defines a unique role for MTGR1 as a critical regulator of colorectal cancer programs 

through dual regulation of Wnt and Notch signaling. 

 

Materials and methods 

Mouse experiments and analysis  

Mice were housed, maintained, and then euthanized using isoflurane and cervical 

dislocation according to a protocol approved by the Vanderbilt Institutional Animal Care 

and Use Committee. The small intestine was removed and divided into equal thirds. Each 

segment, along with the large intestine, was then bisected longitudinally. Tumor number 

was counted grossly. Tumor samples and normal, non-malignant tissue were collected for 

RNA and stored in RNAlater (Invitrogen). The remaining intestinal segments were 

“Swiss rolled” so that the distal most segment was innermost103. Microscopic analysis 

was performed by a gastrointestinal pathologist (MKW) for dysplasia on haematoxylin 

and eosin (H&E) stained sections  (processed by the Vanderbilt Translational Pathology 

Shared Resource core). All in vivo procedures were carried out in accordance with 

protocols approved by the Vanderbilt Institutional Animal Care and Use Committee.   

  

qPCR mRNA analysis 

 RNA was made from tumor tissue stored in RNAlater using the RNeasy Mini kit 

(Qiagen), according to the manufacturer’s directions. cDNA was then made using the 

SuperScript cDNA kit (Invitrogen). qPCR was then performed using SYBR Green 
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(Biorad) with primers for Gapdh (Realtimeprimers). Primers for CgA and Muc2 were 

previously described115. Reactions were performed according to the manufacturer’s 

recommendations.  

 

Immunohistochemistry 

Five micrometer sections were cut, dewaxed, hydrated and endogenous peroxidase 

activity quenched with 0.03% hydrogen peroxide in MeOH. Antigen retrieval was 

performed using the boiling sodium citrate method in a microwave (20 mmol sodium 

citrate pH 6.5) for 16 minutes at 30% power. After blocking, primary antibodies were 

incubated overnight at 4°C at the following concentrations: α-phosphohistone-H3 

(Millipore), 1:150 and α-β-catenin (BD Transduction Laboratories), 1:1000. Isotype-

matched antibodies were included as negative controls. The Vectastain ABC Elite System 

(Vector Labs) was used to visualize staining for immunohistochemistry. Identification of 

intratumoral and crypt apoptotic cells was performed using the ApopTag Plus Peroxidase 

in situ Apoptosis Kit (Chemicon) according to the manufacturer's protocol. Control stains 

were obtained by omitting the terminal transferase (TnT) enzyme. Apoptosis and 

proliferation indices were generated by counting the number of positive cells per high-

powered field (HPF; 40× objective) within each tumor by a blinded observer. A β-catenin 

index was employed, as previously reported103. This index is generated by multiplying 

the staining intensity (on a scale of 1-5) by percentage of the cells demonstrating nuclear 

staining. 
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RNA Sequencing and Analysis 

Tumor RNA from Mtgr1-/- (n=3) and WT (n=3) mice was sequenced by the Vanderbilt 

Sequencing Core Facility. Initial raw sequencing data was aligned to a reference mouse 

genome (mm9) using TopHat (version 1.3.1) software117. The transcript of mouse 

genome (mm9) was downloaded from UCSC as implemented in the Bioconductor 

package GenomicFeatures. Then, the Bioconductor packages Rsamtools and DESeq were 

used to estimate the read count for expression of each gene and to detect differentially 

expressed (DE) genes. For count based gene expression data, DESeq uses a model based 

on the negative binomial distribution which includes a dispersion parameter to better 

estimate variance118. The p-values from DESeq were adjusted by Benjamini and 

Hochberg’s method to control false discovery rate (FDR)119.  

 
Tissue Microarrays 

All tissue samples were collected, coded, and de-identified in advance, and their use in 

this work was approved by the Institutional Review Board. Tissues were stained with 

H&E and representative regions were selected for inclusion in a tissue array. Tissue cores 

with a diameter of 0.6 mm were retrieved from the selected regions of the donor blocks 

and punched to the recipient block using a manual tissue array instrument (Beecher 

Instruments); samples were punched in duplicate. Control samples from normal epithelial 

specimens were punched in each sample row. Five micrometer sections were transferred 

to polylysine-coated slides (Menzel-Glaser) and incubated at 37°C for 2 hours. The 

resulting tumor tissue array was used for immunohistochemical analysis. Further clinical 

information regarding samples is described (Table 3.1). 
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Table 3.1 Clinical characteristics of patient samples. 
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Antigen retrieval was conducted by boiling in citrate pH 6.0 at 104°C for 20 min. Slides 

were then cooled down at room temperature for 10 min before being quenched with 

0.03% H202 with sodium azide for 5 min. Serum-free protein was used to block for 20 

min. Primary antibody (MTGR1/CBFA2T2 Proteintech CAT# 11336-1-AP) was used at 

a 1:200 dilution and incubated for 60 min. Envision HRP Labeled Polymer was applied 

for 30 minutes for detection.  DAB was used as a chromogen after incubation for 5 min. 

Cores were scored for the proportion of epithelial cells that stained positive and for the 

intensity of the stain using an index from 1-4. The index was generated by multiplying 

the two scores together.  

 

Moffitt/Vanderbilt-Ingram Cancer Center Expression Array 

The array was previously described120.  The source of the data: GSE17538. 

 

RNA Scope 

RNA in situ probes for MTGR1 were ordered from Advanced Cell Diagnostics and 

sequences are available on their online database. Tissue microarrays were processed and 

stained exactly according to manufacturer’s protocol. Staining was scored as percentage 

of positive cells per core. All cores were also stained with a positive control probe for 

housekeeping gene Peptidylprolyl Isomerase B (Cyclophilin B, PPIB). Cores that did not 

stain robustly with positive control were omitted.  
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Statistical Methods 

A student’s t-test was used when comparing two groups such as apoptosis, proliferation, 

and tumor counts. Data is presented as the mean +/- the standard error of the mean (SEM) 

in bar graphs and a line identifying the mean is shown when all data points are plotted. 

All of these analyses were performed using GraphPad Prism®5.0c.  

 

Results 

Loss of MTGR1 augments intestinal tumorigenesis 

Cancer programs often co-opt normal cellular processes. We have identified 

MTGs as regulators of intestinal proliferation, self-renewal and wound healing 

processes70,71,73,74,103. It is reasonable to postulate that MTGs may also play key roles in 

other non-hematopoietic malignancies. Consistent with this hypothesis, MTG16 has been 

identified as a putative tumor suppressor in breast cancer121 and mutation of MTG8 is 

postulated to be a “driver” in breast cancer112. Examination of TCGA data identified 80 

non-synonymous mutations in MTGR1 and 97 in MTG16113,114, some of which were 

predicted to impair function by MutationAssessor algorithms122. We thus postulated that 

inactivation of MTGR1 or MTG16 would augment tumorigenesis.  

To test this hypothesis we crossed Mtgr1-/- or Mtg16-/- mice with Apc1638/+ polyp-

prone mice. Apc1638/+;Mtgr1-/- had decreased survival throughout the duration of the 

experiment (Figure 3.1), suggesting increased tumor burden.  
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Figure 3.1 Survival curves of Mtg deficient mice and Apc1638/+ 
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Indeed, after aging the mice for 36 weeks, we observed increased tumor 

multiplicity with gene dose-dependent loss of Mtgr1, but surprisingly loss of Mtg16 did 

not modify tumorigenesis (Apc1638/+;Mtg+/+ 4.3 ± 0.5 vs. Apc1638/+;Mtg16-/- 2.4 ± 0.5 vs. 

Apc1638/+;Mtgr1-/+ 7.1  ± 1.1 vs. Apc1638/+;Mtgr1-/-  28.9 ± 4.5 tumors per mouse, Figure 

3.2A). Apc1638/+;Mtgr1-/- mice had more tumors in every segment of the small intestine, 

with the most pronounced effect being in the distal small intestine (Figure 3.2B). 

Histopathological analysis indicated tumors from Apc1638/+;Mtgr1-/- and Apc1638/+;Mtgr1-

/+ were more dysplastic with  progression to invasive adenocarcinoma in some cases 

(Figure 3.3A). Indeed, 43% of Apc1638/+;Mtgr1-/- mice showed evidence of invasive 

adenocarcinoma or high grade dysplasia while Apc1638/+;Mtg+/+ tumors had only low 

grade dysplastic changes (Figure 3.3B). Overall, our data indicates that loss of MTG16 

has no effect on tumorigenesis. Loss of MTGR1, however, substantially augments 

tumorigenesis in a gene dose-dependent fashion. 
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Figure 3.2  Loss of MTGR1, not MTG16, augments intestinal tumorigenesis. (A) 
Tumor multiplicity and (B) distribution in Apc1638/+;Mtg+/+, Apc1638/+;Mtg16-/-,  
Apc1638/+;Mtgr1-/+, Apc1638/+;Mtgr1-/- mice. *P < 0.05, **P < 0.01 
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Figure 3.3 Mtgr1-/- tumors exhibit a higher degree of dysplasia. (A) Representative 
H&E images of tumors from Apc1638/+;Mtg+/+, Apc1638/+;Mtg16-/-, Apc1638/+;Mtgr1-/+, 
Apc1638/+;Mtgr1-/- mice. Two examples (Tumor A and B) of invasive adenocarcinoma 
from Apc1638/+;Mtgr1-/- mice. Black boxes highlight invasive carcinomas. Size standard 
is 100 microns. (B) Quantification of degree of dysplasia by histopathological analysis 
of H&E stained sections. 
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MTGR1 preferentially associates with Wnt and Notch genes 

As MTGR1 and MTG16 associate with genomic regions to repress transcription, 

we reasoned that MTG genomic occupancy differences may underlie these disparate 

phenotypes. We therefore examined ChIP-seq datasets generated from a murine 

erythroleukemic cell line (MEL) to compare MTGR1 and MTG16 genomic binding 

sites116. Using a false discovery rate of 5%, we determined that MTGR1-containing 

complexes occupy sites proximate to 1,388 specific genes and MTG16-containing 

complexes occupy 353, of which there was overlap with 325 genes. Thus, there were a 

significant number of unique MTGR1 targets (MTGR1 exclusive: 1,063; MTG16 

exclusive: 28, Figure 3.4A). Protein analysis through evolutionary relationships 

(PANTHER)123 of the non-overlapping ChIP binding sites predicted that MTGR1, but not 

MTG16, regulates Wnt and Notch signaling (Figure 3.5). These results suggest that 

while MTGR1 and MTG16 share occupancy of a subset of targets, the majority of 

MTGR1 targets are unique to MTGR1. 
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Figure 3.4 Mtgr1-/- tumors demonstrate dysregulated Wnt signaling. (A) Venn 
diagram of MTGR1 and MTG16 genomic occupancy based on ChIP-seq analysis. (B) 
Representative images of β-catenin immunohistochemistry and quantification of β-
catenin nuclear localization and intensity. (C) RNA-seq analysis of Apc1638/+;Mtgr1+/+ 
(n=3) and Apc1638/+;Mtgr1-/- (n=3) tumors identifying Wnt-perturbed signaling networks. 
***P<0.001   
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Figure 3.5 MTGR1 and MTG16 regulates specific genomic subsets. MTGR1 Wnt 
and Notch targets. 
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Mtgr1-/- tumors demonstrate hyperactive Wnt and Notch signaling  

Because the ChIP-seq data predicted MTGR1 regulation of Wnt targets (Figure 

3.5), we used immunohistochemistry to examine the subcellular localization of β-catenin, 

which is used as a surrogate for Wnt activation. We identified increases in both nuclear 

β-catenin and extent of its staining, suggesting hyperactive Wnt signaling in the Mtgr1-/- 

background  (Figure 3.4B). We further evaluated Wnt pathway activation by performing 

RNA-seq followed by Ingenuity Pathways Analysis (IPA)124 and identified hyperactive 

Wnt regulatory networks, including β-catenin, Wnt3A, and Myc, supporting the 

hypothesis that MTGR1 regulates Wnt targets (Figure 3.4C).  

As the ChIP-seq data also suggested preferential Notch regulation by MTGR1 and 

because we previously determined that the secretory lineage deficiency observed in the 

Mtgr1-/- intestine was rescued by Notch inhibition115, we next determined if Notch 

signaling was perturbed in Mtgr1-/- tumors. As active Notch signaling will increase 

absorptive enterocyte production at the expense of secretory lineages, we stained tumors 

with periodic acid Schiff (PAS) to identify goblet cells. Mtgr1-/- tumors had dramatically 

fewer intratumoral goblet cells, consistent with increased Notch signaling 

Apc1638/+;Mtg+/+ 120 ± 14.5 vs. Apc1638/+;Mtgr1-/-  39.4 ± 3.1, PAS positive cells per 

tumor HPF, Figure 3.6A). Supporting this, IPA analysis of intratumoral RNA-seq data 

indicated activation of Notch signaling (Figure 3.6B). To confirm Notch activation, we 

performed qPCR for Muc2 and Cga, two Notch repression targets, and observed a 2-fold 

reduction in both in Mtgr1-/- tumors, further supporting increased Notch tone (Figure 

3.6C). We next reasoned that if Wnt and Notch signaling were increased in Mtgr1-/- 

tumors, then cellular processes such as proliferation and apoptosis should be affected. We 
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measured intratumoral proliferation by immunohistochemical staining for 

phosphohistone H3 and apoptosis by TUNEL staining and observed increases in both 

indices in Mtgr1-/- tumors (pH3: Apc1638/+;Mtg+/+ 76 ± 7.4 vs. Apc1638/+;Mtgr1-/-  139 ± 

10.3 positive cells per tumor HPF and  TUNEL: Apc1638/+;Mtg+/+ 26 ± 3.3 vs. 

Apc1638/+;Mtgr1-/-  50 ± 3.5 positive cells per tumor HPF) (Figure 3.7). These data 

support the hypothesis that MTGR1 is a coregulator of Notch and Wnt signaling.  
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Figure 3.6 Intratumoral Notch signaling is hyperactive upon MTGR1 inactivation. 
(A) Periodic Acid Schiff (PAS) staining for goblet cells in tumors from 
Apc1638/+;Mtgr1+/+ and Apc1638/+;Mtgr1-/-  and quantification of PAS positive cells per 
tumor HPF. Size standard=50 microns. (B) RNA-seq analysis of Apc1638/+;Mtgr1+/+ 
(n=3) and Apc1638/+;Mtgr1-/- (n=3) tumors identifying perturbed Notch signaling 
networks. (C) qPCR for Cga and Muc2 in Apc1638/+;Mtgr1+/+ and Apc1638/+;Mtgr1-/- 

tumors *P<0.05,**P<0.01, ***P<0.001   
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Figure 3.7. Increased intratumoral proliferation and apoptosis in Mtgr1-/- animals. 
(A) Proliferation (phospho-histone H3) and (B) apoptosis (TUNEL) 
immunohistochemical assessment per tumor high power field. Size standard=20 
microns, **P<0.01, ***P<0.001   
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MTGR1 is underexpressed early in CRC progression 
 

Because our data implicates MTGR1 as a tumor suppressor, we reasoned that its 

levels may be reduced in CRC. Therefore, we assessed MTGR1 levels in CRC in the 

Moffitt/Vanderbilt-Ingram Cancer Center expression array dataset consisting of 10 

normal controls, 6 adenomas, and 250 carcinomas89,120. MTGR1 message was 

significantly reduced in both the adenoma and carcinoma stages (Figure 3.8A). To 

corroborate this decrease in MTGR1 mRNA, we used high-resolution in situ 

hybridization (RNAscope) to measure its expression in a separate CRC tissue microarray 

consisting of 17 normal colon controls and 102 carcinomas. We observed that MTGR1 

RNA was also reduced in carcinomas compared to normal colons (normal colons: 68% ± 

7.5% vs. carcinomas: 13% ± 2.5% MTGR1 expressing epithelial cells per core, Figure 

3.8B). We then asked if MTGR1 was also decreased at the protein level. Using 

immunohistochemistry, we detected less MTGR1 protein in carcinomas compared to 

normal colons  (normal colons: 1.8 ± 0.15 vs. carcinomas: 1.3 ± 0.09 MTGR1 staining 

protein index, Figure 3.8C). While MTGR1 expression was decreased in carcinomas, 

MTGR1 expression did not correlate with disease outcome, survival, or grade (data not 

shown). Taken together, our data demonstrate that MTGR1 is underexpressed at an early 

stage in CRC. 
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Figure 3.8 MTGR1 is underexpressed in Human CRC. (A) Mtgr1 mRNA expression 
in Moffitt/Vanderbilt Ingram Cancer Center expression array. (B) MTGR1 RNA 
expression  (size standard=100 microns; inset size standard=50 microns) and (C) 
MTGR1 protein expression (size standard=100 microns) in Vanderbilt Tissue 
Microarray of CRC and. *P<0.05, **P<0.01, ***P<0.001 
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Discussion 

In this report, we show that while MTGR1 and MTG16 are 65% homologous at 

the protein level, genetic inactivation of MTGR1, but not MTG16, increased 

tumorigenesis 10-fold in the Apc1638/+ mouse model of CRC. Moreover, Mtgr1-/- tumors 

had a higher degree of dysplasia and had increased proliferation and apoptosis. 

Immunohistochemical and RNA-seq analysis of Mtgr1-/- tumors indicated Wnt and Notch 

pathway activation. In support of its role as a tumor suppressor, MTGR1 was 

underexpressed in CRC and this appears to occur at an early stage primarily driven by a 

change in mRNA levels. Overall, our data demonstrate that loss of MTGR1 augments 

tumorigenesis through dysregulation of Wnt and Notch signaling.  

 The Myeloid Translocation Gene family consists of three members: Mtg8, Mtgr1, 

and Mtg1676. While the MTGs were initially discovered as a foundational translocation in 

AML, their genetic deletion in mice has revealed a unique intestinal role for each family 

member. Mtg8-/- mice demonstrate a severe mid-gut deletion phenotype71; Mtgr1-/- mice 

have pan-secretory cell loss and are smaller than their wild type counterparts 70; and 

Mtg16-/- mice have decrease goblet cell indices72. The mechanisms underlying the various 

phenotypes remains unclear. Our analysis of previously published ChIP-Seq data 

revealed that MTGR1, but not MTG16, uniquely occupies Wnt and Notch targets. Thus, 

a possible explanation is that MTGR1 and MTG16 differentially associate at genomic 

loci and have non-overlapping regulatory roles. As MTGs lack the ability to bind DNA 

directly, their target specificity is determined by the trans-acting DNA binding factors 

with which they associate76. MTGR1 and MTG16 are 65% homologous and share four 

highly conserved domains termed Nervy Homology Domain76. The regions between these 
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domains are variable and likely are important factors in explaining the unique genomic 

associations of each family member.  

 Our report identifies MTGR1 as a Modifier of Min (MOM) similar to Muc2, 

Mom2, and Rassf1a125–127. Where inactivation of MTGR1 fits in the multistep model of 

CRC mutations is unclear, but our data suggests that loss of MTGR1 plays an important 

role in both tumor initiation and progression. We propose that because Mtgr1 loss leads 

to basal elevation of Wnt and Notch activation, the threshold to trigger tumorigenesis is 

reduced. Indeed, as MTGR1 regulates two key CRC pathways, it is an important tumor 

suppressor, and even partial loss of MTGR1 can reduce this tumorigenesis threshold. 

This is underscored by the fact that MTGR1 haploinsufficiency increased tumor 

multiplicity and progression (Figure 3.2A and Figure 3.3). Moreover, that Mtgr1-/+ mice 

show increased tumor multiplicity suggests that MTGR1 levels are tightly regulated to 

restrict Wnt and Notch signaling.  

 The inflammatory milieu is an important component of colorectal tumorigenesis. 

Mtgr1-/- mice were more susceptible to DSS-induced colitis, but in the setting of 

inflammatory tumorigenesis, Mtgr1-/- mice had fewer AOM/DSS-induced polyps. At face 

value, this would suggest that loss of MTGR1 expression does not contribute to 

inflammatory carcinogenesis103. It was postulated that perhaps, in the setting of injury, 

Mtgr1-/- initiated tumor cells were hypersensitive to DSS, resulting in their clearance and 

decreased polyp formation. This hypothesis was supported by the observation that in the 

absence of DSS mediated injury, Mtgr1-/- mice had increased incidence of aberrant crypt 

foci with AOM treatment103. Our report strongly supports this hypothesis, as we show 

that loss of MTGR1 does indeed augment sporadic CRC. Taken together, we propose a 
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model in which Mtgr1-/- cells, in the setting of injury, are predisposed to undergo 

apoptosis. In the absence of injury, however, the elevated Wnt and Notch tone observed 

in Mtgr1-/- cells synergizes with Apc loss and accelerates tumorigenesis. 

 In conclusion, we have identified MTGR1 as a modifier of Wnt dependent 

tumorigenesis and as a potential tumor suppressor. The clinical importance of this 

observation is underscored by our finding that MTGR1 is downregulated at both the 

transcript and protein level in CRC. Patients who have reduced MTGR1 expression may 

be at risk for more aggressive disease. Indeed, given that even partial loss of MTGR1 

promoted tumor formation, MTGR1 could serve as a valuable biomarker for patients at 

risk for CRC.  
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Chapter 4 
 

BVES is an essential regulator intracellular signaling in inflammatory carcinogenesis 

Introduction 

Chronic inflammation promotes the development of colorectal cancer 

(CRC)57,128. Patients with inflammatory bowel disease (IBD), for example, have an 

elevated risk of developing CRC58, particularly those who have extensive disease or long 

disease duration129. Although the pathogenesis of inflammatory carcinogenesis remains 

unclear, it has been postulated that at least a component of malignant degeneration is a 

consequence of chronic inflammation disrupting intestinal epithelial function130,131. 

Indeed, pathologic changes in adherens and tight-junction proteins have been described in 

colitis and colitis-associated cancer (CAC)48,131,132. In addition to providing junctional 

integrity between cells, adherens and tight-junctional complexes also transduce 

extracellular signals to direct intracellular programs (“outside-in” signaling133), such as 

those controlling cellular proliferation and differentiation. For example, E-cadherin can 

sequester β-catenin and at the cell membrane, preventing its nuclear localization and 

transcriptional activity134. Given that dysregulation of junctional proteins commonly 

occurs in CAC, it is imperative to understand how junctional proteins regulate 

intracellular signaling networks in normal biology in order to understand how their 

dysfunction can drive carcinogenesis.   

Blood vessel epicardial substance (BVES/POPDC1) is a tight-junction associated 

protein with diverse functions and is silenced in carcinomas secondary to promoter 

hypermethylation89,91. Restoration of BVES expression in CRC cell lines promotes 

epithelial-like morphology and decreases proliferation, migration, invasion, xenograft 
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tumor growth, and metastasis89. Conversely, knockdown of BVES in epithelial-like cells 

induces a mesenchymal-like phenotype characterized by increased proliferation, altered 

morphology, and disorganized cell-cell contacts89. Yet how BVES regulates these 

phenotypes is incompletely understood. Indeed, while several BVES interacting proteins 

have been identified, their known functions do not explain fully the role of BVES in 

maintaining epithelial phenotypes. Moreover, how BVES contributes to tumor 

development has not been tested using genetic approaches.  

The transcription factor c-Myc is overexpressed in a variety of cancers including 

colorectal135 and gastric136 malignancies. c-Myc regulates genes involved in proliferation, 

differentiation, and apoptosis, and its expression can induce epithelial-to-mesenchymal 

transition137. In sporadic CRC, c-Myc plays a central role in APC-driven 

tumorigenesis138. In IBD, c-Myc is overexpressed in inflamed tissues and upregulated in 

CAC139. Indeed, a network analysis of CAC samples indicated that c-Myc protein 

dysregulation plays a key role in CAC progression140. Similarly, c-Myc levels are also 

increased in the azoxymethane (AOM)/dextran sodium sulfate (DSS) mouse model of 

CAC141. Yet how c-Myc is deregulated in inflammatory carcinogenesis is not entirely 

clear. To date, a complex mechanistic network of proteins—including protein 

phosphatase 2A (PP2A), Axin1, and GSK3β—has been identified that regulate c-Myc 

protein levels by modifying the phosphorylation status of c-Myc at two residues, 

threonine 58 (T58) and serine 62 (S62)142. Ubiquitylation of c-Myc is initiated by 

phosphorylation at T58, leading to its ultimate degradation. Given the prominent role of 

c-Myc in driving oncogenic programs, understanding how PP2A mediates c-Myc 

destruction may identify new therapeutic targets in inflammatory carcinogenesis.  
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 Here we report that BVES is an important regulator of inflammatory 

carcinogenesis programs and promotes c-Myc degradation through an interaction with the 

PR61α-PP2A complex. We observed that BVES was downregulated in human CAC 

samples, which also show hypermethylation of the BVES promoter within the tumors and 

at distant sites, suggesting a field effect. Using genetic approaches we show that Bves-/- 

mice developed greater tumor incidence and multiplicity as well as a higher degree of 

dysplasia and intratumoral proliferation in an inflammatory carcinogenesis model. 

Furthermore, molecular analysis of Bves-/- tumors revealed increased c-Myc protein and 

dysregulated c-Myc signaling. c-Myc protein was also elevated in Bves-/- mice intestinal 

crypts. Knockdown of BVES in vitro increased c-Myc stability and consequently key c-

Myc targets ODC and CAD. Conversely, BVES overexpression reduced c-Myc stability 

and increased c-Myc ubiquitylation. Using a yeast two-hybrid (Y2H) screen, we 

identified that BVES interacts with PR61α, the PP2A regulatory subunit that is critical in 

degrading c-Myc, and that this interaction is required for BVES to modulate cellular c-

Myc levels. Thus, we demonstrate that BVES, a tight-junction associated protein, 

coordinates PR61α-containing PP2A phosphatase complexes to restrict c-Myc protein 

levels and that BVES is a key suppressor of inflammatory carcinogenesis whose 

promoter methylation status may define patients with ulcerative colitis (UC) who are at 

risk for colon cancer.   



	   81 

Materials and methods 

Mice, treatments, and analysis 

AOM and DSS were prepared as previously described103. Bves-/- mice have been 

previously described87. Over the course of two experiments, 15 wildtype (8 female and 7 

male) (WT) C57BL/6 and 15 Bves-/-  (7 female and 8 male) mice were treated with 7.5 

mg/kg of AOM by intraperitoneal injection and placed on 3 cycles of 5 day treatments 

with 2.5% DSS. Mice were between 8-12 weeks of age before AOM treatment. All mice 

were bred and housed in the same facility throughout the duration of the experiment. All 

in vivo procedures were carried out in accordance with protocols approved by the 

Vanderbilt Institutional Animal Care and Use Committee. 

  

After the mice were sacrificed, colons were irrigated with phosphate-buffered saline 

(PBS). The colons were then opened longitudinally and rolled orienting the most distal 

region of the colon such that it was located in the innermost part of the roll. The tissues 

were then fixed in formalin (1:10 dilution buffered) overnight. The solution was 

subsequently changed to 70% ethanol before standard paraffin-embedding. Five micron 

sections were cut and stained with hematoxylin and eosin (H&E) by the Vanderbilt 

Translational Pathology Shared Resource Core. Proliferation was measured by phospho-

histone H3 (pH3) staining using anti-pH3 at 1:150 (Upstate/Millipore) and incubated 

overnight at 4°C. β-catenin was measured using anti-β-catenin at 1:150 (BD 

Transduction Laboratories). c-Myc was stained using Abcam at 1:1000 (Y69). Vectastain 

ABC Kit (Vector Laboratories) was used to perform all immunohistochemistry reactions. 

Dewaxing and antigen retrieval processing of sections was conducted as previously 
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described103. For intratumoral c-Myc staining, high power fields were scored according to 

an index from 1-4 (a score of 1 denotes less than 25% of positive cells per high power 

field; a score of 2 denotes 25-50%; a score of 3 denotes 50-75%; a score of 4 denotes 75-

100%). 

 

For RNA analysis, colonic tissue from mice was isolated and immediately placed into 

350 µl RNALater (Qiagen) and stored at -80°C. RNA from tissue or cells was isolated 

using the RNAEasy kit (Qiagen) according to the manufacturer’s “Animal Tissue” 

protocol. RNA was subsequently stored at -80°C.  

 

For RNA-seq experiments, RNA from WT colons (n=3), Bves-/- colons (n=3), WT tumors 

(n=3), and Bves-/- tumors (n=3) was sequenced by the Vanderbilt Technologies for 

Advanced Genomics (VANTAGE) core facility. Initial raw sequencing data were aligned 

to a reference mouse genome (mm9) using TopHat (version 1.3.1) software48. The 

transcript of mouse genome (mm9) was downloaded from UCSC as implemented in the 

Bioconductor package GenomicFeatures. Then the Bioconductor packages Rsamtools 

and DESeq were used to estimate the read count for expression of each gene and to detect 

differentially expressed (DE) genes. For count based gene expression data, DESeq uses a 

model based on the negative binomial distribution which includes a dispersion parameter 

to better estimate variance49. The p-values from DESeq were adjusted by Benjamini and 

Hochberg’s method to control false discovery rate (FDR)50. 
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 BVES promoter methylation analysis  

The tissue samples were obtained from colectomy specimens from individuals without 

UC, individuals with UC without dysplasia or cancer as well as from individuals with UC 

and high-grade dysplasia and/or colon cancer.  Clinical information about the specimens 

is described in Table 4.1. 
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Table 4.1 Clinical characteristics of patients samples. 
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1) Primary Human Tissue Samples 

Fresh frozen epithelial cell layers were isolated from each specimen using the epithelial 

“shake off” technique51 and the DNA was extracted using Qiagen DNA extraction kits 

(Qiagen) following the manufacturer’s instructions. DNA was extracted from the 

following groups: 1) 17 control samples of normal colon mucosa from patients who did 

not have UC (Control-No UC) 2) non-neoplastic cells from 11 UC patients without 

cancer/dysplasia (Normal—no HGD/CAC) 3) non-neoplastic cells from 10 UC patients 

with concurrent cancer/dysplasia located at least 20 cm away (Normal—concurrent 

HGD/CAC) 4) cancerous or dysplastic cells from 10 UC patients (HGD/CAC). The 

specimens were obtained from the pathology archives at University of Washington 

(Seattle, WA) following protocols approved by the Institutional Review Board.  

 

2) Methylation array analyses 

300 ng of epithelial cell DNA was bisulfite converted using the EZ Meth DNA kit 

following the manufacturer’s instructions (Zymo Research, #D5002). Converted DNA 

was applied to Infinium HumanMethylation450 BeadChips (Illumina) which were then 

processed in the Genomics Shared Resource Core at the Fred Hutchinson Cancer 

Research Center according to the manufacturer’s specifications.  Data was normalized 

and filtered as described by our group previously52. Differentially methylated loci (DML) 

were determined after converting beta values, which range from 0.0 (no methylation) to 

1.0 (100% methylation), to M values, where the M value is the log2 ratio of the intensities 

of the methylated probe versus unmethylated probe. For the purposes of this study, we 

were interested in loci that demonstrated both 1) differential methylation between UC—
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no HGD/CAC and UC—concurrent HGD/CAC cases and 2) similar methylation 

patterns between UC—concurrent HGD/CAC and HGD/CAC cases. Loci with p 

values ≤ 0.0008 (adjusted p value ≤ 0.260) were considered differentially methylated.  

The differentially methylated probes in the BVES promoter region were   

cg17398252 (located within a CpG island 1500 base pairs upstream from the 

transcription start site), cg25280433 (located within a CpG island in the 5’ UTR/exon 1), 

and cg20624391 (located in a CpG island in 5’ UTR/exon 1). 

 

3) Pyrosequencing of DNA samples 

Pyrosequencing assays were designed to confirm methylation differences seen on the 

HM450 arrays. Assays were designed to target the same promoter CpG island that 

contained the DML from the arrays.  The same DNA samples that were used on the 

HM450 array were used for pyrosequencing, except for one UC—no HGD/CA and one 

UC—concurrent HGD/CAC case, both of which did not have enough DNA remaining for 

these assays. Primers and reaction conditions used have been previously described89.  

RNAScope 

RNA scope was conducted according to manufacturer’s protocol (ACD, 

www.acdbio.com) with probes directed against BVES (catalog number 410346), positive 

control Hs-PPIB (catalog number 313901), and negative control DapB (catalog number 

310043Tissue microarrays were scanned digitally and uploaded to a digital image hub. 

The percentage of epithelium per core that stained positive was scored and quantified. 

Only cores that stained robustly with the positive control probe were scored. Clinical 

information of specimen is described in Table 4.2. 
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Table 4.2 Clinical characteristics of TMA patients samples. 
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Enteroid cultures 

Enteroid cultures were derived according to previously published protocols47. 

 

Yeast two-hybrid assays  

BVES (hgx2637v_pB29) and PR61a (pB20_A-197) constructs were obtained from 

Hybrigenics. Y2H assays were conducted as previously described48. 

 

Cell Culture 

Unless otherwise indicated, all HEK 293T and Caco2 cells were cultured in DMEM with 

10% serum and 1% Penn/strep. Polyethylenimine (PEI) at a concentration of 1 mg/ml 

was used for all transfection experiments. An empty vector was used to ensure equal 

quantities of cDNA were transfected.  Cycloheximide (Sigma) was used at 100 mg/ml 

and cells were lysed at the indicated intervals. MG132 (CalBiochem) was used at 10 mM 

for 4 hours for ubiquitylation experiments. 

 

For immunoprecipitation assays, cells were grown in 100-mm cell culture dishes. Once 

desired confluence was reached, cells were rinsed with ice-cold PBS and incubated for 15 

min at 4°C in 1 ml of cell lysis buffer (Sigma) containing 1X Phosphatase inhibitor 

cocktail 2 and 3 (Sigma) and 1X Protease Inhibitor cocktail (Sigma). Samples were 

sonicated for 10 seconds at 4°C. Cellular debris was removed by centrifugation; protein 

concentration was measured by Bradford method. For immunoprecipitation, 

approximately 1 mg of total protein was incubated with 3 µg of the respective antibodies 

overnight at 4°C followed by a 3 hour incubation with 25 µl of protein A/G magnetic 
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beads (Millipore). The immunoprecipitates were collected by magnetic separation and 

washed three times with 0.5 ml of cell lysis buffer. Washed beads were suspended in 50 

µl of 2X Laemmli buffer and samples were resolved on a reducing 10% SDS-PAGE gel 

and probed with respective antibodies.  

 

Proximity ligation assays (PLA) were performed according to manufacturer’s protocol 

(Sigma, #DUO92101). Primary antibodies were incubated for 30 minutes in a 37°C 

humidified chamber at the following concentrations: V5 (Abcam) 1:1500, c-Myc (cell 

signaling) 1:750, and PPP2R5A (Bethyl labs) 1:750. 

 

For western blots, cells were washed with ice-cold PBS before being scraped and 

collected. Cells were pelleted by centrifugation and resuspended in 2X Laemmli buffer 

and boiled for 10 minutes before analysis by SDS-PAGE electrophoresis. Membranes 

were blocked using Odyssey blocking buffer for 30 minutes and then blotted with anti-

PPP2R5A (Bethyl labs, #A300-967A), anti-c-Myc (Cell Signaling #D84C12), anti-V5 

(Abcam #ab27671), anti-His (Abcam #ab18184), or anti-HA (Vanderbilt Antibody and 

Protein Resource). All antibodies were used at 1:1000 concentration in Odyssey blocking 

buffer with 0.1% Tween-20. Primary antibodies were incubated for 1 hour at room 

temperature (RT) before being washed three times in PBS-Tween. LiCor secondary 

antibodies were used at 1:30,000 dilution and incubated for 30 minutes at room 

temperature. Quantification of western blot band intensity was conducted using LiCor 

Image Studio.  
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BVES and PR61α expression plasmids were generated using Gateway cloning 

(Invitrogen). pENTR vectors containing either BVES (HsCD00368575, Harvard Plasmid 

Prep) or  PPP2R5A (HsCD00041318, Harvard Plasmid Prep) were shuttled into 

pcDNA3.1 V5/His using LR clonase (Invitrogen). The HA-tagged PP2Ac expression 

plasmid was graciously provided by Peter Howley who deposited the plasmid into 

Addgene repository (plasmid #35005). WT-c-Myc and T58A-c-Myc plasmids were 

previously described143.  

 

For quantitative reverse transcription polymerase chain reactions, twenty microliters of 

cDNA was synthesized using iScript cDNA Synthesis Kit (Bio-Rad) from 1 µg of RNA 

per sample. All RT-PCR reactions were carried out using SYBR green reaction mix (Bio-

Rad) according to the manufacturer’s protocol.  

 

The following primers were used to measure expression levels: human CAD: (F: 

AGTGGTGTTTCAAACCGGCAT and R:CAGAGGATAGGTGAGCACTAAGA), 

human ODC (F:TTTACTGCCAAGGACATTCTGG and R: 

GGAGAGCTTTTAACCACCTCAG) and mouse Odc (F: 

AGCAGGCTTCTCTTGGAAC and R: CATGCATTTCAGGCAGGTTA). All qPCR 

reactions were normalized to GAPDH (Human GAPDH, Realtime Primers #3541 and 

Mouse Gapdh, Realtime Primers #7317). 
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Statistical Methods 

Immunohistochemistry (number of positively stained cells) was analyzed by one-way 

ANOVA. If only two groups were being compared, a Student’s t test was used. The 

observer was blinded to slide identity, and the slide was scored in an unbiased fashion.  

 

Results 

BVES is downregulated and its promoter is hypermethylated in CAC 

As BVES is underexpressed via promoter hypermethylation in CRC89 and 

epithelial junctional dysfunction is thought to underlie the progression of CAC, we asked 

whether the BVES promoter was hypermethylated in CAC. To determine this, we 

analyzed an Infinium HumanMethylation450 array screen of samples from patients 

without UC (Control—No UC), patients with UC who did not have cancer (UC—no 

HGD/CAC), and patients with UC who developed colon cancer. Two different groups of 

samples were analyzed from the patients with UC who developed colon cancer: non-

malignant tissue (UC—concurrent HGD/CAC) and tissue with high-grade dysplasia 

and/or cancer (HGD/CAC). These analyses demonstrated that three loci in the BVES 

promoter were unmethylated in the normal colon of the controls–No UC (0.1% + 

0.016%), modestly methylated in UC–no HGD/CAC (16% + 4.7%), and 

hypermethylated in the HGD/CAC among patients with colitis-associated carcinoma 

(HGD/CAC, 53% + 2.6%) (Figure 4.1A). Furthermore, remote non-neoplastic, mucosal 

samples (UC-Concurrent HGD/CAC) from the same patients who had CAC (HGD/CAC) 

were hypermethylated (50% + 2.6%) to a similar degree as that observed in cancerous 

tissue, suggesting that BVES promoter methylation may represent a field effect in CAC 
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and that BVES promoter methylation status may identify UC patients with concurrent 

malignancy. To confirm the results derived from the HM450 methylation array studies, 

we pyrosequenced the BVES promoter using the same samples and again demonstrated 

low levels of methylation in the UC—no HGD/CAC cases and higher methylation in the 

UC—concurrent HGD/CAC and HGD/CAC cases (Figure 4.1B).  

It is possible that BVES promoter methylation, while increased, may not be 

sufficient to silence its expression. To determine whether BVES promoter methylation 

reduced its transcription, we tested whether BVES mRNA was downregulated in CAC 

using high resolution in situ hybridization (RNAScope144) in a tissue microarray 

consisting of normal and CAC samples. BVES RNA showed low levels of expression in 

the normal colon, but it was present throughout the epithelium (Figure 4.1C). In CAC 

samples, however, BVES message was rarely detected and quantification of epithelial 

staining indicated a 5-fold decrease (p<0.001). Taken together, BVES RNA expression is 

downregulated in CAC, and the BVES promoter is hypermethylated in both tumor and 

non-malignant mucosa in patients with CAC, implicating BVES promoter methylation as 

a potential biomarker associated with dysplasia or neoplasia in the colons of patients with 

IBD. 
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Figure 4.1 A field effect of BVES promoter hypermethylation in colitis-associated 
cancer. (A) Average BVES promoter methylation status in the indicated sample from 
the Infinium HumanMethylation 450 Array. Methylation was measured in four sample 
types: colon epithelia from patients who did not have UC (Control—No UC); colon 
epithelia from UC patients who did not have dysplasia or carcinoma (UC—no 
HGD/CAC); non-malignant colon epithelia (UC—concurrent HGD/CAC) and 
malignant colon epithelia (HGD/CAC) from UC patients who had dysplasia/carcinoma. 
Control—No UC, n=17; UC—no HGD/CAC, n=11; UC—concurrent HGD/CAC, n=10; 
HGD/CAC, n=10. **p<0.01. (B) Pyrosequencing at four sequential CpG dinucleotides 
in the BVES promoter. Each shape represents a separate individual, with mean 
methylation values depicted with black bars. ***p<0.001. (C) Representative images of 
RNA scope analysis of BVES message in normal colons (n=12) and CAC (n=19). Right: 
Quantification of BVES expressing epithelial cells per tissue microarray core. Size 
standard=50 microns. ***p<0.001 

 



	   94 

Bves loss promotes CAC development  

 Because BVES was underexpressed in CAC we next determined the functional 

significance of its underexpression using reverse genetic approaches. We hypothesized 

that genetic deletion of BVES might modify CAC in experimental modeling. To test this 

hypothesis, we used the AOM/DSS murine model of inflammatory carcinogenesis 

(Figure 4.2A). We first profiled the transcriptome of AOM/DSS-induced tumors and 

observed that Bves transcripts were downregulated 5-fold in tumors compared to normal 

colon (Figure 4.2B). As expected, we also observed changes in other tight-junction 

constituents, supporting previous reports of tight-junctional dysregulation in colitis and 

CAC44. We confirmed that Bves message was decreased in AOM/DSS tumor tissue by 

qPCR in an independent sample set (Figure 4.2B). As a result, we hypothesized that 

complete loss of Bves might promote inflammatory carcinogenesis.  

To test whether Bves expression could modify CAC, we compared tumor burden 

in WT and Bves-/- mice subjected to the same inflammatory carcinogenesis protocol. 

Bves-/- mice lost a greater fraction of body weight compared to WT mice, most notably 

during cycle 3 (Figure 4.2C). Endoscopy one-week prior to sacrifice demonstrated 

increased tumor multiplicity in Bves-/- mice (Figure 4.2D). Enhanced tumorigenesis in 

the setting of Bves loss was confirmed at necropsy where we observed 100% tumor 

penetrance in Bves-/- mice compared to 60% in WT mice and increased tumor multiplicity 

(6.5 tumors per Bves-/- mouse vs. 2.2 tumors per WT mouse, p<0.001, Figure 4.2E). 

Furthermore, Bves-/- tumors demonstrated more advanced dysplasia compared to WT 

tumors (Figure 4.2F). Control mice treated with DSS-only or a single AOM injection did 
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not develop tumors during this time frame (data not shown). In sum, BVES is 

underexpressed in CAC and its genetic deletion augments inflammatory carcinogenesis. 
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Figure 4.2. BVES modifies inflammatory carcinogenesis. (A) Schematic of 
AOM/DSS protocol and timeline. Mice were injected with 7.5 mg/kg of AOM and 
treated with 2.5% DSS at the indicated time. (B) Left: Heat map of RNA-seq data 
derived from WT colons (n=3) and WT AOM/DSS tumors (n=3). Red indicates genes 
increased and green indicates genes decreased in tumors compared to normal colon. 
Right: Quantitative RT-PCR of Bves message levels in normal adjacent/non-malignant 
(NM, n=5) and tumor (Tumor, n=6). Tissue harvested from WT mice after AOM/DSS 
treatment.  ***p<0.001. 
(C) Weights of Bves-/- and WT mice during AOM/DSS treatment. Weights are presented 
as fraction of initial weight. Bves-/- (n=15) and WT (n=15). *p<0.05, ***p<0.01, 
***p<0.001. (D) Representative colonoscopy images of WT and Bves-/- colons after the 
second cycle of DSS treatment. (E) Tumor incidence, multiplicity, and size distribution 
in WT and Bves-/- mice. *p<0.05, ***p<0.001. (F) Left: Representative H&E stained 
sections demonstrating the histologic features of WT and Bves-/- tumors. Size 
standard=100 microns. Right: Blinded histological scoring of degree of dysplasia of 
tumors from WT and Bves-/- mice. Percentage of mice with intratumoral low or high-
grade dysplasia.  
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Increased proliferation and enhanced Wnt activation in Bves-/- tumors 
 

To identify BVES-directed mechanisms responsible for modifying tumorigenesis, 

we examined proliferation and apoptosis in the tumors of AOM/DSS treated Bves-/- mice. 

Proliferation, as measured by phospho-histone H3 staining, was increased in Bves-/- 

tumors (Figure 4.3A). Conversely, staining for cleaved caspase-3 indicated no difference 

in intratumoral apoptosis between Bves-/- and WT mice (Figure 4.4). As Wnt activation 

can drive proliferation, we postulated that Wnt signaling might be perturbed in Bves-/- 

tumors. β-catenin dysregulation is a key indicator of hyperactive Wnt signaling6, and β-

catenin is also a mutational target in AOM/DSS carcinogenesis, resulting in increased 

levels and altered subcellular distribution145. We observed excessive cytoplasmic and 

nuclear β-catenin localization in Bves-/- tumors compared to WT tumors (Figure 4.3B), 

suggesting hyperactive Wnt signaling. Furthermore, intratumoral transcriptome profiling 

followed by Ingenuity Pathway Analysis (IPA)124 indicated upregulation of Wnt target 

genes in Bves-/- tumors (Figure 4.3C). Immunoblotting also demonstrated greater 

expression of Cyclin D1 and c-jun, two well-characterized Wnt target genes4,5 in Bves-/- 

colons (Figure 4.3D). While previous experiments demonstrated that BVES could 

regulate Wnt signaling using in vitro, cell-based assays89, these current findings provide 

the first in vivo and only genetic evidence supporting the hypothesis that BVES regulates 

Wnt activity. 

  



	   98 

 

Figure 4.3. Dysregulated Wnt signaling in Bves-/- tumors. (A) Left: Representative 
images of phospho-histone H3 (pH3) immunohistochemistry in WT and Bves-/- tumors. 
Size standard=50 microns. Right: Quantification of pH3 positive cells per tumor HPF. 
*p<0.05. (B) Representative images of β-catenin immunohistochemistry. Left: H&E 
stained sections, size standard=50 microns. Middle: Low magnification, size 
standard=50 microns. Right: High magnification, size standard=20 microns. 
Quantification of intratumoral β-catenin immunohistochemistry. Staining was quantified 
according to cytoplasmic localization as well as intensity103. (C) Wnt target genes 
upregulated in Bves-/- tumors identified in RNA-seq dataset (WT, n=3; Bves-/-, n=3). (D) 
Immunoblot of Cyclin D1 and c-jun in Bves-/- and WT colons. β-actin was used as a 
loading control. 
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Figure 4.4 Quantification of cleaved caspase 3 positive cells per tumor high-
powered field.  
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BVES regulates c-Myc degradation  

 As c-Myc is a bona-fide Wnt transcriptional target138, has been identified as a 

potential biomarker in patients with IBD at risk for CAC140, and is overexpressed in 

AOM/DSS tumors141, we postulated that c-Myc was dysregulated in Bves-/- tumors. 

Indeed, IPA analysis of intratumoral transcriptomes identified causal dysregulation124 of 

c-Myc networks (Figure 4.5A). While analysis of RNA-seq datasets showed a modest 

increase in c-Myc transcripts in Bves-/- tumors compared to WT tumors (Figure 4.5B), 

immunohistochemical staining for c-Myc demonstrated a more striking increase in c-Myc 

protein in Bves-/- tumors (Figure 4.6A). Moreover, immunoblotting in tumor-adjacent 

mucosa indicated that c-Myc was increased prior to tumor formation and suggested 

BVES might regulate c-Myc levels in the gut at baseline (Figure 4.6B). To test this, we 

isolated crypts from untreated Bves-/- and WT mice and observed greater c-Myc protein in 

Bves-/- samples (Figure 4.6C). Consistent with elevated c-Myc, qPCR for Ornithine 

decarboxylase (Odc), a c-Myc transcriptional target, indicated a 4-fold increase in Bves-/- 

colons (Figure 4.7). We also observed increased mRNA of c-Myc targets Odc and E2f 

transcription factor 2 (E2f2) (Figure 4.6D) in “mini-gut” 3D cultures, demonstrating that 

BVES regulation of c-Myc activity was epithelial cell-autonomous. 

 As we observed increased c-Myc protein in Bves-/- tumors, we postulated that 

BVES could regulate c-Myc protein stability. Using RNA interference, we suppressed 

BVES expression in HEK 293T cells, a non-malignant cell line, and Caco2 cells, a CRC 

cell line that expresses BVES and can form a polarized epithelium89. BVES knockdown 

both increased c-Myc protein levels and reduced threonine 58 phosphorylation (T58), a 

key post-translational modification which signals for c-Myc degradation by the ubiquitin-
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proteasome system (Figure 4.8A). This increase in c-Myc levels was functionally 

relevant as transcript levels of c-Myc targets ODC and Carbamoyl-Phosphate Synthetase 

2 Aspartate Transcarbamylase and Dihydroorotase (CAD) were increased with BVES 

knockdown (Figure 4.8B). Knockdown of BVES doubled c-Myc half-life compared to 

non-targeting control samples (Figure 4.8C). Conversely, overexpressing BVES reduced 

c-Myc protein while increasing T58 c-Myc species (Figure 4.8D) and reduced c-Myc 

protein half-life (Figure 4.8E, lower panel). We then tested whether BVES could 

regulate c-Myc ubiquitylation, a central post-translational event targeting its destruction. 

Indeed, by overexpressing BVES we observed increased c-Myc polyubiquitylation 

(Figure 4.8F). Moreover, inhibiting the proteasome using MG132 blocked BVES-

induced reduction of c-Myc. (Figure 4.8F). Hence, our results suggest that BVES 

promotes the post-translational degradation of c-Myc. 
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Figure 4.5 RNA seq analysis of tumors. (A) IPA generated schematic of dysregulated 
c-Myc network in Bves-/- tumors compared to WT tumors. (B) c-Myc mRNA levels 
relative to WT colon.  

 

 

 
	  



	   103 

 
 

Figure 4.6 c-Myc signaling is dysregulated in Bves-/- mice in inflammatory 
carcinogenesis. (A) Left: Representative intratumoral c-Myc immunohistochemistry 
images. Size standard=50 microns. Right Quantification of c-Myc positive cells per 
tumor high power field. *p<0.05. (B) Immunoblot of c-Myc in WT and Bves-/- whole 
colons. *p<0.05. (C) c-Myc immunoblot in WT (n=3) and Bves-/- (n=3) intestinal crypts.  
(D) qRT-PCR for Odc and E2f2 in enteroid cultures. *p<0.05. In all immunoblots, β-
actin served as loading control. 
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Figure 4.7 Odc is upregulated in Bves-/- colons. 
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Figure 4.8. BVES regulates c-Myc stability and activity. (A) c-Myc and T58 
phospho-c-Myc protein levels after BVES knockdown in HEK 293T or Caco2 cells after 
48 hr serum starvation. (B) qRT-PCR assay for c-Myc targets ODC and CAD following 
BVES knockdown in the indicated cell lines. Data are presented as mean + SEM and in 
triplicates. *p<0.05, **p<0.01. (C) Cycloheximide treatment (100 µg/ml) of HEK 293T 
cells with and without Bves knockdown followed by immunoblotting for c-Myc. (D) c-
Myc and T58 phospho-c-Myc protein levels after BVES overexpression in HEK 293T 
cells. (E) HEK 293T cells co-transfected with HA:c-Myc and V5:BVES were then 
treated with cycloheximide (100 µg/ml) followed by immunoblotting for the indicated 
protein. (F) Left: His:Ubiquitin and HA:c-Myc were co-transfected into HEK 293T cells 
along with V5:BVES. Cells were treated with proteasome inhibitor MG132 (20 µm) for 
4 hours before His:Ubiquitin complexes were immunoprecipitated and resolved by SDS-
PAGE. Ubiquitylated HA:c-Myc complexes were visualized by immunoblotting (Ub-c-
Myc). Total ubiquitylated protein (Total ub) was examined as a control. Right: HEK 
293T cells co-transfected with HA:c-Myc and V5:BVES were treated with proteasome 
inhibitor MG132 (20 µm) for 4 hours. Whole cell lysates were analyzed for HA:c-Myc 
expression. In all immunoblots, β-actin was used as a loading control.   

 



	   106 

BVES interacts with PR61α , PP2Ac, and c-Myc 

To identify a molecular mechanism by which BVES orchestrates c-Myc 

degradation, we conducted a Y2H screen to define the BVES interactome. 

Characterization of this interactome using the PANTHER (Protein ANalysis THrough 

Evolutionary Relationships) Classification System123 identified a number of biologic 

processes influenced by BVES (Figure 4.9A). Interestingly, the screen identified that 

BVES interacted with four of the five members of the B’ family of PP2A regulatory 

subunits (PPP2R5A, PPP2R5B, PPP2R5D, and PPP2R5E). PPP2R5A/PR61α is a key 

regulator of PP2A mediated c-Myc dephosphorylation. PR61α directs the heterotrimeric 

PP2A complex, consisting of a regulatory, catalytic, and structural subunit, to associate 

with doubly phosphorylated (T58/S62) c-Myc and dephosphorylate S62, resulting in 

increased levels of monophosphorylated T58 c-Myc species, which signals c-Myc to be 

degraded by the proteaosome146.  
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Figure 4.9 BVES interacts with PR61α, PP2A, and c-Myc. (A) PANTHER Biologic 
Process Analysis of BVES interactome. Inset: Directed yeast two-hybrid of BVES and 
PR61α. (B) Co-immunoprecipitation of exogenous and (C) endogenous PR61α:BVES 
complexes in HEK 293T cells. (D) Co-immunoprecipitation of V5:BVES and 
HA:PP2Ac or (E) HA:c-Myc. (F) Proximity ligation assay in HEK 293T cells 
transfected with V5:BVES. Left: control, middle: anti-PR61α, right: anti-c-Myc. Size 
standard=10 microns. In all immunoblots blots, β-actin was used to ensure loading 
consistency.  
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The BVES:PR61α interaction was confirmed by directed Y2H (Figure 4.9A) and 

by exogenous and endogenous co-immunoprecipitation in HEK 293T cells (Figure 4.9 B 

and C). If BVES were interacting with PR61α to promote c-Myc degradation, we 

reasoned BVES should complex with both the PP2A catalytic subunit (PP2Ac) and c-

Myc, which was demonstrated by co-immunoprecipitation (Figure 4.9 D and E and 

Figure 4.10). We further confirmed BVES interaction with endogenous PR61α and c-

Myc utilizing the proximity ligation assay (PLA) (Figure 4.9). Overall, our data indicates 

that BVES complexes with c-Myc, PR61α, and the PP2A catalytic subunit.  
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Figure 4.10 HEK 293T cells were transfected with HA:c-Myc and V5:BVES. V5:BVES 
was immunoprecipitated and HA:c-Myc was immunoblotted for. Non-specific IgG was 
used as a control.  
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BVES is essential for PR61α-mediated c-Myc degradation 

PP2A dephosphorylation of S62 requires c-Myc to be phosphorylated at residue 

T58147. If BVES reduces c-Myc through PP2A, we reasoned c-MycT58A, a c-Myc mutant 

resistant to T58 phosphorylation, would escape BVES-induced degradation.  Indeed, 

BVES expression consistently reduced c-MycWT but had no effect on c-MycT58A (Figure 

4.11A). We next hypothesized that knockdown of BVES would ablate PR61α-PP2A 

induced c-Myc degradation. Overexpression of PR61α reduced c-Myc protein subtly but 

consistently as previously reported146 (Figure 4.11B; compare lane 1 and 3). Knocking 

down BVES, however, rescued PR61α-induced degradation (Figure 4.11B; compare 

lanes 3 and 4). We then tested whether BVES could enhance PR61α-mediated c-Myc 

degradation. Indeed, overexpression of BVES and PR61α substantially reduced c-Myc 

protein compared to PR61α or BVES alone (Figure 4.11C; compare lane 4 to 2 or 3). 

To determine whether BVES requires PR61α to degrade c-Myc, we first mapped 

the PR61α interaction domain. Deleting the carboxy-terminal 30 residues, but not the last 

15 residues, disrupted the BVES:PR61α interaction as demonstrated by Y2H and by co-

IP, thus mapping the interaction domain to residues 330-345 (Figure 4.11D). Similarly, 

the uncoupling mutant (BVES-330 mutant) demonstrated reduced affinity for c-Myc 

(Figure 4.11E) and was unable to reduce c-Myc levels as compared to WT-BVES 

(Figure 4.11F). Overall, our results demonstrate that BVES, through PR61α, promotes c-

Myc dephosphorylation, destabilization, and destruction.  
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Figure 4.11 The BVES:PR61α  interaction is required to promote c-Myc 
degradation. (A) WT HA:c-Myc or phospho-mutant HA:T58A c-Myc levels after 
V5:BVES transfection. (B) Immunoblotting for HA:c-Myc levels following PR61α 
overexpression in the setting of BVES knockdown or (C) when both PR61α and BVES 
are present. (D) Top: Mapping the PR61α BVES binding interface via directed yeast 
two-hybrid (Full length BVES, residues 1-345, 1-330, 1-302, negative control (Neg 
Ctrl), and positive control (Pos Ctrl)). Below: Co-immunoprecipitation of the indicated 
BVES mutants and PR61α or (E) HA:c-Myc. (F) HA:c-Myc protein levels after 
transfection of the indicated BVES construct. In all immunoblots, β-actin was used as a 
loading control.  
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Discussion 

We, and others, have shown that BVES is underexpressed in gastrointestinal 

cancers and that restoration of BVES in cancer cell lines induces epithelial features. Here 

we provide the first genetic evidence that BVES modifies cancer phenotypes, as we 

demonstrate that mice lacking Bves have increased tumor multiplicity and dysplasia after 

establishment of inflammatory carcinogenesis. Further, we show Bves-/-
 tumors have 

increased c-Myc protein resulting in activation of c-Myc regulated networks. Moreover, 

we identify that BVES interacts with PR61α, a key regulatory subunit of the PP2A 

phosphatase complex, and promotes PP2A-mediated c-Myc dephosphorylation leading to 

c-Myc degradation. Uncoupling the BVES:PR61α interaction blocks BVES-dependent 

reduction of cellular c-Myc levels. To our knowledge, this is the first junctional-

associated protein identified that regulates post-translational c-Myc status. The potential 

clinical relevance is demonstrated as we observed that BVES is downregulated in CAC 

likely secondary to promoter methylation, and perhaps most importantly, that the BVES 

promoter is also aberrantly methylated in distant, normal appearing tissues in patients 

with CAC/HGD—suggesting a field effect. Thus, our findings not only reveal that 

deletion of BVES promotes CAC, but also that BVES promoter methylation status may be 

a clinically important surrogate marker of colitis-associated dysplasia or CAC in IBD 

patients.  

Chronic colitis has been shown to accelerate genome-wide methylation 

changes148; it has been hypothesized that this greater rate of methylation contributes to 

the increased cancer risk in patients with colitis by silencing tumor suppressors. Our 

report identifies that the BVES promoter is hypermethylated in UC patients who have 
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CAC. Interestingly, BVES promoter hypermethylation is observed not only in the 

cancerous tissue but also in the non-malignant mucosa in these patients. Currently, the 

standard method of cancer screening in IBD patients, who are at up to a 10-fold elevated 

risk of developing CAC128, is surveillance colonoscopy performed with the hope that 

cancer will be detected at an early, treatable stage. Yet the detection of neoplasia in the 

colon can be challenging in individuals with IBD as the lesions are frequently flat and 

difficult to detect in a background of acute and chronic inflammatory changes. Our data 

suggest that aberrant BVES promoter methylation may be a useful biomarker for the 

presence of CAC, or even dysplasia, and that measuring BVES promoter methylation 

status could serve as a clinically useful tool to identify patients at risk for colon dysplasia 

or cancer. 

While the molecular pathogenesis of CAC remains incompletely understood, 

recent work has shown the importance of NF-κB signaling62, the intestinal microbiota64, 

the tumor microenvironment63, and the innate immune system149 in regulating 

inflammatory tumorigenesis. A growing body of evidence also supports the important 

role of epithelial junctional constituents in inflammation and CRC. Mice expressing a 

dominant negative form of adherens-junction associated N-cadherin develop severe 

inflammation, most prominently in areas underlying epithelial disruption, as well as 

colitis-associated dysplasia47. Knocking out Junctional adhesion molecule (Jam-A) 

results in a dramatic increase in susceptibility to DSS-induced colitis48. Here we show 

that deletion of Bves, a tight-junction associated protein, augments inflammatory 

carcinogenesis. Our results further strengthen the model that junctional constituents are 

important regulators of colitis-induced tumor initiation and progression.  
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In the last decade, BVES has been shown to regulate a variety of cellular 

processes. For example, a Y2H screen of a mouse heart library identified an interaction 

between BVES and GEFT, a guanine nucleotide exchange factor93. Indeed, it was shown 

that expression of BVES modulated cell shape and locomotion, linking BVES to Rho-

family GTPase signaling93. BVES has also been shown, via an interaction with ZO-1, to 

regulate GEF-H1-mediated RhoA activity, thus influencing cytoskeletal dynamics and 

cellular motility89. More recently, it was reported that BVES plays a regulatory role in 

cardiac pacemaking through binding of cAMP and interacting with potassium channel 

TREK-195. Further, BVES interacts with CAV3, a caveolin expressed in the muscle 

tissue, and cardiac myocytes in Bves-/- mice have altered calveolar number and size150. 

Thus, BVES, through scaffolding with protein complexes, regulates a wide variety of 

basic, yet essential, cellular processes.  

Our results now expand the known regulatory roles of BVES to include 

maintaining appropriate c-Myc protein levels. We show that BVES, through its 

interaction with the PR61α-containing PP2A phosphatase complex, can promote c-Myc 

degradation. Silencing BVES prevents PR61α-induced degradation of c-Myc. Moreover, 

mutating BVES so that it is unable to associate with PR61α renders BVES unable to 

initiate c-Myc destruction. The post-translational regulation of c-Myc requires 

coordination of numerous proteins to modify its phosphorylation and ubiquitylation 

status142. Precisely how BVES coordinates the PR61α-PP2A complex remains to be 

understood, but given that analysis of BVES structure shows no apparent enzymatic 

motifs in BVES, it is likely that BVES acts as a scaffold allowing for complex formation, 

similar to AXIN1142. Interestingly, in addition to the membranous staining of the 
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BVES:PR61α complex, there also appears to be peri-nuclear and cytoplasmic 

localization (Figure 4.9F), which is consistent with previous reports describing the 

dynamic subcellular localization of BVES and its family members83. The PP2A family 

has been associated with tight-junctional complexes regulating cellular permeability, but 

their exact role remains controversial151. BVES may serve as a link connecting PP2A 

complexes to tight-junctions and adds a new molecular mechanism for “outside-in” 

signaling.  

Because c-Myc regulates thousands of genes, even subtle changes in c-Myc 

expression can have profound effects on cellular transcriptomes that promote 

tumorigenesis152. Indeed, strict regulation of c-Myc is an important component of 

homeostasis, and this is particularly true in the intestine. Acute expression of c-Myc, for 

example, dramatically expands the intestinal crypts and results in loss of differentiated 

cells153. Moreover, it has been shown that c-Myc is essential for APC-mediated intestinal 

tumorigenesis138. Thus, BVES may serve as an important suppressor of inflammatory 

tumorigenesis via attenuating excessive c-Myc levels. More broadly, BVES could act as a 

regulator of c-Myc in a variety of tissues, as BVES is expressed in most epithelial tissues, 

such as lung, stomach, and breast, and its downregulation or promoter hypermethylation 

has been documented in diverse epithelium89,91.  

Taken together, our data indicate that BVES suppresses CAC by complexing with 

PR61α-PP2A to regulate c-Myc post-translational phosphorylation status. Furthermore, 

BVES promoter methylation status may serve as a clinical biomarker for patients at risk 

for CRC. Our data implicate BVES as a key regulator of intracellular signaling in 

inflammation-induced cancer.  
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Chapter 5 
 

Conclusions and Future Directions 
 

The role of MTGR1 in intestinal lineage allocation 

In Chapter 2 of my dissertation, we confirmed and expanded on the previous 

report that Mtgr1-/- mice have reduced goblet, enteroendocrine, and Paneth cells70. By 

manipulating cell lines and enteroids, we showed that loss of MTGR1 reduced secretory 

lineage transcripts in vivo. Furthermore, we identified that MTGR1 does not interact with 

NICD but does interact with the Notch effector, CSL. Moreover, MTGR1 can repress 

NICD-induced transcriptional activation of Hes1. As transcription of Hes1 is a key 

upstream event in Notch signaling, our findings place MTGR1 as an important upstream 

regulator of intestinal lineage allocation (Figure 2.10). In the absence of MTGR1, CSL 

can activate Hes1 expression and shift cells toward an enterocyte fate, potentially 

explaining the Mtgr1-/- intestinal phenotype.  

MTGs have been shown to have overlapping roles and share binding partners. For 

example, MTGR1, MTG16, and MTG8 all interact with TCF4 and N-CoR70,75 to regulate 

Wnt signaling and repress transcription in vitro, respectively. Yet each MTG-deficient 

mouse has a distinct intestinal phenotype, suggesting non-redundant functions for the 

MTGs. For example, Mtgr1-/- mice have pan-secretory cell loss while Mtg16-/- mice have 

only a modest decrease in goblet cell formation. What explains this difference in lineage 

allocation? Presumably these distinct phenotypes are due in large part to unique Notch 

binding partners. MTG16 has been shown to negatively regulate Notch signaling by 

interacting with NICD and displacing its interaction with CSL104. We showed that 

MTGR1 does not interact with NICD but does interact with CSL. It is worth speculating 
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whether this difference in associating with CSL versus NICD is an underlying 

explanation for why Mtgr1-/- mice lack all secretory cells but Mtg16-/- mice have only 

decreased goblet cells. Identification of new binding partners is key in advancing our 

understanding of how each MTG functions uniquely. A useful experiment would be to 

immunoprecipitate MTGR1 or MTG16 out of either enteroid cultures or isolated 

intestinal epithelium and perform mass spectrometry. If this technique can be established, 

then an even more informative experiment would be to immunoprecipitate MTGR1 or 

MTG16 from enteroids at various time points (for example, after 24, 48, and 72 hours of 

plating). This would help identify whether the composition of MTG complexes change as 

intestinal epithelial cells mature. A complementary experiment would be to also 

immunoprecipitate MTGs from intestinal villi and crypts and perform mass spectrometry. 

My expectation is that there are many lineage allocation proteins that MTGR1 and 

MTG16 bind to uniquely of which we currently unaware, and the composition of these 

complexes is dynamic and changes throughout the differentiation process. 

Understanding how MTGR1 contributes to Paneth cell differentiation 

In addition to demonstrating that MTGR1 acts as an upstream negative regulator 

of Notch signaling in Chapter 2, we also determined that MTGR1 acts at a lineage-

specific branchpoint. We showed that while inhibition of Notch signaling using GSI 

increased goblet, enteroendocrine, and Paneth cell number in WT mice, GSI treatment 

did not increase Paneth cells in Mtgr1-/- mice, revealing MTGR1 is essential for GSI-

induced Paneth cell differentiation. The precise mechanism of this is unclear. We found 

that MTGR1 can interact with GFI1, a transcriptional repressor previously shown to be 

important in determining Paneth/goblet cell vs. enteroendocrine cell differentiation26,27. 
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Moreover, expression of MTGR1 repressed GFI1 targets. Whether this interaction is 

required for Paneth cell differentiation remains an important question for future work. 

The aims of future studies should focus on two key aspects. What is the MTGR1-GFI1 

binding domain? Second, are Paneth cells observed in enteroid cultures expressing 

MTGR1 mutants that uncouple the GFI1 interaction?  

A key observation made in Chapter 2 was that Mtgr1-/- enteroids fail to survive 

after a week in culture. Why do Mtgr1-/- enteroids die after 7 days? One possible 

explanation is that this is due to the absence of Paneth cells in Mtgr1-/- intestines. Indeed, 

it has been suggested that Paneth cells are required for maintenance of enteroids31, and it 

would be intriguing to test this in Mtgr1-/- cultures. Paneth cells from WT mice can be 

isolated by flow cytometry and co-cultured with Mtgr1-/- enteroids31. While this could be 

technically challenging, the experiment would elucidate whether Paneth cells are 

sufficient to maintain Mtgr1-/- cultures. Another important experiment should be to 

determine whether Mtgr1-/- enteroids can be rescued by lenti-viral transduced expression 

of MTGR1. If they can be rescued, then expression of MTGR1 mutants that are unable to 

associate with CSL or GFI1 would be highly informative. It is possible that the Mtgr1-/- 

enteroids will crash before they are successfully manipulated genetically or that MTGR1 

expression is unable to rescue the enteroids. In this case WT enteroids can be 

manipulated with CRISPR-Cas9 technology to delete MTGR1 or knock-in MTGR1 

mutants. Manipulation of MTGR1 in WT enteroids has important value in that it will test 

the immediate effects of MTGR1 loss. Indeed, Mtgr1-/- mice could display compensation 

from other MTG family members. In this vein, the generation of MTGR1-floxed mice 

would be a critical tool in advancing our understanding of how MTGR1 affects intestinal 
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lineage allocation. This would be useful because it will not only allow us to test the 

tissue-specific function of MTGR1, but also the temporal role of MTGR1 in lineage 

allocation.  

MTGR1 as a tumor suppressor in CRC 

 In Chapter 3 of my thesis, we showed that loss of MTGR1 promotes 

tumorigenesis in the Apc1638/+ mouse model. Mtgr1-/- tumors were more dysplastic, and 

there was evidence of invasive adenocarcinoma. The findings demonstrate that loss of 

MTGR1 promotes tumorigenesis and progression. Given that the Mtgr1-/- mice were 

global knockouts, it will be important going forward to test whether tissue-specific 

MTGR1 loss impacts intestinal tumorigenesis. I predict that intestinal specific deletion of 

MTGR1 will phenocopy the results from Chapter 3 because in two previous reports, WT 

bone marrow transplantation had no effect on intestinal phenotypes observed in Mtgr1-/- 

mice73,103. The development of an MTGR1-floxed mouse would provide the tools to test 

this formally, and an MTGR1-floxed mouse crossed with an inducible Cre driver would 

also provide the opportunity to test the effect of MTGR1 within specific intestinal 

epithelial populations. For example, does loss of MTGR1 in Lrig1+ or Lgr5+ stem cell 

populations have a different effect on Apc-mediated tumorigenesis than if MTGR1 is 

deleted throughout the intestinal epithelium using a Villin-Cre driver?  

BVES promoter methylation as biomarker of colitis-associated cancer 

In Chapter 4 of my dissertation, we showed that BVES is an important negative 

regulator of colitis-associated cancer. BVES mRNA is downregulated in patients with 

CAC. Moreover, we found that the BVES promoter is hypermethylated in patients with 

CAC in both their normal, non-malignant mucosa as well as their cancers. Importantly, 
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patients with ulcerative colitis who did not have cancer did not show evidence of BVES 

promoter hypermethylation. The findings make BVES promoter methylation status an 

attractive biomarker identifying which IBD patients are at high risk for CAC. The utility 

of BVES as a clinical biomarker needs to be confirmed by investigating BVES promoter 

hypermethylation in another cohort of IBD patients with and without CAC. The 

biological implications are also not entirely clear. Is BVES promoter hypermethylation a 

biomarker because the loss of BVES function is critical? Or does BVES promoter 

hypermethylation simply reflect a level of such advanced methylation that cancer is 

likely? Indeed, greater genomic methylation is observed in IBD patients148, and it is 

possible that BVES promoter hypermethylation is an indirect marker of CAC. Our 

current understanding of BVES promoter methylation, and more fundamentally, our 

understanding of BVES transcriptional regulation is limited. Studying how BVES is 

transcriptionally regulated is important to not only further understand BVES function, but 

also to develop therapies that could potentially restore BVES function. 

The biological role of BVES in colitis and colitis-associated cancer 

Chapter 4 showed that BVES loss augmented colitis-associated cancer as Bves-/- 

mice had increased tumorigenesis after AOM/DSS treatment. We observed that Bves-/- 

tumors had a greater degree of dysplasia and showed evidence of dysrgulated Wnt 

signaling. The precise mechanism of how loss of BVES promotes CAC is not entirely 

clear, but given the known cellular functions of BVES, the phenotype is likely due to 

alterations in numerous signaling pathways. For example, BVES immunoprecipitates 

with ZO-1, and BVES expression restores ZO-1 complex formation in cancer cell 

lines89,92. Similarly, BVES expression has been shown to restore E-cadherin junctional 
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complexes in cancer cell lines, and conversely, interfering with BVES in epithelial cell 

lines has been shown to disrupt E-cadherin localization89. Alterations in ZO-1 and E-

cadherin in colitis and colitis-associated carcinoma are well documented43,45,52,130. Not 

only could impaired junctional complexes result in a “leaky” epithelium, but impaired 

junctional complexes can result in dysregulated signaling pathways that promote 

oncogenesis. Thus, it is critical to examine whether Bves-/- mice have impaired junctional 

complexes, and this is question can be addressed easily. Immunofluorescence for E-

cadherin and ZO-1 can be conducted on Bves-/- mice at baseline and after AOM/DSS 

treatment. Additionally, electron microscopy can be used to determine whether tight or 

adherens junctions are disrupted in Bves-/- intestines.  

 A considerable amount of work has also found that BVES is a cAMP binding 

protein and can interact with the potassium-voltage protein TREK195. The effect of 

BVES loss on cAMP signaling has yet to be studied in the gut, but it should be tested. 

Dysregulation of cAMP signaling in the intestinal epithelium has been linked to IBD and 

even suggested as a potential therapeutic target, although there is controversy regarding 

its merits154–156. Thomas Brand’s group has generated BVES mutants that have reduced 

affinity for cAMP binding. These mutants can be used to test whether BVES-dependent 

phenotypes in colon cancer cell lines require cAMP binding. For example, are the BVES 

mutants able to increase trans-epithelial resistance in Caco2 cells? Do the BVES mutants 

unable to bind cAMP decrease Lim2405 cell migration? These would be simple, yet 

informative experiments. 
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The functional role of BVES in promoting c-Myc degradation 

In Chapter 4, we identified that BVES can interact with c-Myc through binding to 

PR61α, a regulatory subunit of the PP2A family, to destabilize and degrade c-Myc. c-

Myc post-translational regulation is dynamic and complex. The current model holds that 

c-Myc is reversibly phosphorylated at two residues threonine 58 and serine 62 through 

the coordination of Pin1, Axin1, PP2A, and GSK3β before being shuttled to the 

ubiquitylation pathway through the E3 ubiquitin ligase FBW7. Where BVES fits into this 

coordination is not clear. We determined in Chapter 4 that BVES immunoprecipitates 

with PP2Ac, PR61α, and c-Myc, but to understand fully the role of BVES in promoting 

c-Myc degradation, we need to test whether BVES can associate with Axin1, Pin1, or 

GSK3β. These studies should be conducted in epithelial cell lines because c-Myc 

dysregulation is common in most cancer cell lines, and the components of this post-

translational degradation complex are often mutated. Importantly, these studies should 

also be complemented with proximity ligation assays to identify where the complexes 

form.  

What is the biological context in which BVES associates with PR61α to promote 

c-Myc degradation? This is a key question that should be addressed moving forward. 

BVES localization is dynamic, as BVES shifts from the cytoplasm to the plasma 

membrane when cells reach confluence86 (Figure 1.6). My work in Chapter 4 does not 

discern a specific biological context in which BVES interacts with PR61α to promote c-

Myc degradation. This is primarily due to relying on epitope-tagged BVES expression 

constructs due to low quality antibodies for BVES. As the Williams lab is currently 

developing BVES antibodies, proximity ligation assays should be used to determine if 
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endogenous BVES-PR61α and BVES-c-Myc interactions change depending on 

confluence. It is also important to determine whether POPDC2 or POPDC3 are involved 

in the c-Myc degradation complex. As the Popeye family members have been shown to 

heterodimerize, this question can be addressed by simply overexpressing or knocking 

down POPDC2 or POPDC3 and measuring c-Myc protein.  

The BVES:PR61α  complex   

 In Chapter 4, we identified that BVES and the PP2A regulatory subunit, PR61α, 

interact, and this interaction is required for BVES to mediate c-Myc degradation. We 

mapped the interaction onto the amino acids 330-345 on BVES. That BVES interacts 

with PR61α, a regulatory subunit linked to localizing the PP2A complex to several key 

substrates, is exciting and opens a new door of BVES function. Indeed, previous reports 

have linked PR61α to directing the PP2A complex to dephosphorylate and negatively 

regulate β-catenin and Bcl2157. β-catenin and Bcl2 regulate critical proliferation and 

apoptosis programs that can drive tumorigenesis. Whether BVES aids the PR61α-PP2A 

containing complex in negatively regulating β-catenin and Bcl2 should be examined. 

This can be performed by overexpressing BVES or knocking it down and measuring total 

and phosphorylated forms of β-catenin and Bcl2. If manipulation of BVES expression 

does have an effect on β-catenin or Bcl2, then testing whether BVES requires PR61α can 

be accomplished easily using the BVES mutant that uncouples its interaction with PR61a. 

This BVES mutant has already been generated (Chapter 4).  

Similar to the BVES:c-Myc interaction, the fundamental biologic context of the 

BVES:PR61α interaction is unknown. What is the subcellular localization of 

BVES:PR61α? During what cellular context do the proteins interact with each other? 
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These questions can be answered effectively using PLA when good antibodies to 

endogenous BVES are developed. Another point of interest is that throughout Chapter 4, 

we assumed that BVES directed PR61α, but we have not tested if the PP2A-PR61α 

complex was directly acting on BVES itself. Perhaps the PP2A complex is 

dephosphorylating BVES? In early, preliminary experiments, I attempted to determine 

whether BVES itself is phosphorylated. I immunoprecipated HA-tagged BVES from the 

Lim2405 cell line and subsequently treated the precipitated complex with lambda 

phosphatase. My results showed no change in BVES molecular weight upon treatment of 

lambda phosphatase, suggesting BVES is not phosphorylated. There were important 

caveats to that experiment, however. If BVES is phosphorylated, it is possible that kinase 

is disrupted in the Lim2405 cell line. Moreover, it is possible that BVES is transiently 

phosphorylated or in specific biologic contexts. Thus, this line of inquiry should be tested 

in epithelial cell lines to definitively determine whether BVES itself is phosphorylated. 

Moreover, to increase the sensitivity of the assay, BVES could be immunoprecipitated 

after fixation in order to capture transient phosphorylation events.  

Concluding remarks 

The major findings of my thesis work are that MTGR1 and BVES regulate key 

intestinal biologic programs and that loss of MTGR1 or BVES dysregulates the intestinal 

epithelium, resulting in increased cancer risk. Placing these collective findings into a 

single cellular model, one can envision that as Notch and Wnt signaling continually drive 

intestinal stem cell renewal, MTGR1 maintains appropriate Notch and Wnt tone by 

recruiting transcriptional corepressors to Notch and Wnt target genes. Meanwhile, outside 

of the nucleus, BVES ensures that the protein levels of c-Myc, a potent oncogene and 
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Wnt target, are kept in check by directing the PP2A-PR61α complex to destabilize excess 

c-Myc. Thus, both MTGR1 and BVES serve to maintain appropriate levels of pro-

proliferative programs in a tissue that is constantly undergoing self-renewal in response 

to injuries and environmental challenges. And when MTGR1 or BVES is lost, the 

intestinal epithelium loses an important guard against unchecked cellular division. 

The clinical relevance of these findings is evident by the observation that loss of 

MTGR1 or BVES is observed in colorectal malignancies. Where loss of MTGR1 or 

BVES fits into the Vogelgram is not clear, but my thesis work has shown that MTGR1 

and BVES are important negative regulators of colorectal cancer. Future studies have the 

potential to uncover the utility of MTGR1 and BVES as prognostic indicators or 

therapeutic targets. 
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