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Mechanisms of tumor invasion in the RIP-Tag mouse model of 

pancreatic neuroendocrine cancer 

by Matthew G.H. Chun 

 

Abstract 

 My thesis sought to advance our understanding of the genetic, molecular, and 

cellular factors governing the acquisition of an invasive growth phenotype during tumor 

development and progression using a genetically engineered mouse model of pancreatic 

neuroendocrine tumorigenesis (PNET) known as RIP-Tag.  In one line of investigation, I 

compared the genome wide transcriptional profiles of non-invasive and highly invasive 

PNETs in RIP-Tag mice, which revealed that the expression of multiple genes encoding 

components of desmosomes, a cell-cell adhesion complex, is downregulated in invasive 

PNETs.  Genetic deletion in RIP-Tag mice of one of these genes, desmoplakin, results in 

increased local tumor invasion, demonstrating that desmosomes can act as a distinct 

suppressor of tumor invasion.  In a second line of investigation, I show that tumor 

invasion in the RIP-Tag model can be modified by genetic background.  Using genetic 

mapping analysis, I identify a polymorphic locus on mouse chromosome 17 that is 

significantly associated with the development of invasive PNETs in RIP-Tag mice.  I 

show that one gene residing in this locus, the anaplastic lymphoma kinase (Alk), is 

expressed at significantly higher levels in mice inbred into the C57Bl/6 genetic 

background versus the C3HeB/Fe genetic background and that higher levels of Alk 

expression are correlated with the development of invasive PNETs in RIP-Tag mice.  



 xii 

Additionally, I demonstrate that pharmacological inhibition of Alk results in reduced 

tumor invasiveness in RIP-Tag mice.  Collectively, my thesis research adds two new 

functional components to the growing list of factors that affect the hallmark capability of 

tumor invasion, one component of a malignant tumor phenotype.  My thesis work 

demonstrates that tumor invasion is regulated at both the molecular and genetic levels 

and establishes desmosomal adhesion and signaling from the anaplastic lymphoma kinase 

as modulators of invasive tumor growth. 
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Cancer as a disease 

 Cancer is a complex disease characterized by the unrestrained proliferation and 

expansion of abnormal cells.  According to the most recent statistics published by the 

American Cancer Society, nearly 1,500,000 individuals living in the United States were 

diagnosed with cancer during 2009 while an additional 500,000 persons died from cancer 

during that same time period (http://www.cancer.org/).  Additionally, the National Cancer 

Institute estimates that greater than 11,000,000 Americans currently have cancer or have 

a history of cancer (http://www.cancer.org/), and cancer remains the second leading cause 

of death in the United States, behind only heart disease.  These statistics underscore the 

continued severity of cancer as a lethal disease and a major health problem in the United 

States. 

 

Cancer as a science 

 Due to the significant health consequences resulting from cancer, a considerable 

effort has been made into understanding and characterizing the basis of cancer in the 

hopes of developing better therapies for individuals afflicted with this disease.  In 

particular, the field of cancer biology has experienced significant advancements in the 

past few decades, aided in particular by advances in the fields of genetics and genomics.  

This work has sought to identify and characterize in a systematic fashion the multitude of 

genetic, molecular, cellular, and environmental factors that contribute to the initiation and 

progression of cancer, such that cancer becomes less of a complex and inscrutable disease 

and more of a manageable, if not predictable, biological process whose outcome can be 

directed and controlled (Hanahan and Weinberg 2000). 
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Mice as platforms for cancer research 

 During the past several decades, the use of animal models has greatly advanced 

the field of cancer biology.  In particular, genetically engineered mouse models (GEMM) 

of cancer have proven quite powerful in modeling many aspects of tumorigenesis 

(Tuveson and Jacks 2002; Frese and Tuveson 2007).  Indeed, these models have allowed 

cancer biologists to identify and characterize the underlying genetic and molecular 

mechanisms that cause and promote cancer at an unprecedented level. 

 In particular, the ability to model cancer in vivo represents the true power of 

GEMMs.  These models give scientists the ability to replicate the de novo initiation and 

development of cancers in the appropriate organ locations and in the context of an intact 

and completely functioning host system.  Furthermore, the recent sequencing and 

annotation of the mouse genome coupled with advances in mouse genetics allow 

scientists to study the consequences of adding or subtracting the function of specific 

genes on cancer initiation and progression through the use of transgenic, knock-in, and 

knock-out mice.  Such research has clear implications for the development of cancer 

therapeutics and diagnostics (Frese and Tuveson 2007). 

 Many other practical considerations make mice a powerful system in which to 

model cancer.  The most important is that mice and humans are both mammals with 

closely related genomes, such that the results obtained using murine systems are often 

translatable to the human situation.  Additionally, the ability to perform many of the same 

operations in mice that are performed in humans, for example the collection of blood or 

urine, the ability to image mice using the same modalities used to image humans (Brindle 



 4 

2008), and the ability to administer both pharmacological- and biological-based 

therapeutics (Bergers et al. 1999; Casanovas et al. 2005b), make mice an ideal system in 

which to model cancer.  Lastly, the relatively fast reproduction time, the large litter sizes, 

the ease of use to handle and breed, and the availability of numerous reagents such as 

murine-specific antibodies and murine-derived cell lines all increase the attractiveness 

and utility of using mouse models in cancer research. 

 

The RIP-Tag mouse model of pancreatic islet cell carcinogenesis 

 In the studies presented in this dissertation, I used the genetically engineered 

mouse model of cancer known as RIP-Tag and specifically the RIP1-Tag2 (RT2) variant 

of this model.  The RT2 mouse model is a transgenic mouse line generated by Doug 

Hanahan during the early 1980’s (Hanahan 1985).  These mice harbor a transgene that is 

composed of the early region of the SV40 virus fused to the rat insulin II promoter (RIP) 

(Figure 1.1).  Consequently, the SV40 oncoproteins large T and small t antigen (Tag) are 

expressed in all insulin-producing cells, including the β cells found in the pancreatic 

islets of Langerhans as well as a rare population of cells located in the thymus (Jolicoeur 

et al. 1994; Smith et al. 1997).  Large T antigen inhibits the activity of two well-known 

tumor suppressors, tumor protein 53 (p53) and the retinoblastoma protein (pRb) 

(Weinberg 1995; Levine 1997; Ali and DeCaprio 2001), while small t antigen inhibits a 

third tumor suppressor, the protein phosphatase 2A (PP2A) (Arroyo and Hahn 2005).  As 

a consequence of the concurrent inactivation of these three tumor suppressors, all RIP-

Tag mice undergo carcinogenesis of the pancreatic β cells and ultimately develop 
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multiple pancreatic neuroendocrine tumors (PNET), specifically of the insulinoma 

subtype (Hanahan 1985). 

 The power of the RIP-Tag mouse model is that the tumorigenesis pathway occurs 

in a relatively synchronous and predictable pattern (Figure 1.2).  Initially, the islets 

appear histologically normal despite the expression of the oncogenic transgene.  Of the 

300-400 islets in the mouse pancreas (Edlund 2002), a fraction develop into 

hyperplastic/dysplastic lesions, characterized by elevated rates of proliferation and 

nuclear atypia and increased nuclear/cytoplasmic ratios (Christofori et al. 1994; 

Casanovas et al. 2005a).  This transition occurs in a stochastic manner as the remainder 

of the islets appears ostensibly normal.  Of the islets that develop into 

hyperplastic/dysplastic lesions, a subset will develop into angiogenic islet dysplasias, 

characterized by the development of new and often leaky tumor vasculature that causes 

these lesions to have a dark red appearance (Bergers et al. 1999; Bergers et al. 2000; 

Inoue et al. 2002).  Finally, a fraction of these angiogenic islets will develop into frank 

insulinomas of varying degrees of invasiveness (Lopez and Hanahan 2002) with the 

development of distant metastases being infrequent and rare.  In the case of the RT2 

variant, expression of the RIP-Tag transgene begins during embryogenesis, and all mice 

develop multiple PNETs by 12–14 weeks of age.  RT2 mice ultimately succumb to 

complications arising from the insulin-secreting tumors by 14–16 weeks of age. 

 As with all models, there are some limitations with this GEMM, most notably the 

fact that the RIP-Tag transgene is composed of a powerful promoter and a viral oncogene 

that does not normally cause cancer in humans.  Additionally, the multiplicity of tumors 

that develop in the pancreas is not typical of the human cancer.  Regardless, this model 
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has proven useful in investigating many aspects of tumorigenesis, including defining the 

characteristics of the hyperproliferative and angiogenic switches (Christofori et al. 1994; 

Bergers et al. 2000; Inoue et al. 2002; Casanovas et al. 2005a), identifying suppressors of 

tumor invasion and metastasis (Perl et al. 1998; Lopez and Hanahan 2002), and assessing 

the prospects of using anti-angiogenesis therapeutics as effective cancer therapies 

(Bergers et al. 1999; Casanovas et al. 2005b; Paez-Ribes et al. 2009).  Thus, despite its 

limitations, the RIP-Tag model continues to prove its worth in the field of cancer biology 

and can be considered a workhorse of this discipline, as well as others (Adams et al. 

1987; Skowronski et al. 1990; Geiger et al. 1992; Geiger et al. 1993; Jolicoeur et al. 

1994; Forster et al. 1995; Smith et al. 1997). 

 

Tumor invasion is associated with a poor clinical outcome 

 For my thesis, I sought to use the RT2 mouse model of pancreatic islet cell 

carcinogenesis to identify and characterize the mechanisms by which cancers acquire an 

invasive and malignant phenotype.  The development of an invasive growth phenotype is 

associated with poor patient prognosis since this type of growth leads to the destruction 

of the affected host organ and concomitant disruption of normal organ function.  

Furthermore, tumor invasion is often considered a precursor to the development of distant 

metastases, and metastatic growth, and not the primary tumor, is usually the direct cause 

of death for individuals with cancer (Christofori 2006).  As such, understanding the 

mechanisms governing the development of an invasive growth phenotype is important 

due to its association with metastastic growth and patient mortality.  I have undertaken 

two independent yet complementary studies, which were focused on understanding the 
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mechanisms that restrict and/or promote the development of an invasive growth 

phenotype.  The topics are introduced here to set the stage for the chapters that follow, 

where I describe the discovery and functional characterization of these mechanisms. 

 

Desmosomal adhesion as a distinct barrier to the development of an invasive growth 

phenotype 

 In the first study, which is presented in Chapter 2, I used microarray analysis to 

profile the mRNA transcriptome of the benign, non-invasive islet tumors and the highly 

invasive carcinomas that develop in RT2 mice.  Since these tumor lesions were identified 

strictly based on their histological appearance and not by any other metric, this screen 

was intended to identify both pro- and anti-invasive molecules in an unbiased fashion.  

Of the genes showing differential expression between these two classes of tumor lesions, 

I observed that multiple genes encoding components of desmosomes were significantly 

downregulated in the invasive carcinomas as compared to the non-invasive islet tumors 

of RT2 mice.  Desmosomes are complexes dedicated to the maintenance of cell-cell 

adhesion, and these complexes are composed of transmembrane proteins, namely the 

desmocollin and desmoglein proteins, that mediate adhesive interactions with 

neighboring cells as well as intracellular molecules, such as desmoplakin (Dsp) and the 

plakophilin proteins, that connect these transmembrane proteins to the cytoskeleton 

(Garrod and Chidgey 2008).  Desmosomes are structurally and functionally related to 

another cell-cell adhesion complex known as adherens junctions, members of which have 

been shown to be involved in the development of an invasive growth phenotype in the 

RT2 mouse model and in other models (Perl et al. 1998; Hartsock and Nelson 2008).  
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Based on the microarray results as well as complementary immunohistochemistry data, I 

hypothesized that loss of or attenuation of desmosomal adhesion contributes to the 

development of an invasive growth phenotype.  To test this hypothesis, I genetically 

deleted one of the core desmosomal components, Dsp, in the pancreatic β cells, the same 

cells that express the RIP-Tag oncogenic transgene.  My results suggest that genetic 

deletion of Dsp leads to an increased incidence of invasive carcinomas.  This increase in 

invasive tumors is due to the development of more of the focally invasive class of RT2 

tumors but not of the broadly invasive class of RT2 tumors.  Interestingly, deletion of 

Dsp does not affect tumor growth parameters in RT2 mice nor does it affect the status of 

adherens junctions.  These results demonstrate that desmosomal adhesion can act as an 

independent barrier to the development of an invasive growth phenotype and that 

disrupting desmosomal adhesion via the genetic deletion of Dsp increases the likelihood 

that a tumor will progress to an invasive state. 

 

Genetic background can modify tumor invasion 

 Genetic background can affect many aspects of tumorigenesis, and a number of 

studies have identified genetic modifiers that affect multiple parameters of tumorigenesis, 

including susceptibility to tumor development, tumor progression, and response to 

therapy (Balmain et al. 2003).  In the second study on tumor invasion, which is presented 

in Chapter 3, I utilized the RT2 mouse line to determine whether genetic background 

influences the development of an invasive growth phenotype.  I observed that RT2 mice 

inbred into two different genetic backgrounds, the C57Bl/6 (B6) and the C3HeB/Fe 

(C3H) genetic backgrounds, develop invasive tumors at different rates.  RT2 B6 mice 
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frequently develop both focally invasive and broadly invasive tumors whereas RT2 C3H 

mice are largely resistant to the development of any invasive tumors.  Based on these 

data, I performed a genome wide association study to identify the genetic locus or loci 

associated with the invasive phenotype.  Using linkage analysis, I identified a region on 

mouse chromosome 17 that is associated with the development of the widely invasive 

class of RT2 tumor lesions.  Furthermore, I demonstrated that one candidate gene located 

in this locus, the anaplastic lymphoma kinase (Alk), is more highly expressed in RT2 

tumors and normal tissues of the B6 genetic background as compared to the C3H 

background.  I hypothesized that the higher levels of Alk are required for the 

development of an invasive growth phenotype, and I tested this hypothesis by 

pharmacologically inhibiting Alk.  I found that such inhibition resulted in reduced levels 

of tumor invasiveness in RT2 B6 mice, which are susceptible to the development of 

invasive carcinomas.  Lastly, I demonstrated that this genetic modifier is unlikely to 

operate in the bone marrow derived tissue compartment.  Collectively, these results 

suggest that the progression of a tumor to an invasive state is subject to genetic 

modification and implicate Alk as a regulator of an invasive growth phenotype. 

 The results presented in this dissertation demonstrate that tumor invasion and the 

development of an invasive growth phenotype are subject to multiple levels of regulation.  

I demonstrate that tumor invasion can be affected by alterations to the transcriptional 

program and by genetic background.  Furthermore, I specifically show that the 

desmosomal cellular adhesion complex restricts tumor invasion while the Alk signaling 

molecule promotes tumor invasion in a genetically engineered mouse model of pancreatic 

neuroendocrine tumorigenesis. 
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Figure 1.1.  Schematic of the RIP-Tag transgene. 

 The RIP-Tag transgene is composed of two parts, the early region of the SV40 

virus (Tag) which is fused to the rat insulin II promoter (RIP) (Hanahan 1985).  As a 

consequence, the viral oncoproteins large T and small t antigen are expressed in all 

insulin-producing cells, predominantly the pancreatic β cells found in the islets of 

Langerhans as well as a rare population of cells found in the thymus (Jolicoeur et al. 

1994; Smith et al. 1997).  Large T antigen can bind and inactivate two well-known tumor 

suppressors, the tumor protein 53 (p53) and the retinoblastoma protein (pRb) (Weinberg 

1995; Levine 1997; Ali and DeCaprio 2001), while small t antigen can bind and 

inactivate a third tumor suppressor, the protein phosphatase 2A (PP2A) (Arroyo and 

Hahn 2005). 
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Figure 1.2.  Schematic of the RIP-Tag tumorigenesis pathway. 

 RIP-Tag mice undergo a multistage tumorigenesis pathway composed of 

distinctive lesional stages, and the transition from one stage to the next occurs in a 

stochastic process (Hanahan 1985).  In the case of the RIP1-Tag2 (RT2) variant of RIP-

Tag mice, expression of the oncogenic transgene begins during embryogenesis, around 

E9.5 (Alpert et al. 1988).  Although all of the islets express the oncogenic transgene, they 

initially have a normal appearance (N).  Hyperplastic/dysplastic islets (H/D), 

characterized by their enlarged size, increased nuclear atypia and nuclear/cytoplasmic 

ratios, and higher rates of cellular proliferation, begin to appear at ~5 weeks of age, while 

angiogenic islet dysplasias (A), characterized by the appearance of new tumor 

vasculature, begin to appear at ~7 weeks of age.  Islet tumors of varying degrees of 

invasiveness begin to develop starting at 10 weeks of age.  Non-invasive islet tumors (IT) 

show no signs of invasion into the surrounding exocrine pancreas while type-1 invasive 

carcinomas (IC1) and type-2 invasive carcinomas (IC2) show focal and widespread 

invasion respectively (Lopez and Hanahan 2002).  RT2 mice die due to the effects of the 

insulin-secreting tumors at 14–16 weeks of age. 
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Abstract 

 We used the RIP1-Tag2 (RT2) mouse model of islet cell carcinogenesis to profile 

the transcriptome of pancreatic neuroendocrine tumors (PNET) that were either non-

invasive or highly invasive, seeking to identify pro- and anti-invasive molecules.  

Expression of multiple components of desmosomes, structures that help maintain cellular 

adhesion, was significantly reduced in invasive carcinomas.  Genetic deletion of one of 

these desmosomal components, desmoplakin, resulted in increased local tumor invasion 

without affecting tumor growth parameters in RT2 PNETs.  Expression of cadherin 1, a 

component of the adherens junction adhesion complex, was maintained in these tumors 

despite the genetic deletion of desmoplakin.  Our results demonstrate that loss of 

desmoplakin expression and resultant disruption of desmosomal adhesion can promote 

increased local tumor invasion independent of adherens junction status. 
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Introduction 

 The ability of a tumor to invade into the surrounding normal tissue marks a 

critical step in the transition from benign to malignant tumor growth.  The acquisition of 

this hallmark of cancer is associated with poor prognosis for many human cancers and is 

often considered a precursor to the development of metastases (Hanahan and Weinberg 

2000).  As such, considerable effort has been directed towards identifying invasion 

promoting and suppressing molecules and the mechanisms by which they modulate a 

tumor’s invasive phenotype (Christofori 2006). 

 Amongst the discernible barriers to the acquisition of an invasive growth 

phenotype is cell-cell adhesion, and cellular alterations that result in disrupted, reduced, 

or otherwise functionally altered cellular adhesion are strongly associated with the 

progression to a malignant tumor phenotype (Hiraki et al. 1996; Hirohashi 1998; 

Shinohara et al. 1998).  The importance of sustaining cellular adhesion for homeostasis, 

particularly in epithelial tissues, is evident in the number of distinct structures whose 

primary function is to maintain cell-cell interconnections, which include the adherens 

junctions (AJs), desmosomes, and tight junctions (Figure 2.1) (Garrod and Chidgey 2008; 

Hartsock and Nelson 2008).  These complexes share many structural similarities, 

including the presence of transmembrane proteins – typified by the cadherins – that 

mediate adhesive connections with neighboring cells as well as intracellular molecules – 

exemplified by the catenin and the plakin families – that connect these transmembrane 

components to the cytoskeleton (Garrod and Chidgey 2008; Hartsock and Nelson 2008).  

In particular, changes in the expression and/or function of AJ components have been 
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associated with malignant cancers, and numerous studies have focused on the role of AJs 

in restricting invasive growth (Vleminckx et al. 1991; Hirohashi 1998; Perl et al. 1998). 

 In this study, we utilized the RIP1-Tag2 (RT2) mouse model of cancer to identify 

the mechanisms by which tumors acquire invasive growth capabilities.  RT2 mice 

develop multiple pancreatic neuroendocrine tumors (PNET) by 12–14 weeks of age due 

to the expression of the SV40 T antigen oncoprotein (Tag) in the pancreatic β cells 

(Hanahan 1985).  This model has proven useful in characterizing many aspects of 

tumorigenesis due to its relatively synchronous and predictable progression through 

distinctive lesional stages that culminate in invasive carcinomas (Christofori et al. 1994; 

Inoue et al. 2002; Olson et al. 2009).  We used this model to identify pro- and anti-

invasive molecules in an unbiased fashion by comparing the non-invasive islet tumors to 

highly invasive carcinomas using microarray profiling of the mRNA transcriptome.  We 

identified several components of desmosomes whose expression was significantly 

decreased in invasive tumors, implicating attenuation of desmosomal function in 

malignant progression.  To assess this hypothesis, we engineered into the oncogene-

expressing cancer cells in RT2 mice a genetic deletion of desmoplakin (Dsp), an 

intracellular protein critical for desmosomal stability (Gallicano et al. 1998).  Loss of Dsp 

led to an increased incidence of invasive carcinomas providing strong evidence that 

desmosomal adhesion acts as a distinct barrier to invasive tumor growth. 
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Results 

Expression of desmosomal components is lost in invasive RT2 tumor lesions 

 We chose to use the RT2 mouse model of cancer to characterize mechanisms 

governing the switch from benign to invasive tumor growth since a broad spectrum of 

invasive tumor lesions develop in end-stage RT2 animals.  These include the non-

invasive islet tumor (IT), the focally invasive carcinoma type-1 (IC1), and the broadly 

invasive carcinoma type-2 (IC2) (Figure 2.14A–F) (Lopez and Hanahan 2002). 

 To evaluate potential mechanisms regulating invasive tumor growth in this model, 

we isolated tissue from IT and IC2 lesions in end-stage RT2 animals by laser capture 

microdissection and then profiled the mRNA transcriptome (Figure 2.2).  The IC2 class 

showed widespread transcriptional changes as compared to the IT class (Dataset 2.1).  

We chose to focus our attention on differentially expressed genes encoding components 

of two cell-cell adhesion structures, namely adherens junctions and desmosomes (Table 

2.1), since elements of each were prominently downregulated.  The expression of 

cadherin 1 (Cdh1, also known as E-cadherin), a molecule previously demonstrated to 

restrict invasive growth in this and other models (Perl et al. 1998; Jeanes et al. 2008), was 

decreased in IC2 lesions as expected.  Interestingly, Cdh1 was the only member of AJs 

that was significantly altered in IC2 lesions (Table 2.1).  In contrast, multiple genes 

encoding components of desmosomes were significantly reduced in IC2 lesions (Table 

2.1).  Moreover, the expression of several desmosomal genes in addition to Cdh1 was 

progressively reduced in the distinctive stages of PNET tumorigenesis in RT2 mice as 

well as in human PNET tumors as compared to normal human pancreatic islets, when 

total lesional stages, in particular ungraded tumors, were analyzed (Figure 2.3) (Olson et 
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al. 2009).  Although the expression of these genes was reduced in ungraded whole tumors 

in comparison to normal islets, their levels were further reduced in the microdissected 

invasive IC2 lesions (Table 2.1).  Based on these results, we sought to determine what 

role desmosomal adhesion might play in regulating invasive tumor growth in this mouse 

model of cancer. 

 To confirm the microarray results, we performed immunohistochemistry for 

multiple desmosomal components.  Staining for Dsp and for one of the desmosomal 

cadherins, desmoglein 2 (Dsg2), as well as for Cdh1 demonstrated that these molecules 

are expressed in the pancreatic islets as well as in the pancreatic ducts and the exocrine 

pancreas of wild-type animals (Figures 2.4, 2.5).  In tumors of end-stage RT2 animals, 

the expression of all three molecules was maintained in IT lesions and was completely 

extinguished in IC2 lesions (Figures 2.4, 2.5).  In contrast to Cdh1, expression of catenin 

beta 1 (Ctnnb1), another component of AJs, was maintained in both IT and IC2 lesions, 

comparable to wild-type islets (Figure 2.6).  This result is consistent both with the 

microarray result demonstrating that Cdh1 was the only AJ component to show any 

change in expression and with a previous study suggesting that Ctnnb1 does not 

contribute to RT2 tumorigenesis (Herzig et al. 2007).  Collectively, these data confirm 

the microarray results and suggest the hypothesis that loss of desmosomal adhesion might 

contribute to the development of an invasive phenotype. 

 

β  cell specific deletion of Dsp in RT2 animals 

 To address the hypothesis raised by the microarray and immunohistochemistry 

results, we asked whether functionally disrupting desmosomal activity in vivo would 
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promote invasive tumor growth in RT2 mice.  To accomplish this, we chose to 

genetically delete Dsp since there is a single Dsp gene as compared to other components 

of desmosomes for which there are multiple non-allelic genes (Garrod and Chidgey 

2008).  Furthermore, ablation of Dsp in vivo has previously been shown to impair 

desmosome function (Gallicano et al. 1998).  Since the Dsp whole body knockout is 

embryonic lethal (Gallicano et al. 1998), we employed the Cre/loxP system to ablate the 

Dsp gene specifically in the pancreatic β cells, the same cells that express the Tag 

oncogene in RT2 mice.  In combination with a DspFlox allele (Vasioukhin et al. 2001b), 

we used a mouse line in which a tamoxifen-regulatable Cre recombinase is controlled by 

the pancreatic duodenal homeobox gene 1 promoter (Pdx1-CreER) (Gu et al. 2002).  Pdx1 

is expressed in all pancreatic lineages during development and is variably expressed in 

the adult pancreas, in particular being widely expressed in β cells (Offield et al. 1996; 

Gidekel Friedlander et al. 2009). 

 We intercrossed RT2+; DspFlox/WT with Pdx1-CreER+; DspFlox/WT mice to generate 

the appropriate genotypes, and all expected genotypes and genders were observed in 

approximate Mendellian ratios (Figure 2.7, Tables 2.2, 2.3).  To induce Cre activity, all 

Pdx1-CreER positive mice were given tamoxifen for five consecutive days beginning at 

10 weeks of age when incipient tumors are first observed in RT2 mice (Figure 2.8) 

(Bergers et al. 1999).  In the absence of the RT2 transgene, genetic ablation of Dsp 

resulted in uniform loss of Dsp expression in the pancreatic islets, as determined by 

immunohistochemistry (Figure 2.9).  Deletion of Dsp did not cause any change in Cdh1 

expression or in the gross morphological appearance of the non-oncogene-expressing 

islets (Figure 2.9).  Loss of Dsp was accompanied by the concomitant loss of Dsg2 
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expression in the pancreatic islets whereas the expression of insulin (Ins), the hormone 

produced by β cells, did not appear to be affected (Figure 2.10).  These results are 

consistent with compromised desmosomal adhesion, although we cannot strictly rule out 

the possibility that some residual desmosomal function persists in the absence of Dsp.  

Ablation of Dsp in normal pancreatic islets did not affect multiple physiological 

parameters, such as body mass and fasting glucose levels, and its expression in this tissue 

compartment is apparently dispensable in adult mice (Figure 2.11), setting the stage to 

assess the impact of its loss on PNETs arising from such islets.  Lastly, the tamoxifen 

induction regimen by itself had no obvious effect on any aspect of RT2 tumorigenesis 

examined, including tumor invasion, when tamoxifen was applied to RT2 mice that 

lacked the Pdx1-CreER and DspFlox alleles (Figure 2.12). 

 

Loss of Dsp does not affect tumor growth parameters in RT2 mice 

 Induced loss of Dsp at 10 weeks of age did not affect any of the tumor growth 

parameters in RT2 mice that were sacrificed 4 weeks later.  No significant changes were 

observed in the number of tumors that developed nor in the collective tumor burden when 

comparing RT2+; Pdx1-CreER+; DspFlox/Flox mice and littermate controls (Figure 2.13A–

B).  Furthermore, the rates of tumor proliferation and tumor apoptosis, as judged by the 

levels of the proliferation marker Ki67 and the TUNEL assay respectively, were 

indistinguishable between groups (Figure 2.13C–J).  Thus, we conclude that the loss of 

Dsp does not affect tumor growth in this model. 

 

Loss of Dsp leads to increased local tumor invasion in RT2 mice 
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 While conditional genetic ablation of Dsp in the angiogenic islet dysplasias and 

incipient solid tumors of RT2 mice had no discernible effects on tumor formation and 

subsequent tumor growth parameters, it did lead to an increase in tumor invasion.  RT2 

mice develop a spectrum of tumor lesions, including non-invasive (IT), focally invasive 

(IC1), and broadly invasive (IC2) lesions (Figure 2.14A–F) (Lopez and Hanahan 2002).  

Loss of Dsp resulted in a greater frequency of invasive tumors and a concomitant 

reduction in the percentage of non-invasive IT tumors in mice analyzed four weeks after 

genetic ablation of Dsp in incipient solid tumors (Figure 2.14G–H).  Whereas ~40% of 

total tumors could be classified as invasive carcinomas in control mice, greater than 60% 

of all tumors fell into this category in RT2+; Pdx1-CreER+; DspFlox/Flox mice (Figure 

2.14G).  Interestingly, this shift appears to result from selective progression to the focally 

invasive IC1 but not to the widely invasive IC2 tumors.  Indeed, while there is no 

significant change in the development of IC2 lesions (approximately 10% of all tumors 

fall into this class regardless of Dsp status), more than 50% of tumors can be classified as 

IC1 lesions in RT2+; Pdx1-CreER+; DspFlox/Flox mice versus ~30% in control mice (Figure 

2.14H). 

 We confirmed that Dsp was in fact lost in these tumors by examining the 

recombination status of the Dsp allele by PCR.  Tumors that were genotypically 

DspFlox/Flox showed near universal recombination of the Dsp allele, confirming that Dsp 

was lost in these tumors (Figure 2.14I).  Tumors isolated from control DspWT/WT or 

DspFlox/WT mice showed no recombination or were heterozygous for the recombined and 

wild-type Dsp alleles respectively.  Thus, we conclude that the conditional genetic 

ablation of Dsp in incipient tumors of RT2 mice leads to increased local tumor invasion. 
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Cdh1 expression is maintained in IC1 tumor lesions regardless of Dsp status 

 We were intrigued that loss of Dsp led to an increase in the IC1 class but not in 

the IC2 class of invasive tumors.  Since Cdh1 also acts as a dominant invasion suppressor 

in this model, we examined its status in the tumors from RT2+; Pdx1-CreER+; DspFlox/Flox 

mice and littermate controls by immunohistochemistry.  We found that Cdh1 expression 

was maintained in the IT and IC1 tumors that developed regardless of Dsp status (Figure 

2.15I–L).  Tumor margins and regions of invasion were identified by staining for the Tag 

oncoprotein (Figure 2.15E–H).  Indeed, Cdh1 appeared to be expressed at comparable 

levels in IT and IC1 tumor lesions regardless of Dsp status (Figure 2.15M–T).  

Expression in IT and IC1 lesions of a second component of AJs, junction plakoglobin 

(Jup, also known as gamma catenin), was also unaffected by Dsp status (Figure 2.16) 

consistent with AJ function being maintained in these lesions despite the absence of Dsp 

and impaired/ablated desmosomal function.  Lastly, cadherin 2 (Cdh2, also known as N-

cadherin), a marker of epithelial-mesenchymal transition (EMT), was expressed at readily 

detectable and comparable levels in IT and IC1 tumors regardless of Dsp status, as well 

as in the IC2 tumors that did not express Cdh1 (Figure 2.17), consistent with the results 

of a previous study investigating determinants of progression to invasive carcinoma (Perl 

et al. 1998); notably, there is no indication that activation of the invasive growth 

capability in this pathway involves an EMT, as reflected in differential expression of 

Cdh2 or other markers of EMT.  Given that the expression of both Dsp and Cdh1 was lost 

in IC2 lesions, the most invasive class of RT2 tumors, both in unmodified RT2 mice and 

in tamoxifen-treated RT2+; Pdx1-CreER+; DspFlox/Flox mice (Figure 2.4 and data not 
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shown), we infer that loss of Dsp by itself is sufficient to promote the development of 

focally invasive tumors while the additional loss of Cdh1 is required to develop a more 

aggressive invasive tumor phenotype. 
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Discussion 

 To date, much of the work on desmosomes in human disease has focused on their 

role in maintaining heart and skin integrity, where desmosomal defects are associated 

with cardiomyopathy and skin blistering conditions respectively (Bazzi and Christiano 

2007).  More recently, a potential role for desmosomes in cancer progression has been 

suggested based on a variety of experimental clues (Chidgey and Dawson 2007).  For 

example, in vitro cell culture assays demonstrated that inhibiting desmosomal adhesion 

via blocking peptides caused morphological disorganization (Runswick et al. 2001) while 

introduction of desmosomal components into a nonadhesive cell line resulted in increased 

cell aggregation and reduced cellular invasion in vitro (Tselepis et al. 1998).  These 

studies suggested that loss of desmosomal function might contribute to tumor invasion 

and malignancy, consistent with their role in maintaining cellular adhesion.  (Our 

attempts to perform similar in vitro experiments using cell lines derived from RT2 tumors 

[βTCs] were hindered by the fact that βTC cell lines express desmosomal components at 

low levels, presumably due to adaptations to culture, and generally perform poorly in 

migration/invasion assays – data not shown).  In further support of the proposed role of 

desmosomes as a barrier to malignant progression, several pathology studies 

characterizing human cancers have shown that decreased or altered expression of 

desmosomal components, including Dsp, correlates with increased tumor invasion, 

advanced tumor grade, and poor patient prognosis, particularly in oral cancers where 

desmosomal components are highly expressed in the normal oral mucosa (Hiraki et al. 

1996; Shinohara et al. 1998; Papagerakis et al. 2009).  Additionally, our bioinformatic 

analysis of human cancer databases confirmed that the expression of desmosomal genes 
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is often decreased in human epithelial cancers as compared to normal tissues and is 

occasionally further decreased in more advanced grades of tumors (Table 2.4).  The 

present study substantively extends this current state of knowledge by demonstrating that 

desmosomal adhesion can indeed act as a distinct barrier to the development of an 

invasive tumor phenotype in the in vivo setting of a genetically engineered mouse model 

of cancer. 

 We identified several components of desmosomes – Dsp, Dsg2, desmocollin 2 

(Dsc2), and plakophilin 2 (Pkp2) – whose expression was significantly downregulated in 

the highly invasive tumor lesions that develop in the RT2 mouse model of PNET.  These 

changes were reflected at the protein level as determined by immunostaining of non-

invasive IT lesions and broadly invasive IC2 lesions.  The simultaneous decrease in 

expression for multiple desmosomal genes suggests that there may be coordinated 

transcriptional regulation of desmosomal components.  Prime candidates for such 

regulation include the transcription factors that regulate EMT, such as the Snail and Twist 

families of transcription factors (Peinado et al. 2007).  Notably, however, we did not 

detect significant differential expression of such transcription factors in our microarray 

analysis comparing non-invasive IT and highly invasive IC2 PNETs (Dataset 2.1), and 

the expression of one prominent marker of EMT, Cdh2, was not obviously different 

between IT and IC2 lesions, consistent with the results of a previous study investigating 

determinants of the invasive phenotype using this same model of PNET (Perl et al. 1998).  

Thus, the current evidence suggests that the acquisition of an invasive phenotype in this 

tumor type does not involve a classical EMT.  Our results clearly demonstrate that the 

conditional genetic deletion of a single core desmosomal component, Dsp, promotes 
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increased local tumor invasion in RT2 mice, producing a phenocopy of such inferred 

transcriptional regulation in the normal circumstances of tumor progression. 

 While desmosomes play an integral role in maintaining epithelial integrity, they 

are by no means the only structure involved in cellular adhesion.  In addition to 

desmosomes, several related structures, including AJs, contribute to maintaining cell-cell 

adhesion (Hartsock and Nelson 2008).  However, while desmosomes and AJs play related 

biological roles in terms of maintaining cellular adhesion and have similar structural 

compositions, it is worth noting that there are clear differences in the consequences of 

impaired desmosome adhesion versus impaired AJ adhesion on tumor phenotypes.  An 

elegant functional genetic study demonstrated that Cdh1, a core member of AJs, acts as 

an invasion suppressor in vivo; targeting a transgene encoding a dominant-negative Cdh1 

molecule to the oncogene-expressing pancreatic β cells markedly accelerated tumor 

progression and led to significantly increased frequencies of invasive carcinomas and to 

the development of lymph node metastasis in this same RT2 mouse model of PNET (Perl 

et al. 1998).  In comparison, deletion of Dsp only led to an increase in the frequency of 

the focally invasive IC1 grade of islet carcinomas but not the more widely aggressive IC2 

carcinomas, and distant metastases were not observed (data not shown).  One possible 

explanation for the differences in these phenotypic outcomes is the different roles that 

Dsp and Cdh1 play within their respective adhesion complex.  While Cdh1 is a 

transmembrane protein that directly links cells together by forming homotypic 

interactions with other Cdh1 molecules on neighboring cells (Halbleib and Nelson 2006), 

Dsp is an intracellular molecule that contributes to the overall stability of the desmosomal 

plaque and links this plaque to the intermediate filaments (Gallicano et al. 1998).  
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Therefore, deletion of Dsp may attenuate but not totally abolish desmosomal function; if 

so, then the specific deletion of one of the desmosomal cadherins, Dsc2 or Dsg2, might 

have a more pronounced effect on invasiveness.  An additional explanation for the 

increase in the focally invasive IC1 fraction but not the broadly invasive IC2 fraction of 

invasive tumors following ablation of Dsp involves the observed maintenance of Cdh1 

and AJs.  Expression of Cdh1 as well as a second component of AJs, Jup, was retained in 

both the non-invasive IT tumors and in the now more prevalent focally invasive IC1 

tumors following genetic deletion of Dsp.  It would seem likely, in light of the 

aforementioned functional study in this same mouse model of cancer (Perl et al. 1998), 

that the preservation of Cdh1 expression and of AJ function serves to maintain an 

additional, stronger brake on tumor invasion.  Thus, while loss of Dsp and impairment of 

desmosomal adhesion leads to the focal invasion observed in IC1 lesions, the 

development of the broadly invasive phenotype found in IC2 lesions evidently requires 

the concomitant loss of Cdh1.  Indeed, the IC2 tumor lesions that normally develop in 

RT2 mice show a coordinated reduction in the expression of Cdh1 and multiple 

desmosomal components (Table 2.1, Figures 2.4, 2.5).  The apparently independent 

regulation of desmosomal and AJ adhesion is notable since AJ stability has been 

proposed to affect desmosomal stability and vice versa in other contexts (Lewis et al. 

1994; Lewis et al. 1997; Vasioukhin et al. 2001b), whereas Cdh1 and Jup are evidently 

not affected by the deletion of Dsp during PNET tumorigenesis in RT2 mice. 

 Interestingly, the genetic deletion of Dsp had no consequential effects on the other 

parameters of RT2 tumorigenesis beyond invasion.  Although it has been suggested that 

Dsp and other desmosomal components can affect cellular proliferation and apoptosis 
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(Nava et al. 2007; Wan et al. 2007), we did not observe any changes in tumor growth 

parameters following the genetic deletion of Dsp (Figure 2.13).  Our results are consistent 

with one of the earliest studies to examine the role of Dsp in vivo, wherein a skin-specific 

deletion of catenin alpha 1 (Ctnna1), the AJ homologue of Dsp, led to increased skin 

proliferation and hyperplasia whereas ablation of Dsp did not (Vasioukhin et al. 2001a).  

Thus, with regards to the RT2 model of PNET and possibly other forms of cancer, it 

appears that desmosomes primarily serve to maintain cell-cell adhesion and hence 

suppress the acquisition of an invasive growth capability such that the observed 

downregulation of desmosomal genes results in the impairment of desmosomal function 

and a concomitant weakening in cellular adhesion without affecting other parameters of 

tumorigenesis. 

 Finally, it is important to set these results into the broader context of knowledge 

about malignant progression to an invasive growth state in this stereotypical pathway of 

multistep tumorigenesis.  While disrupted cell-cell adhesion caused by the reduced 

expression of Cdh1 (Perl et al. 1998) and/or desmosomal genes (this report) clearly 

promotes invasive tumor growth, other factors are involved as well.  Thus for example, 

increased expression of the type-1 insulin-like growth factor receptor (Igf1r) can drive 

these PNETs to acquire a highly invasive phenotype (Lopez and Hanahan 2002).  

Additionally, the recruitment of immune cells to the margins of these PNETs has been 

shown to promote invasiveness, in part by supplying cathepsin proteases and heparanase 

(Joyce et al. 2005; Gocheva et al. 2006; Gocheva et al. 2010).  As such, multiple factors 

can impact the progression to invasiveness by varying degrees (Figure 2.18), and future 

research may well identify additional components.  Irrespective, our results demonstrate 
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that loss of desmosomal adhesion, as exemplified by the genetic deletion of Dsp, can 

enable a tumor to acquire an invasive phenotype.  The functional study presented herein 

establishes desmosomal adhesion as a distinct and ostensibly independent suppressor of 

invasive tumor growth.  This knowledge will likely contribute to a better understanding 

of the mechanisms governing tumor progression to an invasive growth state and may 

prove useful in evaluating invasive states of human cancers. 
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Material and methods 

Genetically engineered mice 

 The generation and characterization of the RIP1-Tag2 (RT2) (Hanahan 1985), 

DspFlox (Vasioukhin et al. 2001b), and Pdx1-CreER (Gu et al. 2002) mouse lines have 

been previously reported.  All mice were backcrossed a minimum of six generations into 

the C57Bl/6 (B6) background (Charles River, Wilmington, MA) and then intercrossed to 

generate the specified genotypes.  To induce CreER activity, mice were injected 

intraperitoneally with 100 µl of 10 mg/ml tamoxifen (Sigma, St. Louis, MO) suspended 

in peanut oil for five consecutive days beginning at 10 weeks of age.  To relieve the 

effects of hypoglycemia induced by the insulin-secreting tumors, all RT2 mice received 

50% sugar food (Harlan Teklad, Madison, WI) beginning at 10 weeks of age.  All mice 

used in this study were housed and maintained in accordance with the University of 

California, San Francisco (UCSF) institutional guidelines governing the care of 

laboratory mice. 

 

Tissue preparation, tumor analysis, and histology 

 Pancreata were isolated from 14-week-old mice and embedded in OCT (Sakura 

Finetek, Torrance, CA) on dry ice.  Tumor number and tumor volume were quantified as 

previously described (Inoue et al. 2002).  For histological analysis, frozen tissues were 

sectioned at 10 µm thickness, and every tenth section was stained with hematoxylin and 

eosin (Surgipath Medical Industries, Richmond, IL) using standard methods.  Tumors 

were classified as a non-invasive islet tumor (IT), a focally invasive carcinoma type-1 
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(IC1), or a broadly invasive carcinoma type-2 (IC2) using a previously defined grading 

scheme (Lopez and Hanahan 2002). 

 

Laser capture microdissection and RNA purification and amplification 

 Fresh-frozen pancreatic sections (10 µm) from 14-week-old RT2 B6 mice were 

fixed in cold 70% ethanol for 16 hours prior to laser capture microdissection (LCM).  

Sections were stained using a modified hematoxylin and eosin stain that preserves RNA 

integrity while allowing for the microscopic visualization of pancreatic structures 

(Lawlor et al. 2006).  LCM was performed using an Arcturus PixCell II laser capture 

microscope system (Molecular Devices, Sunnyvale, CA).  Total RNA was isolated using 

the Arcturus PicoPure RNA Isolation kit (Molecular Devices, Sunnyvale, CA) and 

DNase I treated (Qiagen, Valencia, CA).  Equal amounts of RNA (8 ng/lesion) from three 

independent IT or IC2 tumor lesions were pooled, and then cDNA was generated, 

amplified, and biotinylated using the Ovation Biotin System (NuGen, San Carlos, CA).  

Three independent pools per tumor class were generated for subsequent microarray 

analysis. 

 

Microarray analysis 

 Labeled cDNA was hybridized to Affymetrix Mouse Genome 430 2.0 arrays 

(Affymetrix, Santa Clara, CA) according to the manufacturer’s specifications.  Data were 

analyzed by the UCSF Helen Diller Family Comprehensive Cancer Center Biostatistics 

and Computational Biology Core.  The data were normalized using a robust multi-chip 

averaging method utilizing the freely available R language.  Linear models were fit for 
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each pair of groups to be compared with log2 expression as the response and the tumor 

phenotype indicator as the independent variable using the limma package in 

Bioconductor.  Moderated t-statistics were used, and p-values were adjusted by 

controlling the false discovery rate.  A change in gene expression was identified as 

significant if the false discovery rate was less than 0.05, meaning that fewer than 5% of 

false findings would be expected among the genes declared to be differentially expressed. 

 

Immunohistochemical staining and analysis 

 Frozen tissues were sectioned at 10 µm thickness.  For immunofluorescence 

staining, sections were fixed in cold acetone.  For colorimetric staining, sections were 

fixed in 10% Zn-buffered formalin (Medical Chemical Corporation, Torrance, CA), 

subjected to antigen retrieval using the Antigen Unmasking Solution (Vector 

Laboratories, Burlingame, CA), and blocked for endogenous peroxidase activity.  

Antibodies used in this study were as follows: rat anti-cadherin 1 (Invitrogen, Carlsbad, 

CA); mouse anti-desmoplakin I/II, mouse anti-desmoglein 1/2 (Fitzgerald, Concord, 

MA); mouse anti-catenin beta 1, mouse anti-cadherin 2, mouse anti-junction plakoglobin 

(BD Biosciences, San Jose, CA); rabbit anti-T-antigen (Hanahan laboratory preparation); 

rabbit anti-Ki67 (Novus Biologicals, Littleton, CO); rhodamine red-X-conjugated donkey 

anti-mouse IgG, rhodamine red-X-conjugated donkey anti-rabbit IgG, FITC-conjugated 

donkey anti-rat IgG, biotin-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch 

Laboratories, West Grove, PA).  For mouse antibodies, non-specific binding was blocked 

using the Mouse on Mouse Blocking Reagent (Vector Laboratories, Burlingame, CA).  

Fluorescently labeled tissues were mounted with Vectashield mounting medium 
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containing 4’,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, 

CA) to visualize cell nuclei.  The TdT-mediated dUTP-digoxigenin nick-end labeling 

(TUNEL) assay was used to assess tumor apoptosis as previously described (Lopez and 

Hanahan 2002).  For colorimetric staining, signal was amplified using the Vectastain 

Elite ABC kit (Vector Laboratories, Burlingame, CA), visualized using Nova Red 

substrate (Vector Laboratories, Burlingame, CA), and counterstained with hematoxylin.  

For Ki67 and TUNEL quantification, two to three random fields were obtained using a 

40X objective lens from at least two tumors per mouse and at least five mice per group.  

The proliferation or apoptosis index was calculated as the percentage of total cells per 

field that were Ki67- or TUNEL-positive respectively using the MetaMorph software 

package (Molecular Devices, Sunnyvale, CA).  For all other immunohistochemical 

analysis, two to three tumors per mouse from a minimum of five mice per indicated 

group were analyzed per staining condition.  All images were captured using an Axio 

Imager bright field microscope or an Axio Scope fluorescence microscope and the 

AxioVision LE software package (Carl Zeiss, Thornwood, NY). 

 

Statistical analysis 

 Fisher’s exact test and the chi-square test were used to compare tumor invasion 

metrics.  The Mann-Whitney test was used to compare tumor burden, tumor number, 

tumor proliferation rates, tumor apoptosis rates, and body mass metrics.  The Mann-

Whitney and the Wilcoxon matched pairs test was used to compare fasting glucose 

metrics.  For all statistical tests, a p-value of p≤0.05 was considered significant.  All 
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statistics were performed using the Prism software package (GraphPad Software, La 

Jolla, CA). 

 

Fasting glucose measurements 

 Animals were fasted overnight for 14–16 hours prior to the first tamoxifen 

injection and one week following the final tamoxifen injection.  Fasting glucose levels 

were measured using a FreeStyle Freedom glucose meter (Abbott Laboratories, Abbott 

Park, IL). 

 

Tumor genotype analysis by polymerase chain reaction (PCR) 

 Tumor tissue was isolated directly from OCT embedded tissues, and genomic 

DNA was isolated using the QIAmp DNA Micro kit (Qiagen, Valencia, CA).  PCR was 

performed using standard methods.  Primers used were as follows: Cre (forward: 5’-

CATGTTCAGGGATCGCCAGG-3’ and reverse: 5’-TGCGGTGCTAACCAGCGTTTT-

3’); β2 microglobulin (forward: 5’-CACCGGAGAATGGGAAGCCGAA-3’ and reverse: 

5’-TCCACACAGATGGAGCGTCCAG-3’); Dsp-WT/Flox (forward: 5’-

GGTTGGGCCTCTCGAATCATGAGTGTCTAGCG-3’ and reverse: 5’-

TGTCTGTTGCCATGTGATGCC-3’); Dsp-Recombined/Non-Recombined (forward: 5’-

ACAGGCCAGATGAGATCACC-3’ and reverse: 5’-TGTCTGTTGCCATGTGATGCC-

3’). 

 

Real-time quantitative PCR 
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 Normal islets were isolated from six-week-old wild-type B6 mice, and 

hyperplastic islets were isolated from six-week-old RT2 B6 mice as previously described 

(Parangi et al. 1995).  Angiogenic islets were isolated from nine-week-old RT2 B6 mice 

by selection based on their red, hemorrhagic appearance following collagenase digestion 

of pancreata (Parangi et al. 1995).  Islet tumors were excised from the surrounding 

exocrine pancreas from 14-week-old RT2 B6 mice.  Total RNA was purified using the 

RNeasy Mini kit (Qiagen, Valencia, CA) and DNase I treated (Qiagen, Valencia, CA).  

cDNA was synthesized using the iScript cDNA Synthesis kit (Bio-Rad Laboratories, 

Hercules, CA).  Real-time quantitative PCR was performed using a 7900HT system 

(Applied Biosystems, Foster City, CA) (see Table 2.5 for a complete list of primers used 

in this study) according to the manufacturer’s specifications. 
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Table 2.1.  Summary of microarray results for components of desmosomes and 
adherens junctions. 
 
 
P-value Fold-changea Affymetrix probe IDb Gene symbol Gene name Synonyms Complex 
0.017 -7.81 1426911_at Dsc2 Desmocollin 2  Desmosome 
0.027 -7.52 1439476_at Dsg2 Desmoglein 2  Desmosome 
0.053 -12.61 1435494_s_at Dsp Desmoplakin  Desmosome 
0.019 -14.03 1449799_s_at Pkp2 Plakophilin 2  Desmosome 
0.029 -12.99 1448261_at Cdh1 Cadherin 1 E-cadherin Adherens junction 
0.181 -1.33 1437807_x_at Ctnna1 Catenin alpha 1 Alpha E catenin Adherens junction 
0.795 -1.09 1430533_a_at Ctnnb1 Catenin beta 1 Beta catenin Adherens junction 
0.444 1.29 1445830_at Ctnnd1 Catenin delta 1 P120 catenin Adherens junction 
0.852 1.30 1426873_s_at Jup Junction 

plakoglobin 
Gamma catenin Adherens junction; 

desmosome 

 
a Fold-change represents the widely invasive carcinoma type-2 (IC2) class as compared to the 
non-invasive islet tumor (IT) class of RIP1-Tag2 (RT2) tumor lesions 
b Affymetrix probe ID corresponds to the Mouse Genome 430 2.0 Array 
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Table 2.2.  Genotyping of pups resulting from intercross between RIP1-Tag2+; 
DspFlox/WT and Pdx1-CreER+; DspFlox/WT mice. 
 
 
Genotype Expected Observed 
RIP1-Tag2-; Pdx1-CreER-; DspWT/WT 6.25% 6.9% (14) 
RIP1-Tag2-; Pdx1-CreER-; DspFlox/WT 12.5% 17.2% (35) 
RIP1-Tag2-; Pdx1-CreER-; DspFlox/Flox 6.25% 6.4% (13) 
RIP1-Tag2+; Pdx1-CreER-; DspWT/WT 6.25% 7.4% (15) 
RIP1-Tag2+; Pdx1-CreER-; DspFlox/WT 12.5% 12.8% (26) 
RIP1-Tag2+; Pdx1-CreER-; DspFlox/Flox 6.25% 6.4% (13) 
RIP1-Tag2-; Pdx1-CreER+; DspWT/WT 6.25% 6.4% (13) 
RIP1-Tag2-; Pdx1-CreER+; DspFlox/WT 12.5% 10.8% (22) 
RIP1-Tag2-; Pdx1-CreER+; DspFlox/Flox 6.25% 5.9% (12) 
RIP1-Tag2+; Pdx1-CreER+; DspWT/WT 6.25% 4.9% (10) 
RIP1-Tag2+; Pdx1-CreER+; DspFlox/WT 12.5% 9.4% (19) 
RIP1-Tag2+; Pdx1-CreER+; DspFlox/Flox 6.25% 5.4% (11) 
 
The expected and observed frequency of each genotype is shown as a percentage, with the 
absolute numbers of individuals shown in parentheses. 
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Table 2.3.  Gender distribution of pups resulting from intercross between RIP1-
Tag2+; DspFlox/WT and Pdx1-CreER+; DspFlox/WT mice. 
 
 
Gender Expected Observed 
Female 50% 48.8% (99) 
Male 50% 51.2% (104) 
 
The expected and observed frequency of each genotype is shown as a percentage, with the 
absolute numbers of individuals shown in parentheses. 
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Table 2.4.  Bioinformatic assessment of desmosomal gene expression in human 
cancers. 
 
 
Gene Class 1a Class 2a Fold-

changeb 
P-
value 

Oncomine 
category 

Platform Source Citation 

Dsc2 Fetal kidney 
(3) 

Clear cell sarcoma of 
the kidney (14) 

-2.353 6.77E-
04 

Cancer 
versus 
normal 

Human 
genome 
U133A 
array 

Cutliffe 
renal 

Clinical 
Cancer 
Research 
2005/11/15 

Dsc2 Skin (7) Cutaneous 
melanoma (45) 

-1.911 4.00E-
03 

Cancer 
versus 
normal 

Human 
genome 
U133A 
array 

Talantov 
melanoma 

Clinical 
Cancer 
Research 
2005/10/15 

Dsc2 Breast (3) Lobular breast 
carcinoma (21) 

-2.207 8.93E-
05 

Cancer 
versus 
normal 

Undefined 
on 
Oncomine 

Zhao breast Molecular 
Biology of 
the Cell 
2004/06/01 

Dsg2 Fetal kidney 
(3) 

Clear cell sarcoma of 
the kidney (14) 

-16.174 3.36E-
06 

Cancer 
versus 
normal 

Human 
genome 
U133A 
array 

Cutliffe 
renal 

Clinical 
Cancer 
Research 
2005/11/15 

Dsg2 Brain (23) Oligodendroglioma 
(50) 

-1.519 8.00E-
03 

Cancer 
versus 
normal 

Human 
genome 
U133 Plus 
2.0 array 

Sun brain Cancer Cell 
2006/04/01 

Dsg2 Skin (7) Cutaneous 
melanoma (45) 

-11.919 8.82E-
07 

Cancer 
versus 
normal 

Human 
genome 
U133A 
array 

Talantov 
melanoma 

Clinical 
Cancer 
Research 
2005/10/15 

Dsp Fetal kidney 
(3) 

Clear cell sarcoma of 
the kidney (14) 

-17.869 1.82E-
08 

Cancer 
versus 
normal 

Human 
genome 
U133A 
array 

Cutliffe 
renal 

Clinical 
Cancer 
Research 
2005/11/15 

Dsp Brain (23) Glioblastoma (81) -1.820 1.79E-
05 

Cancer 
versus 
normal 

Human 
genome 
U133 Plus 
2.0 array 

Sun brain Cancer Cell 
2006/04/01 

Dsp Brain (23) Oligodendroglioma 
(50) 

-1.824 1.41E-
05 

Cancer 
versus 
normal 

Human 
genome 
U133 Plus 
2.0 array 

Sun brain Cancer Cell 
2006/04/01 

Dsp Skin (7) Cutaneous 
melanoma (45) 

-66.700 6.06E-
18 

Cancer 
versus 
normal 

Human 
genome 
U133A 
array 

Talantov 
melanoma 

Clinical 
Cancer 
Research 
2005/10/15 

Dsp Breast (3) Lobular breast 
carcinoma (21) 

-1.545 3.50E-
02 

Cancer 
versus 
normal 

Undefined 
on 
Oncomine 

Zhao breast Molecular 
Biology of 
the Cell 
2004/06/01 

Pkp2 Brain (23) Glioblastoma (81) -2.553 2.05E-
06 

Cancer 
versus 
normal 

Human 
genome 
U133 Plus 
2.0 array 

Sun brain Cancer Cell 
2006/04/01 

Pkp2 Brain (23) Oligodendroglioma 
(50) 

-1.808 5.83E-
04 

Cancer 
versus 
normal 

Human 
genome 
U133 Plus 
2.0 array 

Sun brain Cancer Cell 
2006/04/01 

Pkp2 Skin (7) Cutaneous 
melanoma (45) 

-6.005 1.43E-
11 

Cancer 
versus 
normal 

Human 
genome 
U133A 
array 

Talantov 
melanoma 

Clinical 
Cancer 
Research 
2005/10/15 

Dsc2 Esophageal 
cancer 
precursor (8) 

Esophageal 
carcinoma (8) 

-3.804 7.00E-
03 

Cancer 
histology 

Human 
genome 
U133A 
array 

Kimchi 
esophagus 

Cancer 
Research 
2005/04/15 

Dsc2 Melanoma 
precursor 
(18) 

Cutaneous 
melanoma (45) 

-1.956 3.33E-
05 

Cancer 
histology 

Human 
genome 
U133A 
array 

Talantov 
melanoma 

Clinical 
Cancer 
Research 
2005/10/15 

Dsg2 Melanoma 
precursor 
(18) 

Cutaneous 
melanoma (45) 

-2.777 4.80E-
06 

Cancer 
histology 

Human 
genome 
U133A 
array 

Talantov 
melanoma 

Clinical 
Cancer 
Research 
2005/10/15 

Dsp Colorectal 
adenoma 
(17) 

Colorectal carcinoma 
(313) 

-1.645 2.41E-
04 

Cancer 
histology 

Human 
genome 
U133A 

Bittner 
colon 

Not 
published 
2005/01/15 
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array 
Dsp Esophageal 

cancer 
precursor (8) 

Esophageal 
carcinoma (8) 

-2.114 3.00E-
03 

Cancer 
histology 

Human 
genome 
U133A 
array 

Kimchi 
esophagus 

Cancer 
Research 
2005/04/15 

Dsp Melanoma 
precursor 
(18) 

Cutaneous 
melanoma (45) 

-51.746 6.20E-
20 

Cancer 
histology 

Human 
genome 
U133A 
array 

Talantov 
melanoma 

Clinical 
Cancer 
Research 
2005/10/15 

Pkp2 Colorectal 
adenoma 
(17) 

Colorectal carcinoma 
(313) 

-1.564 1.00E-
02 

Cancer 
histology 

Human 
genome 
U133A 
array 

Bittner 
colon 

Not 
published 
2005/01/15 

Pkp2 Esophageal 
cancer 
precursor (8) 

Esophageal 
carcinoma (8) 

-1.639 2.80E-
02 

Cancer 
histology 

Human 
genome 
U133A 
array 

Kimchi 
esophagus 

Cancer 
Research 
2005/04/15 

Pkp2 Melanoma 
precursor 
(18) 

Cutaneous 
melanoma (45) 

-1.590 1.50E-
02 

Cancer 
histology 

Human 
genome 
U133A 
array 

Talantov 
melanoma 

Clinical 
Cancer 
Research 
2005/10/15 

 
a Number in parentheses indicates number of samples profiled per class 
b Fold-change represents Class 2 as compared to Class 1 
All data presented were obtained from the Oncomine online database 
(https://www.oncomine.org/resource/login.html) 
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Table 2.5.  List of primers used for quantitative PCR. 
 
 
Gene symbol Gene name Manufacturer Assay IDa Primer/Probe Sequencesb 
Dsc2 (mouse) Desmocollin 2 Applied 

Biosystems 
Mm01130569_m1  

Dsg2 (mouse) Desmoglein 2 Applied 
Biosystems 

Mm00514609_m1  

Dsp (mouse) Desmoplakin Applied 
Biosystems 

Mm01351874_m1  

Pkp2 (mouse) Plakophilin 2 Applied 
Biosystems 

Mm00503159_m1  

Cdh1 (mouse) Cadherin 1 Applied 
Biosystems 

Mm00486906_m1  

Ctnna1 (mouse) Catenin alpha 1 Applied 
Biosystems 

Mm00486752_m1  

Ctnnb1 (mouse) Catenin beta 1 Applied 
Biosystems 

Mm00483039_m1  

Ctnnd1 (mouse) Catenin delta 1 Applied 
Biosystems 

Mm00483042_m1  

Jup (mouse) Junction plakoglobin Applied 
Biosystems 

Mm00550249_m1  

Igf2 (mouse) Insulin-like growth factor 2 Applied 
Biosystems 

Mm00439565_g1  

Dsg2 (human) Desmoglein 2 Applied 
Biosystems 

Hs00170071_m1  

Dsp (human) Desmoplakin Applied 
Biosystems 

Hs00189422_m1  

Cdh1 (human) Cadherin 1 Applied 
Biosystems 

Hs00170423_m1  

Rpl19 (mouse) Ribosomal protein L19 UCSF Helen Diller 
Cancer Center 
Genome Core 

 Forward: 5’-CCAAGAAGATTGACCGCCATA-3’ 
Reverse: 5’-GTCAGCCAGGAGCTTCTTGC-3’ 
Probe: 5’-CATCCTCATGGAGCACATCCACAAGC-3’ 

Gusb (human) Glucuronidase beta UCSF Helen Diller 
Cancer Center 
Genome Core 

 Forward: 5’-CTCATTTGGAATTTTGCCGATT-3’ 
Reverse: 5’-CCGAGTGAAGATCCCCTTTTTA-3’ 
Probe: 5’-TGAACAGTCACCGACGAGAGTGCTGG-3’ 

 
a Assay IDs are provided for primers obtained from Applied Biosystems 
b Primer/probe sequences are provided for primers designed by the UCSF Helen Diller Family 
Comprehensive Cancer Center Genomics Core 
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Figure 2.1.  Structure of desmosomes and adherens junctions. 

 Desmosomes and adherens junctions (AJ) are cell-cell adhesion complexes that 

share a similar structure (Garrod and Chidgey 2008; Hartsock and Nelson 2008).  

Transmembrane proteins, the desmocollin (Dsc) and desmoglein (Dsg) proteins in the 

case of desmosomes and the cadherin (Cdh) proteins in the case of AJs, make 

interconnections between cells.  These transmembrane proteins are connected to various 

intracellular proteins, desmoplakin (Dsp) and the plakophilin (Pkp) proteins in the case of 

desmosomes and the catenin (Ctnn) proteins in the case of AJs, which in turn form 

connections with the cytoskeleton.  Desmosomes are linked to the keratin filaments while 

AJs are linked to the actin cytoskeleton.  Schematics for desmosomes and AJs were 

adapted from (Cavallaro and Christofori 2004; Bazzi and Christiano 2007). 
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Figure 2.2.  Laser capture microdissection of RT2 PNETs. 

 The non-invasive islet tumor (IT) class and the highly invasive carcinoma type-2 

(IC2) class of RIP1-Tag2 (RT2) tumor lesions were transcriptionally profiled.  IT and 

IC2 tumors were identified histologically, and then tissue was isolated by laser capture 

microdissection (LCM).  RNA from individual tumors was pooled, and these pools were 

amplified and subsequently analyzed by microarray profiling of the mRNA transcriptome 

using Affymetrix microarrays. 
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Figure 2.3.  Expression of adherens junction and desmosomal components is 

decreased during PNET tumorigenesis in RT2 mice and in human pancreatic 

neuroendocrine tumors. 

 (A) Real-time quantitative PCR values for AJ components (cadherin 1 [Cdh1], 

catenin alpha 1 [Ctnna1], catenin beta 1 [Ctnnb1], catenin delta 1 [Ctnnd1], junction 

plakoglobin [Jup]) during the stages of RT2 tumorigenesis – normal, hyperplastic, 

angiogenic, and tumor stage.  Notably, in this analysis, whole ungraded RT2 PNETs were 

analyzed without knowledge of their invasiveness in contrast to the analysis presented in 

Table 2.1, which involved microdissected tissue from either widely invasive IC2 tumors 

or from non-invasive IT tumors.  (B) Same as A except for desmosomal components 

(desmocollin 2 [Dsc2], desmoglein 2 [Dsg2], desmoplakin [Dsp], plakophilin 2 [Pkp2]).  

(C) Same as A except for the insulin-like growth factor 2 (Igf2), a gene whose expression 

is known to increase at the mRNA level during the later stages of RT2 tumorigenesis.  

(D) Real-time quantitative PCR values for Cdh1, Dsg2, and Dsp in pools of normal 

human pancreatic islets and individual human pancreatic neuroendocrine tumors (PNET).  

PNETs include ungraded primary and metastatic insulinomas, glucagonomas, and non-

functional neuroendocrine tumors.  Values are shown as the percent expression of the 

housekeeping genes ribosomal protein L19 (L19) (A–C) or glucuronidase beta (Gusb) 

(D). 
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Figure 2.4.  Desmoplakin and cadherin 1 expression in wild-type islets and RT2 

PNETs. 

 Expression of desmoplakin (Dsp) and cadherin 1 (Cdh1) is lost in the IC2 but not 

the IT grade of PNET in RT2 mice.  (A–C) H&E staining of a normal islet from a wild-

type B6 mouse and of an IT and an IC2 tumor from an end-stage RT2 mouse.  Dashed 

lines demarcate tumor margins.  (D–F) Immunofluorescence staining with DAPI to 

visualize cellularity.  (G–I) Immunofluorescence staining for Cdh1.  (J–L) 

Immunofluorescence staining for Dsp.  (M–O) Merge of Cdh1 and Dsp 

immunofluorescence staining (G–L).  (P–R) Higher magnification of the boxed regions in 

M–O.  Scale bars represent 200 µm (A–O) and 100 µm (P–R). 
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Figure 2.5.  Desmoglein 2 expression in RT2 PNETs. 

 Expression of desmoglein 2 (Dsg2) is lost in the IC2 but not the IT grade of 

PNET in RT2 mice.  (A–C) H&E staining of a normal islet from a wild-type B6 mouse 

and an IT and IC2 lesion from an end-stage RT2 mouse.  Dashed lines demarcate tumor 

margins.  (D–F) Immunofluorescence staining with DAPI to reveal cellularity.  (G–I) 

Immunofluorescence staining for Cdh1.  (J–L) Immunofluorescence staining for Dsg2.  

(M–O) Merge of Cdh1 and Dsg2 immunofluorescence staining (G–L).  (P–R) Higher 

magnification of the boxed regions in M–O.  Scale bars represent 200 µm (A–O) and 100 

µm (P–R). 
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Figure 2.6.  Catenin beta 1 expression in RT2 PNETs. 

 Expression of catenin beta 1 (Ctnnb1) is maintained in both the IT and IC2 grades 

of PNET in RT2 mice.  (A–C) Immunofluorescence staining with DAPI to reveal 

cellularity of a normal islet from a wild-type B6 mouse and an IT and IC2 tumor from an 

end-stage RT2 mouse.  (D–F) Immunofluorescence staining for Cdh1.  (G–I) 

Immunofluorescence staining for Ctnnb1.  (J–L) Merge of Cdh1 and Ctnnb1 

immunofluorescence staining (D–I).  (M–O) Higher magnification of the boxed regions 

in J–L.  Scale bars represent 200 µm (A–L) and 100 µm (M–O). 
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Figure 2.7.  Breeding scheme to produce RT2+; Pdx1-CreER+; DspFlox/Flox mice. 

 Schematic of the intercross to produce RIP1-Tag2 (RT2) mice in which the 

desmoplakin (Dsp) gene was genetically deleted in the pancreatic β cells.  RT2+; 

DspFlox/WT mice were intercrossed with Pdx1-CreER+; DspFlox/WT mice to produce RT2+; 

Pdx1-CreER+; DspFlox/Flox mice and littermate control mice.  Pdx1-CreER-positive mice 

carry a transgene in which a tamoxifen-inducible Cre recombinase is under the control of 

the pancreatic duodenal homeobox gene 1 promoter (Pdx1), which is expressed in all 

pancreatic lineages during embryogenesis and is variably expressed in the adult pancreas, 

in particular being widely expressed in the β cells (Offield et al. 1996; Gidekel 

Friedlander et al. 2009).  All possible genetic combinations for this intercross are shown. 
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Figure 2.8.  Tamoxifen dose regimen used to induce Pdx1-CreER activity. 

 Schematic of the tamoxifen dosing regimen used to induce Cre activity in Pdx1-

CreER-positive mice.  All Pdx1-CreER-positive mice were injected with five consecutive 

doses of tamoxifen suspended in oil beginning at 10 weeks of age, when incipient tumors 

are first observed in RIP1-Tag2 (RT2) mice (Bergers et al. 1999), and all mice were 

sacrificed at 14 weeks of age.  The fasting glucose levels were measured in the RT2-

negative population immediately prior to the first tamoxifen injection and one week after 

the final tamoxifen injection.  A similar dosing regimen was employed with 

unmanipulated RT2 mice to assess any effects of tamoxifen on RT2 tumorigenesis. 
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Figure 2.9.  Genetic deletion of desmoplakin does not affect cadherin 1 expression in 

the pancreatic islets. 

 Expression of Cdh1 is maintained following conditional genetic deletion of Dsp 

in the pancreatic islets of control mice lacking the RT2 oncogenic transgene.  (A–C) 

H&E staining of pancreatic islets in Pdx1-CreER+; DspWT/WT, Pdx1-CreER+; DspFlox/WT, 

and Pdx1-CreER+; DspFlox/Flox mice at 14 weeks.  Cre activity was induced at 10 weeks.  

(D–F) Immunofluorescence staining with DAPI to reveal cellularity.  (G–I) 

Immunofluorescence staining for Cdh1.  (J–L) Immunofluorescence staining for Dsp.  

(M–O) Merge of Cdh1 and Dsp immunofluorescence staining (G–L).  Scale bars 

represent 100 µm (A–O). 
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Figure 2.10.  Genetic deletion of desmoplakin leads to decreased desmoglein 2 

expression but not insulin expression in the pancreatic islets. 

 Expression of Dsg2 but not insulin (Ins) is concomitantly lost in the adult 

pancreatic islets following conditional genetic deletion of Dsp in mice lacking the RT2 

oncogenic transgene.  (A–C) Immunofluorescence staining with DAPI to reveal 

cellularity in pancreatic islets in Pdx1-CreER+; DspWT/WT, Pdx1-CreER+; DspFlox/WT, and 

Pdx1-CreER+; DspFlox/Flox mice at 14 weeks.  Cre activity was induced at 10 weeks.  (D–

F) Immunofluorescence staining for Ins.  (G–I) Immunofluorescence staining for Dsg2.  

(J–L) Merge of Ins and Dsg2 immunofluorescence staining (D–I).  Scale bars represent 

100 µm (A–L). 



Pd
x1

-C
re

ER
+;

D
sp

W
T/

W
T 

(n
=1

2)

Pd
x1

-C
re

ER
+;

D
sp

Fl
ox

/W
T 

(n
=2

2)

Pd
x1

-C
re

ER
+;

D
sp

Fl
ox

/F
lo

x 
(n

=1
1)

R
T2

+;
 P

dx
1-

C
re

ER
+;

D
sp

W
T/

W
T 

(n
=9

)

R
T2

+;
 P

dx
1-

C
re

ER
+;

D
sp

Fl
ox

/W
T 

(n
=1

8)

R
T2

+;
 P

dx
1-

C
re

ER
+;

D
sp

Fl
ox

/F
lo

x 
(n

=1
1)

A

Pd
x1

-C
re

ER
+;

D
sp

W
T/

W
T 

(n
=1

1)

Pd
x1

-C
re

ER
+;

D
sp

Fl
ox

/W
T 

(n
=1

6)

Pd
x1

-C
re

ER
+;

D
sp

Fl
ox

/F
lo

x 
(n

=8
)

B

Figure 2.11

64



 65 

Figure 2.11.  Genetic deletion of desmoplakin in the pancreatic islets does not affect 

multiple physiological parameters. 

 Conditional genetic deletion of Dsp has no effect on the physiological parameters 

of body mass and islet function in regulating glucose levels.  (A) Body mass of Pdx1-

CreER+; DspWT/WT, Pdx1-CreER+; DspFlox/WT, Pdx1-CreER+; DspFlox/Flox, RT2+; Pdx1-

CreER+; DspWT/WT, RT2+; Pdx1-CreER+; DspFlox/WT, and RT2+; Pdx1-CreER+; DspFlox/Flox 

mice at 14 weeks.  Cre activity was induced at 10 weeks.  Groups are not statistically 

different.  (B) Fasting glucose levels in Pdx1-CreER+; DspWT/WT, Pdx1-CreER+; 

DspFlox/WT, and Pdx1-CreER+; DspFlox/Flox mice.  Cre activity was induced at 10 weeks.  

Mice were fasted for 14–16 hours.  Glucose levels were measured immediately prior to 

the first tamoxifen dose and one week following the last tamoxifen dose.  Pre- and post-

tamoxifen glucose levels within and between groups are not statistically different. 
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Figure 2.12.  Tamoxifen does not affect the parameters of RT2 tumorigenesis. 

 Tamoxifen does not affect PNET tumorigenesis in unmodified RT2 transgenic 

mice.  Cohorts of male RT2 mice that were DspWT/WT and that lacked the Pdx1-CreER 

allele were treated with five consecutive daily doses of tamoxifen or vehicle at 10 weeks 

of age and sacrificed 4 weeks later.  (A–C) Tumor burden, tumor number, and body mass 

at time of sacrifice for RT2 mice treated with tamoxifen or vehicle.  Data shown are 

mean plus standard error.  Groups are not statistically different for these metrics.  (D) 

Quantification of tumor invasiveness represented as the percentage of IT lesions or total 

IC lesions (IC1+IC2) in RT2 mice treated with tamoxifen or vehicle.  A minimum of 76 

tumors per group was graded.  Groups are not statistically different.  (E) Same as D 

except IC lesions are separated into the IC1 and IC2 subclasses.  Groups are not 

statistically different. 
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Figure 2.13.  Genetic deletion of desmoplakin does not affect tumor growth 

parameters in RT2 PNETs. 

 Conditional genetic deletion of Dsp in angiogenic islet dysplasias and incipient 

solid tumors does not affect tumor formation or tumor growth parameters in RT2 mice.  

(A–B) Tumor burden and tumor number in RT2+; Pdx1-CreER+; DspWT/WT, RT2+; Pdx1-

CreER+; DspFlox/WT, and RT2+; Pdx1-CreER+; DspFlox/Flox mice.  Cre activity was induced 

at 10 weeks, and mice were sacrificed at 14 weeks.  Data shown are individual values 

plus mean.  Groups are not statistically different for these metrics.  (C–E) Ki67 staining 

on tumors from RT2+; Pdx1-CreER+; DspWT/WT, RT2+; Pdx1-CreER+; DspFlox/WT, and 

RT2+; Pdx1-CreER+; DspFlox/Flox mice.  (F–H) TUNEL staining on tumors from RT2+; 

Pdx1-CreER+; DspWT/WT, RT2+; Pdx1-CreER+; DspFlox/WT, and RT2+; Pdx1-CreER+; 

DspFlox/Flox mice.  (I) Quantification of C–E.  Data shown are mean plus standard error.  

Groups are not statistically different.  (J) Quantification of F–H.  Data shown are mean 

plus standard error.  Groups are not statistically different.  Scale bars represent 100 µm 

(C–H). 
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Figure 2.14.  Genetic deletion of desmoplakin leads to increased local tumor 

invasion in RT2 mice. 

 Conditional genetic deletion of Dsp in angiogenic islet dysplasias and incipient 

solid tumors increases the rate of progression to focally invasive IC1 tumors in RT2 

mice.  (A–C) H&E staining of a non-invasive IT tumor lesion, a focally invasive IC1 

tumor lesion, and a broadly invasive IC2 tumor lesion from RT2+; Pdx1-CreER+; 

DspWT/WT, RT2+; Pdx1-CreER+; DspFlox/WT, and RT2+; Pdx1-CreER+; DspFlox/Flox mice.  

(D–F) Higher magnification of the boxed regions in A–C.  T indicates tumor region and 

Ex indicates exocrine pancreas.  Dashed lines demarcate tumor margins.  Arrowheads 

indicate regions of tumor invasion.  (G) Quantification of tumor invasiveness represented 

as the percentage of IT lesions or total IC lesions (IC1+IC2) in RT2+; Pdx1-CreER+; 

DspWT/WT, RT2+; Pdx1-CreER+; DspFlox/WT, and RT2+; Pdx1-CreER+; DspFlox/Flox mice at 

14 weeks of age.  A minimum of 36 tumors per group was graded.  * p<0.01 by Fisher’s 

exact test.  (H) Same as G except IC lesions are separated into the IC1 and IC2 

subclasses.  * p<0.01 by the Chi-square test.  (I) Tumors from RT2+; Pdx1-CreER+; 

DspWT/WT, RT2+; Pdx1-CreER+; DspFlox/WT, and RT2+; Pdx1-CreER+; DspFlox/Flox mice 

were genotyped for the presence of the Cre recombinase (~530 bp), β2 microglobulin 

(~290 bp), and the floxed (~360 bp) or wild-type Dsp allele (~230 bp).  These same 

tumors were assessed for the recombination status of Dsp: wild-type allele (~960 bp), 

non-recombined floxed allele (~1200 bp), recombined floxed allele (~650 bp).  Scale bars 

represent 400 µm (A–C) and 200 µm (D–F). 
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Figure 2.15.  Genetic deletion of desmoplakin does not affect cadherin 1 expression 

in RT2 PNETs. 

 Cdh1 expression is maintained in the IC1 grade of tumors in both RT2+; Pdx1-

CreER+; DspWT/WT and RT2+; Pdx1-CreER+; DspFlox/Flox mice.  (A–D) 

Immunofluorescence staining with DAPI to reveal cellularity in IT and IC1 tumors in 

RT2+; Pdx1-CreER+; DspWT/WT and RT2+; Pdx1-CreER+; DspFlox/Flox mice.  (E–H) 

Immunofluorescence staining for the oncoprotein T antigen (Tag).  (I–L) 

Immunofluorescence staining for Cdh1.  (M–P) Merge of Tag and Cdh1 

immunofluorescence staining (E–L).  (Q–T) Higher magnification of the boxed regions in 

M–P.  Arrowheads indicate regions of tumor invasion.  Scale bars represent 200 µm (A–

P) and 100 µm (Q–T). 
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Figure 2.16.  Genetic deletion of desmoplakin does not affect junction plakoglobin 

expression in RT2 PNETs. 

 Junction plakoglobin (Jup, also known as gamma catenin) expression is 

maintained in the IC1 grade of tumors in both RT2+; Pdx1-CreER+; DspWT/WT and RT2+; 

Pdx1-CreER+; DspFlox/Flox mice.  (A–D) Immunofluorescence staining for DAPI to reveal 

cellularity, Cdh1, Jup, and merge of Cdh1 and Jup staining in an IT PNET from a RT2+; 

Pdx1-CreER+; DspWT/WT mouse.  (E–H) Same as A–D except for an IC1 PNET from a 

RT2+; Pdx1-CreER+; DspWT/WT mouse.  (I–L) Same as A–D except for an IT PNET from 

a RT2+; Pdx1-CreER+; DspFlox/Flox mouse.  (M–P) Same as A–D except for an IC1 PNET 

from a RT2+; Pdx1-CreER+; DspFlox/Flox mouse.  (Q–T) Same as A–D except for an IC2 

PNET from an unmanipulated RT2+ mouse.  Arrowheads indicate regions of tumor 

invasion.  Scale bars represent 200 µm. 
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Figure 2.17.  Genetic deletion of desmoplakin does not affect cadherin 2 expression 

in RT2 PNETs. 

 Cadherin 2 (Cdh2, also known as N-cadherin) expression is maintained in the IC1 

grade of tumors in both RT2+; Pdx1-CreER+; DspWT/WT and RT2+; Pdx1-CreER+; 

DspFlox/Flox mice.  (A–D) Immunofluorescence staining for DAPI to reveal cellularity, 

Cdh1, Cdh2, and merge of Cdh1 and Cdh2 staining in an IT PNET from a RT2+; Pdx1-

CreER+; DspWT/WT mouse.  (E–H) Same as A–D except for an IC1 PNET from a RT2+; 

Pdx1-CreER+; DspWT/WT mouse.  (I–L) Same as A–D except for an IT PNET from a 

RT2+; Pdx1-CreER+; DspFlox/Flox mouse.  (M–P) Same as A–D except for an IC1 PNET 

from a RT2+; Pdx1-CreER+; DspFlox/Flox mouse.  (Q–T) Same as A–D except for an IC2 

PNET from an unmanipulated RT2+ mouse.  Arrowheads indicate regions of tumor 

invasion.  Scale bars represent 200 µm. 
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Figure 2.18.  Progression to an invasive growth state is governed by multiple factors 

in the RT2 model of PNET. 

 Multiple factors impact the progression to an invasive phenotype as illustrated by 

the RIP1-Tag2 (RT2) mouse model of pancreatic neuroendocrine tumorigenesis (PNET).  

This study demonstrates that the genetic deletion of desmoplakin (Dsp) and concomitant 

loss/attenuation of desmosomal adhesion can promote local tumor invasion, specifically 

to a focally invasive type typified by the IC1 tumor class.  Other factors have also been 

demonstrated to affect tumor invasion in this model.  Activation of heparanase and 

cathepsin proteases (Joyce et al. 2005; Gocheva et al. 2006; Gocheva et al. 2010) 

supplied by infiltrating immune cells or suppression of cadherin 1 (Cdh1, also known as 

E-cadherin) (Perl et al. 1998) can each contribute to invasion.  Upregulation of the type-1 

insulin-like growth factor receptor (Igf1r) preferentially promotes progression to the IC2 

stage, in part via a branched pathway from earlier neoplastic stages such as angiogenic 

islet dysplasias (AI), bypassing the canonical AI–>IT–>IC1–>IC2 progression (Lopez 

and Hanahan 2002).  Future research may well identify additional factors that impact 

tumor invasion. 
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Abstract 

 Cancer is a disease subject to both genetic and environmental influences.  In this 

study, we used the RIP1-Tag2 (RT2) mouse model of islet cell carcinogenesis to identify 

a genetic locus that influences tumor progression to an invasive growth state.  RT2 mice 

inbred into the C57Bl/6 (B6) background develop both non-invasive pancreatic 

neuroendocrine tumors (PNET) as well as invasive carcinomas with varying degrees of 

aggressiveness.  In contrast, RT2 mice inbred into the C3HeB/Fe (C3H) background are 

comparatively resistant to the development of invasive tumors as are RT2 C3HB6(F1) 

hybrid mice.  Using linkage analysis, we identified a 13 Mb locus on mouse chromosome 

17 with significant linkage to the development of highly invasive PNETs.  A gene 

residing in this locus, the anaplastic lymphoma kinase (Alk), was expressed at 

significantly lower levels in PNETs from invasion-resistant C3H mice versus invasion-

susceptible B6 mice, and pharmacological inhibition of Alk led to reduced tumor 

invasiveness in RT2 B6 mice.  Collectively, our results demonstrate that tumor invasion 

is subject to polymorphic genetic control and identify Alk as a genetic modifier of 

invasive tumor growth. 
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Introduction 

 Cancer is a complex disease governed by environmental and genetic factors, 

including genetic mutations and polymorphisms that modulate cancer susceptibility 

(Balmain et al. 2003).  While many investigations have focused on identifying factors 

that affect initial tumor development (Easton et al. 2007; Tomlinson et al. 2008), data 

from both human and mouse studies have demonstrated that genetic polymorphisms can 

modulate multiple aspects of tumorigenesis, such as tumor progression (Nagase et al. 

1995; Lifsted et al. 1998; Park et al. 2005) and response to therapy (Sequist et al. 2007). 

 In this study, we investigated the effects of genetic background on tumor 

progression to an invasive growth state, motivated by a provocative observation that mice 

carrying the same oncogenic transgene but differing in genetic background developed 

tumors that were markedly distinctive in their invasiveness.  This model, the RIP1-Tag2 

(RT2) mouse model of islet cell carcinogenesis, develops multiple pancreatic 

neuroendocrine tumors (PNET) in a relatively synchronous and predictable multistage 

progression pattern by 12–14 weeks of age due to the expression of the SV40 T antigen 

oncoprotein (Tag) in the pancreatic β cells (Hanahan 1985).  The tumorigenesis pathway 

has predominantly been studied in RT2 mice inbred into the C57Bl/6 (B6) background, 

and the PNETs that arise in this genetic context display a spectrum of invasive 

phenotypes and can be classified as non-invasive islet tumors (IT), focally invasive type-

1 carcinomas (IC1), and broadly invasive type-2 carcinomas (IC2) (Lopez and Hanahan 

2002).  Surprisingly, we observed that when RT2 mice were inbred into a second strain, 

C3HeB/Fe (C3H), the tumors that arose were predominantly non-invasive, despite being 

otherwise similar in their tumorigenesis phenotype.  The implication that the invasive 
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phenotype was influenced by genetic background prompted our investigation, which was 

aimed at assessing the hypothesis that a polymorphic modifier locus (or loci) mediated 

the susceptibility or resistance to the acquisition of the hallmark capability for invasive 

growth in the RT2 mouse model of cancer. 
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Results 

PNET progression to invasive carcinoma is modulated by genetic background 

 Following anecdotal observations that PNETs developing in RT2 mice inbred into 

the C3H background were predominantly non-invasive, we carefully examined the 

distribution of the distinctive invasive phenotypes in de novo PNETs arising in RT2 mice 

inbred into either the B6 or C3H genetic backgrounds as well as in C3HB6(F1) hybrids 

(F1) to determine whether the parameter of tumor invasiveness was indeed affected by 

genetic background (Figure 3.1A–F). 

 The development of invasive carcinoma lesions (IC) was strongly suppressed in 

RT2 C3H mice.  Whereas IC lesions constitute more than half of all tumors in RT2 B6 

animals at 14 weeks, less than 15% of all tumors could be classified as invasive in RT2 

C3H mice (Figure 3.1G).  This reduction occurred in both the focally invasive IC1 and 

the widely invasive IC2 subclasses of invasive RT2 tumor lesions (Figure 3.1H).  The 

development of IC lesions was also suppressed in RT2 F1 mice, and the overall 

distribution of invasive lesions in RT2 F1 mice was similar to RT2 C3H mice (Figure 

3.1G–H).  These data indicate that the C3H genetic background is resistant to the 

development of invasive RT2 PNETs, while the F1 phenotype demonstrates that the 

resistant C3H background is dominant over the susceptible B6 background. 

 We also examined other parameters of PNET tumorigenesis in the B6 and C3H 

backgrounds to determine whether additional phenotypes were similarly affected by 

genetic background.  The average tumor burden per animal was significantly higher in 

both RT2 C3H and RT2 F1 mice as compared to RT2 B6 mice while the average number 

of macroscopic tumors per animal was higher in RT2 C3H mice as compared to RT2 B6 
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and RT2 F1 mice (Figure 3.2).  However, there were no significant differences with 

regards to either the rate of tumor proliferation or tumor apoptosis (Figure 3.2).  There 

was no indication that the driving oncogene was responsible for these phenotypic 

differences as the levels of the Tag oncoprotein were similar in tumors isolated from RT2 

mice in the different genetic backgrounds (Figure 3.3), consistent with a previous 

assessment (Hager et al. 2004).  Additionally, the expression of cadherin 1 (Cdh1, also 

known as E-cadherin), a known regulator of invasion in the RT2 model as well as other 

cancers (Perl et al. 1998), was not obviously different (Figure 3.3). 

 

The invasive modifier does not act in the bone marrow derived tissue compartment 

 Since bone marrow derived (BMD) inflammatory cells that supply matrix-

degrading enzymes such as cathepsin proteases and heparanase are functionally 

implicated in the invasive phenotype in this model (Joyce et al. 2005; Gocheva et al. 

2006; Gocheva et al. 2010), we examined the possibility that the reduced invasiveness in 

RT2 C3H and RT2 F1 mice was due to deficiencies in the invasion-promoting 

functionality of BMD cells.  We transferred bone marrow from B6 or F1 donor mice into 

RT2 F1 animals with the rationale that B6 but not F1 bone marrow would “rescue” the 

invasive phenotype in recipient RT2 F1 mice if the invasive modifier operated in this 

tissue compartment (Figure 3.4).  RT2 F1 mice were chosen as recipients since they 

develop invasive PNETs at a reduced frequency (Figure 3.1G–H) and should also be 

capable of receiving bone marrow from either B6 or F1 donors without host/donor 

incompatibility complications.  In brief, we did not observe any differences in the 

invasive phenotype or in any other parameter of RT2 tumorigenesis in RT2 F1 mice 
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whose immune systems had been rendered B6 (Figures 3.5, 3.6).  These results suggest 

that the polymorphic difference is operative in the cancer cells themselves or possibly in 

other cellular compartments of the stroma. 

 In light of the evident genetic differences in the frequency of developing invasive 

carcinomas in RT2 mice, we next sought to map the putative polymorphic locus/loci 

associated with susceptibility versus resistance to the invasive phenotype using standard 

genetic linkage analysis. 

 

Linkage analysis identifies a region on chromosome 17 that is associated with the 

development of invasive carcinomas in RT2 mice 

 To identify the genetic locus/loci that modify the invasive phenotype in RT2 

mice, we performed a genome wide linkage study.  143 RT2 N2 backcrossed mice, 

resulting from crossing RT2 F1 male mice with B6 female mice (Figure 3.7), were scored 

for the incidence of IT, IC1, and IC2 tumor lesions in addition to the other parameters of 

RT2 tumorigenesis (Dataset 3.1).  Constitutional tail DNA was genotyped across 561 

single nucleotide polymorphisms (SNP) that cover the mouse genome and discriminate 

between the B6 and C3H backgrounds (Figure 3.8, Dataset 3.1).  Statistical analysis was 

subsequently performed using R/qtl to determine whether there was evidence of linkage 

to the development of invasive lesions or to any of the other RT2 tumor phenotypes.  

LOD scores of LOD≥1.9 and LOD≥3.0 were considered suggestive and significant 

linkage respectively (Lander and Kruglyak 1995). 

 Using the development of IT, IC1, or IC2 PNETs as quantitative traits, we 

observed significant linkage to four SNPs on chromosome 17 for the development of IC2 
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lesions, with a peak LOD score of 3.52 (Figure 3.9C, Dataset 3.2).  The 95% confidence 

interval was located from 63.7–76.4 Mb, a 13 Mb region that contains over 50 annotated 

genes (Figure 3.9D).  Interestingly, we did not identify any locus that was linked to the 

IC1 phenotype, despite the different frequencies in the development of this class of 

tumors in RT2 B6 and RT2 C3H mice (Figure 3.9B, Dataset 3.2). 

 Additionally, we observed significant linkage to the X chromosome to the 

development of IT lesions (Figure 3.9A, Dataset 3.2) and to the metric of tumor number 

(Figure 3.10, Dataset 3.2).  In both situations, the linked region essentially spanned the 

entire chromosome, which complicated our efforts to analyze this region in further detail.  

We therefore proceeded to investigate the genes in the minimal region of chromosome 17 

that showed significant linkage to the development of IC2 tumors. 

 

The anaplastic lymphoma kinase resides in the chromosome 17 minimal region and 

is differentially expressed in the B6 and C3H genetic backgrounds 

 It has previously been suggested that genetic polymorphisms can influence the 

levels of gene expression in the context of phenotypic modifiers of complex traits 

(Hubner et al. 2005; Quigley et al. 2009).  We therefore asked whether any of the genes 

located within the minimal chromosome 17 region might be differentially expressed 

between the parental strains and therefore contribute to the observed differences in the 

invasion phenotypes. 

 RNA from RT2 B6 and RT2 C3H tumors were profiled by quantitative PCR for 

the genes located within the minimal region on chromosome 17.  This analysis revealed 

that a small subset of the resident genes – Alk, Dlgap1, Emilin2, Lbh, Ltbp1, Rab31, and 
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Spdya – showed significant differential expression between the B6 and C3H genetic 

backgrounds at the mRNA level (Figures 3.9D, 3.11A, Dataset 3.3). 

 We were particularly intrigued by the Alk gene, which encodes the anaplastic 

lymphoma kinase.  Alk mRNA levels were ~60% lower in RT2 C3H tumors versus RT2 

B6 tumors, which was also reflected at the protein level (Figure 3.11A, C).  Alk 

expression was also reduced in wild-type islets from C3H mice as compared to B6 mice, 

consistent with Alk being expressed at higher levels in the B6 background versus the 

C3H background regardless of the neoplastic state of this tissue (Figure 3.11B).  Alk 

levels were higher in tumors compared to wild-type islets in both genetic backgrounds, 

and Alk expression showed a progressive increase during the course of RT2 

tumorigenesis (Figure 3.11B, D).  Notably, there are no polymorphisms in the exonic 

regions of the Alk gene that differentiate the B6 allele from the C3H allele (data not 

shown), and therefore the Alk protein is not intrinsically different in structure or function 

in these different genetic backgrounds.  Interestingly, Alk belongs to the insulin-receptor 

superfamily of receptor tyrosine kinases (Chiarle et al. 2008), members of which are 

known to influence PNET tumorigenesis in RT2 mice, including tumor invasion (Lopez 

and Hanahan 2002; Ulanet et al. 2010).  Given this association and our observation that 

Alk expression levels were significantly different between the B6 and C3H backgrounds, 

we sought to explore the potential role that Alk might play in the development of 

invasive RT2 tumors. 

 

A pharmacological inhibitor of Alk inhibits invasion and other parameters of PNET 

tumorigenesis 
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 We used a small molecule inhibitor of Alk kinase activity, NVP-TAE684 

(TAE684) (Galkin et al. 2007), in an experimental therapeutic trial in RT2 mice aiming to 

assess the effects of reduced Alk activity on RT2 tumorigenesis, particularly with regards 

to the parameter of tumor invasion. 

 Male RT2 B6 mice were treated for four weeks with TAE684 or vehicle using a 

previously defined dose regimen (Galkin et al. 2007) beginning at 10 weeks of age when 

incipient tumors are first observed in RT2 mice (Figure 3.12) (Bergers et al. 1999).  RT2 

B6 mice were used since they develop IC lesions at significantly higher levels than RT2 

C3H mice, and they also express Alk in the pancreatic islets and PNETs at significantly 

higher levels than RT2 C3H mice (Figures 3.1G–H, 3.11A–C).  This is also the stage of 

RT2 tumorigenesis when there is an appreciable increase in Alk expression levels (Figure 

3.11D).  TAE684 was well tolerated, and 13 of 14 treated mice and 12 of 13 control mice 

survived until the end of the trial (Figure 3.13 and data not shown). 

 At the defined endpoint of the trial, TAE684-treated mice proved to have 

developed ~25% fewer macroscopic tumors than control mice (Figure 3.14B); there was 

a concomitant trend towards reduced tumor burden in TAE684-treated mice, which, 

however, was not statistically significant (Figure 3.14A). 

 Notably, TAE684-treated mice developed significantly fewer invasive lesions 

than control mice.  There was a clear reduction in the frequency of total IC tumors 

(49.7% versus 33.3% of total tumors in control versus treated mice), which was 

accompanied by a concomitant increase in the frequency of IT tumors (50.3% versus 

66.7% of total tumors in control versus treated mice), in TAE684-treated mice (Figure 
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3.14C).  This shift was due to a reduction in the frequencies of both the IC1 and IC2 

subclasses of invasive RT2 PNETs (Figure 3.14D). 

 TAE684 functions by interfering with Alk kinase activity (Galkin et al. 2007), and 

tumors from treated RT2 mice showed reduced levels of phosphorylated Alk (Figure 

3.14E).  We also observed a modest but appreciable reduction in the levels of 

phosphorylated Akt, one downstream Alk target, compared to controls (Figure 3.14E), 

confirming that TAE684 inhibited Alk activity in the tumors of RT2 mice. 
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Discussion 

 A considerable body of research has identified polymorphic modifier loci 

scattered across the mouse genome that affect multiple aspects of cancer susceptibility 

and development (Balmain et al. 2003; Demant 2003; Quan et al. 2010).  Our data 

demonstrate that tumor progression, specifically to an invasive growth state, is also 

subject to polymorphic genetic control.  We identify a polymorphic locus on mouse 

chromosome 17 (syntenic to human chromosomes 2 [107.5–110 Mb], 5 [2.5–10 Mb], and 

18 [29–34 Mb]), which influences the susceptibility of PNETs to progress from solid 

adenomatous tumors to invasive carcinomas. 

 Using a prototypical mouse model of multistage tumorigenesis, we observed that 

the propensity to develop an invasive phenotype is affected by genetic background.  RT2 

mice inbred into the B6 background develop PNETs of varying degrees of invasiveness 

whereas RT2 mice inbred into the C3H background are largely resistant to the 

development of invasive tumors.  Furthermore, RT2 F1 hybrid mice are also resistant, 

indicating that the C3H genetic background is dominant-suppressive over the invasion-

prone B6 background.  Linkage analysis of RT2 N2 backcross mice, produced from 

backcrossing RT2 F1 mice once to the susceptible B6 background, identified a locus on 

chromosome 17 that correlated with susceptibility (when the locus is homozygous B6) 

versus resistance (when a C3H allele is present).  Previous studies have documented that 

tumors isolated from RT2 mice undergo chromosomal gains and losses at different 

frequencies dependent on genetic background (Hodgson et al. 2001; Hager et al. 2004).  

Notably, chromosome 17 is not affected by copy number abnormalities in either the B6 



  92 

or C3H backgrounds, suggesting that this locus is of a class of genetic modifiers that is 

not altered during tumorigenesis. 

 The invasion modifier locus on chromosome 17 (63.7–76.4 Mb) contains more 

than 50 annotated genes.  Of these, 7 were found to be differentially expressed in the 

PNETs isolated from RT2 mice inbred into the B6 and C3H backgrounds.  As a first step 

towards auditing candidate invasion modifier genes in this locus, we focused on the Alk 

receptor tyrosine kinase, motivated in part by a series of studies demonstrating that Alk is 

activated by mutation or chromosomal translocation in human hematopoietic and solid 

cancers, evidently converting it into an initiating oncogene (Morris et al. 1994; Chiarle et 

al. 2008; George et al. 2008; Mosse et al. 2008).  Based on these and previous studies 

implicating Alk as an oncogene, several small molecule inhibitors specific to Alk have 

been developed as potential therapeutics for these diseases (Galkin et al. 2007; Li and 

Morris 2008).  Our use of one such kinase inhibitor to probe the possible roles of Alk in 

PNET tumorigenesis demonstrated that Alk promoted both tumor growth and 

progression; most notably, pharmacological inhibition of Alk activity reduced tumor 

invasiveness in RT2 B6 mice.  These results are consistent with our observation that Alk 

is expressed at lower levels in the tumors of RT2 C3H mice, which are rarely invasive, as 

compared to the tumors of RT2 B6 mice, which consistently develop invasive PNETs.  In 

comparing the B6 and C3H sequences, we did not identify any polymorphism in either 

the protein-coding or untranslated portions of the Alk mRNA that might suggest a basis 

for Alk’s invasion modifier effects and/or differential expression.  However, there are 

four polymorphisms located within 10 kbp of the 5’-flanking region and two within 10 

kbp of the 3’-flanking region, in addition to ~300 polymorphisms residing in the large 
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intron 2 of the Alk gene, that distinguish the B6 and C3H alleles (data not shown), and 

one or more of these polymorphisms may account for the observed differences in allelic 

expression.  Our results associating Alk with invasion are also congruent with a previous 

study demonstrating that anti-Alk antibodies can reduce tumor cell invasion in an in vitro 

setting (Stylianou et al. 2009).  Additionally, pharmacological inhibition of Alk hindered 

tumor formation in RT2 mice, in accordance with earlier studies examining the 

oncogenic properties of Alk (Piva et al. 2006; Galkin et al. 2007; George et al. 2008; 

Mosse et al. 2008).  Importantly and in contrast to the aforementioned studies where Alk 

was the driving oncogene, our results demonstrate that Alk can also act as a tumor 

progression factor, being upregulated during multi-step tumorigenesis to collaborate with 

an initiating oncogene (in this case the SV40 Tag oncogene that abrogates the tumor 

suppressing activities of pRb and p53).  Thus, Alk inhibition may prove to be a useful 

therapy even in situations where Alk is not the initiating oncogene, either as a result of 

mutation or other means. 

 While our data implicate Alk levels as a determinant of RT2 tumor invasion, we 

envision that other polymorphic invasion modifier genes may reside in the chromosome 

17 locus.  The Alk inhibitor reduced tumor invasiveness, but not to the degree seen in the 

C3H background, which could reflect incomplete Alk inhibition or additional genetic 

components to the modifier effect.  Indeed, several other genes residing in this locus also 

showed significant differential expression in RT2 tumors from the B6 and C3H genetic 

backgrounds (Figure 3.11A), and one of these genes, Ltbp1, contains a nonsynonymous 

coding change between the B6 and C3H backgrounds (data not shown).  As such, other 

genes in this locus merit future investigation. 



  94 

 Although BMD inflammatory cells have been shown to contribute to the 

invasiveness of RT2 PNETs (Gocheva et al. 2006; Gocheva et al. 2010), it does not 

appear that their activity is modulated by the invasion modifier gene(s).  Thus, invasive 

PNETs were still rare in RT2 F1 mice that received bone marrow from an invasion-

permissive B6 donor.  Although we cannot rule out the possibility that this modifier locus 

operates in other stromal cell types or in another tissue compartment, it seems most likely 

that the invasive modifier acts in the cancer cells. 

 In addition to pro-invasive inflammatory cells, other factors are known to 

influence progression to an invasive growth state in this prototypical model of multistage 

tumorigenesis.  Loss of cell-cell adhesion complexes, including the adherens junctions 

mediated by Cdh1 (Perl et al. 1998) and desmosomes (M.G.H.C. and D.H., in 

preparation), are associated with the development of more invasive tumors.  Signaling 

through the type-1 insulin-like growth factor receptor (Igf1r) can also drive progression 

to an invasive state (Lopez and Hanahan 2002).  The present study now establishes a new 

dimension to this multifactorial invasive growth phenotype, involving a polymorphic 

genetic modifier that can alternatively override or allow these other functional effectors 

of invasive growth.  It remains to be determined whether the chromosome 17 invasion 

modifier locus identified in this study modulates any of these functionalities or acts in a 

completely independent fashion. 

 Finally, it is pertinent to consider the translational implications of this newly 

identified invasion modifier.  First, we suspect that this polymorphic modifier will prove 

operative in other cancer types but most likely not in all.  Notably, the development of 

squamous carcinoma is under distinctive polymorphic control in mice.  In this case, the 
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B6 background is largely resistant to the development of invasive squamous carcinomas 

in three different oncogenic contexts – an activated Hras oncogene (Wakabayashi et al. 

2007), the HPV16 oncogenes (Coussens et al. 1996), and chemical carcinogens 

(Hennings et al. 1993).  Thus, the B6 background is permissive for invasive cancers in 

the pancreas but resistant for Hras-induced cancers in the skin.  A major determinant of 

skin tumor resistance is a polymorphism in the Patched gene (Ptch1), located on mouse 

chromosome 13, that introduces a non-conservative coding sequence change at the C-

terminus of the protein (Wakabayashi et al. 2007).  This polymorphism was not detected 

in the present linkage analysis of invasive pancreatic tumors.  Therefore, both tumor 

types are governed by polymorphic modifiers of invasive cancer, albeit distinctive ones.  

Additionally, yet other phenotypic modifiers of metastasis are implicated in mouse 

models of breast cancer (Winter and Hunter 2008) and in human breast cancer (Hsieh et 

al. 2009). 

 Assessing the existence of polymorphic invasion modifiers in human cancers will 

be challenging.  The availability of increasingly cost-effective DNA sequencing of 

individual genomes (both normal and cancerous) may afford inroads to identifying 

polymorphisms correlating with progression to invasive carcinomas, particularly in 

organs where both non-invasive adenomas and invasive carcinomas are prevalent, such as 

the colon.  Elucidation of such polymorphic modifiers could well contribute to the future 

of personalized medicine, where susceptibility versus resistance alleles of invasion 

modifiers might be factored into the treatment for patients diagnosed with early-stage 

cancers. 
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Materials and methods 

Genetically engineered mice 

 The generation and characterization of the RIP1-Tag2 (RT2) mouse line has been 

previously described (Hanahan 1985).  The RT2 line has been backcrossed into the 

C57Bl/6 (B6) (Charles River Laboratories, Wilmington, MA) and the C3HeB/Fe (C3H) 

(The Jackson Laboratory, Bar Harbor, ME) genetic backgrounds more than 20 times and 

is effectively inbred into these backgrounds.  RT2 C3HB6(F1) hybrid mice (F1) and RT2 

N2 mice were generated as described (Figure 3.7).  Beginning at 10 weeks of age, all 

RT2 mice received 50% sugar food (Harlan Teklad, Madison, WI) to relieve the effects 

of hypoglycemia caused by the insulin-secreting tumors.  CAG-EGFP B6 mice were 

purchased from The Jackson Laboratory (Bar Harbor, ME).  All mice used in this study 

were housed and maintained in accordance with the University of California, San 

Francisco (UCSF) institutional guidelines governing the care of laboratory mice. 

 

Tissue preparation and tumor analysis 

 Pancreata were isolated from 14-week-old RT2 mice.  Tumor burden and tumor 

number were analyzed as previously described (Inoue et al. 2002).  Fresh frozen tissues 

were embedded in OCT (Sakura Finetek, Torrance, CA) on dry ice.  Fixed tissues were 

incubated overnight at 4°C in 10% Zn-buffered formalin (Medical Chemical Corporation, 

Torrance, CA) and then dehydrated through a series of graded alcohols before embedding 

in paraffin (Paraplast) (Thermo Fisher Scientific, Waltham, MA). 

 

Histological and immunohistochemical staining and analysis 
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 Both frozen and paraffin tissues were sectioned at 10 µm thickness.  For 

histological analysis, every tenth section was stained with hematoxylin and eosin 

(Surgipath Medical Industries, Richmond, IL) using standard methods.  Tumors were 

classified as a non-invasive islet tumor (IT), a focally invasive carcinoma type-1 (IC1), or 

a broadly invasive carcinoma type-2 (IC2) using a previously defined grading scheme 

(Lopez and Hanahan 2002).  For immunohistochemistry, frozen sections were fixed in 

cold acetone while paraffin sections were deparaffinized, rehydrated in a series of graded 

alcohols, subjected to antigen retrieval in Antigen Unmasking Solution (Vector 

Laboratories, Burlingame, CA), and blocked for endogenous peroxidase activity.  

Antibodies used in this study were as follows: rabbit anti-T-antigen (Hanahan laboratory 

preparation), rat anti-cadherin 1 (Invitrogen, Carlsbad, CA), rabbit anti-Ki67 (Novus 

Biologicals, Littleton, CO), rhodamine red-X-conjugated donkey anti-rabbit IgG, FITC-

conjugated donkey anti-rat IgG, biotin donkey anti-rabbit IgG (Jackson ImmunoResearch 

Laboratories, West Grove, PA).  Fluorescently labeled tissues were mounted with 

Vectashield mounting medium containing 4’,6-diamidino-2-phenylindole (DAPI) (Vector 

Laboratories, Burlingame, CA) to visualize cell nuclei.  The TdT-mediated dUTP-

digoxigenin nick-end labeling (TUNEL) assay was used to detect tumor apoptosis as 

previously described (Lopez and Hanahan 2002).  For colorimetric staining, signal was 

amplified using the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA), 

visualized using Fast DAB (Sigma, St. Louis, MO), and counterstained with methyl green 

(Sigma, St. Louis, MO).  For Ki67 and TUNEL quantification, two to three random fields 

were obtained using a 40X objective lens from at least three tumors per mouse and at 

least five mice per group.  The proliferation or apoptosis index was calculated as the 
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percentage of total cells per field that were Ki67- or TUNEL-positive respectively using 

the MetaMorph software package (Molecular Devices, Sunnyvale, CA).  For all other 

immunohistochemical analysis, a minimum of five mice per indicated group was 

analyzed per staining condition.  All images were captured using an Axio Imager bright 

field microscope or an Axio Scope fluorescence microscope and the AxioVision LE 

software package (Carl Zeiss, Thornwood, NY). 

 

Genomic DNA preparation, SNP genotyping, and linkage analysis 

 Genomic DNA (gDNA) was isolated from mouse tails by proteinase K (Qiagen, 

Valencia, CA) digestion followed by phenol-chloroform extraction using standard 

methods (Sambrook and Russell 2001).  4 µg of gDNA per animal was SNP genotyped 

using the Illumina platform according to the manufacturer’s specifications (Illumina, San 

Diego, CA), and 143 RT2 N2 mice for which tumor phenotype data were available were 

genotyped by this method.  A panel of primers that discriminate between the B6 and C3H 

genetic backgrounds across all 19 somatic chromosomes and the X chromosome was 

employed (see Dataset 3.1 for a complete list of SNPs used in this study).  Statistical 

analysis was performed using R/qtl (http://www.rqtl.org/) for the IT, IC1, IC2, tumor 

number, and tumor burden metrics.  Because these metrics were not normally distributed, 

non-parametric tests were chosen in R/qtl.  A LOD score of LOD≥3.0 was considered 

significant (Lander and Kruglyak 1995). 

 

Lethal irradiation and bone marrow transfer 
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 Five-week-old RT2 F1 mice were lethally irradiated (950 rad) using a cesium 

source.  Mice were injected via the tail vein with 1.5x106 bone marrow derived cells from 

B6 or F1 donor mice 24 hours post-irradiation as previously described (Gocheva et al. 

2010).  Donor mice were CAG-EGFP positive.  Mice were maintained on antibiotics (1.1 

g/L neomycin sulfate [Sigma, St. Louis, MO] and 1x106 units/L polymyxin B sulfate 

[Sigma, St. Louis, MO]) for four weeks post-irradiation.  Successful bone marrow 

engraftment was confirmed by flow cytometry of blood four weeks post-irradiation 

looking at GFP expression in CD4-positive cells, a bone marrow derived cell type. 

 

RNA isolation and preparation and quantitative PCR 

 Normal islets were isolated from six-week-old wild-type B6 and C3H mice, and 

hyperplastic islets were isolated from six-week-old RT2 B6 mice as previously described 

(Parangi et al. 1995).  Angiogenic islets were isolated from nine-week-old RT2 B6 mice 

by selection based on their red, hemorrhagic appearance following collagenase digestion 

of pancreata (Parangi et al. 1995).  Islet tumors were excised from the surrounding 

exocrine pancreas from 14-week-old RT2 B6 and RT2 C3H mice.  Total RNA was 

isolated using the RNeasy Mini kit (Qiagen, Valencia, CA) and DNase I treated (Qiagen, 

Valencia, CA).  cDNA was synthesized using the iScript Synthesis kit (Bio-Rad, 

Hercules, CA).  Quantitative PCR was performed using TaqMan primers and TaqMan 

Custom Arrays (Applied Biosystems, Foster City, CA) (see Dataset 3.3 for a complete 

list of primers used in this study) and a 7900HT Fast Real-Time PCR System (Applied 

Biosystems, Foster City, CA) according to the manufacturer’s specifications. 
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TAE684 inhibitor trial 

 The characterization of the Alk inhibitor NVP-TAE684 (TAE684) has been 

previously described (Galkin et al. 2007).  TAE684 was resuspended in 10% 1-methyl-2-

pyrrolidinone/90% PEG 300 (volume/volume) (Sigma, St. Louis, MO), and male RT2 B6 

mice were administered a 10 mg/kg dose once daily or vehicle solution alone by oral 

gavage from 10–14 weeks of age.  Body mass was monitored twice weekly to adjust 

dosing levels and to assess any toxicity caused by the treatment. 

 

Western analysis 

 Whole RT2 tumors were lysed in protein extraction buffer (10 mM Tris, pH 8.0; 

1% NP-40; 0.5% Triton X-100) containing protease inhibitors (Roche, Indianapolis, IN) 

and phosphatase inhibitors (Sigma, St. Louis, MO) on ice for 30 minutes and then 

centrifuged at 16,000g for 30 minutes at 4°C.  The resulting supernatants were used for 

immunoblotting.  Equivalent amounts of protein from individual tumors were pooled and 

then loaded onto a 7.5% Tris-HCl gel (Bio-Rad, Hercules, CA) and transferred to a 

PVDF membrane (Bio-Rad, Hercules, CA).  Membranes were blocked with 5% bovine 

serum albumin in 10 mM Tris pH 8.0; 150 mM NaCl; 0.1% Tween-20, probed with 

primary antibodies in block overnight at 4°C, incubated with secondary antibodies in 

block, and developed with enhanced chemiluminescence reagents (Amersham 

Biosciences, Pittsburgh, PA).  Prior to re-probing, blots were stripped with Restore 

Buffer (Thermo Scientific, Rockford, IL).  Antibodies used in this study were as follows: 

rabbit anti-T-antigen (Hanahan laboratory preparation), rat anti-cadherin 1 (Invitrogen, 

Carlsbad, CA), mouse anti-Alk-c, rabbit anti-phospho-Alk (Y1507), mouse anti-β-actin 
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(Abcam, Cambridge, MA), rabbit anti-total-Akt, rabbit anti-phospho-Akt (S473) (Cell 

Signaling Technology, Beverly, MA), HRP-goat anti-rabbit IgG, HRP-goat anti-rat IgG, 

HRP-goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, West Grove, PA). 

 

Statistical analysis 

 Fisher’s exact test and the chi-square test were used to compare tumor invasion 

metrics.  The Mann-Whitney test was used to compare tumor burden, tumor number, 

tumor proliferation, tumor apoptosis, body mass, and mRNA expression level metrics.  

For all statistical tests, a p-value of p≤0.05 was considered significant.  All statistics were 

performed using the Prism software package (GraphPad Software, La Jolla, CA). 
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Figure 3.1.  PNET invasion is dependent on genetic background. 

 (A–C) H&E staining of a non-invasive IT PNET, a focally invasive IC1 PNET, 

and a broadly invasive IC2 PNET from a RT2 B6 mouse.  (D–E) Higher magnification of 

boxed regions in A–C.  T indicates tumor region and Ex indicates exocrine pancreas.  

Dashed lines demarcate tumor margins.  (F) Quantification of tumor invasiveness 

represented as the percentage of IT tumors or total IC tumors (IC1+IC2) in RT2 mice on 

the B6, C3H, and F1 genetic backgrounds at 14 weeks of age.  A minimum of 117 tumors 

per group was graded.  * p<0.001 by Fisher’s exact test.  (G) Same as F except IC lesions 

are separated into the IC1 and IC2 subclasses.  * p<0.001 by the Chi-square test.  Scale 

bars represent 400 µm (A–C) and 200 µm (D–F). 
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Figure 3.2.  Tumor burden and tumor number but not rates of tumor proliferation 

or tumor apoptosis are affected by genetic background in RT2 mice. 

 (A) Tumor burden for RT2 mice on the B6, C3H, and F1 genetic backgrounds at 

14 weeks of age.  Data shown are mean plus standard error.  * p<0.05 and ** p<0.01 by 

the Mann-Whitney test.  (B) Tumor number for RT2 mice on the B6, C3H, and F1 

genetic backgrounds at 14 weeks of age.  Data shown are mean plus standard error.  * 

p<0.001 by the Mann-Whitney test.  (C–E) Ki67 staining on tumors from RT2 mice on 

the B6, C3H, and F1 genetic backgrounds at 14 weeks of age.  (F–H) TUNEL staining on 

tumors from RT2 mice on the B6, C3H, and F1 genetic backgrounds at 14 weeks of age.  

(I) Quantification of C–E.  Data shown are mean plus standard error.  Groups are not 

statistically different.  (J) Quantification of F–H.  Data shown are mean plus standard 

error.  Groups are not statistically different.  Scale bars represent 100 µm (C–H). 
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Figure 3.3.  Expression levels of the oncoprotein T antigen (Tag) and the adhesion 

molecule cadherin 1 (Cdh1) are unaffected by genetic background. 

 (A–C) Immunofluorescence staining for DAPI to visualize cell nuclei, Tag, and 

Cdh1 on a RT2 B6 tumor.  (D–F) Same as A–C except for a RT2 C3H tumor.  (G–I) 

Same as A–C except for a RT2 F1 tumor.  (J) Western analysis for Tag, Cdh1, and β-

actin on lysates from individual tumors isolated from RT2 mice on the B6, C3H, and F1 

genetic backgrounds.  Scale bars represent 400 µm. 



Bone marow
transfer

Bone marow
transfer

GFP+
B6

GFP+
C3HB6(F1)

RT2+
C3HB6(F1)

RT2+
C3HB6(F1)

Lethal irradiation

RT2+
C3HB6(F1)

+
B6 bone marrow

(GFP+)

RT2+
C3HB6(F1)

+
C3HB6(F1)

bone marrow
(GFP+)

Figure 3.4

109



 110 

Figure 3.4.  Schematic for bone marrow transfer into RT2 F1 mice. 

 RT2 C3HB6(F1) (F1) mice were lethally irradiated at five weeks of age.  24 hours 

post-irradiation, these mice were reconstituted with bone marrow from C57Bl/6 (B6) or 

F1 donor mice.  Donor mice were GFP-positive to enable the assessment of the degree of 

bone marrow engraftment in the recipient mice. 



Bone marrow genotype

A

Bone marrow genotype

B

Bone marrow genotype

C

ED
Bone marrow genotype

B6 (n=14)
C3HB6(F1) (n=14)

Bone marrow genotype
B6 (n=14)
C3HB6(F1) (n=14)

Figure 3.5

111



 112 

Figure 3.5.  The invasive modifier does not act in the bone marrow derived tissue 

compartment. 

 (A–C) Tumor burden, tumor number, and body mass for RT2 F1 mice 

reconstituted with bone marrow derived from B6 or F1 donors at five weeks of age and 

sacrificed at 14 weeks of age.  Data shown are mean plus standard error.  Groups are not 

statistically different for these metrics.  (D) Quantification of tumor invasiveness 

represented as the percentage of IT tumors or total IC tumors (IC1+IC2) in RT2 F1 mice 

reconstituted with bone marrow derived from B6 or F1 donors.  A minimum of 94 tumors 

per group was graded.  Groups are not statistically different.  (E) Same as D except IC 

lesions are separated into the IC1 and IC2 subclasses.  Groups are not statistically 

different. 
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Figure 3.6.  RT2 F1 mice successfully received bone marrow from GFP-labeled B6 

or F1 donors. 

 Flow cytometry analysis of blood from recipient RT2 F1 mice looking at GFP 

positivity (M1 population) in CD4-positive cells, a bone marrow derived cell population 

(All population).  (A) Flow cytometry plot from a control, non-reconstituted wild-type B6 

mouse.  (B) Flow cytometry plot from a control, non-reconstituted CAG-EGFP B6 

mouse.  (C) Flow cytometry plot from a RT2 F1 mouse reconstituted with bone marrow 

derived from a CAG-EGFP B6 donor 5 weeks post-transfer.  (D) Flow cytometry plot 

from a RT2 F1 mouse reconstituted with bone marrow derived from a CAG-EGFP F1 

donor 5 weeks post-transfer. 
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Figure 3.7.  Schematic of breeding scheme for the generation of RT2 N2 mice. 

 RT2 B6 male mice were intercrossed with C3H female mice to produce RT2 F1 

hybrid mice.  RT2 F1 male mice were backcrossed once with B6 female mice to generate 

RT2 N2 mice.  Constitutional tail DNA from 143 RT2 N2 mice was genotyped across 

561 single nucleotide polymorphisms that cover the mouse genome and that discriminate 

between the B6 and C3H genetic backgrounds. 
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Figure 3.8.  SNP genotyping results for RT2 N2 mice. 

 Heat map of genotyping results for 561 single nucleotide polymorphisms (SNP) 

across the mouse genome for 143 RT2 N2 backcross mice.  Red indicates homozygosity 

for the C57Bl/6 genetic background.  Yellow indicates heterozygosity for the C57Bl/6 

and C3HeB/Fe genetic backgrounds.  White indicates a failed SNP call.  Individual mice 

are arranged along the X-axis.  SNPs are arranged along the Y-axis in chromosomal order 

(from mouse chromosome 1 through 19 and the X chromosome). 
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Figure 3.9.  The IC2 tumor phenotype is linked to a region on chromosome 17. 

 (A) LOD scores for the IT phenotype across the mouse genome.  The IT 

phenotype shows significant linkage (LOD≥3.0) to a region on chromosome X.  (B) LOD 

scores for the IC1 phenotype across the mouse genome.  (C) LOD scores for the IC2 

phenotype across the mouse genome.  The IC2 phenotype shows significant linkage 

(LOD≥3.0) to a region on chromosome 17.  Dashed lines demarcate LOD-3.0 

significance cutoff.  (D) The physical map of the 95% confidence interval on 

chromosome 17.  The map was constructed using data from the UCSC Genome Browser 

(http://genome.ucsc.edu/) and the NCBI MapViewer 

(http://www.ncbi.nlm.nih.gov/projects/mapview/) for the mouse genome.  Red and green 

arrows indicate genes that are expressed at significantly higher and lower levels 

respectively in tumors isolated from RT2 C3H mice as compared to RT2 B6 mice. 
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Figure 3.10.  RT2 tumor number phenotype shows significant linkage to a region on 

chromosome X. 

 (A) LOD scores for the tumor number phenotype across the mouse genome.  The 

tumor number phenotype shows significant linkage (LOD≥3.0) to a region on 

chromosome X.  (B) LOD scores for the tumor burden phenotype across the mouse 

genome.  Dashed lines demarcate LOD-3.0 significance cutoff. 
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Figure 3.11.  The anaplastic lymphoma kinase (Alk) is differentially expressed in the 

B6 and C3H genetic backgrounds. 

 (A) Real-time quantitative PCR values for Alk, Dlgap1, Emilin2, Lbh, Ltbp1, 

Rab31, and Spdya for tumors isolated from RT2 mice on the B6 and C3H backgrounds.  

Seven independent tumors per genotype were analyzed in triplicate.  Data shown are 

mean plus standard error, and values are shown as the percent expression of the 

ribosomal protein L19 (L19).  * p<0.05 and ** p<0.01 by the Mann-Whitney test.  (B) 

Real-time quantitative PCR values for Alk in a pool of islets isolated from normal wild-

type (WT) B6 or C3H mice or in tumors (T) isolated from RT2 mice on either the B6 or 

C3H backgrounds as in (A).  Values are shown as the percent expression of L19.  (C) 

Western analysis on tumor pool lysates (T) from RT2 B6 and RT2 C3H mice for Alk and 

β-actin.  (D) Real time quantitative PCR values for Alk during the stages of RT2 

tumorigenesis (normal wild-type [N], hyperplastic [H], angiogenic [A], tumor [T]) on the 

B6 genetic background.  Values are shown as the percent expression of L19. 
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Figure 3.12.  NVP-TAE684 dose regimen used to inhibit Alk kinase activity. 

 Male RIP1-Tag2 (RT2) mice on the C57Bl/6 genetic background were given a 

daily dose of NVP-TAE684 (TAE684), a small molecule inhibitor that specifically 

inhibits the kinase activity of the anaplastic lymphoma kinase (Alk) (Galkin et al. 2007), 

or vehicle control by oral gavage.  The experimental therapeutic trial was of the 

intervention format and lasted from 10–14 weeks of age at which point the mice were 

sacrificed and analyzed. 
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Figure 3.13.  The Alk inhibitor TAE684 is well tolerated in RT2 mice in an 

experimental therapeutic trial. 

 (A) Longitudinal body mass for RT2 B6 mice treated with TAE684 or vehicle 

from 10–14 weeks of age.  Data shown are mean plus standard error.  Groups are not 

statistically different at any time point.  (B) Body mass at time of sacrifice in RT2 B6 

mice treated with TAE684 or vehicle from 10–14 weeks of age.  Data shown are mean 

plus standard error.  Groups are not statistically different. 
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Figure 3.14.  The Alk inhibitor NVP-TAE684 (TAE684) reduces tumor invasiveness 

in RT2 mice in an experimental therapeutic trial. 

 (A) Tumor burden for RT2 B6 mice treated with TAE684 or vehicle from 10–14 

weeks of age.  Data shown are mean plus standard error.  Data are not statistically 

different.  (B) Tumor number for RT2 B6 mice treated with TAE684 or vehicle from 10–

14 weeks of age.  Data shown are mean plus standard error.  * p<0.05 by the Mann-

Whitney test.  (C) Quantification of tumor invasiveness represented as the percentage of 

IT tumors or total IC tumors (IC1+IC2) in RT2 B6 mice treated with TAE684 or vehicle 

from 10–14 weeks of age.  A minimum of 83 tumors per group was graded.  * p<0.05 by 

Fisher’s exact test.  (D) Same as C except IC tumors are separated into the IC1 and IC2 

subclasses.  * p<0.01 by the Chi-square test.  (E) Western analysis on tumor pool lysates 

from TAE684- or vehicle-treated RT2 B6 mice for phospho-Alk, total Alk, phospho-Akt, 

total Akt, and β-actin. 
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Progression to an invasive growth state is multifactorial 

 The progression of a tumor to an invasive growth state is governed by a complex 

and dynamic interaction of factors at multiple levels, as revealed in an extensive body of 

prior research (Christofori 2006) that is now extended with the new knowledge resulting 

from my thesis research, as described in the preceding chapters (Figure 2.18).  Using the 

RIP1-Tag2 (RT2) mouse model of pancreatic neuroendocrine tumorigenesis (PNET), I 

demonstrated that alterations at the molecular and genetic levels can influence the 

development of an invasive phenotype.  While I present compelling data describing how 

desmosomal adhesion can act as a barrier to the development of an invasive phenotype 

and how signaling from the Alk molecule can promote tumor invasiveness, several 

questions remain unresolved, and I discuss them here in further detail. 

 

Desmosomes and invasion: conclusions, unresolved questions, and future directions 

 It is clear from the work presented in Chapter 2 of this dissertation as well as from 

other studies (Perl et al. 1998; Cavallaro and Christofori 2004) that cell-cell adhesion 

serves as one barrier to the development of an invasive growth phenotype.  The 

importance of this cellular feature is exemplified by the number of distinct cellular 

structures, including desmosomes and adherens junctions (AJ), whose primary function is 

to maintain cell-cell adhesion (Garrod and Chidgey 2008; Hartsock and Nelson 2008).  

By genetically deleting one component of desmosomes, desmoplakin (Dsp), in the 

developing PNETs of RT2 mice, I observed that there was an increased incidence of 

invasive carcinomas, likely due to disrupted/ablated desmosomal adhesion.  Interestingly, 

as previously noted, I only observed an increase in the incidence of focally invasive 
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carcinomas (IC1 lesions) while the incidence of widely invasive carcinomas (IC2 lesions) 

remained unchanged, and the reason for this result remains unknown.  As has already 

been discussed, the persistence of cadherin 1 (Cdh1) expression and presumably of 

adherens junction adhesion following Dsp deletion may explain why only the IC1 but not 

IC2 fraction of invasive RT2 PNETs was impacted.  Alternatively, as was also previously 

discussed in Chapter 2, it is possible that the genetic deletion of a different desmosomal 

component could lead to a more severe phenotype.  For example, targeting a dominant-

negative Cdh1 molecule, the transmembrane component of AJs, to the β cells of RT2 

mice led to widespread tumor invasion as well as lymph node metastasis (Perl et al. 

1998); thus, targeting one of the desmosomal cadherins, such as Dsc2 or Dsg2, might 

have a similar effect. 

 However, an alternative explanation for the differential impact of Dsp deletion on 

IC1 versus IC2 development has to do with the time at which the Dsp gene was deleted.  

In the experiments presented in Chapter 2, I genetically deleted Dsp in 10 week-old RT2 

mice, the stage of RT2 tumorigenesis when angiogenic islet dysplasias are already 

present and when tumors are just forming.  It is formally possible that I failed to see any 

impact on IC2 lesions because the four-week time period between genetic deletion of Dsp 

and time of sacrifice was insufficient to allow IC2 tumors to develop.  Thus, it is possible 

that genetically deleting Dsp at an earlier time point in RT2 mice, either by inducing 

Pdx1-CreER activity at an earlier time point or by using a different Cre line such as the 

RIP-Cre allele (Gannon et al. 2000), could lead to a more severe invasive phenotype.  

However, it should be noted that my attempts to delete Dsp at six weeks using the Pdx1-

CreER allele and during embryogenesis using the RIP-Cre allele were unsuccessful.  In 
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the case of the Pdx1-CreER allele, the tumors that developed underwent incomplete 

deletion of the Dsp gene while I failed to recover any Dsp knockouts, either in the 

presence or absence of the RIP-Tag transgene, when using the RIP-Cre allele (data not 

shown).  The reasons for these experimental outcomes are unknown at this time. 

 An additional outstanding question is how Dsp deletion promotes tumor invasion.  

Clearly, loss of Dsp leads to disrupted/impaired desmosomal adhesion.  However, it is 

also possible that Dsp actively signals to downstream targets that could impact invasion, 

and recent data have suggested that Dsp can indeed act as a signaling center (Wan et al. 

2007).  However, it is worth noting that I did not observe any impact on any parameter of 

tumor growth following deletion of the Dsp gene in the incipient tumors of RT2 mice, 

which is in accordance with a previous study examining the role of Dsp in the skin 

(Vasioukhin et al. 2001).  Thus, if the deletion of Dsp does in fact alter downstream 

signals to promote invasion, it does not appear that these changes in signaling have any 

growth advantage, at least in the context of RIP-Tag tumorigenesis. 

 As my work demonstrates, the expression of multiple desmosomal genes was 

significantly decreased in the invasive IC2 class of RT2 PNETs as compared to the non-

invasive IT class of RT2 PNETs at the RNA level, which was also reflected at the protein 

level.  Additionally, genetically deleting Dsp in the incipient tumors of RT2 mice, which 

phenocopies the transcriptional downregulation of this particular desmosomal gene, 

resulted in an increased incidence of invasive tumors.  Thus, it is clear that decreased 

expression of desmosomal genes promotes an invasive growth phenotype.  However, the 

exact mechanism of how this downregulation occurs in the RT2 model remains unclear.  

Given that multiple desmosomal genes showed simultaneous downregulation, it is 
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tempting to speculate that these genes are coordinately regulated by a common factor 

such as one of the transcription factors involved in epithelial-to-mesenchymal transition 

(Peinado et al. 2007).  Although overexpression of one such factor, Zeb1, in a cell line 

derived from a RT2 tumor failed to affect the expression of various desmosomal genes 

(data not shown), there are many other related transcription factors, like the Snail and 

Twist family of transcription factors, and some of these molecules have been shown to 

modulate the expression levels of desmosomal genes in other contexts (Aigner et al. 

2007). 

 Given that the alterations in expression occurred at the RNA level, it is also 

possible that these genes undergo a euchromatin-to-heterochromatin shift in the invasive 

IC2 tumors such that these genes become inaccessible to the transcriptional machinery; it 

is also formally possible that the promoter regions of these genes are subject to 

hypermethylation, which would also inhibit transcription.  It is worth noting that some of 

the desmosomal genes are found in clusters on the same chromosome, which may lend 

itself to coordinated regulation of at least some of these genes.  In the case of the 

desmocollin and desmoglein genes (Dsc1–3 and Dsg1–4), all of the genes are arrayed 

next to each other on mouse chromosome 18 (Garrod and Chidgey 2008).  In contrast, the 

plakophilin genes (Pkp1–4) are located on independent chromosomes (mouse 

chromosomes 1, 16, 7, and 2 respectively), while the gene encoding desmoplakin is 

found on mouse chromosome 13. 

 It is interesting to speculate whether any of the desmosomal genes are mutated or 

deleted in human cancers.  To date, much of the work on desmosomes has focused on 

their role in the skin and the heart, where mutations that lead to dysfunctional or non-
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functional desmosomal components or to mislocalization of these molecules are known 

to contribute to skin blistering conditions and cardiomyopathies (Bazzi and Christiano 

2007).  However, such mutations have not been associated with human cancers, either in 

terms of susceptibility or progression, although it is certainly possible that such an 

association will be identified in the future.  If so, it would be interesting to determine 

whether such mutations would have different outcomes on tumor phenotypes as 

compared to decreased or loss of expression.  Indeed, it is important to ask whether the 

information obtained from this study can impact our understanding of human cancers.  It 

seems clear from earlier pathology reports (Hiraki et al. 1996; Shinohara et al. 1998; 

Papagerakis et al. 2009) and the bioinformatic analysis presented in Chapter 2 that 

desmosomal components are altered in human cancers.  It would be interesting to ask 

whether the status of these components can be used as prognostic markers, for example 

looking at the levels of expression of these genes to predict such things as the future 

degree of tumor malignancy or overall survival, which could in turn inform early 

decisions on patient treatment.  Such information would have clear benefits in the clinic 

since the odds of survival from cancer are significantly increased when it is detected and 

diagnosed at an early stage. 

 

Genetic modifiers of invasion: conclusions, unresolved questions, and future 

directions 

 As demonstrated by the data presented in Chapter 3 of this dissertation, genetic 

background can significantly impact tumor invasiveness in the RT2 model.  I determined 

that the C3HeB/Fe (C3H) genetic background is largely resistant to the development of 
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invasive carcinomas while the C57Bl/6 (B6) genetic background is permissive to the 

development of invasive carcinomas in the RT2 mouse model.  Using linkage analysis, I 

identified a region on mouse chromosome 17 that shows significant linkage to the 

development of the highly invasive IC2 class of RT2 PNETs.  One gene residing in this 

locus, the anaplastic lymphoma kinase (Alk) was expressed at much lower levels at both 

the RNA and protein levels in tumors from RT2 C3H mice versus RT2 B6 mice.  

Additionally, pharmacological inhibition of Alk kinase activity significantly reduced 

tumor invasiveness in an experimental therapeutic trial in RT2 B6 mice, suggesting that 

Alk expression levels and presumably Alk signaling levels are one determinant of an 

invasive phenotype in RT2 mice. 

 There are several unresolved questions as to how the genetic modifier and Alk 

specifically impact tumor invasiveness.  One outstanding question is centered on the 

mechanism behind the different levels of Alk expression observed in the B6 and C3H 

backgrounds.  I did not identify any polymorphism between the two strains in any of the 

coding regions of the Alk gene (data not shown).  Thus, it seems likely that 

polymorphisms in the non-coding regions of the Alk gene are responsible for the 

observed differences in expression, and several such polymorphisms exist between the 

B6 and C3H backgrounds.  Polymorphisms located in the promoter region, which could 

impact initial transcription due to differential transcription factor binding, or 

polymorphisms found in the intronic regions that affected RNA splicing could both affect 

gene expression levels. 

 Furthermore, with regards to the Alk molecule, it remains to be determined how it 

ultimately promotes invasion.  In my analysis using the Alk kinase inhibitor TAE684, I 
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observed that the levels of phosphorylated Akt, one downstream target of Alk, were 

decreased in the tumors of TAE684-treated RT2 mice.  However, Akt is downstream of a 

number of signaling molecules that are activated in the RT2 model, including the 

epidermal growth factor receptor (Egfr), the type-1 insulin-like growth factor receptor 

(Igf1r) (Lopez and Hanahan 2002), and the insulin receptor (IR) (Ulanet et al. 2010), and 

it would seem likely that this common signaling node is not solely responsible for 

transmitting the pro-invasive signals.  Interestingly, I did not observe any obvious 

differences in the levels of phosphorylated Erk 1/2 or phosphorylated Stat3, two 

additional downstream targets of the Alk molecule (data not shown).  Thus, it seems 

likely that there are additional Alk targets yet to be identified that mediate Alk’s pro-

invasive signals, and identification of these molecules may offer additional therapeutic 

opportunities, if they are expressed and active in other cancers.  Regardless, my data 

demonstrate that inhibiting Alk kinase activity is a viable method of inhibiting 

progression to an invasive growth state as well as some aspects of tumor growth, even 

when Alk acts as a progression factor and not as an initiating factor.  These results 

support the notion of identifying additional cancers where Alk inhibition could provide 

some therapeutic benefit even when it is not the driving oncogenic factor. 

 While my research demonstrates that Alk contributes to the differences in the 

invasive phenotypes of RT2 B6 and RT2 C3H mice, it was not the only gene that showed 

significant differential expression between the two genetic backgrounds.  Indeed, six 

other genes – Dlgap1, Emilin2, Lbh, Ltbp1, Rab31, and Spdya – all showed significant 

differential expression at the RNA level in tumors from RT2 B6 and RT2 C3H mice.  

Additionally, Ltbp1 apparently contains a non-synonymous change in the coding region 
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of the gene (data not shown).  Thus, it is possible that one or more of these genes, in 

addition to Alk, also contributes to the differences in invasive phenotypes, and it may be 

that the full invasive difference observed between the B6 and C3H genetic backgrounds 

is due to the interaction of multiple genes in this region.  In this vein, it would be 

interesting to determine whether this region undergoes chromosomal loss in the IC2 

tumors that develop in RT2 N2 and RT2 F1 mice, which are heterozygous for the B6 and 

C3H alleles at this locus, with loss of the C3H allele representing the predicted outcome.  

While the vast majority of RT2 N2 mice that developed an IC2 tumor were B6 

homozygous at the linked chromosome 17 locus, a small fraction were B6/C3H 

heterozygous.  My attempts to profile the IC2 tumors that developed in these particular 

RT2 N2 mice for genomic loss at the linked chromosome 17 locus were unsuccessful, 

and it remains undetermined at this time whether this region experiences genomic loss of 

this region, specifically of the invasion-suppressive C3H allele.  However, it is worth 

noting that RT2 mice do not normally experience genomic gains or losses on 

chromosome 17 in the B6, C3H, or FVB/N genetic backgrounds when whole, ungraded 

PNETs are analyzed by comparative genomic hybridization (Hodgson et al. 2001; Hager 

et al. 2004). 

 As was previously discussed in Chapter 3, it does not appear that the genetic 

modifier identified in this particular study operates via cells originating from the bone 

marrow derived tissue compartment, members of which are known to affect tumor 

invasiveness in the RT2 model (Joyce et al. 2005; Gocheva et al. 2010).  It seems most 

likely that this invasive modifier operates in the cancer cells themselves, although I 

cannot rule out the possibility that it mediates its effects through other cell types of the 
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stroma.  However, with regards to Alk, it is tempting to speculate that Alk functions in 

the cancer cell itself given that previous studies have demonstrated that mutations or 

chromosomal translocations that result in aberrant Alk signaling and that serve as 

initiating oncogenic events (Morris et al. 1994; George et al. 2008; Mosse et al. 2008) 

occur in the cells that ultimately develop into the cancer. 

 Lastly, the idea that genetic polymorphisms can impact multiple aspects of 

tumorigenesis has been validated by a number of studies (Nagase et al. 1995; Lifsted et 

al. 1998; Park et al. 2005).  Most notable are those studies that demonstrated how 

polymorphisms in the Egfr gene can influence a person’s response to small molecule 

based therapies used to treat lung cancers (Sequist et al. 2007).  That progression to an 

invasive growth state might similarly be subject to genetic modification, as I suggest in 

Chapter 3 of this dissertation, is clearly provocative.  It seems likely, given that large-

scale sequencing is rapidly becoming more efficient and affordable, that characterizing a 

person’s constitutional DNA to identify genetic features in their pre-existing genetic 

makeup will become a standard requirement during cancer treatment, in addition to 

characterizing the molecular and genetic signature of the tumor itself, in order to predict 

tumor progression and to better tailor therapies for individual patients. 

 

Concluding perspectives 

 Tumorigenesis is governed by an intricate and complex interaction of factors at 

the genetic, molecular, and cellular levels, and my thesis research provides new insights 

into the mechanisms by which a tumor can acquire or develop an invasive phenotype.  

The work presented in this dissertation is likely to have significant impact on future 
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investigations into this important area of cancer research and may lay the groundwork for 

the development of new diagnostics and therapeutics aimed at treating malignant and 

invasive cancers. 
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Dataset 2.1.  Microarray analysis of non-invasive IT tumors and highly invasive IC2 

tumors from RT2 mice. 

 Dataset contains the complete microarray analysis profiling the non-invasive islet 

tumor (IT) class and highly invasive type-2 carcinoma (IC2) class of RIP-Tag pancreatic 

neuroendocrine tumors (PNET), which were isolated from end-stage RIP1-Tag2 (RT2) 

mice.  Three arrays per tumor class were run using Affymetrix 430 2.0 Mouse Genome 

microarrays. 

 

Dataset 3.1.  Phenotype and SNP genotyping results for RT2 N2 mice. 

 Dataset contains the complete phenotype and genotype data for 143 RT2 N2 

mice.  Phenotype data include the number of IT lesions per animal, the number of IC1 

lesions per animal, the number of IC2 lesions per animal, the tumor burden per animal, 

and the tumor number per animal.  Genotype data include genotyping results examining 

561 single nucleotide polymorphisms (SNP) that distinguish between the C57Bl/6 (B6) 

and the C3HeB/Fe (C3H) genetic backgrounds across the mouse genome. 

 

Dataset 3.2.  Linkage analysis for the IT, IC1, IC2, tumor number, and tumor 

burden metrics. 

 Dataset contains the complete LOD scores for the entire mouse genome for the 

IT, IC1, IC2, tumor number, and tumor burden metrics.  A LOD score is given for each 

position in the mouse genome corresponding to one of the 561 single nucleotide 

polymorphisms (SNP) that were genotyped and that distinguish between the C57Bl/6 

(B6) and C3HeB/Fe (C3H) genetic backgrounds. 
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Dataset 3.3.  Quantitative PCR results for the genes residing in the linked 

chromosome 17 locus. 

 Dataset contains the complete quantitative PCR analysis profiling pancreatic 

neuroendocrine tumors (PNET) isolated from end-stage RIP1-Tag2 (RT2) mice and 

normal islets isolated from wild-type mice on the C57Bl/6 (B6) and C3HeB/Fe (C3H) 

genetic backgrounds.  Seven independent PNETs and one pool of wild-type islets per 

genetic background were profiled.  All 50 genes located within the chromosome 17 locus 

that showed significant linkage to the development of IC2 tumors were profiled.  The 

genes Nudt12, Efna5, Crim1, Fez2, Vit, and Strn, which flank the linked chromosome 17 

locus, as well as Cdh1, Dsp, Igf2, and Zeb1 were also profiled.  Additionally, the 

housekeeping genes Rpl19, Ppia, and Gusb as well as the ribosomal RNA 18S were 

analyzed, and all values are shown as the percent expression of Rpl19.  Data were 

generated using a low-density TaqMan array. 
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